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Abstract

Let G be a group. An automorphism of G is called intense if it sends each
subgroup of G to a conjugate; the collection of such automorphisms is denoted by
Int(G). In the special case in which p is a prime number and G is a finite p-group,
one can show that Int(G) is the semidirect product of a normal p-Sylow and a cyclic
subgroup of order dividing p— 1. In this paper we classify the finite p-groups whose
groups of intense automorphisms are not themselves p-groups. It emerges from our
investigation that the structure of such groups is almost completely determined by
their nilpotency class: for p > 3, they share a quotient, growing with their class,
with a uniquely determined infinite 2-generated pro-p group.
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List of Symbols

General

p, a prime number
Z, ring of integers
Z>4, set of integers that are at least x
Z~, set of integers that are larger than x
Zy, ring of p-adic integers
IFy, finite field of ¢ elements
R*, group of units of the ring R
| X|, the cardinality of the set X
(X), the subgroup generated by the set X and we write (a,b,c,...) for
({a,b,c,...})
idx, the identity map on the set X
a)x, the map « restricted to the set X
cl(X), the closure of the set X
L], disjoint union
Q@ =z
A= /\Z
GL,,(k), the general linear group of degree n over k
MC(3), definition in Chapter 9
SLQA(ZP)7 definition in Section 13.4.1
S(A,), definition in Section 13.4.2
For any group G
[z,y] = zyz~ty~ !, for any x,y € G
Z(G), the centre of G
®(@G), the Frattini subgroup of G
(Gi)i>1, the lower central series of G
G"={(z" : z€G)
Un(G)=(xeG : z"=1)
Ca(X) = Nyex Ge, where G, is the stabilizer of x
N¢g(H), the normalizer of H in G
Aut(@G), the automorphism group of G
Inn(G), the inner automorphism group of G
Int(G), the intense automorphism group of G, see Chapter 3
rk(G), the rank of G, see Sections 8.2 and 13.1

For a finite p-group G

p, the map z +— 2P
dpte(z), the depth of x in G, see Section 2.3
wt% (), the j-th width of H in G, see Section 2.3
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2 LIST OF SYMBOLS

wta(j) = wt@ ()
X¢, the intense character of GG, see Section 3.2
int(G), the intensity of G, see Section 3.2
Exceptions
(F;)i>1, the p-central series of the free group F, in Sections 5.3, 9.4, and
9.6



CHAPTER 1

Introduction

Let G be a group and let Aut(G) denote its group of automorphisms. An au-
tomorphism « € Aut(QG) is intense if it sends each subgroup of G to a conjugate,
i.e., for every subgroup H of G there exists g € G such that a(H) = gHg~!. The
collection of intense automorphisms is a normal subgroup of Aut(G), which is de-
noted by Int(G).

Such automorphisms come to light in the field of Galois cohomology, as we will
see at the end of this introductory section. Additionally, they give rise to a very
rich theory. We study the case in which G is a finite p-group and show that, if
Int(G) is not itself a p-group, then the structure of G is almost completely deter-
mined by its class.

If G is a finite abelian group, then the inversion map x +— x~! is an intense au-
tomorphism of G and therefore, unless the exponent of G divides 2, the order of
Int(G) is even. It follows, for example, that if G is non-trivial abelian of odd order,
then G always has a non-trivial intense automorphism of order coprime to its order.
In Chapter 3 we prove the following result for groups of prime power order.

THEOREM A. Let p be a prime number and let G be a finite p-group. Then
Int(G) is isomorphic to a semidirect product SgCeq, where Sg is a Sylow p-subgroup
of Int(G) and Cg is a subgroup of the unit group Fy of the finite field ;. Moreover,
if G is non-trivial abelian, then Cq = Fy.

Theorem A is the same as Theorem 3.1 and is proven in Section 3.3. If p is an
odd prime number, then Theorem A guarantees the existence of infinitely many
p-groups, up to isomorphism, whose group of intense automorphisms is not itself a
p-group. Moreover, it is also clear from Theorem A that the order of the intense
automorphism group of a 2-group can never have prime divisors other than 2. We
define the intensity of a finite p-group G to be the order of Cs and we denote it
by int(G). The main goal of this paper is to classify all pairs (p, G) such that p is
a prime number and G is a finite p-group of intensity greater than 1. Theorem A
classifies all such pairs (p, G) for which G is abelian. . . but what happens in general?

We proceed by separating into cases based on “how non-abelian” a group is. The
lower central series (G;);>1 of a group G is defined by

Gi=G and Gy =[G,G]=(zyz 'y 1 2€GycG)
and the (nilpotency) class of G is
CI(G) = #{k S Zzl e 74— 1}

3



4 1. INTRODUCTION

It is a classical result that, for any finite p-group, the lower central series stabilizes
at {1} and so the class is finite. In Chapter 4 we look at finite p-groups of class 2
— the first non-abelian case we treat — and prove the following result.

THEOREM B. Let p be a prime number and let G be a finite p-group of class 2.
Then the following are equivalent.
1. One has int(G) > 1.
2. One has int(G) =p — 1 and p is odd.
3. The group G is extraspecial of exponent p.

Theorem B is the same as Theorem 4.1 and is proven in Section 4.3. As we re-
mark in Chapter 4, extraspecial groups of exponent p are exactly those of the form
(F27*1, %), where * is a twist of the usual 4+ by an inner product on Fy. Thanks to
their pleasant shape, it is not a surprise that they carry intense automorphisms of
order coprime to p. Moreover, they provide, for each odd prime p, an infinite class
of examples of p-groups of class 2 and intensity different from 1.

Passing to class at least 3, things drastically change: in Chapter 5, we prove the
following very restrictive result.

THEOREM C. Let p be a prime number and let G be a finite p-group of class
at least 3. Then the following hold.
1. One has int(G) < 2.
2. If int(G) = 2, then p is odd and |G : G| = p?.

Theorem C is a reformulation of Theorem 5.2, which is proven in Section 5.1.
Moreover, Theorem C tells us that, for class greater than 2, a p-group G always has
intensity 1 or 2; in the latter case, if p is odd, then the order of the abelianization
of G is “small”.

Starting from class 3, we want to understand the structure of the groups from
Theorem C(2). To this end, let p be an odd prime number and let G be a finite
p-group of class 3 with |G : Ga| = p?. In Section 5.2, we prove that G/G3 is ex-
traspecial of exponent p and that the order of G is p* or p®. Moreover, if we write
w; = log, |G; : Giy1, then either (wi,wa,w3) = (2,1,1) or (wy, wa,w3) = (2,1,2).
As a consequence, for the given prime number p, there are, up to isomorphism,
only finitely many possibilities for G (for a sharp bound see for example [Ben27])
and so, contrarily to what happens for class 1 and 2, there are only finitely many
isomorphism classes of finite p-groups of class 3 and intensity greater than 1. The
fortunate outcome of our investigation in class 3 is the following.

THEOREM D. Let p be an odd prime number and let G be a finite p-group of
class 3. Then the following are equivalent.
1. One has int(G) = 2.
2. One has |G : Go| = p?.

The last theorem is a simplification of Theorem 5.1, whose proof is given in Section
5.3. Thanks to Theorem D, we now know that the only condition, given an odd
prime number p, for a finite p-group of class 3 to have intensity 2 is just that of
having an abelianization of order p?. The most urgent problem at this point is that
of constructing examples of p-groups of class greater than 3 and intensity 2: those
will serve as a model for further investigation.
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EXAMPLE 1.1. Let p > 3 be a prime number and let Z, denote the ring of
p-adic integers. Let ¢ be a quadratic non-residue modulo p and denote by A, the
quaternion algebra A, = Z, + Z,i+ Z,j+ Zpij with defining relations i* = ¢, j* = p,
and ji = —ij. The algebra A, is equipped with a standard involution, which is given
by

r=a+bi+cj+dij — T=a—0bi—cj—dij

and which is an anti-ring-automorphism of A,. Moreover, m = A,j is the unique (2-
sided/left /right) maximal ideal of A, and the residue field A,/m, as well as every
quotient m*/m**! has cardinality p?>. Via the natural isomorphisms of groups
(1+m*)/(1+mk*1) — m* /mk+1 ) the multiplicative group 1+ m is then seen to be
a pro-p-subgroup of Ay. We define S(A,) to be the subgroup of 1 +m consisting
of those elements z satisfying Z = z~!. Being closed in 1+ m, the group S(A,) is
itself a pro-p-subgroup of A} and, if (S(A,);)i>1 denotes the lower central series of
S(A,), then

(log, [S(Ap)i = S(Ap)it1l)iz1 = (2,1,2,1,2,1,...).

We show in Section 13.4.2 that each non-trivial discrete quotient of S(A,) has
intensity greater than 1.

Because of the last example, we know that, whenever p is a prime larger than
3 and c is a positive integer, then there always exists a finite p-group of class ¢
and intensity greater than 1. We cannot however use the same strategy to build
examples of high class 3-groups of intensity 2. As a matter of fact, even though
the group S(A,) can be defined also for p = 3, the image of the 3-torsion of S(A3)
in S(A3)/S(Aj3)2 is non-trivial. The next result, which is obtained by combining
Theorem 6.1 and Lemma 7.12(1), explains why this is a problem.

THEOREM E. Let p be an odd prime number and let G be a finite p-group.
Let (G)i>1 denote the lower central series of G and write w; = log, |G; : Giy1].
Assume that the class of G is at least 4 and that int(G) = 2. Then the following
conditions are satisfied.

1. One has (w1, wq, w3, wyq) = (2,1,2,1).
2. The map x — aP induces a bijection p: G/Gy — G3/Gy.

Relying on regularity, one can prove that, whenever p > 3, the map p from Theorem
E is a group isomorphism, while in the case of 3-groups it never is: because of this
structural difference, we separate the two cases.

We define a k-group to be a finite 3-group G such that |G : G2| = 9 and such
that cubing induces a bijection k : G/Go — G3/G4. In particular, k coincides with
p from Theorem E(2). In Chapter 9, we prove several structural results about -
groups: we show, for example, that in class 3 there is, up to isomorphism, a unique
k-group and that the minimal extensions of that group to class 4 (which then have
order 729) have an elementary abelian commutator subgroup. The just-mentioned
results are presented in the form of Theorems 9.3 and 9.4. Our investigation of
k-groups leads to the construction of the following example.

EXAMPLE 1.2. Let R = F3e] be of cardinality 9, with € = 0. Denote by A
the quaternion algebra A = R + Ri + Rj + Rij with defining relations iZ = j2 = ¢
and ji = —ij. Let moreover the standard involution on A be the R-linear map that
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is given by (1,1,],1j) = (1, —i, —j, —ij). Then, for each z,y € A, one has Ty = Y T.
We write m = Ai 4+ Aj, which is a nilpotent maximal 2-sided ideal of A with
A/m isomorphic to F3. We define additionally MC(3) to be the subgroup of the
multiplicative group 1 + m consisting of those elements z satisfying T = ~'. The
group MC(3) has order 729, class 4, and it is a k-group. Moreover, int(MC(3)) = 2.

In Chapter 9 we prove the following result, which is a simplified version of
Theorem 9.1.

THEOREM F. Let G be a finite 3-group of class at least 4. Then the following
conditions are equivalent.

1. One has int(G) = 2.
2. The group G is isomorphic to MC(3).

Theorem F concludes the classification of finite 3-groups of intensity greater than
1. Except for the two infinite families of finite non-trivial abelian 3-groups and ex-
traspecial 3-groups of exponent 3, there are, up to isomorphism, exactly 17 groups
in class 3 (specifically 4 of order 81 and 13 of order 243), and 1, namely MC(3), in
class 4. In class higher than 4, there are no 3-groups of intensity greater than 1.

To continue our investigation, we let p > 3 be a prime number. In Chapter 10, we
define a p-obelisk to be a finite non-abelian p-group G such that |G : G3| = p* and
GP = (G3. Among other things, we prove that p-obelisks of class at least 4 satisfy
both (1) and (2) from Theorem E and it is in fact true that, for each p-obelisk G,
one has

(logp |Gz : Gi+1|)i21 = (2, 1, 2, 1, ey 2, 17 f,O, 0, .. ) with f S {0, 1, 2},

where the index ¢ € {cl(G),cl(G)+ 1} to which f corresponds is odd and larger
than 2. We will see in Chapter 13 that, for every prime number p > 3, each non-
abelian quotient of S(A,) is a special kind of p-obelisk that we call framed.

Let p be a prime number and let G be a finite p-group. The Frattini subgroup
of G is ®(G) = [G, G]GP; then G/P(G) is the largest possible quotient of G that is
vector space over [F),. If p > 3, then a p-obelisk G is framed if the Frattini subgroup
of each maximal subgroup of G coincides with G, i.e. for each maximal subgroup
M of G, one has (M) = G3. Though it might not be evident at first sight, asking
for a p-obelisk to be framed is equivalent to imposing strong limitations to the
interaction of commutator maps and power maps in the group.

Using a wide range of techniques, we are able to prove the following character-
ization for p-groups of class at least 4, which coincides with the combination of
Theorems 11.1, 12.2, and 12.1.

THEOREM G. Let p > 3 be a prime number and let G be a finite p-group of
class at least 4. For each i € Z>y, write w; = log, |G; : Giy1|. Then int(G) = 2
if and only if there exists o € Aut(G) of order 2 such that « induces the inversion
map x — x~1 on G/Gy and one of the following holds.

1. The group G is a p-obelisk of class 4.
2. The group G is a p-obelisk with ws =1 and ®(Cg(G4)) = Gs.
3. The group G is a framed p-obelisk with ws = 2.



1. INTRODUCTION 7

Theorem G makes the role of p-obelisks in our theory clear and it can be used to
prove that any p-group of class at least 6 and intensity greater than 1 is a framed
p-obelisk. Class 5 is the highest class in which there still exist p-obelisks of intensity
greater than 1 that are not framed ...but “semi-framed”. More precisely, if, as in
Theorem G(2), the group G is a p-obelisk with ws = 1, then the class is 5, the order
of G5 is p, and Cg(G4) is a maximal subgroup; it is the only maximal subgroup
whose Frattini subgroup is required to coincide with Gs.

Theorem G completes the classification of prime power order groups of intensity
greater than 1, modulo the existence of some special automorphism. Because of
their relevance in the theory of intense automorphisms, we give a name to such an
automorphism. If G is a group, we call an automorphism a € Aut(G) concrete
if it has order 2 and the automorphism of G/G2 that is induced by « coincides
with the inversion map = — 2. To the present day, we know very little about
concrete automorphisms and how to construct them in general: finding necessary
and sufficient conditions for a p-obelisks to possess a concrete automorphism is an
interesting problem that we have not yet addressed.

In the following table, we summarize the results we have formulated so far. We
denote by p a prime number and by G a finite p-group of class c.

Intensity
Plg 3 >5
¢
0 1
1 p—1
2 p — 1 if G extraspecial of exponent p;
1 otherwise
3 2if |G : Ga] = p%
1 otherwise
4 1| 2if G=MC(3); 2 if G is a p-obelisk
with a concrete automorphism;
1 otherwise 1 otherwise
2 if G is a p-obelisk of class 5
with |G5| =D, (I)(Cg(G4)) = G3,
and G has a concrete automorphism;
>5 1 2 if G is framed p-obelisk with |G5 : Gg| = p?
and G has a concrete automorphism;
1 in all other cases

We now have a clear picture of the intensity of groups of prime power order, ac-
cording to their (finite) class. However, the theory of intense automorphisms can
be extended to a larger family of groups with a striking result. In Chapter 13, we
complete the picture by moving to infinite class and computing the intensity of
infinite pro-p-groups.

We call an automorphism « of a profinite group G topologically intense if, for each
closed subgroup H of G, there exists an element g in G such that a(H) = gHg™*.
The group of topologically intense automorphisms of a profinite group G is denoted
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by Int.(G) and it is itself profinite. As a consequence, several results concerning
intense automorphisms of finite p-groups can be generalized to topologically intense
automorphisms of pro-p-groups. For example, Theorem 13.15 asserts that, if p is a
prime number and G is a pro-p-group, then Int.(G) decomposes as

Int(G) = SeCe,

where S¢g is a Sylow pro-p-subgroup of Int.(G) and C¢ is isomorphic to a subgroup
of F;. Similarly to the finite case, we define the intensity int(G) of a pro-p-group
G to be the order of C¢ and we ask which are the infinite pro-p-groups of intensity
greater than 1. Surprisingly, this question can be answered much more exhaustively
than in the finite case, as follows.

THEOREM H. Let p be a prime number and let G be an infinite pro-p-group.
Then int(G) > 1 if and only if exactly one of the following holds.

1. One has p > 2 and G is abelian.
2. One has p > 3 and G is topologically isomorphic to S(A,).

Moreover, one has int(S(A,)) =2 and, if G is abelian, then int(G) =p — 1.

Theorem H tells us that, “in the limit”, for a given prime number p > 3, there is
a unique non-abelian pro-p-group, up to isomorphism, of intensity greater than 1.
From the point of view of finite groups, this last statement translates into saying
that, if p > 3 is a prime number, then each finite p-group G with int(G) > 1 shares
a “relatively big” quotient (growing in size with the class of G) with the infinite
group S(A,). In a more definite way, we present this result in Section 13.6.3, under
the name of Proposition 13.39.

‘We conclude our introductory section by giving a “cohomological context” to intense
automorphism. As we already mentioned at the beginning of this paper, intense
automorphisms arise naturally as solutions to certain problems coming from the
field of Galois cohomology and we would like, with these last lines, to make this
statement a little less vague. We start by looking at some examples.

EXAMPLE 1.3. Let k be a field and let n be a positive integer. Moreover, let
a be a non-zero element of k. Then the least degree of the irreducible factors of
x™ — a divides all other degrees.

EXAMPLE 1.4. Let k be a field and let Br(k) denote the group of similarity
classes of central simple algebras over k, endowed with the multiplication ®j. If
[A] € Br(k), then an extension ¢/k is said to split A if [A ®y ] = [{]. In [GTO086,
Ch. 4.5], it is proven that the minimal degree of finite separable extensions of k
that split a given central simple algebra A over k divides all other degrees.

EXAMPLE 1.5. Let k be a field and let C' be a smooth projective absolutely
irreducible curve of genus 1 over k. As a consequence of the Riemann-Roch theorem,
as explained for example in [LT58, §2], the least degree of the finite extensions of
k for which C has a rational point divides all other degrees.

In a quite simplified manner, the last three examples suggest the following
question: When does it happen that “a problem”, defined on a base field k, is
solvable over a field extension £/k whose degree divides the degrees of all extensions
m/k over which the given problem can be solved? The difficulty of translating
this last question into rigorous mathematics is given by the fact that the known
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examples are quite diverse; however, we can try to unify them from the perspective
of Galois cohomology. A first attempt of getting closer to the observed phenomena
is Theorem I(1) from [Stal3].

THEOREM 1. Let G be a finite group. Then the following are equivalent:

1. For every G-module M, integer q, and ¢ € ﬁq(G,M), the minimum of
the set {|G : H| : H < G with Res$(c) =0} coincides with its greatest
common divisor.

2. There exist nilpotent groups N and T of coprime orders and a homomor-
phism ¢ : T — Int(N) such that G = NyT.

A way to interpret (1) from Theorem I is the following. In some sense, the non-zero
elements of a cohomology group are the obstructions to having solutions so, ide-
ally, each subgroup H of GG for which Resg (¢) = 0 corresponds to a field extension
“solving the problem”. The merit of Theorem I is that of giving a splendid corre-
spondence between a rather technical cohomological condition and a very concrete
requirement regarding intense automorphisms. More about Theorem I and its proof
can be found in [Stal3].






CHAPTER 2

Coprime Actions

The aim of this chapter is to create tools for later use, giving them however
their own chance to shine. In Section 2.1, we define actions through characters and
prove a fundamental result, Theorem 2.9, in the context of intense automorphisms
of groups. In Section 2.2, we prove some elementary, yet quite entertaining, results
concerning involutions of groups of odd order. The results from Section 2.2 will
spark throughout the paper, starting with Chapter 5. The last section of this chap-
ter, Section 2.3, is dedicated to the theory of jumps. In some sense, through jumps
(and their width), we are able to recover structural information about subgroups of
a given finite p-group. This theory will be heavily used when dealing with p-obelisks
(from Chapter 10 onwards).

2.1. Actions through characters

Until the end of Section 2.1, let p be a prime number. Every finite abelian p-group
G is naturally a Zy-module, with scalar multiplication Z, — End(G) defined by

m— [z — (mmod |G|) 2] .

It follows directly from this definition that every homomorphism between abelian
p-groups is Z,-linear, a fact that we will make hidden use of in several proofs from
Chapter 2. We remark that we have here adopted the additive notation for the
abelian group G, but this will not be the case through the whole paper. We will
indeed often deal, instead of abelian groups, with abelian quotients of non-abelian
groups (for which the multiplicative notation will be used). The first time we adopt
the multiplicative notation in this context is in the proof of Lemma 2.12.

DEFINITION 2.1. Let A be a group acting on a set X. A subset Y of X is
A-stable (or stable under the action of A) if the action of A on X restricts to an
action of A on Y.

DEFINITION 2.2. Let A be a group and let ZA denote its group ring over Z.
An A-module is a module over ZA.

With respect to the last definition, any finite abelian p-group is naturally a Z;-
module. We stress that, if A is a group, then each A-module is, in particular, an
abelian group.

DEFINITION 2.3. Let A be a group and let G be a finite p-group that is also
an A-module. Let x : A — Z; be a homomorphism. Then A acts on G' through x
if, for all @ € A and x € G, one has az = x(a)x.

We want to emphasize the fact that Hom(A, Z;’;) is a group under multiplication
(induced by that in Zy). We will refer to the elements of Hom(A, Z;) as characters
of A.

11



12 2. COPRIME ACTIONS

LEMMA 2.4. Let X, Y, and Z be finite abelian p-groups. Let A be a group
acting on X, Y, and Z and let ¢ : X xY — Z be a bilinear map respecting the
action of A. Let moreover, x and 1 be group homomorphisms A — Z;, such that
A acts on X and Y respectively through x and ¥. Then A acts on ($(X xY))
through x1.

PrROOF. For each (z,y) € X xY and a € A, one has a¢(z,y) = ¢(az,ay) =
o(x(a)z, ¥(a)y) = x(a)P(a)p(z,y) = (x¥)(a)¢(z,y). O

LEMMA 2.5. Let p be a prime number and let G be a finite p-group. Let more-
over A be a finite group acting on G and let x : A — Z; be a homomorphism.
Denote by (G;)i>1 the lower central series of G and assume that the induced action
of A on G/Gy is through x. Then, for all i € Z>1, the induced action of A on
Gi/Giy1 is through x°.

Proor. We work by induction on i. If i = 1, we are done by hypothesis.
Suppose now that ¢ > 1 and that the result holds for all indices smaller than i.
The commutator map induces a bilinear map G/Ga x G;—1/G; = G;/G;1 whose
image generates G;/G;1+1. By the induction hypothesis, the induced action of A
on G;_1/G; is through x*~! and so, thanks to Lemma 2.4, the group A acts on
G;/Giy1 through xx'~1 = x%. O

LEMMA 2.6. Let A be a group and let G and H be finite p-groups that are also
A-modules. Let moreover ¢ : G — H and x : A — Z; be group homomorphisms.
Assume that the action of A on G is through x. If ¢ is surjective and ¢ respects
the action of A, then A acts on H through x.

PROOF. Let a € A and g € G. Then one has a¢(g) = ¢(ag) = ¢(x(a)g) =
x(a)¢(g)- O

It is a classical result, which can be found for example in [Coh07, §4.3], that the
short exact sequence of abelian groups

1 —14+pZy — Z, — F, — 1
has a unique section w : F; — Z7, called the Teichmiiller character at p. The
image of w is contained in the torsion subgroup of Zj and, if p is odd, w(F}) is in
fact equal to the torsion subgroup of Z; (see e.g. [Coh07, §4.3]). We note that,

because of the definition of w, the natural action of [, on any vector space over [,
is through the Teichmiiller character.

LEMMA 2.7. Let A be a finite group and let A\, : A — Zy be distinct group
homomorphisms. Assume that p is odd. Then there exists a € A such that the
element A(a) — p(a) belongs to Zj.

PROOF. Let 7 : Z, — [, denote the canonical projection and let w : F — Z
be the Teichmiiller character. The group A being finite, the images of A and p
live in the torsion of Zj, which is equal to w(Fy). Let now a € A be such that
Aa) # p(a). Since each element of w(Fy) is uniquely determined by its image
modulo p and, the characters being distinct, m(x(a) — ¢ (a)) € F. It follows that

x(a) —1¥(a) is invertible in Z,. O

LEMMA 2.8. Let A be a finite group and let G be a finite p-group that is also an
A-module. Let moreover A,y : A — Zy be distinct group homomorphisms. Assume
that p is odd and that A acts on G through both A\ and p. Then G = {0}.
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PROOF. Let € G and let @ € A be as in Lemma 2.7. Then A(a)x = ax =
p(a)z and (A(a) — p(a))x = 0. The element A(a) — p(a) being invertible in Z,, it
follows that z = 0. ]

THEOREM 2.9. Assume that p is odd. Let A be a finite abelian group and let
0—N-5G-G/N—0

be a short exact sequence of A-modules. Let moreover A, p: A — Zs, be two distinct
group homomorphisms and assume that the following hold.

1. The group G is a finite p-group.

2. The group A acts on N through A.

3. The group A acts on G/N through p.

Then o(N) has a unique A-stable complement in G.

We will devote the remaining part of Section 2.1 to the proof of Theorem 2.9. For
this purpose, let R = Z,A be the group algebra of A over Z, and let o) and o,
be the homomorphisms of Z,-algebras R — Z, that are respectively induced, via
linear extension, by A and p. We define Iy = keroy and I, = kero,. Then, as
a consequence of Lemma 2.7, there exists a € A such that the element A(a) —
p(a) = —(a— A(a)) + (a — p(a)) is an invertible element of I + I,,: it follows that
R = I\ + I,. We now claim that ¢(/V') has an A-stable complement in G. To this
end, let (e, f) € I x I, be such that e+ f = 1 in R. As a direct consequence of
the definition of I,, the group G/N is annihilated by f and f(G) C «(N). From
the fact that f = 1 mod I, it follows that f(G) = +«(N). With a similar argument,
one shows that e(G) is isomorphic to e(G/N) = G/N. We now have that

G=(e+f)G=¢e(G)+ f(G) =e(G) + ¢(N)

and so G = e¢(G)®¢(N). The ring R being commutative, for all a € A, one has that
ae(G) = ea(G) is contained in e(G) and therefore e(G) is an A-stable complement
of t(N). This proves the claim. We conclude the proof of Theorem 2.9 by proving
uniqueness. Assume ((N) has two A-stable complements in G. Then there exist
maps f, f' : G — N respecting the action of A such that for= f o =1idy. We
fix such f, f’ and write r = f — f’; we will show that r = 0. Since for = f' o, the
subgroup «(NN) is contained in the kernel of r. It follows that » € Hom(G/(N), N),
and so, thanks to Lemma 2.6, the group A acts on the image of r through p. On
the other hand, the image of r is contained in N and hence the action of A on r(G)
is also through \. It follows from Lemma 2.8 that r = 0, as claimed. In particular,
f = /', and so ¢(N) has a unique A-stable complement in G. The proof of Theorem
2.9 is now complete.

2.2. Involutions

Let G be a finite group of odd order and let A = () be a multiplicative group
of order 2. It follows that the orders of G and A are coprime. Assume that A acts
on G and define

Gt={geG:a(g)=g} and G~ ={geCG:alg)=g"'}.

It is not difficult to show that Gt NG~ = {1} and that G is a group acting by
conjugation on the set G~. We keep the notation we just introduced until the end
of Section 2.2.
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LEMMA 2.10. The map G/GT — G~ that is defined by xGT +— za(z)~! is a
bijection. Moreover, |G| = |GT||G™|.

PROOF. Denote by ¢ the map G/G+ — G~ that is defined by G+ +— za(z) L.
To show that ¢ is injective is a straightforward exercise. To prove that it is surjec-
tive, we take b € G~ and we let @ € G be such that a®> = b. Since a belongs to (b),
we have a(a) = a~! and therefore aa(a)~! = a? = b. We have proven that ¢ is a
bijection, from which it follows that |G|/|GT| = |G~|. O

LEMMA 2.11. The map Gt x G~ — G, defined by (x,y) — xy, is a bijection.

PROOF. Let (x,y) and (z,t) be elements of G x G~ satisfying xy = zt. Then
ty~! = 27!z is an element of Gt and thus ty~! = a(ty™!) = t~ty. It follows
that t2 = y? so, the order of G being odd, t = y. Consequently, (x,y) = (z,t)
and the map is injective. Lemma 2.10 yields that the given multiplication is also
surjective. [l

Assume @ is abelian. Then G =Gt & G~.

LEMMA 2.12. Let N be a normal A-stable subgroup of G such that the restriction
of a to N equals the map x — x~'. Assume moreover that the automorphism of
G/N that is induced by o is equal to the inversion map g — g~ . Then G = G~

and G is abelian.

PROOF. For each x € G, the element a(x)x belongs to N and so, the order of
G being odd, the subgroup G is contained in N. It follows that G is contained
in G~ and so G is trivial. As a consequence of Lemma 2.11, the group G is equal
to G, which is a group if and only if any two of its elements commute. It follows
that G is abelian. |

In a similar way, one can prove the following result.

LEMMA 2.13. Let N be a normal A-stable subgroup of G. Assume that the
action of A on N and the induced action of A on G/N are both trivial. Then
G=Gm".

LEMMA 2.14. Let 1 — N 15 ¢ %5 T = 1 is a short exact sequence of A-
groups. Denote by f' and g’ the restrictions of f and g respectively to N* and G™T.

Then1— N+ 215 gt 25 T+ 51 is a short exact sequence of A-groups.

PROOF. We prove the surjectivity of ¢’. Let v € I'". Then there exists x € G
such that g(z) = v and, by Lemma 2.11, there exists (a,b) € G+ x G~ such that
x = ab. Now, the pair (g(a),g(b)) belongs to I't x '™ and so g(b) = g(a) 1y €
I'" NI'~ = {1}. As a result, one has v = g(a). O

LEMMA 2.15. Let H be an A-stable subgroup of G and let g be an element of
G. Then the following are equivalent.

1. The subgroup gHg™ ' is A-stable.
2. The element g belongs to G Ng(H).

PROOF. Let I = Ng(H); then I is A-stable, because H is. We first prove
that (1) implies (2). It follows from the assumptions that a(gHg™ ') = gHg™ !
and so g~ ta(g) belongs to I. As a consequence, a(gl) = a(g)I = gI and so, the
cardinality of I being odd, there is an element x in I such that a(gz) = gz. For
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such an element z, we then have that gr € G, s0 g = gz - 271 € GTI. Assume
now (2) is satisfied. Since g belongs to G*I, there exists (y,n) € GT x I such
that g = yn. For such pair (y,n), we have that gHg~* = yH~~!, and therefore
a(gHg™ ') = gHg!. This proves (1). O

2.3. Jumps and width

Let p be a prime number and let G be a finite p-group. Denote by (G;);>1
the lower central series of G. If x is a non-trivial element of G, then there exists a
positive integer d such that © € G4\ G4+1. The number d is called the depth of x
(in G) and it is denoted by dpts(z). Let now H be a subgroup of G and let j be
a positive integer. The j-th width of H in G is

wt§(j) = log, [H N Gy : HN G-

We observe that, if m; : G; — G;/Gj41 denotes the canonical projection, then
m;(H N G;) has cardinality thg(j). An index j is a jump of H in G if wt$(j) # 0
and, whenever it will be clear that j is a jump of H in G, we will refer to Wtf[( j) as
the width of j in G. If G = H, we denote the j-th width of G by wtg(j) instead of
th( j) and, in several results, we will lighten the notation even further by writing
w; = wtg(j). The width of G is defined as wt(G) = max;>1 wtg(i); for a general-
ization to general pro-p-groups, see [KLGP97].

In the following lemma, we collect some straightforward properties of jumps.

LEMMA 2.16. Let p be a prime number, let G be a finite p-group, and let H be
a subgroup of G. Then the following are satisfied.
1. If o € Aut(Q), then H and o(H) have the same jumps in G.
2. Let j € Z~sg. Then j is a jump of H in G if and only if H contains an
element of depth j in G.
3. Let J be the collection of all jumps of H in G. Then |H| = Hjejpmg(j),

LEMMA 2.17. Let p be an odd prime number and let G be a finite p-group. Let
A = (a) be a multiplicative group of order 2 acting on G. Let x : A — {£1} be
an isomorphism. Let (G;);>1 denote the lower central series of G and assume that
the induced action of A on G/Gsq is through x. Let H be an A-stable subgroup of
G and let O and & be the collections of respectively all odd and all even jumps of
H in G. Then the following hold.

1. One has |[HT| = Hjegp"vtg(j) and & is the set of jumps of HT in G.
2. One has |H™| = Hjeop“’tg(j).

PRrROOF. For all j € Z>1, we define V; = (HNG;)/(HNGj41) and we consider
the short exact sequence

1-HNGj 1 - HNG; = V; =1
of A-groups. If j € Z>1, we note that (HNG;)* = HT NG}, so Lemma 2.14 yields
|1¥Jr OG]- : H+ ﬂGj+1| = |‘/;+|

From Lemma 2.5 it follows that A acts on G;/Gj41 by scalar multiplication by
(—1)7, and so, whenever j is an odd positive integer, the group (G;/Gj11)" is
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trivial and thus so is V;". On the other hand, if j is even, then V; is equal to Vj+.
The cardinality of HT being equal to [[j5: [HT NG HT N Gjyal, we get that
G-
\H =TTV =TTVt =TT Vil = [ e™2 .
i>1 = je€ jeE

Lemma 2.10 now yields |H~| = |H|/|H"| = Hjeopwtg(j)_ 0



CHAPTER 3

Intense Automorphisms

Let G be a group. An automorphism « of G is intense if for every subgroup
H of G there exists g € G such that a(H) = gHg~'. We denote by Int(G) the
collection of all intense automorphisms of G, which is easily seen to be a normal
subgroup of Aut(G). A clear example of intense automorphisms is given by inner
automorphisms, but, as we will see, one can builm more interesting ones.

In this chapter we will prove some basic properties of intense automorphisms and
formulate the main research question of this paper. Among others, we will prove
the following result.

THEOREM 3.1. Let p be a prime number and let G be a finite p-group. Then
Int(G) is isomorphic to SC, where S is a Sylow p-subgroup of Int(G) and C is a
subgroup of F5. Moreover, if G is non-trivial abelian, then C = F.

3.1. Basic properties

Section 3.1 is devoted to basic properties of intense automorphisms. The next
lemma is a collection of the most straightforward ones.

LEMMA 3.2. Let G be a group and let N be a normal subgroup of G. Then the
following hold.

1. The subgroup N is Int(G)-stable.
2. The natural projection G — G/N induces a well-defined homomorphism
Int(G) — Int(G/N), by means of a — (zN — a(x)N).

In the following lemma, w : F; — Z is the Teichmiiller character at p, as defined
in Section 2.1.

LEMMA 3.3. Let p be a prime number and let V be a vector space over F,.
Then there exists a unique injective homomorphism X : Int(V') — Zy such that the
following hold.

1. The group Int(V') acts on V through A.
2. If V.#0, then A(Int(V)) = w(Fy).

PROOF. If V =0, define X : idy — 1. Assume V # 0. Since V is abelian, every
one-dimensional subspace of V is stable under the action of Int(V'). It follows that,
for all v € V'\ {0} and a € Int(V'), there exists (a unique) p(a,v) € F such that
a(v) = p(a,v)v. Because of the linearity of «, the value of u(a,v) is independent of
the choice of v: we fix thus v € V'\ {0} and define p : Int(V') — Fy by a = p(a, v).
The map p is an injective homomorphism of groups by construction. Moreover,
p is surjective, because scalar multiplication by any element of [y is an intense
automorphism of V. We define A = w o u. Then Int(V') acts on V' through A and
the image of A is equal to w(F}). The uniqueness of A follows from Lemma 2.8. [

17
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LEMMA 3.4 (Glauberman’s lemma). Let G and A be finite groups of coprime
orders. Assume that at least one of A and G is solvable. Assume A acts on G and
that each of them acts on some set X, where the action of G is transitive. Finally,
assume the three actions are compatible. Then there exists an A-stable element in
X.

PROOF. See [Isa08, Lemma 3.24]. O

LEMMA 3.5. Let G be a finite group and let o € Aut(G) be of order coprime to
the order of G. Let H and N be subgroups of G and assume that «(N) = N. Then
the following are equivalent.

1. There exists a € N such that o(H) = aHa™!.
2. There exists b € N such that bHb™! is (a)-stable.

Moreover, a € Int(G) if and only if each subgroup of G has an {a)-stable conjugate.

PrOOF. The implication (2) = (1) is easy so we prove the other one. Assume
(1) holds and write X = {gHg~! : g € N}. Then N acts on X by conjugation
and («) acts on X by assumption. The actions are compatible and the action of
N is transitive. By Lemma 3.4, there exists an element of X that is fixed by «.
This proves (2). To prove that « € Int(G) if and only if any subgroup of G has a
(cr)-stable conjugate, it now suffices to take N = G. O

LEMMA 3.6. Let G be a finite group and let a € Int(G) be of order coprime
to the order of G. Let X be a collection of subgroups of G on which G acts by
conjugation and let Xt ={H € X : a(H) = H}. Then

X[ < > 1G:Na(H)].
HeX+
Equality holds if and only if the elements of X are pairwise non-conjugate in G.
PrOOF. Let C be the collection of orbits of X under G. By Lemma 3.5, there

exists a subset R of Xt whose elements are representatives for the elements of C.
It follows that

X|=>101= > IG:Nc(H)|< ) |G:Na(H)|.

cec HeR Hex+

Equality holds if and only if R = X . O

3.2. The main question

In Section 3.2 we build the foundation for our theory and we give the dictionary
that we will use throughout the whole paper. We will also prove the following
result.

PROPOSITION 3.7. Let G be a finite 2-group. Then Int(G) is a finite 2-group.

DEFINITION 3.8. Let p be a prime number and let G be a finite p-group. The
intense character of G is the homomorphism x¢ : Int(G) — Zy, that is gotten from
the composition of the following.

o The homomorphism Int(G) — Int(G/®(G)) from Lemma 3.2(2).
o The homomorphism A : Int(G/®(G)) — Z;, from Lemma 3.3.
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LEMMA 3.9. Let p be a prime number and let G be a finite p-group. Let more-
over x¢ : Int(G) — Z, be the intense character of G. Then the group ker x¢ 1is the
unique Sylow p-subgroup of Int(G).

ProoF. If G is the trivial group, then Int(G) = ker x¢ = {1}. Assume now
G is non-trivial and set V = G/®(G). Let moreover ¢ : Aut(G) — Aut(V) be the
natural homomorphism. By Lemma 3.3, the map A : V' — Int(V) is injective and
so ker xg = Int(G) Nker ¢. The kernel of ¢ being a normal p-subgroup of Aut(G),
the kernel of x¢ is a normal Sylow p-subgroup of Int(G). O

DEFINITION 3.10. Let p be a prime number and let G be a finite p-group. Let
xc : Int(G) — Z; be the intense character of G. The intensity of G is int(G) =
| Int(G) : ker x¢|-

We remark that the intensity of a p-group G is equal to the size of the image of
the intense character x¢ inside w(Fy). In particular, if G is a 2-group, then its
intensity is always 1. The next lemma implies Proposition 3.7.

LEMMA 3.11. Let p be a prime number and let G be a finite p-group. Then
int(QG) divides p—1 and ker xg has a cyclic complement in Int(G) of order int(G).

PrOOF. The group x¢(Int(G)) is contained in w(Fy). It follows that int(G)
divides p — 1 and, from Proposition 3.9 and the Schur-Zassenhaus theorem, that
ker x¢ has a cyclic complement in Int(G) of order int(G). O

The major goal of this paper if classifying all pairs (p, G) where p is a prime number
and G is a finite p-group with int(G) > 1. Because of Proposition 3.7, we will
therefore often be working with odd primes. Explicit assumptions will be made at
the beginning of each section.

3.3. The abelian case

In the present section we treat the case of abelian p-groups. In that respect,
we prove the following proposition, which is the main result of Section 3.3.

PROPOSITION 3.12. Let p be a prime number and let G be a finite non-trivial
abelian p-group. Then int(G) =p — 1.

LEMMA 3.13. Let p be a prime number, let G be a finite p-group, and let N be
a normal subgroup of G. If N # G, then int(G) divides int(G/N).

PROOF. Assume N # G and let ¢ : Int(G) — Int(G/N) be as in Lemma 3.2(2).
The subgroup N®(G) being different from G, one has xg = xg/n © ¢. It follows
that the image of ¢ is contained in the image of xg/n and thus int(G) divides

int(G/N). O

We recall that a group A acts through a character on a finite abelian p-group G if
there exists a homomorphism y : A — Z7 such that, for all a € A and z € G, one
has ax = x(a)z. For more details, see Section 2.1.

LEMMA 3.14. Let p be a prime number and let G be a finite abelian p-group.
Let «v be an intense automorphism of order dividing int(G) and write x = XG|(a)-
Then («) acts on G through x and, if G is non-trivial, then int(G) = p — 1.
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PROOF. Write A = («). If G is the trivial group, then the only automorphism
of GG is the identity, which is intense. Assume now G is non-trivial. The group w(IF;‘,)
acts on G (as described at the beginning of Section 2.1) via intense automorphisms
and it induces scalar multiplication by elements of F; on G/®(G). The image of
the intense character of G' is thus w(Fy), and so, int(G) = p — 1. Let now © denote
the image of w(IFy) — Int(G) and write Q = (8). Then Int(G) = ker x¢(2, and, as
a consequence of Schur-Zassenhaus, there exist m € Z>( and «y € ker x¢ such that
a=yBmy"L. We get

x(@) = xa(a) = xa(v8™ 1) = xa(B™).
Since each homomorphism of abelian groups is Z,-linear and {2 acts on G through
XG|q. the group A acts on G through y. O

We remark that Proposition 3.12 is a special case of Lemma 3.14. Moreover, The-
orem 3.1 is proven by combining Lemmas 3.9, 3.11, and Proposition 3.12.

Let p be a prime number and let G be a finite p-group. Let moreover a be an
intense automorphism of G of order dividing int(G). Then (a) acts on the centre
of G through a character (a) — Zj.

ProOOF. The group Z(G) being normal in G, Lemma 3.2(1) yields a map ¢ :
Int(G) — Aut(Z(G)) whose image is easily seen to be contained in Int(Z(G)). Set
now A = («) and define 0 = XZ(@)|¢ () © (ja- Then, as a consequence of Lemma

3.9, the group A acts on Z(G) through o. O

LEMMA 3.15. Let p be a prime number and let G be a finite p-group. Let «
be an intense automorphism of G of order diwiding int(G) and write A = (&) and
X = XG|a- Denote by (G;)i>1 the lower central series of G. Then, for all i € Z>1,

the induced action of A on G;/Gjiy1 is through x'.

PROOF. As a consequence of Lemma 3.2(2), the action of A on G induces an
action of A on G/G5. By Lemma 3.14, the action of A on G/G5 is through x. We
now apply Lemma 2.5. [l
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Intensity of Groups of Class 2

The main goal of this paper, as stated in Section 3.2, is to classify all finite p-groups
whose group of intense automorphisms is not itself a p-group. We will proceed to a
classification by separating the cases according to the class of the p-groups. If the
class is 0, the group is trivial and the intensity is 1. For the case in which the class
is 1 (non-trivial abelian case) we refer to Chapter 3. In this chapter we study the
case in which the class is equal to 2. We prove the following main result.

THEOREM 4.1. Let p be a prime number and let G be a finite p-group of class
2. Then the following are equivalent.

1. One has int(G) # 1.
2. The group G is extraspecial of exponent p.
3. The prime p is odd and int(G) =p — 1.

4.1. Small commutator subgroup

Let p be a prime number. We recall that a group A acts on a finite abelian p-group
G through a character if there exists a homomorphism x : A — Z; such that, for
all x € G, a € A, one has ax = x(a)x. For more detail about actions through
characters see Section 2.1.

Until the end of Section 4.1, the following assumptions will be valid. Let p be
a prime number, let G be a finite p-group of nilpotency class 2, and let (G;);>1
denote the lower central series of G. Let moreover « be intense of order int(G).
Write A = (a) and x = XG|a- Assume that the intensity of G is greater than 1.
It follows that G is non-trivial, that p is odd (see Sections 3.2 and 3.3), and that

X # X2
LEMMA 4.2. Assume Gy has exponent p. Then Z(G) = ®(G) = G2 and A acts
on Z(G) through x2.

PROOF. The group G5 is a non-trivial subgroup of Z(G) and, by Lemma 3.15,
the group A acts on Gy through x2. By Corollary 3.3, the group A acts on Z(G)
through a character and, as a consequence of Lemma 2.8, the action of A on the
centre is through x2. On the other hand, by Lemma 3.15, the induced action of A
on G /Gy is through x. The group A acts hence on Z(G) /G both through x and x2.
The characters x and x? being distinct, Lemma 2.8 yields Z(G) = Go. Since Go is
elementary abelian, the subgroup ®(G) is central, and thus G2 = ®(G) = Z(G). O

LEMMA 4.3. Assume Go has order p. Then G is extraspecial of exponent p.

ProoFr. Thanks to Lemma 4.2 we are only left with showing that G has ex-
ponent p. Assume by contradiction that there exists g € G of order p? and write

21
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H = (g). Then HP has order p and, as a consequence of Lemma 4.2, the subgroup
H contains ®(G). In particular, H is normal in G and thus A-stable. As a conse-
quence of Lemma 3.15, the actions of A on H/G9 and G4 are respectively through
x and x2 and so, y and x? being distinct, it follows from Theorem 2.9 that H and
(H/G2) ® G4 are isomorphic. Contradiction. O

LEMMA 4.4. Let @ be a finite p-group of both class and intensity greater than
1. Denote by (Q;)i>1 the lower central series of Q. Then, for all i € Z>1, the

exponent of Q;/Qi+1 divides p.

Proor. We work by induction on i. Let first ¢ = 1 and let M be a normal
subgroup of @ that is contained in Q2 with index p. We write Q = Q/M and use
the bar notation for the subgroups of Q. Then Q2 = [@, Q] has order p and @ has
intensity greater than 1, by Lemma 3.13. From Lemma 4.3, it follows that Q/Q2
is elementary abelian and therefore so is @Q/Q2. Assume now that i is greater than
1 and that the result holds for all indices smaller than i. The property of being
annihilated by p is preserved by tensor products and surjective homomorphisms so,
since the commutator map induces a surjective homomorphism Q/Q2®Q;—1/Q; —
Qi/Qi+1, the exponent of Q;/Q;+1 divides p. O

Let @ be a finite p-group of nilpotency class 2. If int(Q) > 1, then Z(Q) = Q.

PRrROOF. This follows directly from Lemmas 4.4 and 4.2. O

4.2. More general setting

Throughout Section 4.2, let p be a prime number and let G be a finite p-group of
class 2 and intensity greater than 1. Let a be intense of order int(G) and write
A = (a) and x = x¢4- It follows from the work done in Sections 3.2 and 3.3 that G
is not trivial, that p is odd, and that y # x2. We denote by V and Z respectively
G/G4 and Gy and by 7 the canonical projection G — V. From Lemma 4.4 it
follows that both V' and Z are vector spaces over F,. By Corollary 4.1, the non-
trivial subgroup Z is equal to Z(G) and so the map ¢ : V x V' — Z that is induced
by the commutator map is alternating.

LEMMA 4.5. Let H be a linear subspace of Z of codimension 1. Then the map
o VXV = Z/H, defined by (x,y) — ¢(x,y) + H, is non-degenerate. Moreover,
dimV is even.

PROOF. The subgroup H is contained in the centre Z and is therefore a normal
subgroup of G. It follows from Lemma 3.13 that int(G/H) > 1. As a consequence
of Lemma 4.3, the group G/H is extraspecial, and so the map ¢y : VXV —
Z/H = [G/H,G/H] is non-degenerate. The dimension of Z/H being 1, it follows
from linear algebra that dim V' is even. ]

In the proof of Theorem 4.1, an important role is played by isotropic subspaces of
V associated to ¢, i.e. linear subspaces T of V' such that ¢(T" x T') = 0. It is not
difficult to show that, because of the definition of ¢, a linear subspace T of V is
isotropic if and only if 7=1(T) is abelian. The next lemma is a standard result and
its proof is straightforward.

LEMMA 4.6. Let I' be a group, let N be a central subgroup, and let H be a
complement of N in I'. Let moreover Cy be the collection of complements of N
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in T and, for all f € Hom(H,N), call Gy = {f(h)h : h € H}. Then the map
Hom(H, N) — Cn, given by f — Gy, is well-defined and bijective.

LEMMA 4.7. Let T be an isotropic subspace of V. Then the map ¢ : V/T —
Hom(T, Z), defined by v+ T — (t — ¢(v,t)), is surjective.

PROOF. Let T be an isotropic subspace of V. Then 7=1(T) is abelian and it
contains Z. It follows that 7—1(T) is normal and so A-stable. By Lemma 3.15, the
actions of A on 771(T")/Z and on Z are respectively through x and x2, which are
distinct. By Theorem 2.9 the subgroup Z has hence a unique A-stable complement
H in 7=1(T), which is isomorphic to T via m. Let now f € Hom(7, Z) and note
that Hom(7, Z) and Hom(H, Z) are naturally isomorphic. We identify f with its
image in Hom(H, Z). By Lemma 4.6, the set L = {f(¢)t | t € H} is a complement
of Z in 771(T) and so, being H the unique A-stable complement of Z, Lemma 3.5
guarantees that there exists g € G such that L = gHg~!. Fix such an element
g. Then, for each h € H, there exists t € H such that [g,h]h = ghg™! = f(t)t.
It follows that ht=! = [h, g]f(t) belongs to both H and Z, but H and Z intersect
trivially, so h = t. We have proven that f is the map ¢t — [g, ¢] and thus, the choice
of f being arbitrary, ¢ is surjective. ([

A subspace of V' is maximal isotropic with respect to ¢ if it is isotropic and if it
is not properly contained in any other isotropic subspace of V. As a consequence
of Lemma 4.7, a subspace T of V' is maximal isotropic if and only if the map
¢r : V/T — Hom(T, Z) is a bijection.

LEMMA 4.8. The dimension of Z is different from 2.

PROOF. Assume by contradiction that Z has dimension 2. Let T be an isotropic
subspace of V' of maximal dimension ¢ and let d = dim V', which is positive. Since
¢T is a bijection, we have that d = 3¢ and in particular that ¢ > 0. Let L be a
subspace of T of codimension 1, which is itself isotropic. Let moreover ¢y, : V/L —
Hom(L, Z) be defined by v+ L — (I — ¢(v,1)). The linear map ¢y, is surjective by
Lemma 4.7. Let U be the kernel of ¢ and let ¢y : U x U — Z be induced by ¢.
Then dimU = d — 3(t — 1) = 3 and ¢y is alternating. By the universal property
of wedge products, there exists a unique linear map 1 : /\2 U — Z that, composed
with the canonical map U x U — /\2 U, gives ¢yy. The dimension of /\2 U being 3,
the map U x U — /\2 U is surjective and the dimension of ker v is positive.There
are thus linearly independent elements s, € U such that ¥(s A r) = 0. Set
R =L ®Fps ® Fpr. By construction, R is an isotropic subspace of V' of dimension
t + 1. Contradiction to the maximality of ¢. O

The group G is extraspecial of exponent p.

PROOF. If G5 has order p, then G is extraspecial of exponent p, by Lemma
4.3. We claim that the order of G5 is in fact p. Assume by contradiction that Go
has order larger than p and let M be a normal subgroup of G that is contained in
G with index p?. The group G/M has class 2 and, by Lemma 3.13, its intensity
is greater than 1. This is a contradiction to Lemma 4.8, with G3/M in the role of
Z. O

We remark that Corollary 4.2 gives (1) = (2) in Theorem 4.1. We complete the
proof in the next section.
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4.3. The extraspecial case

In Section 4.3 we will see how the structure of extraspecial groups of exponent p
is particularly suitable for explicit construction of intense automorphisms of order
coprime to p. In this section, we conclude the proof of Theorem 4.1.

LEMMA 4.9. Let p be a prime number and let G be an extraspecial group of
exponent p. Let moreover H be a subgroup of G that trivially intersects Go. Then
|G : Ng(H)| = |Hom(H, G3)|.

PROOF. The subgroup H N G5 is trivial and therefore Ng(H) = Co(H) and
H is abelian. Moreover, the commutator map G x G — (3 is bilinear and, since
H NZ(G) is trivial, it induces a non-degenerate map G/ Cq(H) x H — G2. Now,
both G/ Cq(H) and H are F,-vector spaces and G2 has order p. It follows from
linear algebra that |G : Ng(H)| = |G : Cq(H)| = |H| = |Hom(H, G2)|. O

LEMMA 4.10. Let p be a prime number and let G be an extraspecial group of
exponent p. Let a be an automorphism of G such that («) acts on G/Go through a
character. Then o € Int(G).

PROOF. Let H be a subgroup of G and write A = (a). We want to show
that H and «(H) are conjugate in G. Since G2 has order p, either H contains
G4 or the intersection of H with Go is trivial. In the first case, H/G5 is a linear
subspace of G/G2, and is therefore A-stable; in particular, H is A-stable. We now
consider the case in which H N Gy = {1}. In this case, H is abelian and the group
T = H @ Gy is A-stable. The group Gs being A-stable, o(H) is a complement of
G in T. Also each G-conjugate of H is a complement of G5 in T', because G5 and
T are both normal. By Lemma 4.6, the number of complements of G5 in T equals
the cardinality of Hom(H, G2), which is equal to |G : Ng(H)| by Lemma 4.9. As
all conjugates of H are themselves complements of Go in T, every complement of
G2 in T is conjugate to H in G. In particular, H and a(H) are conjugate in G. O

LEMMA 4.11. Let p be a prime number and let G be an extraspecial p-group of
exponent p. Then p is odd and int(G) =p — 1.

PROOF. The prime p is odd, because all groups of exponent 2 are abelian. We
show that int(G) = p — 1. Since G is extraspecial of exponent p, there exist finite-
dimensional vector spaces X, Y, Z over F,,, with dimp, Z = 1, and a non-degenerate
bilinear map 6 : X X Y — Z such that G is isomorphic to the group G(Z,Y, X, 0)
whose underlying set is Z x Y x X and whose multiplication is defined by

(z,9,2) (2, ¢, 2") = (2 + 2" +0(z,y),y + ¢, 2 +2).

Now, the group F; acts on X, Y, and Z, as described in Section 2.1, and so each
m € F gives rise to an automorphism of each of the three vector spaces. Moreover,
by the bilinearity of ¢, for each m € I}, the following diagram is commutative.

Xxy-L -~z
miim 7nzl
Xxy-2 .z

Thanks to the definition of G(Z,Y, X, 0), one can show that, for each m € I, there
exists an automorphism a,, of G such that the maps induced by a,, respectively on
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X x Y and Z are scalar multiplications by m and m?2. The set A = {a,, : m € ]F;}
is a subgroup of Aut(G) that is isomorphic to Fy. Thanks to Lemma 4.10, the
subgroup A is contained in Int(G) and therefore int(G) = p — 1. O

We remark that Lemma 4.11 is the same as (2) = (3) in Theorem 4.1. Since the
implication (3) = (1) is clear and (1) = (2) is given by Corollary 4.2, Theorem 4.1
is finally proven.

PROPOSITION 4.12. Let p be a prime number and let G be a finite p-group.
Denote by (G;);>1 the lower central series of G. Assume that both the class and the
intensity of G are greater than 1. Then, for all i € Z>1, the exponent of G;/G ;2
divides p.

PROOF. Let a be intense of order int(G) and write X = XG|(q)- Let moreover i
be a positive integer. The case in which ¢ = 1 is given by the combination of Lemma
3.13 and Theorem 4.1. We now assume that ¢ > 1: then G;/G;4 2 is abelian. By
Lemma 3.15, the action of (o) on G;/G;+1 and G;y1/Git2 is respectively through
x* and x**!, which are distinct because int(G) # 1. It follows from Theorem 2.9
that the groups G;/G;12 and G;/Gi1+1 ® G;41/Giq2 are isomorphic. The exponent
of G;/G,12 divides p as a consequence of Lemma 4.4. O






CHAPTER 5

Intensity of Groups of Class 3

The purpose of this chapter is giving a complete overview of the case in which the
class is 3. We will prove the following theorems.

THEOREM 5.1. Let p be a prime number and let G be a finite p-group of class
3. Then the following are equivalent.

1. One has int(G) > 1.
2. The prime p is odd and int(G) = 2.
3. The prime p is odd and |G : Ga| = p?.

We remind the reader that, if G is a finite p-group and j is a positive integer, then
the j-th width of G is wtg(j) = log, |G : Gj11]. For more detail, see Section 2.3.

THEOREM 5.2. Let p be a prime number and let G be a finite p-group of class
at least 3. Assume that int(G) > 1. For each positive integer j, set moreover
w; = wtg(j). Then the following hold.

1. One has int(G) = 2.
2. One has (wi, w2, ws3) = (2,1, f), where f € {1,2}.

5.1. Low intensity

In Section 5.1 we derive some restrictions on the structure of finite p-groups
of class at least 3 and intensity greater than 1. We will prove the following main
result.

PROPOSITION 5.3. Let p be a prime number and let G be a finite p-group of
class at least 3. Assume that int(G) > 1. Then the following hold.

1. The prime p is odd.
2. One has int(G) = 2.
3. One has |G : Go| = p?.

Our main goal for this section being the proof of Proposition 5.3, we will work under
the following assumptions until the end of Section 5.1. Let p be a prime number
and let G be a finite p-group of class at least 3. Assume that int(G) > 1 and let
a be intense of order int(G). Write A = (a) and x = x4, Where x denotes the
intense character of G (see Section 3.2). For the rest of the notation we refer to the
List of Symbols. We remark that, int(G) being greater than 1, the prime p is odd
and G is non-trivial. For more detail see Chapter 3.

LEMMA 5.4. Assume that G has class 3. Then the following hold.

1. One has GP C Gs.
2. One has |Gz : G3| = p.
3. One has Z(G) = Gs.

27
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PROOF. By Lemma 3.13 the intensity of G/Gj5 is greater than 1, and thus, by
Theorem 4.1, the group G/G35 is extraspecial of exponent p. It follows that Go/G3
has size p and that GP is contained in Gs. Moreover, one has Z(G/G3) = G2/G3
and, since Z(G)/G3 is contained in Z(G/G3), we get G C Z(G) C G4. As the class
of G is 3, we derive Z(G) = Gs. O

LEMMA 5.5. Assume that G has class 3. Then the following hold.

1. The group G5 is elementary abelian.
2. The group Cg(G2) is abelian and A-stable.

PROOF. The group G5 is abelian, since G, is trivial, and it has exponent p
thanks to Proposition 4.12. Set now C' = Cg(G2). Then the commutator map
induces a bilinear map ¢ : C/Gy x C/Gy — [C,C]. The subgroups C and [C, C]
are characteristic in G and thus A-stable. Thanks to Lemma 3.15, the group A
acts on C'//Gy through x and, by Lemma 2.4, it acts on [C,C] through x2. Again
by Lemma 3.15, the action of A on G is through 3. The character y not being
trivial, one has x? # x® and so Lemma 2.8 yields [C,C] N G5 = {1}. By Lemma
5.4(3), the group Gj is equal to Z(G) so the group [C, (] is a normal subgroup of
G that trivially intersects Z(G). It follows that [C,C] = {1}. O

LEMMA 5.6. Assume that Gs has order p. Then the following hold.

1. One has |G : Cq(G2)| = p.
2. One has |G : Go| = p?.
3. One has | Cq(G2)| = p3.

PrRoOOF. Let C' = CG(GQ), V = G/GQ, Z = G2/G37 and T = O/GQ The
groups V', Z, and T are vector spaces over [F;,, as a consequence of Lemma, 4.4. Let
moreover ¥ : V X Z — (3 be the bilinear map that is induced by the commutator
map and note that the left kernel of 1 is T. The centre of G is equal to G35, by
Lemma 5.4(3), and so the function ¢¥o : V/T x Z — G5 that is induced by ) is
non-degenerate. The dimension of G being 1, Lemma 5.4(2) yields dimV/T =
dim Z = 1. This proves (1). We prove (2) and (3) together. Let ¢ : V XV — Z be
the bilinear map that is induced by the commutator map. By Lemma 5.5(2), the
group C'is abelian and therefore T is isotropic with respect to ¢. As a consequence
of (1), the space T has codimension 1 in V' and T is thus maximal isotropic. It
follows that the map ¢7 from Lemma 4.7 is a bijection and hence 1 = dim(V/T) =
dim Hom(7T, Z) = dim T'. As a result, one gets dim V' = 2 and therefore |G : G| =
p? and |C| = p?. O

LEMMA 5.7. Assume that x> # 1 and that G has class 3. Then Cg(Gs) is
elementary abelian.

PROOF. Let C = Cg(G3). The group C is abelian and A-stable by Lemma
5.5(2). We will show that C has exponent p. By Lemma 5.5(1) the group Ga
is elementary abelian and Ga C C. The group A acts on C'/G9 through y, as a
consequence of Lemma 3.15, and, by Lemma 2.6, it acts on CP also through x. It
follows from Lemma 5.4(1) that C? C G3. The action of A on Gj is through x3, by
Lemma 5.5(2), and thus A acts on CP both through y and x3. Since x? # 1, the
characters y and x? are distinct and, as a consequence of Lemma 2.8, the group C
has exponent p. [
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LEMMA 5.8. Assume that x? # 1 and that G3 has order p. Then Cg(Gs) is a
vector space over Fy, with unique 1-dimensional A-stable subspaces Cy and Co such

that Cg(Gg) =C1®Cy®Gs.

PRrROOF. Set C' = Cg(G2). Then C is a vector space over F,, of dimension 3, as
a consequence of Lemmas 5.6(3) and 5.7, and it is A-stable, by Lemma 5.5(2). By
Lemma 3.15, the action of A on C/G4, G2/G3, and G3 is respectively through y, x?,
and x3, which are pairwise distinct. We first apply Theorem 2.9 to C'/G3, getting
a unique A-stable complement D;/G3 of Go/Gs. It follows that D1 NGy = Gs.
We now apply Theorem 2.9 to both D; and G to get unique A-stable subspaces
C1 and C5 of C satisfying D1 = C; & G3 and G2 = Cy @ G3. As a consequence of
Lemma 5.4(2), the subspace G2 has dimension 2, so both C; and Cs have dimension
1. Moreover, the intersection of D; with G5 being equal to Ggs, it follows that
C=C60;,®Gs. O

LEMMA 5.9. Assume that Gs has order p. Then int(G) = 2.

ProoF. If y2 =1, then 1 < int(G) < 2 and we are done. We assume now that
X2 # 1 and we will derive a contradiction. Let C; and Cs be as in Lemma 5.8 and
denote by X be the collection of subspaces of dimension 1 of C. Since C' is normal,
the group G acts on X by conjugation. By Lemma 5.6(1), the index of C in G is
equal to p and the size of each orbit of X under G is thus at most p. Moreover, the
elements of X that are stable under the action of A are precisely Cy, Cs, and G3.
Lemma 3.6 yields

P’ +p+1=|X|<|G:Ng(C1)| +|G: Ng(Ca)| + |G : Ng(Gs)| < 3p,
which is satisfied if and only if (p — 1)? < 0. Contradiction. O

We can finally give the proof of Proposition 5.3. Since G has class at least 3, the
group G3 is non-trivial, so there exists a normal subgroup M of G that is contained
in G5 with index p. By Lemma 3.13, the group G/M has intensity greater than
1 and, as a consequence of Lemma 5.9, the intensity of G/M is equal to 2. From
Lemma 3.13 it follows that 1 < int(G) < int(G/M) = 2 and, from Lemma 5.6(2),
that |G : Ga| = p?. This concludes the proof of Proposition 5.3. We remark
that Proposition 5.3 gives (1) < (2) and (1) = (3) in Theorem 5.1: we conclude
the proof in Section 5.3. On the other hand, Theorem 5.2 follows directly from
Proposition 5.3 and some basic commutator calculus.

ProproOSITION 5.10. The automorphism « has order 2 and, for all i > 1, it
induces scalar multiplication by (—1)* on G;/Git1.

PROOF. Let x denote the restriction of xg to («). By Proposition 5.3, the
intensity of G is 2 and p is odd. In particular, x(a) has order 2 in w(F}), so
Xx(a) = —1. We conclude thanks to Lemma 3.15. O

5.2. Intensity given the automorphism

We recall that, for any group G, the lower central series of G is denoted (G;);>1
and it consists of characteristic subgroups of G. The main result of this section is
the following.

PROPOSITION 5.11. Let p be an odd prime number and let G be a finite p-group
of class 3 such that |G : Go| = p*. Let moreover a be an automorphism of G of
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order 2 that induces the inversion map x — ' on G/Gy. Then « is intense and
int(G) = 2.

The following assumptions will be valid until the end of Section 5.2. Let p be an
odd prime number and let G be a finite p-group of class 3 such that |G : Go| = p?.
As a consequence, the following are satisfied:
i. one has ®(G) = Go;
ii. one has |Gq : G3| = p and |G3| € {p,p*};
iii. the subgroup Cg(G2) is abelian and |G : Cg(G2)| = |Gs|.
We will make some additional assumptions right before stating Lemma 5.14.

LEMMA 5.12. The group G/Gj3 is extraspecial of exponent p and Gs = Z(QG).

PROOF. We write G = G/G3 and we use the bar notation for the subgroups
of G. The group G has class 2 and G is contained in Z(G). Moreover, the order
of G is equal to p and, since G is not abelian, the groups Gy and Z(G) coincide.
In particular, G is extraspecial. We now show that G has exponent p. Define
C =Cg(Gy) and D = {x € G : 2P € G3}. Then C # G and D is a group, as a
consequence of the Hall-Petrescu formula. Let now z € G\ C: then zP belongs
to G2. The commutator map induces an isomorphism G/C ® G3/Gs — G3, so,
since z is not in the centralizer of Gs, the element xP belongs to G3. It follows
that x € D and, in particular, we have proven that G = C'U D. The group C is
different from G, thus the groups D and G are the same. In particular, G = D and
so G has exponent p. To conclude, the groups G3 and Z(G) are the same because
G3 Q Z(G)G2 and |G2 : G3| =Dp. O

LEMMA 5.13. The subgroup G is elementary abelian.

PROOF. The group G is abelian, because G, is trivial; we prove that it has
exponent p. Let M be a maximal subgroup of G3. Then M has index p in G35 and
it is normal in G. We write G = G/M and use the bar notation for the subgroups
of G. The subgroup G3 has order p and |G : Ga| = |G : G| = p?. It follows that
Cz(G>) is abelian and that it contains G with index p. Write C = Cg(G2). As
a consequence of Lemma 5.12, the subgroup C" is contained in G3, 50 up(é) is a
normal subgroup of G of order at least p>. Moreover, G5 is contained in pu,(C),
so u,(C)/G3 is a non-trivial normal subgroup of G/Gs. The quotient G/G5 is
extraspecial, by Lemma 5.12, so G2 /G35 is equal to Z(G/G3). The quotient Go/G3
having order p, we get that Go C u,(C). In particular, one has G5 C M. If
M = {1} we are done, otherwise let N be another maximal subgroup of Gs. In this
case, i3 is elementary abelian of order p? and G} is contained in NN M = {1}. In
each case, the exponent of G5 is thus p. (]

Let o be an automorphism of G of order 2 and write A = (a). Let moreover
X : A — {%£1} be an isomorphism of groups and assume that the induced action of
A on G/Gsy is through x. These assumptions will hold until the end of Section 5.2.
We will prove that « is intense.

LEMMA 5.14. Ewvery subgroup of G that contains Gz has an A-stable conjugate
n G.

PROOF. Let H be a subgroup of G that contains G3. By Lemma 5.12, the group
G/Gs3 is extraspecial of exponent p and by assumption A acts on G/Gy through
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X- As a consequence of Lemmas 4.10 and Lemma 3.5, there exists g € G such that
a(gHg™')/Gs = (gHg™')/G3 and so, G5 being A-stable, a(gHg™') = gHg~'. O

We remind the reader that, if H is a subgroup of GG, then a positive integer j is a
jump of H in G if HNG; # HNGjy1. The j-th width of H in G is wt§(j) =
log, [HNG; : HNGjy1]|. For more information about jumps and width see Section
2.3.

LEMMA 5.15. Let H be a subgroup of G that trivially intersects Gs. Then the
following hold.

1. If 1 is a jump of H in G, then wt$ (1) = 1.
2. If 2 is a jump of H in G, then H C Cq(Gs).

PROOF. Assume first that 1 is a jump of H in G. Since H does not contain Gs,
one has H # G. Tt follows that H®(G) # G and thus H®(G)/®(G) = HG2 /G4 has
order p. In particular, the 1-st width of H in G is 1. Assume now that 2 is a jump
of H in G. Then by Lemma 2.16(2) there exists an element z € (HNG2) \ Gs3. Fix
x. Then G2 = (x)G3 and so, G3 being central, it follows that [H, Gs] = [H, (z)].
The subgroup [H, (x)] is contained in H N [G,G3] = H N G5, which is trivial by
assumption, and hence H centralizes Gs. ([l

LEMMA 5.16. Let H be a subgroup of G that trivially intersects Go. Then H
has an A-stable conjugate in G.

PROOF. The group H is abelian, because [H,H] C H N [G,G] = {1}. By
Lemma 5.12, the groups G3 and Z(G) are equal, so the group T = H & G3 is
abelian. By Lemma 5.14, there exists ¢ € G such that gT'g~! is A-stable and, the
group G3 being characteristic, gTg~ ! = gHg™! @ G3. We fix such element ¢ and
note that ¢Tg~* N Gy = G3. It follows from Lemma 2.6 that the induced action
of A on gT'g~!/G3 is through y. Moreover, by Lemma 2.5, the group A acts on
G35 through ¥ = x. From Lemma 2.12, it follows that a sends each element of
gTg~! to its inverse, so each subgroup of ¢T'¢~! is A-stable. In particular, gHg ™"
is A-stable. O

LEMMA 5.17. Let H be a subgroup of G with Go = H ® G3. Then H has an
A-stable conjugate in G.

PROOF. By Lemma 2.5, the induced action of A on G3/G3 and G3 is re-
spectively through x? and x® = x. Moreover, since Gy is trivial, Gy is abelian
and so, by Theorem 2.9, there exists a unique A-stable complement K of Gg
in Go. We want to show that H and K are conjugate in G. The groups Gg3
and Z(G) coincide, by Lemma 5.12, thus Co(H) = Cg(G2) and moreover, since
HN[H,G] C HNG3 = {1}, we have that Cg(H) = Ng(H). Let now X be the
collection of complements of G3 in G3. Since H has order p, Lemma 4.6 yields that
the cardinality of X is equal to the cardinality of Hom(H, G'3), which coincides with
|G3| = |G : Cq(Ga)]. It follows that |X| = |G : Ng(H)| and so, every conjugate of
H being in X, every complement of G3 in G5 is G-conjugate to H. In particular,
K and H are conjugate in G. [

LEMMA 5.18. Let H be a subgroup of G that is not contained in Cq(G2) and
that has trivial intersection with Gs. Then H has a conjugate that is A-stable.
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PROOF. As a consequence of Lemma 5.15(2), the subgroup H has trivial in-
tersection with G5. We now apply Lemma 5.16. (]

LEMMA 5.19. Let H be a subgroup of Ca(G2) of order p that has trivial inter-
section with Gs. Then H has a conjugate that is A-stable.

PrOOF. Set T'= H ® G3. If T' = G5, then H has an A-stable conjugate by
Lemma 5.17. Assume now that TN Gy = G3. Then HNGy = HNT NGy =
H NG5 = {1}, so we are done by Lemma 5.16. O

We write GT = {z € G: a(z) =2} and G~ = {z € G : a(x) = 271}, in concor-
dance with the notation from Section 2.2. We adopt this notation in Lemmas 5.20
and 5.21.

LEMMA 5.20. Let H be a subgroup of Cq(Gz2) such that H N Gs = {1}. Then
the following hold.

1. The subgroup H is elementary abelian.
2. One has Gt Ng(H) = Ng(H).

PRrROOF. The subgroup Cg(G2) is abelian and therefore so is H. Moreover, as
a consequence of Lemma 5.12, the subgroup HP is contained in H N G3 = {1}, so
H is elementary abelian. Now, G is contained in G, thanks to Lemma 2.17, and
G4 centralizes C. It follows that GT Ng(H) C GoNg(H) = Ng(H). O

LEMMA 5.21. Let H be a subgroup of G such that Cq(G2) = H ® G3. Then H
has a conjugate in G that is A-stable.

Proor. Write C' = Cg(Gz). If C = Go, then we are done by Lemma 5.17.
Assume now that C' # G5. Then C contains G2 with index p and G3 has order p.
We define X to be the collection of subgroups K of G such that C = K & G3 and
denote XT = {K € X | a(K) = K}. The centre of G is equal to G3, by Lemma
5.12, and so all elements of X are non-normal subgroups of G. In particular, for
any K € X, one has |G : Ng(K)| > p. Now, by Lemma 5.20(1), the subgroup
H is elementary abelian, and, G5 being central of order p, it follows that C' is an
F,-vector space of dimension 3. Write C* = CNGT and C~ = CNG~. Then
C = C* @ C~, thanks to Corollary 2.2 and, as a consequence of Lemma 2.17, the
linear subspaces CT and C~ of C have respectively dimension 1 and 2. One shows
that

Xt ={CT@lt:4CG,INnGs={1}, dim(¢) = 1}.
It follows that X+ has cardinality p, while the cardinality of X is p?. Moreover,

the combination of Lemmas 2.15 and 5.20(2) ensures that no two elements of X+
are conjugate in G. Lemma 3.6 yields

P =1x1> Y 1G:Ne(®)| > Y p=I|XTp=p2
KeX+ KeX+

and therefore every element of X is conjugate in G to an element of XT. In
particular, H has an A-stable conjugate. O

LEMMA 5.22. Every subgroup of G that trivially intersects G has an A-stable
conjugate in G.
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PROOF. Let H be a subgroup of G such that H NG5 = {1}. If H is contained
in C(G2) and has order p, then we are done by Lemma 5.19. Assume now that H
is contained in Cg(G2) and that H has order p?. The group Cg(G2) being abelian,
one has Cg(G2) = H @ G3 and hence H has an A-stable conjugate by Lemma 5.21.
We conclude by Lemma 5.18, in case H is not contained in Cg(G2). O

LEMMA 5.23. Let H be a subgroup of G such that H N Gg # {1}. Then H has
a conjugate that is A-stable.

PROOF. Lemma 5.14 covers the case in which H contains G3. Assume now
that the group H N G5 is different from both {1} and G3. Then G3 has order p?
and H N G3 has order p. The subgroup H N G35 is normal, thanks to Lemma 5.12,
and so we write G = G/(H N G3) and use the bar notation for the subgroups of
G. The group G has class 3 and |G : G3| = p?>. Moreover, H N G3 = {1}. Thanks
to Lemma 5.22, the subgroup H has an A-stable conjugate, and therefore so does
H. O

LEMMA 5.24. The automorphism « is intense and int(G) = 2.

PrROOF. We will show that @ € Int(G). Thanks to Lemma 3.5, it suffices to
show that every subgroup of G has an A-stable conjugate. Let H be a subgroup
of G. If HN G5 = {1}, we are done by Lemma 5.22, otherwise apply Lemma 5.23.
The automorphism « being intense, int(G) = 2. (]

Thanks to Lemma 5.24, Proposition 5.11 is proven.

5.3. Constructing intense automorphisms

The aim of Section 5.3 is giving the proof of Theorem 5.1. We will prove the
following essential result.

PROPOSITION 5.25. Let p be an odd prime number and let G be a finite p-group
of class 3 such that |G : Go| = p?. Then there exists an automorphism « of G of
order 2 that induces the inversion map x — x=1 on G/Gs.

In order to prove Proposition 5.25, let p be an odd prime number and let G be a
finite p-group of class 3. Let moreover (G;);>1 denote the lower central series of G
and assume that |G : G| = p?. We will keep these assumptions and notation until
the end of Section 5.3. We will work to construct an automorphism « of G and an
isomorphism x : (o) — {£1} in order to apply the results achieved in the previous
section.

Let F' be the free group on the set S = {a,b} and let ¢ : S — G be a map such
that G = (¢(S)). By the universal property of free groups, there exists a unique
homomorphism 6 : F — G such that 6(a) = ¢(a) and 6(b) = ¢(b). In particular,
the map 6 is surjective. We denote by (F});>1 the p-central series of F, which is
recursively defined as

Fl =F and Fi+1 = [F7Fl]FZp

We want to stress the fact that the notation we use here for the p-central series of
F' clashes with the notation we have adopted so far (see the section “Exceptions”
from the List of Symbols). Define additionally

L =FF? and E=[F,L|F?.
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The notation we just introduced will be valid until the end of Section 5.3. We will
introduce some extra notation between Lemma 5.28 and Lemma 5.29. We refer to
the diagram given at the end of the present section for a visualization of the proof
of Proposition 5.25.

LEMMA 5.26. One has 0~(Gy) = Fs.
PRrROOF. This follows directly from the fact that ®(G) = Ga. O

LEMMA 5.27. The commutator map induces an alternating map F/Fox F/Fy —
Fy/L whose image generates Fy/L. Furthermore, one has 0~1(G3) = L and |F; :
L =p.

PROOF. We first claim that |[Fy : L| < p. To this end, we write F = F/L
and we will use the bar notation for the subgroups of F. The subgroup F being
annihilated by p, the subgroup F; coincides with [F, F] and so the commutator
map induces an alternating bilinear map ¢ : F/Fy, x F/F, — F, whose image
generates Fy = [F, F]. By the universal property of the exterior square, ¢ factors
as a surjective homomorphism A*(F/Fy) — Fs and therefore, A*(F/F;) having
dimension 1, it follows that 5 has order at most p. This proves the claim. Note
now that, a consequence of Lemma 5.12, the group G3 contains G? and hence
O(L) = G3. As a consequence of Lemma 5.26, the subgroup ~!(G3) is contained
in F, and, since Gy and G3 are distinct, 071 (G3) # F». It follows that Fy is different
from L and so, as a consequence, |Fy : L| = p and §71(G3) = L. O

LEMMA 5.28. One has E C ker 6 N F3.

PrOOF. The group F is clearly contained in F3. Moreover, as a consequence
of Lemmas 5.27 and 5.13, one has §(E) = §([F, L|F}) = [G,G3]GY = {1} and so
FE C ker6. O

Let 8 be the endomorphism of F sending a to ¢! and b to b~!, and note that j3
exists by the universal property of free pro-p-groups. Then 32 is equal to idr, and
thus § is an automorphism of F. Write B = () and define the homomorphism
o : B — {£1} by 8 — —1. We will respect this notation until the end of Section
5.3.

LEMMA 5.29. The induced action of B on F/Fy and Fy/L is respectively
through o and o?.

PROOF. By definition of 3, the action of B on F/F, is through o and, by
Lemma 5.27, the commutator map induces a bilinear map ¢ : F/Fy x F//Fy — F5/L
whose image generates F»/L. The group B acts on F/F; through o and so, by
Lemma 2.4, the action of B on Fy/L is through o2. (]

LEMMA 5.30. The induced action of B on L/F5 is through o.

PROOF. We write F' = F/F3 and we use the bar notation for its subgroups.
Then L is equal to F* and F has class at most 2. Moreover, [F, F] is annihilated by
p. By the Hall-Petrescu formula, the p-power map is an endomorphism of F, and
therefore L is an epimorphic image of F//F,. By Lemma 2.6, the induced action of
B on L is through o. U

LEMMA 5.31. The induced action of B on F5/E is through o.
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PROOF. The group F»/L is cyclic, thanks to Lemma 5.27, so [Fy, Fy] = [Fy, L]
is contained in E. Moreover, since [F, F3] is also contained in F, the commutator
map induces a bilinear map ¢ : F//Fyx Fy /L — F3/E. By Lemma 5.29, the induced
actions of B on F/F, and Fy/L are respectively through o and o2 and thus, by
Lemma 2.4, the action of B on F3/FE is through o2 = 0. (I

LEMMA 5.32. The induced action of B on L/E is through o. Moreover, the
kernel of 0 is B-stable.

PRrROOF. As a consequence of Lemmas 5.30 and 5.31, the induced actions of B
on L/F5 and F3/E are both through o. It follows from Lemma 2.12 that the action
of B on L/FE is through o. As a consequence of Lemmas 5.27 and 5.28, one has
E Ckerf C L, and, in particular, the action of B on L/FE restricts to an action of

B on ker§/E. Tt follows that ker 6 is B-stable and the proof is complete. O

Fe = - >G

P’ |- -
F2 ********* > G2

P+ +
L=F3FP— — — — — — — — > G

pZ p2 -
Fs kerf — — =1

= [F, L]FY

LEMMA 5.33. Given any two generators x and y of G, there exists an intense
automorphism of G such that a(z) = z~! and a(y) =y~ .

PrOOF. Let x and y be generators of G. Without loss of generality, we assume
that t(a) = = and «(b) = y. Let moreover § : F/kerf — G be the isomorphism
that is induced from 6. By Lemma 5.32, the subgroup ker of F' is B-stable,
and therefore 3 induces an automorphism 3 of F/ker. Define o : G — G by
a=0ofof'. Then « is an automorphism G of order 2 that inverts the generators
x and y. Proposition 5.11 yields that « is intense. [
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We remark that Proposition 5.25 follows directly from Lemma 5.33. Moreover,
we are also finally ready to give the proof of Theorem 5.1. Proposition 5.3 gives
(1) & (2) and (1) = (3). On the other hand, the implication (3) = (2) is given by
the combination of Lemma 5.33 and Proposition 5.11. The proof of Theorem 5.1 is
complete.



CHAPTER 6

Some Structural Restrictions

In this chapter we will see how the structure of finite p-groups whose intensity
is greater than 1 starts becoming more and more rigid, as soon as the class is at
least 4. We recall that, if (G;);>1 denotes the lower central series of G, then, for
each positive integer i, the i-th width of G is wtg(i) = log, |G : Git1| (see Section
2.3). The main results from Chapter 6 are the following.

THEOREM 6.1. Let p be a prime number and let G be a finite p-group of
class at least 4. For all i € {1,2,3,4}, write w; = wtg(i). If int(G) > 1, then
(w17w27w3aw4) = (271727 1)

THEOREM 6.2. Let p be a prime number and let G be a finite p-group of class
at least 3. For all i € Z>1, write w; = wtg(i). Assume that int(G) > 1. Then, for
all © € Z>1, one has wyw; 41 < 2.

6.1. Normal subgroups

We devote Section 6.1 to understanding the normal subgroup structure of a
finite p-group of intensity greater than 1. We prove the following result.

PROPOSITION 6.3. Let p be a prime number and let G be a finite p-group with
int(G) > 1. Let N be a subgroup of G. Then N is normal if and only if there exists
1€ Zzl such that Gi+l Q N g Gl

The following assumptions will be satisfied until the end of Section 6.1. Let p be a
prime number and let G be a finite p-group of intensity greater than 1. It follows
that p is odd and that G is non-trivial (see Section 3.2). Denote by (G;);>1 the lower
central series of G and, for each positive integer i, write w; = wt (i) for the i-th
width of G. Let o be intense of order 2 and write A = («). Denote x = xg|a, the
restriction of the intense character of G to A (once again, we refer to Section 3.2). In
concordance with the notation from Section 2.2, let G = {z € G | a(x) = z} and
G~ ={x € G| a(x) =z '}. For a subgroup H of G we will write H™ = HNG™
and H~— = H N G~. Thanks to Corollary 2.2 from Section 2.2 once can show,
for each subgroup H of G, that if H is A-stable and cyclic, then H C G or
H C GG~. To conclude, we recall that, as defined in Section 2.3, if = is a non-trivial
element of G, then the depth dpts(z) of = is the unique positive integer d for which
r € Gy \ Gd+1.

LEMMA 6.4. Let x € G\ {1}. Then the following hold.

1. The depth of x is even if and only if there exists g € G such that grg™
belongs to GT.

2. The depth of x is odd if and only if there exists g € G such that grg™*
belongs to G~.

1

37
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PrOOF. The automorphism « being intense, it follows from Lemma 3.5 that
there exists g € G such that (gzg~!) is A-stable. Write d = dpt(x) = dpts(gzg™?!)
and H = (gxg~'). Then the A-stable subgroup H is contained in G* or in G~.
By Lemma 3.15, the action of A on (HGg441)/Ggay1 is through x¢ and the choice
between G+ and G~ only depends from the parity of d. O

We recall that, if H is a subgroup of G, then a jump of H in G is a positive integer
j such that HNG; # HNGj41. A direct conseugence of Lemma 6.4 is the following
result.

LEMMA 6.5. All jumps of a cyclic subgroup of G have the same parity.

LEMMA 6.6. Let c € Z>1 denote the class of G. Then the following hold.

1. The induced action of A on Z(G) is through x°.
2. If ¢ is even, then Z(G) C GT.
3. If ¢ is odd, then Z(G) C G~.

PRroOOF. The subgroup G. is contained in Z(G) and, by Lemma 3.15, the group
A acts on G, through x¢. From the combination of Corollary 3.3 with Lemma 2.8,
it follows that A acts on Z(G) through x¢. If ¢ is even, then x¢ = 1 and Z(G) is
contained in G*. Otherwise, x¢ = x and Z(G) C G~. d

LEMMA 6.7. Let ¢ € Z>1 be the class of G. Then, for alli € {1,...,c}, if H
is a quotient of G of class i, then Z(H) = H;.

PROOF. If i = 1 the result is clear; we assume that i is at least 2 and that the
result holds for ¢+ — 1. Let H be a quotient of GG of class i, which has, thanks to
Lemma 3.13, intensity greater than 1. Let 8 be intense of order 2 and let B = ()
and 1 = xp|g. The subgroup H; is central in H, so Z(H)/H; is isomorphic to a
subgroup of Z(H/H;). By the induction hypothesis Z(H/H;) = H;_1/H; and it
follows that H; C Z(H) C H;_;. By Lemma 3.15, the group B acts on H;_1/H; and
H;, respectively through ¢°~' and 1%, which are distinct characters since 1 # 1.
Moreover, the induced action of B on Z(H) is through 1, by Lemma 6.6(1). Lemma
2.8 yields Z(H) = H;. O

We remark that Proposition 6.3 follows now directly from Lemma 6.7 and the
following elementary lemma.

LEMMA 6.8. Let q be a prime number and let Q) be a finite g-group of class c.
Let moreover N be a subgroup of Q. Assume that, for alli € {1,...,c}, if H is a
quotient of Q of class i, then Z(H) = H;. Then N is normal if and only if there
exists i € Z~qg such that Q;+1 C N C Q;.

6.2. About the third width

Let p be a prime number and let G be a finite p-group. If 7 is a positive integer,
we recall that the i-th width of G is defined to be wtg(i) = log, |G; : Giy1], where
(G;)i>1 denotes the lower central series of G. Thanks to Theorem 5.2(2), we know
that, if G has class at least 3 and int(G) > 1, then (wtg(1),wte(2)) = (2,1)
and wtg(3) is either 1 or 2. In the case in which the class of G equals 3, then
both situations wtg(3) = 1 and wt(3) = 2 occur. What about higher nilpotency
classes? We prove the following.
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PROPOSITION 6.9. Let p be a prime number and let G be a finite p-group of
class at least 4. For each positive integer i, denote w; = wtg(i). Assume that
int(G) > 1. Then (w1, w2, ws) = (2,1,2).

Until the end of Section 6.2, the following assumptions will hold. Let p be a prime
number and let G be a finite p-group. Let (G;);>1 denote the lower central series
of G and, for each positive integer 4, denote w; = wtg(i). We assume that G has
class 4 and that (wy, we,ws,ws) = (2,1,1,1). We will show that int(G) = 1.

LEMMA 6.10. Assume that p is odd. Then Z(G) = Gy4.

PRrROOF. The group Z(G)/G4 is contained in Z(G/G4) and, thanks to Lemma
5.12, the centre of G/Gy is equal to G3/G4. Tt follows that G4 C Z(G)G3 and so
Gy = Z(G). O

LEMMA 6.11. The subgroup G is abelian.

PRrROOF. The group G3/G3 is cyclic so [Ga,G2] = [G2,G3]. It follows that
[G2,Ga] € G5 = {1}, and thus G5 is abelian. O

In the case in which p is odd, Lemmas6.10 and 6.11, together with some basic
commutator calculus, yield the following:

i. the subgroup [Cg(G3), Ga] is contained in Gy4; and
ii. one has | Cq(Gs) : Ga| = p.

This last observation will turn out useful in the proofs of the following lemmas.
LEMMA 6.12. If int(G) > 1, then Cg(G3) is abelian.

PROOF. Assume that int(G) > 1, so that p is odd. Let a be an intense au-
tomorphism of G of order 2 and write A = (a) and x = xg|4. Write moreover
C = Cg(G3). The index |C : Ga| being p, one has [C,C] = [C, Gs3]; moreover,
[C, Gs] is contained in G4 and G4 = Z(G), by Lemma 6.10. It follows that the
commutator map C x GGo — (G4 is bilinear and, as a consequence of Lemma 6.11,
it factors as ¢ : C/Go x G3/G3 — G4. By Lemma 3.15, the group A acts on C'/Gs
and G5 /G35 respectively through x and x?, so, as a consequence of Lemma 2.4, the
group A acts on [C, G3] through x® = x. By Lemma 3.15, the group A acts on G4
through y* = 1. Since x # 1, it follows from Lemma 2.8 that [C,C] is trivial, and
therefore C' is abelian. |

We recall here that, if A = («) is a multiplicative group of order 2 acting on
a finite group B of odd order, then one defines BT = {x € B: a(x) =z} and
B~ ={z € B:a(x)=12"'}. (See Section 2.2.)

LEMMA 6.13. Assume that int(G) > 1 and let a be an intense automorphism
of G of order 2. Write C = Cg(G3). Then C =Ct & C~ and |CT| = |C~| = p?.

PrOOF. The group C is A-stable and it is abelian by Lemma 6.12. Corollary
2.2 yields C = CT @ C~, while the cardinalities of C* and C~ are both equal to
p?, thanks to Lemma 2.17. O

LEMMA 6.14. Assume that int(G) > 1 and let a be an intense automorphism
of G of order 2. Write C = Cg(G3). Then CT is cyclic if and only if C~ is cyclic.
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PrOOF. The subgroup C? is characteristic in G, so CP is A-stable. Moreover,
as a consequence of Lemma 6.6(2), the subgroup Z(G) is contained in GT. Assume
first that C'~ is cyclic. Then C? is a non-trivial subgroup of the p-group G and thus
has non-trivial intersection with Z(G). In particular, C? N G # {1} and so C'" is
cyclic. Assume now that O is cyclic. As a consequence of Lemma 2.17, the group
CT is contained in G5. We claim that there exists an element x € C' \ G of order
p?: if not, then C is equal to the union of two proper subgroups, namely C N Gy
with p1,,(C), which is impossible. Fix thus z € C of order p? with dptg(z) = 1. By
Lemma 6.4, there exists ¢ € G such that grg~! belongs to G~. Since both C~ and
(x) have order p?, the group C~ is cyclic. O

LEMMA 6.15. Let H be a subgroup of Cq(Gs). If int(G) > 1, then H has at
most p conjugates in G.

PROOF. Assume that int(G) > 1. The group Cg(Gs) is abelian, by Lemma
6.12, and therefore Cg(G3) normalizes H. It follows that |G : Ng(H)| < |G :
Ce(G3)| = p and thus H has at most p conjugates. O

LEMMA 6.16. Assume that int(G) > 1 and let a be an intense automorphism
of G of order 2. Write C = Cg(G3). Then C* is cyclic.

PROOF. Assume the contrary. Then, as a consequence of Lemma 6.14, both C*
and C~ are elementary abelian. From Lemma 6.13 it follows that C is an Fj-vector
space of dimension 4. Let X be the collection of 1-dimensional subspaces of C'; then
we have | X| = p3 +p? + p+ 1. Let moreover XT = {H € X : a(H)= H}. Then
X consists of the 1-dimensional subspaces of C' that are contained in C*UC™ and
so | X+ =2(p+1). By Lemma 6.15, each element of Xt has at most p conjugates
in G, so it follows from Lemma 3.6 that

2p(p+1)=p|XT|> > |G:Ng(H)| > |X|=p*+p*+p+1.
HeXt
Contradiction. O

LEMMA 6.17. The intensity of G is equal to 1.

PROOF. Assume by contradiction that int(G) > 1 and let « be an intense
automorphism of G of order 2. Write C' = Cg(G3). The group C is abelian, by
Lemma 6.12, and C = CT ® C~, by Lemma 6.13. Moreover, C* and C~ have
both cardinality p?>. By Lemma 6.16, the subgroup C7 is cyclic so, by Lemma
6.14, the subgroup C'~ is also cyclic. Let X be the collection of cyclic subgroups
of C of order p? and let X+ be the subset of X consisting of the A-stable ones.
Then X+ = {C*,C~} and the cardinality of Xt is 2. On the other hand, the
cardinality of X is equal to p(p + 1). By Lemma 6.15, each element of X has at
most p conjugates, so it follows from Lemma 3.6 that

2p > p|XT| > |X| =p* +p.
Contradiction. O
We conclude Section 6.2 by giving the proof of Proposition 6.9. Let @ be a finite
p-group of class at least 4 with int(Q) > 1. Let moreover M be a normal subgroup

of @ that is contained in @4 with index p and denote @ = @Q/M. Thanks to
Lemma 3.13, the intensity of Q is greater than 1, so it follows from Theorem 5.2(2)
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that (wtg(1), wtg(2), wtz(3), wtg(4)) = (2,1, f,1), where f € {1,2}. Lemma 6.17
yields f = 2 and the proof of Proposition 6.9 is complete.

6.3. A bound on the width

From Section 2.3, we recall that, given a finite p-group G and a positive integer
i, the i-th width of G is defined to be wtg (i) = log, |G : Giy1|. The unique purpose
of Section 6.3 is to prove the following result.

PROPOSITION 6.18. Let p be a prime number and let G be a finite p-group.
Let ¢ denote the class of G. Assume ¢ > 3 and int(G) > 1. Then, for each i in
{1,2,...,c— 1}, one has wtg (i) wtg(i + 1) < 2.

We devote the remaining part of this section to the proof of the last proposition.
Until the end of Section 6.3 we will work thus under the assumptions of Proposition
6.18, which imply that p is odd. We define

¢: G/Gy — Hom(Ge1/Ge, Ge.)

to be the homomorphism of groups that is induced by the commutator map and
remark that, using elementary commutator calculus, one can show that G._p is
abelian. We first claim that ¢ is surjective. In order to prove so, we let o be an
intense automorphism of G of order int(G) and write A = («). Now, the group
G._1 is abelian and, thanks to the combination of Lemma 3.15 with Theorem
2.9, there exists a unique A-stable complement M of G, in G._;. The group A
acts in a natural way on the set of complements of G, in G._; and, the auto-
morphism « being intense, it follows from Lemma 3.5 that all complements of G,
in G.—1 are conjugate to M in G. On the other hand, by Lemma 4.6, the set
of complements of G, in G._1 consists of the elements {mf(m) : m € M} as f
varies in Hom(M,G.). It follows that, for each f € Hom(M,G.), there exists
x € G, such that {mf(m) : m € M} = xMax~!. Fix the pair (f,z). Then, for all
m € M, there exists n € M such that mf(m) = xnz~! = [x,n|n. It follows that
n~tm = [x,n]f(m)~! belongs to M N G. = {1}, so m = n. We have proven that
f(m) = [x,m]. Now, the groups Hom(G._1/G., G.) and Hom(M, G.) are isomor-
phic and, the choice of f being arbitrary, each homomorphism f : G._1/G. — G,
is of the form mG. — [x,m], for some & € G. This proves the claim. Now, the
groups G._1/G. and G, are vector spaces over F,, thanks to Lemma 4.4, and so
the dimension of Hom(G._1/G., G.) is equal to wtg(c — 1) wtg(c). It follows then
from the last claim and Theorem 5.2(2) that

wtg(c — 1) wtg(c) = dimHom(Ge—1/G¢, G.) < wig(1) = 2.

Without loss of generality, we can assume that ¢ = i+ 1 and so the proof of Propo-
sition 6.18 is complete.

We remark that Theorem 6.2 is the same as Proposition 6.18. Moreover, Theo-
rem 6.1 is given by the combination of Propositions 6.9 and 6.18.






CHAPTER 7

Higher Nilpotency Classes

The aim of this chapter is to gain better control of the p-power map on finite
p-groups of intensity greater than 1. We remind the reader that, if n is a positive
integer and G is a group, then G™ is equal to the subgroup of G that is generated
by the n-th powers of the elements of G, i.e. G™ = (2™ : x € G). One of the most
important results we achieve in Chapter 7 is the following.

THEOREM 7.1. Let p be a prime number and let G be a finite p-group. Assume
that the class of G is at least 4 and that int(G) > 1. Then GP = G3.

We remark that, whenever p is larger than 3, Theorem 7.1 cannot be extended to
groups of class 3. There are indeed examples, for p > 3, of finite p-groups of class
3, intensity greater than 1, and exponent p. We deal extensively with the case of
3-groups in Chapter 9.

7.1. Class 4 and intensity
The main purpose of Section 7.1 is to give the proof of the following proposition.

PROPOSITION 7.2. Let p be a prime number and let G be a finite p-group of
class at least 4. Denote by (G;);>1 the lower central series of G. If int(G) > 1,
then GP = Gjs.

The following assumptions will be valid until the end of Section 7.1. Let p be a
prime number. Let moreover G be a finite p-group of class 4 and denote by (G;)i>1
the lower central series of G. For i € {1,2,3,4}, we define w; to be wtg(i) =
log, |G : Giy1] (see Section 2.3). The following is an elementary result whose
proof we leave to the reader. The importance of Lemma 7.3 will be clear once we
will state Lemma 7.4.

LEMMA 7.3. Assume that (w1, wa, w3, wye) = (2,1,2,1) and that Z(G) = Gj4.
Then the commutator map induces a non-degenerate map G/Ga x G3/Gy — Gjy.

We add here some extra assumptions and notation that will hold until the end of
Section 7.1. Let p : G — G be defined by x — aP. Assume that int(G) > 1. It
follows that p is odd and the group G is non-trivial (see Section 3.2). Let moreover «
denote an intense automorphism of G of order 2 and write A = («). In concordance
with Section 2.2, set
Gt={geG : alg)=g} and G- ={geCG : alg) =g '}.

We will introduce some additional notation right before stating Lemma 7.8.

LEMMA 7.4. One has (wy,ws, w3, ws) = (2,1,2,1) and G has order p°. More-
over, Z(G) = Gj4.

43
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PROOF. The quadruple (w1, ws, w3, wy) is equal to (2,1,2,1) by Theorem 6.1
and the order of G is equal to p%, as a consequence of Lemma 2.16. The centre of
G is equal to G4 thanks to Lemma 6.7. (]

LEMMA 7.5. Let M be the collection of maximal subgroups of G and let N be the
collection of mormal subgroups of G that contain G4 with index p. Let f: M — N
be defined by M +— Z(M). Then f is a bijection with inverse f~!: N + Cg(N).

PROOF. We first show that f is well-defined. To this end, let M be a maximal
subgroup of G. As a consequence of Lemmas 7.4 and 7.3, the subgroup G3 N Z(C)
has index p in G3. The subgroup Z(C) being normal in G, Proposition 6.3 yields
Z(C) C G3 and |G3 : Z(C)| = | Z(C) : G4] = p. We next show that g : N' — M,
sending N to Cg(N), is well-defined. Let indeed N be a normal subgroup of G that
contains G4 with index p. As a consequence of Proposition 6.3, the subgroup M is
contained in G3. The commutator map from Lemma 7.3 being non-degenerate, it
follows that Cg (M) is maximal in G. Tt is now easy to conclude, showing that f
and g are inverses to each other. O

LEMMA 7.6. The map p induces a map p: G/G2 — G3/Gy.

PRrROOF. For each index i € Z>1, the subset p(G;) is contained in G;42, as a
consequence of Proposition 4.12. In particular, p(G2) is contained in G4. Let z be
an element of G and define C = (z, G2); denote by (C;);>1 the lower central series
of C. The quotient C'/G3 is cyclic, so Cy = [C, G2]. It follows that C5 is contained
in G4, and, the prime p being odd, we get that C5C,, is contained in G4. Let now
y € G5. By the Hall-Petrescu formula, we have that p(zy) = p(z)p(y) mod CYC,,
and therefore p(xy) = p(x)p(y) mod G4. Since p(y) belongs to G4, the map p is
well-defined. O

LEMMA 7.7. Let C be a mazimal subgroup of G and assume that p(C\ G2) NGy
is not empty. Then p(C\ G2) = {1}.

PRrROOF. Let H be a cyclic subgroup of C, not contained in Go, and such that
p(H) C G4. Without loss of generality we assume that H is A-stable (otherwise we
can take a conjugate of H that is A-stable, thanks to Lemma 3.5). As a consequence
of Proposition 5.10, the automorphism « induces scalar multiplication by —1 on
H/(H N G3), so, thanks to Lemma 2.6, the restriction of o to H? coincides with
scalar multiplication by —1. However, the subgroup H? being contained in Gy, it
follows from Proposition 5.10 that « coincides with the identity map on HP. Lemma
2.8 yields HP = {1}, and, the choiche of H being arbitrary, we get p(C' \ G2) =
{1}. O

For each maximal subgroup C' of G, define Yo to be the collection of abelian
subgroups of G that can be written as (x) ® (y), with € C\ G2 and y € Z(C)\ G4.
We will call Ygf the set consisting of the A-stable elements of Y.

LEMMA 7.8. Let C be a mazimal subgroup of G and assume that p(C\ G2)NGy
is not empty. Let H be an element of Y. Then H has exponent p and HNGy4 = {1}.

PRrROOF. Let H = (x) @ (y) be an element of Yo, where z € C \ Gy and
y € Z(C)\ G4. The subgroup Z(C) is normal in G and, as a consequence of Lemma
7.5, contained in G3. From Proposition 4.12, it follows that Z(C) has exponent
p, and thus y? = 1. The element 2P is 1, by Lemma 7.7, and so H? = {1}. To
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conclude, assume that 2%y® € HNGy4. Then 2% = (2%®)y~" belongs to H N G'3, so
a = 0 mod p. Since (y) NGy = {1}, we conclude that H NGy = {1}. O

LEMMA 7.9. Let C' be a mazimal subgroup of G and assume that p(C\ G2) NGy
is not empty. Then the cardinality of YCT 1s equal to p.

PROOF. We first claim that each element of YCT is contained in G~. To this
end, let H = (z) & (y) € Y7, where z € C'\ G2 and y € Z(C) \ G4. By Lemma 7.8,
the group H has exponent p and so the order of H is p?. Since dpty(z) = 1 and
dpte(y) = 3, Lemma 2.17 yields

|H| > |HN G| = p*5Dpta® > p2 = |1,

It follows that H N G~ = H and the claim is proven. Write C~ = C N G~ and
Z(C)~ = Z(C)N G~. Fix moreover a basis (x,y) for a subgroup H of G, where
x € C~\Gz and y € Z(C)~ \ G4. Thanks to Lemma 7.8, the set of equivalent bases
for H is B = {(z°y®,y°) : a,c € F};, b € Fp,}, and thus |B| = p(p — 1)®. Thanks to
Lemmas 2.11 and 2.17, we compute
ye| - lC\GUC) Gl _ P -1
¢ |B| p(p—1)?

O

LEMMA 7.10. Let C be a mazimal subgroup of G and assume that p(C\G2)NGy
is not empty. Then the cardinality of Y¢ is equal to p*.

PrOOF. Fix (z,y) a basis for an element H € Y¢, such that x € C'\ G2 and
y € Z(C)\ G4. As a consequence of Lemma 7.8, the set of equivalent bases for H is
B = {(z%y*,y°) :a,c € s, b € Fp}, and so B has cardinality p(p — 1)2. It follows
from Lemma 7.5 that
[C\ G| |Z(C)\Ga| _ 0 —p")®*—D) _ 4

YC = =p.
¥l B op— 1)

LEMMA 7.11. One has p~*(G4) C Go.

PrROOF. Assume by contradiction that there exists a maximal subgroup C' of G
such that p(C'\ G2) NGy is not empty. We claim that the normalizer of each element
H of YCJr is equal to HG4. Assume by contradiction that there exists K € Yg such
that Ng(K) # KG4. Then |G : Ng(K)| < p?, and thus Lemma 3.6 yields

Yol < ) |G :Ne(H)| < [YZ]p".
Hevld
By Lemma 7.9, the cardinality of Ygf is equal to p, so we get a contradiction to
Lemma 7.10. This proves the claim. In particular, given any H € Yg , the A-
stable subgroup Ng(H) does not contain Ga. As a consequence of Lemma 2.17, the
subgroup GV is not contained in Ng(H). From the combination of Lemmas 2.15
and 3.6, we get that
Yol < > |G:Na(H)|= Y |G:HG4| <[V [P
Heyd Heylt

Contradiction to Lemmas 7.9 and 7.10. O
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LEMMA 7.12. Letp be as in Lemma 7.6. Let moreover C' be a mazimal subgroup
of G. Then the following hold.

1. The map p s a bijection.
2. One has Z(C) = CP.

PROOF. The restriction of p to any cyclic subgroup of G/G5 is a homomor-
phism, in particular the restriction to C/G3. As a consequence of Lemma 7.11,
the subgroup p(C/G2) has size p, and so CP is not contained in G4. The subgroup
CP is characteristic in the normal subgroup C, and therefore C? is normal in G.
It follows from Proposition 6.3 that C? contains Gy, and so, if x € C'\ G2, then
CP = (zP,G4). By Lemma 7.3, the commutator map induces a non-degenerate
map v : G/Gs X G3/G4 — G4 and, if © € C, then v(2Ga,2PGy4) = 1. Tt follows
that v(C/G2,p(C/G3)) =1 and so CP C Z(C). Since v is non-degenerate, we get
CP? =7Z(C), and thus (2) is proven. We now prove (1). Denote by M the collection
of maximal subgroups of G. As a consequence of Lemma 7.5, the quotient G3/G4
is equal to ;e Z(M)/Ga = Upser P(M/G2) and so p is surjective. By Lemma
7.4, the indices |G1 : G2| and |G : G4| are equal, so the map 7 is a bijection. O

We remark that Theorem 7.1 is the same as Proposition 7.2, which we now prove.
Let @ be a finite p-group of class at least 4. Assume that int(Q) > 1. As a
consequence of Lemma 3.13, the group @/Qs has intensity greater than 1, so Lemma
7.12 yields Q3 = @QPQ5. The subgroup QP being normal in @, it follows from
Proposition 6.3 that QP = Q3. The proof of Proposition 7.2 is now complete.

7.2. Class 5 and intensity

We recall that, if G is a finite group, we denote by (G;);>1 the lower central
series of G. In this section, we prove the following result.

PRrROPOSITION 7.13. Let p be a prime number and let G be a finite p-group of
class at least 5. If int(G) > 1, then G5 = Gy.

We will keep the following assumptions until the end of Section 7.2. Let p be a prime
number and let G be a finite p-group. For any positive integer i, write w; = wtg(4)
and assume that |Gs| = p. Then the class of G is 5. Assume moreover that
int(G) > 1, so that, thanks to Proposition 3.7, the prime p is odd. As a consequence
of Lemmas 3.13 and 7.4, we have moreover that (wy, we, ws, ws, ws) = (2,1,2,1,1)
and that the order of G5 is p”. The centre of G is equal to G5 by Lemma 6.7. Let
« be an intense automorphism of G of order 2 and write A = (). In concordance
with the notation from Section 2.2, write GT = {z € G : a(z) = z}. In conclusion,
define X to be the collection of all subgroups of G whose jumps in G (see Section
2.3) are exactly 2 and 4 and denote X+ = {H € X : o(H) = H}. Lemma 2.16
ensures that the elements of X have order p?.

LEMMA 7.14. Assume that Gy has exponent p. Let H be a subgroup of G.
Then H € X if and only if there exist v € Gy \ G3 and y € G4 \ G5 such that
H = (z)® (y).

Proor. If H = (z) ®(y), with € G2\ G5 and y € G4\ G5, then H belongs to
X, thanks to Lemma 2.16. We prove the converse. The subgroup H has order p?
and H cannot be cyclic, because G5 has exponent p. The jumps of H in G being 2
and 4, it follows from Lemma 2.16 that there exist elements = and y in H of depths
respectively 2 and 4 in G. Since [G2,G4] = {1}, we have H = (z) & (y). O
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LEMMA 7.15. Assume that Gy has exponent p. Then | X| = p*.

ProOOF. Thanks to Lemma 7.14, all elements H of X are of the form H =
(x) ® (y), with € G2\ Gz and y € G4 \ G5. Let (z,y) € (G2 \ G3) X (G4 \ G5)
and let H be the F,-vector space that is spanned by x and y. The collection
of equivalent bases for H is B = {(z%’,y°) : a,c€ Fy, b €Fp,} and so B has
cardinality p(p — 1)2. We then have

Go\ G3| G4\ G 5 ph(p? -
x| = (GGG Gs| (2 =p)(" =p) _ 0

|B| p(p—1)?

LEMMA 7.16. The exponent of Gy is different from p.

PrROOF. We work by contradiction, assuming that the exponent of G is p.
Write C' = Cg,(G2) and N = CG™T. The group GT is contained in Go, thanks to
Lemma 2.17, so N is a subgroup of Ng(G™). Using basic commutator calculus, it
is not difficult to show that C is contained in G5 with index at most p. It follows
from Lemma 2.16 that the order of N is at least p* and so |G : N| < p3. Now, as
a consequence of Lemma 2.17, the set X has only one element, namely G, so
Lemma 3.6 yields

X <G Na(G)| < |G+ N| < p*.
Contradiction to Lemma 7.15. O

LEMMA 7.17. One has p(G2) = Gy.

ProOOF. We first claim that the restriction of p to G2 is an endomorphism of
G2. Indeed, since G3/G3 is cyclic, one has [Gz2,G2] = [G2,G3] C G5 and so the
class of G5 is at most 2. The prime p being odd, the Hall-Petrescu formula yields
the claim. In particular, p(Gs) is a characteristic subgroup of G and, by Lemma
7.16, it is non-trivial. Now, the centre of G is equal to G5 so G5 N p(G3) is non-
trivial and therefore p(G2) contains G5. Thanks to Proposition 4.12, the quotient
G2/Gy is elementary abelian and so G5 C p(G2) € G4. There are now only two
possibilities: either p(G3) = G4 or p(G2) = Gs. In the first case we are done, so
assume by contradiction the second. Then, by Lemma 6.5, each element of G2\ G3
has order p. It follows that G2 is equal to the union of two proper subgroups,
namely ker pg, and G3. Contradiction. O

We are finally ready to prove Proposition 7.13. To this end, let @) be a finite p-group
of class at least 5 with int(Q) > 1. Let moreover M be a normal subgroup of @
that is contained in @5 with index p. Then the group Q/M has class 5 and, as a
consequence of Lemma 3.13, the intensity of Q/M is greater than 1. By Lemma
7.17, the subgroups (Q2/M)P and Q4/M are equal, and so QM = Q4. The sub-
group @ being normal in @, it follows from Proposition 6.3 that @5 = Q4. This
concludes the proof of Proposition 7.13.

We remark that Proposition 7.13 can be easily derived, when p is greater than
3, from Theorem 7.1. We will show a way of doing so in Section 8.1.






CHAPTER 8

A Disparity between the Primes

The main result of Chapter 8 is Theorem 8.1. We recall that, if G is a finite
p-group and i is a positive integer, then wtg (i) = log, |G; : Git1], where (Gi)i>1
denotes the lower central series of G.

THEOREM 8.1. Let p > 3 be a prime number and let G be a finite p-group with
int(G) > 1. Let ¢ denote the class of G and assume that ¢ > 3. If i is a positive
integer such that wtg (i) wtg(i+1) =1, then i =c— 1.

An equivalent way of formulating Theorem 8.1 is that of saying that, if G satisfies
the assumptions of Theorem 8.1 and we write w; = wtg(7), then

(wi)iz]_ = (2, 1, 2, 1, N 2, 17 f,0,0, .. ) where f S {07 1, 2}
The restriction to primes greater than 3 in Theorem 8.1 is superfluous; it is however
not worth the effort proving the result in general, since, as we will see in the next

chapter, 3-groups of intensity greater than 1 have class at most 4 and we know from
Theorems 5.2(2) and 6.1 that Theorem 8.1 is valid when ¢ is 3 or 4.

8.1. Regularity

In Section 8.1 we make a distinction, for the first time, among the odd primes:
namely we separate the cases p = 3 and p > 3. The main result of this section is
Proposition 8.2, which determines which p-groups of intensity greater than 1 are
regular, i.e. such that, for any two of their elements x and y, there always exists
v € [{z,y), (x,y)]P such that (xy)? = zPyPy. For an overview of regular p-groups,
we refer to [Hup67, Ch. 111.10].

PROPOSITION 8.2. Let p be a prime number and let G be a finite p-group.
Assume that int(G) > 1. Then the following are equivalent.
1. The group G is not reqular.
2. The class of G is larger than 2 and p = 3.

We will give the proof of Proposition 8.2 at the end of Section 8.1. We will rely on
the fact that, if p is a prime number and G is a finite p-group such that

i. the class of G is at most p — 1, or
ii. one has |G : GP| < pP
then the group G is regular (see Sitze 10.2(a) and 10.13 in [Hup67, Ch. III]).

LEMMA 8.3. Let p be a prime number and let G be a finite p-group. Assume
that G is reqular. Then for all k € Z>o, the following hold.

1. One has G*" = p*(G).
2. One has p(G) ={z € G : pF(z) =1}.
3. One has | (G)| = |G : GP"|.

49
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PROOF. The lemma is a combination of Sétze 10.5 and 10.7(a) from [Hup67],
Chapter 3. O

LEMMA 8.4. Letp > 3 be a prime number and let G be a finite p-group. Assume
that int(G) > 1. Then the following hold.

1. The group G is regular.
2. If the class of G is at least 4, then G3 = p(G).

PRrROOF. If the class of G is at most 4, then G is regular (class < p — 1). We
assume that G has class at least 4. It follows from Lemma 3.13 that int(G/G5) is
larger than 1, and so, thanks to Lemma 7.4, the index |G : G3| is equal to p®. From
Theorem 7.1, we get that GP = G5, and therefore |G : GP| < pP. Then G is regular
and so, by Lemma 8.3, the set p(G) coincides with the subgroup GP. O

We would like to stress that, for p > 3, Proposition 8.4(2) is a stronger version of
Theorem 7.1. In fact, not only G5 = G? = (p(G)) but G5 coincides with the set of
p-th powers of elements of G.

LEMMA 8.5. LetG be a finite 3-group that can be generated by 2 elements. If
G is regqular, then Gy is cyclic.

PROOF. See Satz 10.3(b) from [Hup67], Chapter III. O

LEMMA 8.6. Let G be a finite 3-group with int(G) > 1. Then G is regular if
and only if G has class at most 2.

PrOOF. If G has class at most 2, then G is regular (class < p — 1). Assume
by contradiction that G is regular of class at least 3. As a consequence of Theorem
5.2(2), the group G is 2-generated, and so, by Lemma 8.5, the subgroup G5 is cyclic.
Proposition 4.12 yields that G3 = {1}. Contradiction. O

We now give the proof of Proposition 8.2. To this end, let p be a prime number
and let G be a finite p-group with int(G) > 1. The intensity of G being greater
than 1, it follows from Proposition 3.7 that p is odd. The implication (2) = (1) is
given by Lemma 8.6. We prove (1) = (2). Assume that G is not regular. Then
Lemma 8.4 yields p = 3 and so the class of G is larger than p — 1 = 2. The proof
of Proposition 8.2 is complete.

8.2. Rank

The rank of a finite group G is the smallest integer r with the property that each
subgroup of G can be generated by r elements. We denote the rank of G by rk(G).
We will prove the following.

PROPOSITION 8.7. Let p > 3 be a prime number and let G be a finite p-group
of class at least 4. If int(G) > 1, then rk(G) = 3.

If G is a group and n is a positive integer, we set i, (G) = (x € G : 2™ = 1).

LEMMA 8.8. Let p be an odd prime number and let G be a non-trivial finite
p-group. Then one has 1k(G) < log,, [1,(G)].

ProoF. This is is Corollary 2 from [Laf73]. O
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We give here the proof of Proposition 8.7. In order to do this, let p > 3 be a prime
number and let G be a finite p-group of class at least 4, with int(G) > 1. We first
claim that rk(G) < 3. Indeed, by Theorem 7.1, the subgroup GP is equal to G3
so the order of p,(G) is equal to |G : GP| = |G : G3| (see [Hup67, Ch. III, Satz
10.7]). As a consequence of Theorem 6.1, the index |G : G| is equal to p3, and thus
Lemma 8.8 yields rk(G) < log, |G : G3| = 3. This proves the claim. To conclude
the proof of Proposition 8.7, it now suffices to present a subgroup of G whose min-
imum number of generators is at least 3. The group G/G5 has class 4 and, thanks
to Lemma 3.13, it has intensity greater than 1. As a consequence of Theorem 6.1,
the index |Gy : G4l is equal to p* and, thanks to Proposition 4.12, the quotient
G2/Gy is elementary abelian. It follows that ®(G2) C G4 and the minimum num-
ber of generators for Gy is at least log,, |G : G4| = 3. Proposition 8.7 is now proven.

We would like to remark that, if p = 3, then Proposition 8.7 is not valid. We
will see indeed in the next chapter that finite 3-groups of class 4 and intensity
larger than 1 have a commutator subgroup that is elementary abelian of order p*,
so the rank of such groups is at least 4.

8.3. A sharper bound on the width

The aim of Section 8.3 is to give the proof of Proposition 8.9, which is the same
as Theorem 8.1.

PROPOSITION 8.9. Let p > 3 be a prime and let G be a finite p-group with
int(G) > 1. Let ¢ denote the class of G and assume that that ¢ > 3. Ifi is a
positive integer such that wtg(i) wtg(i +1) =1, theni=c— 1.

We list here a number of assumptions that will hold until the end of Section 8.3.
Let p > 3 be a prime number and let G be a finite p-group with lower central
series (G;)i>1. Let ¢ denote the class of G and, for each positive integer 4, write
w; = wtg(?). Assume that int(G) > 1. Then, as a consequence of Proposition 3.7,
the prime p is odd and G is non-trivial. Let « be an intense automorphism of G of
order 2 and write A = («). It follows from the work done in the previous chapters
that, under these assumptions, the following are satisfied:

i. if i € Z>; is such that wyw;11 = 1, then i > 1;
ii. if wows =1, then ¢ = 3;
i31. if ¢ > 3 and ¢ € Z>; is such that w;w;41 = 1, then ¢ > 4.

LEMMA 8.10. Let i € Z>1 be minimal such that wyw;41 = 1. If ¢ > 3, then 1
is even and w;_1 = 2.

PrROOF. Assume ¢ > 3. Then i — 1 > 1 and the width w;_; is at most 2, as
a consequence of Theorem 6.2. The index i being minimal with the property that
w;w;y1 = 1, it follows that w;—; = 2. Another consequence of the minimality of i
is that ¢ is even. Indeed, thanks to Theorem 6.2 and the minimality of ¢, whenever
j < i, the product wjw;1 is equal to 2. Moreover, by Theorem 5.2(2), we have
that w; = 2, so 7 is even. ([l

LEMMA 8.11. Let i € Z>1 be minimal such that w,w;y1 = 1. Assume that
¢ > 3 and that w42 = 1. Then G;_1/G,13 has exponent p.
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Proor. We write G =G/ Git+3 and we will use the bar notation for the sub-
groups of G. The intensity of G is larger than 1 thanks to Lemma 3.13. The
group [G;—1,G;_1] is contained in G3;_5 and the index 7 is larger than 3. It follows

that [Cﬁ_l,Gi_l] C Gyi—2 C Gyt2, and therefore G;_1 has class at most 2 and
[Gi—1,Gi—1]? = {1}. Thanks to the Hall-Petrescu formula, the p-power map is an
endomorphism of G;_;. By Proposition 4.12, the subgroup éip_l is contained in

Gi+1 and, from Lemmas 8.3(3) and 8.10, it follows that
p(Gim1)| = [Gic1 : G| 2 |Gicy 2 Gia| = 9

Also the order of G; is equal to p® and, as a consequence of Proposition 6.3, the
subgroup G; is contained in p,(G;—1). The p-power map factors thus as a ho-
momorphism G;_1/G; — G;11. By Lemma 8.10, the index i is even, and so, by
Proposition 5.10, the automorphism of G;_;/G; that is induced by « is equal to
the inversion map. It follows from Lemma 2.6 that « restricts to the inversion map
on éip_l. Moreover, again by Proposition 5.10, the action of A on Gy is trivial.
It follows from Lemma 2.8 that G, , N Giy2 = {1}. The subgroup G, _; is clearly
characteristic in G, while the subgroup G is equal to the centre of G, by Lemma
6.7. It follows that G, , = {1}. O

We conclude Section 8.3 with the proof of Proposition 8.9. The integer i is larger
than 1 and, if i = 2, then ¢ = 3 = i+ 1. We assume that i is greater than 2,
so ¢ > 3, and, without loss of generality, that ¢ is minimal with the property that
w;w;+1 = 1. In particular, the subgroup G,41 is non-trivial. If G;12 = {1}, then
the class of G is equal to ¢ + 1, and so ¢ = ¢ — 1. Assume now by contradiction
that G2 is non-trivial and let N be a normal subgroup of G that is contained in
Gi+o with index p. Write G = G/N so that Lemma 3.13 yields int(G) > 1. By
Lemma 8.10, the width wt5(i — 1) = w;—; is equal to 2 so, by Lemma 2.16, the
order of G;_1 is equal to p°. The index i being at least 4, the subgroup [G;_1, G;]
is contained in 6i+3 = {1}. It follows that G,;_1 and G, centralize each other. Let
now M be a maximal subgroup of G;_; that contains G;. The index |M : G, is
equal to p, because w;_; = 2, and so [M, M] = [M, G;] = {1}. Moreover, the order
of M is equal to p* and M has exponent p, because of Lemma 8.11. In particular,
M is a 4-dimensional vector space over F,,. Contradiction to proposition 8.7.



CHAPTER 9

The Special Case of 3-groups

Let R = F3[e] be of cardinality 9, with €2 = 0. Denote by A the quaternion algebra

A=R+ Ri+ Rj+ Rk

with defining relations i = j2 = € and k = ji = —ij. Let the bar map on A be

defined by

r=a+bi+c+dk — T=a—0bi—c—dk.
We write m = Ai+ Aj, which is a 2-sided nilpotent ideal of A, and we define MC(3)
to be the subgroup of 1 +m consisting of those elements z satisfying Z = z~!. The
main result of this chapter is the following.

THEOREM 9.1. Let G be a finite 3-group. Then the following are equivalent.

1. The group G has class at least 4 and int(G) > 1.
2. The group G has class 4, order 729, and int(G) = 2.
3. The group G is isomorphic to MC(3).

A considerable part of the present chapter is devoted to the proof of Theorem 9.1,
which is given in Section 9.7. An essential contribution to it is given by the theory
of “k-groups” we develop.

DEFINITION 9.2. A k-group is a finite 3-group G such that |G : G2| = 9 and

with the property that the cubing map on G induces a bijective map « : G/Gy —
G3/Gy.

Our interest in k-groups arises from Lemma 7.12(1), which asserts that, if p is an
odd prime number and G is a finite p-group of class at least 4 with int(G) > 1,
then the map z — x? induces a bijection p : G/Gy — G3/G4. As a consequence
of Theorem 5.2, each finite 3-group of class at least 4 and intensity greater than 1
is a k-group, where x coincides with p. The reason why, in this chapter, we work
exclusively with 3-groups is that they are more “difficult to deal with”: several
techniques that apply to the case in which p is a prime larger than 3 do not apply
to the case of 3-groups of higher class, as the results from Chapter 8 suggest.
For example, it is not difficult to show, using properties of regular groups, that,
whenever p > 3 and G is a finite p-group, the map p : G/Gy — G3/G4 from
Lemma 7.12 is an isomorphism of groups, while, if G is a k-group, then, given any
two elements x,y € G/G3, one has

k(zy) = K(@)k(y)[zy ", [z,y]] mod Gy,

as we show in Lemma 9.7. What plays in our favour is that a finite 3-group G is a
k-group if and only if G/G4 is a k-group: to detect k-groups it is thus sufficient to
be able to detect k-groups among the finite 3-groups of class 3. We will prove the
following result.

53



54 9. THE SPECIAL CASE OF 3-GROUPS

THEOREM 9.3. Let G be a finite 3-group of class 3. Then G is a k-group if and
only if G is isomorphic to MC(3) / MC(3),.

In Section 9.4, we prove Theorem 9.3 by building x-groups as quotients of a free
group: we give a sketch of the proof here. Let F' be the free group on 2 generators
and let (F});>1 be defined recursively by Fy = F and Fj41 = [F, F;JF?. Then
V = F/F5 is a vector space over F3 of dimension 2. Let moreover L = F3F3 and
set F' = F/([F, L|F3); we use the bar notation for the subgroups of F. We will show
that the cubing map on F induces a map V — L, which we denote by ¢, and we
will construct, in Sections 9.3 and 9.4, isomorphisms of the following Aut(F')-sets,
all having cardinality 3.

Iy = {k C End(V) subfield : |k| = 9}
1

Ky ={r:V =V & A*(V) bijective : for all z, € V, one has
k(e +y) = r(x) +5(y) + (= —y) © (zAy)}

1
P = {r € Hom(L, F3) : wo c is bijective, T, = idpg, }
1
N3 = {N C F normal subgroup : F'/N is a x-group of class 3}.

We will then prove that the natural action of Aut(F') on Zy is transitive and so
it will follow that Aut(F) acts transitively on N3, leading to the fact that all s-
groups of class 3 are isomorphic to the x-group MC(3) /MC(3),. To extend the
investigation of k-groups to class 4, we consider the “smallest possible case” and
look at extensions of MC(3) / MC(3), by a group of order 3. In Section 9.5, we
prove the following result.

THEOREM 9.4. Let G be a k-group such that G4 has order 3. Then G is
elementary abelian.

It would be interesting to explore the world of k-groups more extensively, however
Theorems 9.3 and 9.4 provide us with sufficient information on the structure of
k-groups to be able to go into the proof of Theorem 9.1. Let G be a finite 3-group
of class at least 4. We have seen that a necessary condition for int(G) to be greater
than 1 is that of being a k-group, however we can only hope to construct an intense
automorphism of G of order 2 if

(%) there exists an automorphism of G of order 2 that inverts all elements of G
modulo Gs.
We proved in Section 5.3 that such an automorphism can always be constructed
for G/Gy4, so we want to understand which conditions we need to impose on the
structure of G to be able to lift such an automorphism from G/G4 to G. For this
purpose, we define
Ny = {N C F normal subgroup : F'/N is a k-group of class 4 with
wtp/n(4) = 1 and satisfying (x)}.

Via building a bijection Ny — N3, we will be able to prove that the natural action
of Aut(F) on Nj is transitive and so that, given M and N in Ny, the quotients
F/M and F/N are isomorphic. The group MC(3) being a x-group of class 4 with
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wtye(s)(4) = 1 and (%), it follows that each quotient F/N, with N € Ny, is iso-
morphic to MC(3). Since MC(3) has an elementary abelian commutator subgroup,
Proposition 7.13 yields that each finite 3-group of intensity greater than 1 has class
at most 4.

9.1. The cubing map

In this section we prove some structural properties about x-groups of class 4.
We remind the reader that, if G is a finite 3-group and i is a positive integer, then
the i-th width of G is defined to be wtg (i) = logs |G; : Git1] (see Section 2.3). We
warn the reader that we will make a set of assumptions, which will hold until the
end of Section 9.1, right after Lemma 9.9.

LEMMA 9.5. Let G be a group of order 81 and class 3. Then the exponent of
G is different from 3.

PrOOF. It follows from the assuptions that wtg(1l) = 2 and that wtg(2) =
wte(3) = 1. Let now C' = Cg(G2). By Lemma 5.12, the centre of G is equal to G5
and C' contains Gy with index 3. Let (a,b) € G x C be such that {a, b} generates G
and define ¢ = [a, b], which is an element of G2 \ G3. Let moreover d be a generator
for G3. Assume by contradiction that the exponent of G is 3. Then C' is elementary
abelian and, in particular, Go = {(¢) @ (d). Since G3 is central modulo G3 and d
generates G, there exists an integer k such that aca™! = cd* and d* # 1. Keeping
in mind that C is abelian, we compute

1 = (ba)® = bababa = b(cba)(cba)a = b*cacba® =
b d*aba® = v d*cba® = bPEdF = dF.
Contradiction. O

We recall here that, if G is a group and n is a positive integer, then G™ is defined
to be G" = (2" : z € G).

LEMMA 9.6. Let G be a finite 3-group of class 3 such that |G : G3| = 9. Then
Gs = G3.

PROOF. Assume by contradiction that G3 # G3 and let M be a normal sub-
group of G such that G> C M C G5 and |G3 : M| = 3. Then the exponent of G/M
is 3. Contradiction to Lemma 9.5. (]

LEMMA 9.7. Let G be a group of class at most 3 and assume that G2 has
exponent dividing 3. Then, for all x,y € G, one has (zvy)® = 23y3[zy~1, [x,1]].

PROOF. Use the fact that G5 has exponent 1 or 3, the fact that G5 is central and
the bilinearity of the map G/G2 x G3/G3 — G35 that is induced by the commutator
map. (Il

LEMMA 9.8. Let G be a finite 3-group of class at least 3 and assume that
|G : Go| = 9. Then the cubing map induces a map k : G/G2 — G3/Gy.

PROOF. We assume without loss of generality that G4 = {1}. As a consequence
of Lemma 9.6, the image of the cubing map is contained in G3 and, by Lemma
5.13, the commutator subgroup of G has exponent 3. We now prove that the
map k : G/Gy — G3, given by k(xGs) = 3, is well-defined. To this end, let
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(2,9) € G x Gy. Then y* = 1 and [y, ] belongs to G3, a central subgroup. From
Lemma 9.7, we get

(zy)® = 2%9y3([y, 2], zy '] = 2*y® = 2*

so every element of 2G5 has the same cube 22 in G, as claimed. (]

We remark that, in concordance with Definition 9.2, the real requirement for a 3-
group G satisfying |G : G2| = 9 to be a k-group is that the map from Lemma 9.8 is
a bijection. The reason why we are interested in k-groups is given by the following
lemma.

LEMMA 9.9. Let G be a finite 3-group of class 4 with int(G) > 1. Then G is a
K-group.

PROOF. Take p = 3 in Lemma 7.12(1). O

In the remaining part of this section, we will prove some structural results about
k-groups. Until the end of Section 9.1, let thus G be a finite 3-group of class 4.
Let (G;)i>1 denote the lower central series of G and, for each i € Z>1, denote
w; = wtg(i). Assume that (wq,ws, w3, wy) = (2,1,2,1) and, to conclude, let & :
G /G2 — G3/G4 be the map from Lemma 9.8. It follows from these assuptions that
®(G) = G, that G4 is abelian, and that the commutator map G x G2 — G3 induces
an isomorphism G/G2® G2 /Gs — G3/G4. We recall that, if C'is a group and n is a
positive integer, then C™ and p,(C) are respectively defined as C™ = (z" : x € C)
and p,(C)=(xeC 2" =1).

LEMMA 9.10. Let C' be a mazimal subgroup of G. Then G4C3 C Z(C).

PROOF. The subgroup Gy is central in G, so G4 is contained in Z(C'). The
commutator map induces a homomorphism v : G/Gy ® G5/G4 — G4 and, C/G>
being cyclic, the subgroup v(C/G2 ® k(C/G3)) is trivial. The quotient G4C?3 /Gy
being equal to x(C/G2), it follows that G4,C* C Z(C). O

LEMMA 9.11. Assume that G is a k-group. Then Z(G) = Gy.

Proor. We first claim that G4 C Z(G)G3. The subgroup G4 is contained in
Z(G) and, as a consequence of Lemma 5.12, one has Z(G) /G4 C Z(G/G4) = G3/Gy.
Since the class of G is 4, the claim is proven. Now, G5 is equal to ®(G) and so, the
dimension wy being equal to 2, the group G has precisely 4 maximal subgroups. We
claim that there exists at most one maximal subgroup C of G such that Gz C Z(C).
Let indeed C' and D be maximal subgroups of G such that G3 is contained in
Z(C)NZ(D). Then CD centralizes Gs and, the class of G being equal to 4, the
subgroup CD is different from G. It follows that C' = D and thus the claim is
proven. As a consequence of it, there exist two distinct maximal subgroups C
and D of G such that neither Z(C) nor Z(D) contains G3. Fix such C' and D.
Since s is a bijection and w3 = 2, Lemma 9.10 yields Z(C) N G3 = C3G4 and
Z(D) N G3 = D3G4. Now, the subgroup Z(G) contains G, and is contained in
Z(C)NZ(D)NG3 = C3G4N D3G4. The map & being a bijection, the subgroup
C3G4 N D3Gy is equal to G4 and therefore Z(G) = Gy. O

LEMMA 9.12. Let C be a mazimal subgroup of G. Assume moreover that G is
a k-group and that Gy has exponent 3. Then [C,C]NZ(C) = G4.
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PRrROOF. The quotient C'/Gs is cyclic of order 3 so [C,C] = [C, G3]. It follows
that [C,C] is contained in G5 and that the index of ([C,C]|G4)/G4 in G3/Gy4 is
equal to |G : C| = 3. In particular, [C, C] is non-trivial. Now, [C, C] is normal in G
and thus [C,C] NZ(G) # 1. Moreover, by Lemma 9.11, the centre of G is equal to
G4 and so [C, C] contains G4. As aresult, [C, C] is equal to [C, C]G4 and it has thus
cardinality 9. In an analogous way, since G is a k-group, the normal subgroup C?
is non-trivial and it contains G4. However, C? is different from G, because G is a
k-group. We have proven that G4 is contained in [C, C]NZ(C). We assume now by
contradiction that [C,C] N Z(C) is different from G4. It follows that [C,C]| N Z(C)
has cardinality at least 9, which is the same as the cardinality of [C,C]. Then
[C,C] is contained in Z(C) and so it follows from the Hall-Petrescu formula that
the cubing map is an endomorphism of C'. By assumption, the exponent of G5 is
3, and so |C3| = |C : u3(C)| < |C : Go| = 3. Since C? contains G4, we get that
C® = G4. Contradiction. O

LEMMA 9.13. Assume that G is a k-group. Then G3 has exponent 3.

PROOF. The subgroup Go is abelian and G3 is contained in Gy, as a conse-
quence of Lemma 9.8. Tt follows that p3(G2) has cardinality at least |Gy : G4| = 27.
Set N = u3(G2) N G3. We denote G = G/N and use the bar notation for the sub-
groups of G. If G3 = {1}, then Gj3 is contained in u3(G2) and we are done.
Assume by contradiction that G'3 is non-trivial. Then G3 has cardinality at least 3
s0, p13(G2) consisting of at least 27 elements, it follows that p3(G2) is non-trivial.
However, u3(Gz) has trivial intersection with G'3, which is equal to Z(G), thanks
to Lemma 5.12. Contradiction. O

9.2. A specific example

This section is entirely devoted to understanding the structure of the group
MC(3), which is defined at the beginning of the present chapter. The name MC(3)
refers to the fact that MC(3) turns out to be an example of maximal class among
the finite 3-groups of intensity greater than 1. Moreover, as stated in Theorem 9.1,
given any finite 3-group G of class at least 4, either int(G) = 1 or G is isomorphic
to MC(3). We recall the definition of MC(3).

Let R = F3le] be of cardinality 9, with €2 = 0, and let A denote the quaternion

€,€

algebra (f) In other words, A is given by
A =R+ Ri+ Rj+ Rk

with defining relations i2 = j> = € and k = ji = —ij. The ring A has a unique
(left/right /2-sided) maximal ideal m = Ai + Aj and the residue field k = A/m is
equal to F3. The algebra A is also equipped with a natural anti-automorphism of
order 2, which is defined by

r=s+ti+ujt+vk — T=s—ti —uj— vk

We define MC(3) to be the subgroup of 14+m consisting of those elements x satisfying
z = x~'. We denote by (MC(3),);>1 the lower central series of MC(3) and, for
each i € Z>1, we define moreover M; = (1 + m’) N G. One easily shows that
(M;);>1 is central and that, for each ¢ > 1, the commutator map induces a map
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Ml/Mg X Mi/Mi-l—l — Mi+1/M'L+2 whose image generates Mi_i_l/Mi_A,_Q. For each
i > 1, it follows that M;11 = [M7, M;] and, since M; = G, we have that

MC(3), = MC(3) N(1 +m").

The rest of the present section is devoted to the proof of some technical Lemmas
that we will use in the proof of Theorem 9.1.

LEMMA 9.14. The group MC(3) has class 4 and order 729.

PROOF. We start by proving that MC(3) has order 729. The cardinality of R
is equal to 9 and therefore the cardinality of A is 9. Since A /m is isomorphic to F3,
the cardinality of m is equal to (9*/3) = 37 and therefore also 1 +m has cardinality
37. Now, asking for an element = € 1 +m to satisfy 2% = 1 lowers our freedom in
the choice of coordinates of by 1 and therefore G has cardinality 3¢ = 729. To
conclude the proof, we note that MC(3) is trivial, because m® = {0}, while 1 + ek
is a non-trivial element of MC(3),. It follows that MC(3) has class 4. O

LEMMA 9.15. Set G = MC(3) and, for each i € Z>1, denote w; = wtg(3).
Then the following hold.
1. One has (wy, we, ws,wy) = (2,1,2,1).
2. There exist generators a and b of G such that a® = [b,[a,b]]”! mod G4
and b® = [a, [a, b]] mod Gy.

PRrROOF. (1) Let i € {1,2,3,4}. Then the function G — m that is defined by
x +— x — 1 induces an injective homomorphism d; : G;/G;y1 — m?/m**! which
commutes with the bar map of A. Now, for each element = € G;, one has that
2 — 1+ (z — 1) belongs to m**t! and therefore the image of d; is contained in D; =
{y+mtl iy emi y+yemitl}. With an easy computation, one shows that D;
coincides with the image of d; and, consequently, that (wq, we, w3, wy) = (2,1,2,1).
To prove (2), define

a=1—€e+iand b=1—€+]

and note that a and b belong to G. Since w; = 2 and a and b are linearly indepen-
dent modulo G = G N (1 +m?), the group G is generated by a and b. Using the
defining properties of A, we compute a® = 1 + €i and b3 = 1 + ¢j. Define ¢ = [a, b],
d = [a, ], and e = [b, ¢]. Then, working modulo G5, we get

¢ =abab=1—k mod Gs.

Moreover, one has d = [a,1 + k] mod G4 and e = [b,1 + k] mod G4 and it is now
easy to compute d = 1 4 ¢j mod G4 and e = 1 — ei mod G4. It follows that both
ea® and d~'b3 belong to G4 and so the proof is complete. ([

We remind the reader that, in concordance with Definition 9.2, a x-group is a finite
3-group G such that |G : G| = 9 and such that the cubing map on G induces a
bijection G/Gy — G3/Gy.

LEMMA 9.16. The group MC(3) is a k-group.

Proor. Write G = MC(3) and, for each ¢ € Z>1, denote w; = wtg(i). By
Lemma 9.14, the group G has class 4 and, by Lemma 9.15(1), one has w; = w3 = 2
and wy = wy = 1. Let k : G/Go — G3/G4 be as in Lemma 9.8; we want to show
that & is a bijection. Let a and b be as in Lemma 9.15(2) and define d = [a, [a, b]]
and e = [b, [a,b]]. Then k(a) = e~ ! mod G4 and k(b) = d mod G4. Moreover, since
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wg = 1, the elements d and e generate G3 modulo G4. We claim that & is surjective.
Let 7, s be integers and let y = d®¢". If r = 0 or s = 0, then k(b%) = y mod G4
or K(a™") = €" mod G4. The quotient G3/G4 being elementary abelian, we may
now assume that r and s are both non-zero modulo 3 and they satisfy therefore
r? = 52 = 1 mod 3. Define z = a"b~°. Working modulo G4, we get from Lemma
9.7 that

k(x) = a® b 3 [a"b%, [a", b)) = e "d"*[a, [a, b]}_rzs[b, [a, b]]_”2 =TT gms s
=e 2"d7% =y mod Gy.
The widths w; and w3 being the same, it follows that x is a bijection. ([l

LEMMA 9.17. Define o : MC(3) — MC(3) by
x=s+ti+uj+vk — alx)=s—ti—uj+ vk

Then « is an automorphism of order 2 of MC(3) that induces the inversion map
on MC(3) / MC(3),.

PRrROOF. Set G = MC(3). It is easy to check that « is an automorphism of order
2 of G, so we prove that « induces the inversion map on G/G4. The subgroup Gs is
equal to GN(1+m?) and, thanks to Lemma 9.15(1), the group G/G> is elementary
abelian of order 9. We definea =1—¢+iand b=1—¢€+j. Then a and b span
G modulo G and a(a) = @ = a~! and a(b) = b = b~!. The quotient G/G5 being
commutative, the map G/Gs — G/Go that is induced by « is z + x71. O

We conclude Section 9.2 by remarking that another characterization of MC(3) has
been provided by Derek Holt and Frieder Ladisch; this characterization was found
using computer algebra systems. The group MC(3) turns out to be isomorphic
to a Sylow 3-subgroup of the Schur cover 3.J3 of the simple Janko-3 group Js. If
S is a Sylow 3-subgroup of 3.J3 and N denotes the normalizer of S in 3.J3, then
conjugation under any element of order 2 of N restricts to an automorphism of order
2 of S that induces the inversion map on the abelianization. The isomorphism class
of MC(3) is denoted by [729,57] in the GAP system.

9.3. Structures on vector spaces

Until the end of Section 9.3, the following notation will be adopted. Let V'
be a 2-dimensional vector space over F3. A k-structure on V is a bijective map
k:V = V& A’V such that, for each 2,y € V, one has

(A1) r(r+y) = k() + K(y) + (2 —y) @ (z A y).

We denote by Ky the collection of k-structures of V' and by Zy the collection of
subfields of End(V) of cardinality 9. We remark that, for each element k of Zy,
there exists i € End(V) such that i> = —1 and k = F3][i]. Moreover, V is naturally
a vector space of dimension 1 over each of the elements of Zy. The rest of Section
9.3 will be devoted to the proof of the following result. Until the end of Section
9.3, all tensor and wedge products will be defined over Fj.

PRrROPOSITION 9.18. Let V' be a 2-dimensional vector space over Fs and let the
map sy : Ly — Ky be defined by

k=TFs3i] — (z+— iz (iz Ax)).

Then sy is a bijection. Moreover, the cardinality of Ky is equal to 3.
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As the goal of this section is to prove Proposition 9.18, we will respect the notation
of the very same proposition until the end of Section 9.3.

We put a field structure on V, via an Fs-linear isomorphism with Fg. We de-
fine then A to be the collection of bijective maps A : V' — V such that, for all
x,y € V, one has
(A2) Az +y) = Az) + Ay) + (z — y)(zy® - «°y).
We let moreover oy : Zyy — Ay be defined by
kE=Tsli] — (2~ iz((iz)z® — (iz)3z)).
LEMMA 9.19. The map V — V, defined by x +— x°, is an element of A.

PrOOF. The group of units of V' has order 8 and, since 8 and 5 are coprime,
the map = — x° is a bijection V* — V* which extends to a bijection V' — V. Let
now x and y be elements of V. Keeping in mind that V' has characteristic 3, one
computes

5 5 -
(x+y)° =) (k>x’“y5 F=a2® 0+ (2 - y)(ay® - 2Py)
k=0

and therefore z — x5 satisfies (A2). O
LEMMA 9.20. The map oy is well-defined.

PRrROOF. Let k = F3i] be an element of Zy. The group k* is cyclic of order 8
and there are therefore exactly two square roots of —1 in k, namely ¢ and —i. Now,
for each element x of V', we have

iz ((ix)x® — (ix)?z)) = —iz((—iz)2® — (—iz)3x))

and thus k gives a map V — V. Let now & — V denote an isomorphism of fields
and identify ¢ with its image in V. Then, for each z € V', we have

iz((iz)x® — (ix)?r) = x(iz)?(2? — (ix)?) = —2 (2 + 2°%) = 2°
and so, as a consequence of Lemma 9.19, the map oy is well-defined. d

LEMMA 9.21. Let PV denote the collection of 1-dimensional subspaces of V.
Then the natural homomorphism Aut(V) — Sym(PV) induces an isomorphism
Aut(V)/F% — Sym(PV).

PRrROOF. The natural map Aut(V) — Sym(PV) factors as an injective ho-
momorphism Aut(V)/F5 — Sym(PV), which is in fact also surjective, because
| Aut(V) : F5| = 24 = |S4 | = | Sym(PV)|. O

LEMMA 9.22. The set Iy has cardinality 3. Moreover, the action by conjugation
of Aut(V') on Ty is transitive.

PrOOF. Let f : Iy — Aut(V)/F% be defined by k = F3[i] — iF3 and observe
that, since F3[i] = F3[—i], the map f is well-defined. Moreover, since each element
of Zy is uniquely determined, modulo F%, by a square root of —1, the map f is
injective. Let PV denote the collection of 1-dimensional subspaces of V and let € :
Aut(V)/F% — Sy be the composition of the isomorphism Aut(V)/F% — Sym(PV)
from Lemma 9.21 with a given isomorphism Sym(PV) — S4. Then (e o f)(Zv)
consists of elements of order 2. Now, each element k of Zy, can be written as
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k = F3[i], with i> = —1, and this suffices to show that (eo f)(Zy/) is in fact contained
in the Klein subgroup V4 of S4. The set V, \ {1} forms a unique conjugacy class in
S4 and thus the elements of Zy, form a unique orbit under the action by conjugation
of Aut(V). Since the set Vy \ {1} has cardinality 3, the cardinality of Zy is also
equal to 3. O

LEMMA 9.23. Write V. = Fs[i], with i> = —1. Then the map \*V — Fsi
defined by x Ny — xy® — 23y is an isomorphism of vector spaces.

PROOF. Let ¢ : V x V — V be defined by (x,y) — zy> — 2%y. It is easy to
show that ¢ is alternating and that ¢(V x V) is contained in F3i, the eigenspace
of the Frobenius homomorphism that is associated to —1. Moreover, the map ¢ is
non-zero. It follows that ¢ induces a linear homomorphism ¢’ : /\2 V — 3¢ that is
non-trivial. Since both /\2 V and F3i have dimension 1 over F3, the map ¢’ is an
isomorphism. (I

Write V = Fs[i] with i2 = —1. Define 6 : V@ A>V — V @ Fsi by
0a® (xAy)) =a® (ry’ —2°y)

and note that 6 is an isomorphism of vector spaces, as a consequence of Lemma
9.23. Let moreover y : V ® F3i — V be the isomorphism of vector spaces that is
defined by = ® y — xy. We keep this notation until the end of Section 9.3.

LEMMA 9.24. The map ly : Ky — A that is defined by k — poBok is bijective.

PROOF. Let k be an element of Ky . Then Iy (k) is bijective, because it is the
composition of bijective maps, and, for each z,y € V', one has

Iv(k)(x+y) =pobor(z+y)=lv(r) (@) +Iv()(y) + (= —y)zy’ - 2°y).

We have proven that [y (k) belongs to A and so Iy is well-defined. Moreover, ly is
bijective, because p and 0 are bijective. O

LEMMA 9.25. Let ly be as in Lemma 9.24. Then oy = ly o sy and sy 1is
well-defined.

PROOF. Let k = F3[i] be an element of Zy,. Let moreover k and X respectively
denote sy (k) and oy (k). Then one has ly (k)(z) = pof(iz ®iz Ax) = A\(x) and so,
the choices of k and x being arbitrary, oy = Iy o sy. As a consequence, the map
sy is well-defined. O

LEMMA 9.26. The map sy is injective.

PRrROOF. Let k and k' be elements of Zy and let 4,5 € End(V) be such that
k = F3[i], k¥ = F3[j], and i> = j?> = —1. Assume moreover that sy (k) = sy (k).
For each x € V|, we have Fsx 4+ Fgix = V = Fsx + F3jx and therefore there exists
w, € {£1} such that iz = w,jx mod Fsz. For each x € V, it then follows that

jr @ (JrAnz) =iz ® (ix Ax) =iz ® (wejz) A ) = wyiz @ (ja A x)
and, pof being bijective, jx and w,ix are the same. The choice of z being arbitrary,
we get
V={zeViiz=jz}U{z eV iz=—jz}
and so, V being equal to the union of two subgroups, either ¢ = j or i = —j. In
either case, i and j are linearly dependent over F3 and so k = k’. ([



62 9. THE SPECIAL CASE OF 3-GROUPS

LEMMA 9.27. Let ¢ be an Fs-linear endomorphism of V. Then there exist
unique a,b € V such that, for each x € V, one has ¢(z) = ax® + bx.

PROOF. The characteristic of V being 3, for each pair (a,b) in V2, the map
x + ax® + br is an Fs-linear endomorphism of V. The order of End(V) being
equal to the order of V2, it follows that each element ¢ of End(V) is of the form
x +— ax® + bx, where a,b € V are uniquely determined by 1. In particular, this
holds for ¢. ([l

LEMMA 9.28. Let A € A. Then there exist a,b € V such that, for each x € V|
one has \(x) = 2° + az® + bz.

PRrOOF. Because of (A2), the difference of any two elements of A belongs to
End(V), so, thanks to Lemma 9.19, we have A € (z — 2°) + End(V). It now
follows from Lemma 9.27 that there exist a,b € V such that, for each z € V, we
have \(z) = 2° + az® + bz. O

LEMMA 9.29. Let m be a positive integer and let q be a prime power. Then

Z om —1 when (¢g—1)|m
10 otherwise
z€F,

PROOF. This is Lemma 2.5.1 from [Coh07]. O

LEMMA 9.30. Let A\ € A. Then there exists b € V such that, for each © € V,
one has \(x) = 2° + bx.

PRrROOF. Let a,b € V be as in Lemma 9.28. By definition of A, the map A is
bijective so each element of V' belongs to the image of A. With x replaced by A(z),
Lemma 9.29 yields

0= Z Mz)? = Z(x5 + ax® 4+ bx)? = Z 2a1° = —2a.
zeV zeV zeV

It follows that a = 0 and therefore, for each z € V, one has A\(z) = 2° + bz. O

LEMMA 9.31. The cardinality of A is at most 3.

PrROOF. Let A € A and let b € V be as in Lemma 9.30. The map A is bijective
and so, with x replaced by A(z), Lemma 9.29 gives

0= Ma)* =) (2" +ba)* = (ba'® +b°2%) = —b(1 +b?).

zeV zeV zeV

It follows that there are at most 3 choices for b in V' and thus A has cardinality at
most 3. [

We conclude Section 9.3 by giving the proof of Proposition 9.18. The function
sy : Iy — Ky is injective by Lemma 9.26 and, by Lemma 9.22, the cardinality of
Ty is equal to 3. It follows that Ky has at least 3 elements. Now, as a consequence of
Lemma 9.24, the set A has the same cardinality as Ky and thus, as a consequence
of Lemma 9.31, the cardinality of Ky is equal to 3. From its injectivity, it now
follows that sy is bijective. The proof of Proposition 9.18 is complete.
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9.4. Structures and free groups

We recall that a k-group is a finite 3-group G such that |G : G| = 9 and such
that the cubing map on G induces a bijection G/Go — G3/G4. In particular, each
k-group is 2-generated. In the present section, we consider k-groups of class 3 and
we prove the following main result.

PROPOSITION 9.32. Let G be a finite 3-group of class 3. Then G is a k-group
if and only if G is isomorphic to MC(3) / MC(3),.

Our strategy, for proving Proposition 9.32, will be that of constructing all k-groups
of class 3 as quotients of a free group. To this end, the following assumptions will
be valid until the end of Section 9.4. Let F' be the free group on two generators
and let (F;);>1 denote the lower 3-series of F', which we recall from Section 5.3 to
be defined by

Fy=F and Fy = [F, F]F?.

We remark that the notation we use for the lower 3-series is not concordant with
our usual notation (see Exceptions in List of Symbols). We denote

V =F/F,, L =F3F% and E=|[F, L|F;.

The group V is a vector space of dimension 2 over F3, so we let Ky be defined as
in Section 9.3. We write moreover F' = F//E and we use the bar notation for the
subsets of F. We define additionally A3 to be the collection of normal subgroups
N of F with the property that F/N is a x-group of class 3.

LEMMA 9.33. The map c3 : F — L/F3, defined by x — 23F3, is surjective.
Moreover, c3 induces an isomorphism V. — L/F3 and |L : F3| = 9.

PROOF. As a consequence of the Hall-Petrescu formula, the map c3 is a sur-
jective homomorphism, which, F3 being contained in F3, factors as a surjective
homomorphism ¢y : V' — L/F3. Since V has order 9, the order of L/F5 is at most
9. Let now A =Z/9Z x Z/9Z and let ¢ : FF — A be a surjective homomorphism.
Then F3 is contained in kert and, since L = F3F3, the group (L) is equal to
3Z/9Z x 3Z/9Z, which has order 9. As a consequence, |L : F3| = 9 and ¢ is an
isomorphism. O

LEMMA 9.34. The commutator map F' X Fy — Fj induces an isomorphism
§:F/F,® Fy/L — F3. Moreover, |F5: E| =9.

PRrROOF. The subgroup Fj is central in F' and so the commutator map F x Fy —
F3 is bilinear. Moreover, thanks to Lemma 5.27, the quotient F,/L is cyclic of
order 3 and so [Fy, Fy] = [Fy, L]. The commutator map induces thus a surjective
homomorphism 6 : F/Fy ® Fy/L — F3 and therefore |F3 : E| < 9. We now claim
that |F3 : E| > 9. Thanks to Lemma 9.15, the abelianization of MC(3) has order 9
and thus MC(3) is 2-generated. Let ¢ : F' — MC(3) be a surjective homomorphism
and denote by 7 the natural projection MC(3) — MC(3) /MC(3),. Lemma 5.27
yields L = (mo¢) 1 (MC(3), /MC(3),) and thus, as a consequence, we have ¢(L) =
MC(3),. Moreover, thanks to Lemma 5.13, the subgroup MC(3); is contained in
MC(3), and therefore ¢(F5) C MC(3),. It follows that ¢(F3) = MC(3), and also
that ¢(E) = MC(3),. Lemma 9.15(1) yields |F3 : E| > |MC(3), : MC(3), | = 9.
This proves the claim and therefore |F5 : E| =9 and ¢ is an isomorphism.
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Z)97. X L)9Z < — — — — — — — — — Feoo oo oo ~ MC(3)
9 9 9
37,/97 x 37./97. Fym = — — — — = > MC(3),
~ ~
9 3

0 FyF3 - - - — > MC(3),
A 7
N _ -
N _ -
N _ -
AN ~ 9

MC(3),
7

e

E=[F LF3
LEMMA 9.35. The group L is an Fz-vector space of dimension 4.

PRrROOF. The group L is central in F and so it is abelian. Moreover L3 is
contained in E. It follows that L is naturally a vector space over F3, which has
dimension 4, thanks to Lemmas 9.33 and 9.34. [l

LEMMA 9.36. The commutator map F x Fy — F3 induces an isomorphism
v VoAV - F

ProOF. The subgroup F5 is central modulo L so the commutator map F' x
F — F,/L is bilinear. Since [F, Fy] is contained in L, we get a bilinear map
V x V — Fy/L, which is also alternating. By the universal property of wedge
products, the last map factors as a homomorphism 6 : /\2 V — F5/L mapping x Ay
to [z,y]. By Lemma 5.27, the cardinality of F5/L is equal to 3, which is the same
as the cardinality of /\2 V and so, being non-trivial, € is an isomorphism of groups.
We conclude by defining v = § o (1 ® 6), where ¢ is as in Lemma 9.34. g

LEMMA 9.37. Let 7y be as in Lemma 9.36 and use the additive notation for the
vector spaces V' and L. Then the cubing map on F induces a map ¢ : V — L such
that, for each x,y € V', one has

oz +y) =cl@)+cly) +7((z —y) @ (z Ay)).

PRrROOF. The group F has class at most 3  and [F, F] has exponent dividing 3.
By Lemma 9.7, given any two elements z,y of F, one has (zy)? = z3y3[zy~1, [x,9]].
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Since both F3 and [F,[F, Fy]] are contained in FE, cubing on F induces a map
¢ :V = L. Using the additive notation for V and L, it follows that, for each
x,y € V,one has c(z +y) = c(x) + c(y) + v((x — y) @ (x A y)). |

LEMMA 9.38. Let 0 = A 5 B 5 C — 0 be a short ezact sequence of abelian
groups. Let moreover s : C — B be a function such that o o s = idg. Write
R={f €Hom(B,A): for=1ida} and let H be the collection of maps g : C — A
such that, for all u,v € C, one has

Ug(u+v) —g(u) = g(v)) = s(u+v) = s(u) — s(v).
Then the function R — H that is defined by f — f os is bijective.

PROOF. Let v : R — H be defined by f — fos. We first prove that v is
well-defined. To this end, let f € R and let u,v € C. Since oos = idg, the element
s(u + v) — s(u) — s(v) belongs to kero = 1(A). Since f o:r = ida, we get that
to fl.(a)y = id|,(a) and therefore

U(fes)(utv) = (fos)(u) = (fos)(v) =s(u+v)—s(u)—s(v)

We have proven that v is well-defined. We now prove that v is injective. Let
f,h € R be such that v(f) = v(h). Since for = hot = ida, the group t(4) is
contained in ker(f — h) and thus f — h induces a homomorphism B/t(A) — A.
Now, B/u(A) = {s(c) + ¢(A) : ¢ € C} and, the maps fos and hos being the same,
we get f —h = 0. The maps f and g are the same and v is injective. To conclude,
we prove that v is surjective. Let g € H. Since each element x of B can be written
uniquely as z = ¢(a) + s(u), with a € A and u € C, we define f: B — A by

x=1(a) + s(u) — f(x) =a+ g(u).
For each u € C, we have then f o s(u) = g(u). Relying on the facts that g € H

and that g(C) is contained in A, one shows that f is a homomorphism and so v is
surjective. ([

PROPOSITION 9.39. Let ¢ be as in Lemma 9.37 and let v be as in Lemma 9.36.
Set o
P = {m € Hom(L, I'3) : mp, = idg,, ™ o ¢ bijective}
and let ty : P — Ky be defined by m +— vy~ omoc. Then ty is a bijection and P
has cardinality 3.

PROOF. Let ¢y : V — L/Fj3 be the isomorphism from Lemma 9.33. Composing
the canonical projection L — L/F3 with c; ', we get the short exact sequence of
abelian groups 0 -+ F3 - L =V — 0. With A=F;, B=L,C =V, and s = c,
Lemma 9.38 applies. Let thus R = {m € Hom(L, F3) : T, =idp} and let H be
the collection of maps g : V — F3 such that, for all 2,y € V, one has

9z +y) —9(x) — g(y) = c(x +y) — c(z) — c(y).
Then, thanks to Lemma 9.38, each element of H is of the form 7 o ¢, where 7
belongs to R. In particular, the subset P of R is sent bijectively to the subset Hyy;
of bijective elements of H. Now, by Lemma 9.37, given any two elements x,y € V,
we have c¢(z + y) — c(x) — c(y) = v((z — y) ® (z A y)) and therefore each element
k=~ 'omoc, with m € P, belongs to Ky,. The map v being an isomorphism,
ty is injective. Moreover, since « is bijective, Lemma 9.37 yields a well-defined
injection Ky — Hup;j, given by k +— vy o k. It follows that |P| < |Ky | < |Huyij| = |P|
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and therefore ty is a bijection. Thanks to Proposition 9.18, the cardinality of P is
3. O

We remind the reader that A3 has been defined to be the collection of normal
subgroups N of F' such that F/N is a k-group of class 3.

LEMMA 9.40. Let P be as in Proposition 9.39 and denote, for each m € P, by
K, the unique normal subgroup of F containing E such that K, = kerw. Then
the map r : P — N3 that is defined by m — K, is a bijection. Moreover, for each
N € N3, one has |L : N| = 9.

PrRoOOF. We first show that r is well-defined. To this end, let © be an element
of P and set G = F/K,. Then Gy is equal to F»/K,. Moreover, L decomposes as
ker 7 ® F3 = K, ® F3. In particular, L/K, and F3 are naturally isomorphic and so,
as a consequence of Lemma 9.34, the subgroup G3 coincides with L/K.. It follows
that G has class 3. Now, the map 7 o ¢ being bijective, the cubing map induces a
bijection F'/F, — F3 and so, via the natural isomorphism F3 — L/K,, the cubing
map induces a bijection G/G2 — Gs3. As aresult, |L : K| = |Gs| = |G : Ga| =
|F: F5] =9 and G is a s-group. The choice of m being arbitrary, r is well-defined.
It is now easy to show that r is bijective. From the surjectivity of r one deduces
that, for all N € N3, the index |L : N| is equal to 9. O

PROPOSITION 9.41. The set N3 has cardinality 3 and the natural action of
Aut(F) on N3 is transitive.

PROOF. Let Zy be defined as in Section 9.3. Define moreover ¢ : Iy, — N3
tobe v =ro t(/l o sy, where sy, ty, and r are as in Propositions 9.18 and 9.39
and Lemma 9.40. The combination of the just-mentioned results yields that v is
a bijection and, from its definition, it is easy to check that it respects the action
of Aut(F). Now, by Lemma 9.22, the set Zy has cardinality 3 and so N3 has
cardinality 3. Again by Lemma 9.22, the action of Aut(V') on Zy is transitive and
so the action of Aut(F') on Zy is transitive. Being ¢ an isomorphism of Aut(F')-sets,
Aut(F) acts transitively on Nj. O

We are finally ready to give the proof of Proposition 9.32, which is the same as
Theorem 9.3. To this end, let G be a finite 3-group of class 3. The group MC(3)
has class 4, by Lemma 9.14, and it is a k-group, by Lemma 9.16. There exists thus
a normal subgroup M of F' such that F//M is isomorphic to MC(3) / MC(3),. Fix
such M. The group G is a k-group if and only if there exists N € N3 such that
F/N is isomorphic to G. Proposition 9.41 yields that G is a k-group if and only if
it is isomorphic to MC(3) /MC(3),. The choice of G being arbitrary, Proposition
9.32, and thus Theorem 9.3, is proven.

9.5. Extensions

We recall here that a k-group is a finite 3-group G such that |G : Go| = 9 and such
that cubing in G induces a bijection G/G2 — G3/G4. We remind the reader that
we investigate k-groups because we aim at classifying 3-groups of class at least 4
and intensity greater than 1: those groups are all k-groups, as a consequence of
Lemma 9.9. The main purpose of the present section is that of proving the following
proposition, which is the same as Theorem 9.4.
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PROPOSITION 9.42. Let G be a k-group such that G4 has order 3. Then Gs is
elementary abelian.

Until the end of Section 9.5, we will work under the assumptions of Proposition
9.42. Then Gy is abelian and, if for each i € Z>; we set w; = wtg(i), then
(w1, we, ws,wy) = (2,1,2,1). Moreover, the group G/G4 being a k-group of class
3, Theorem 9.3 yields that G/G4 is isomorphic to MC(3) / MC(3),. It follows from
Lemma 9.15(2) that there exist generators a,b of G such that, if we define

c¢=la,b,d=a,cl,e=1[bc], and f=][a,d]
then the following are satified:
i. one has a® = [b, [a,b]] 7 mod G4 and b3 = [a, [a, b]] mod Gy; and
ii. the elements d and e generate G3 modulo G4; and
3. one has a® = e~ ! mod G4 and b3 = d mod Gy.

LEMMA 9.43. One has G4 = (f) = ([b, €]).

PrOOF. By Lemma 9.11, the centre of GG is equal to G4 and, by Lemma 7.3,
the commutator map G/Gs2 x G3/G4 — G4 is non-degenerate. The elements d and
e generate G3 modulo G4 and we also have a® = e~ ! mod G4 and b* = d mod Gj4.
From the non-degeneracy of the commutator map, it follows that both f and [b, €]
are non-trivial elements of G4, which, being cyclic of order 3, then satisfies G4 =

(f) = ([bse])- O

LEMMA 9.44. There exists a pair (u,t) in {£1} x Z such that [b,e] = f* and
c3 = ft. Moreover, there exist r,s € Z such that a® = e~ 1 f" and b* = df*.

PrOOF. By assumption, the order of G4 is 3 and, by Lemma 9.43, both ele-
ments f and [b, e] generate G4. There exists thus u € {+1} such that [b,e] = f*.
Moreover, since a® = e~ ! mod G4 and b> = d mod Gy, there exist integers r and
s such that a® = e~'f" and b® = df°. To conclude, thanks to Lemma 5.13, the

subgroup G3 is contained in G4 so there exists t € Z such that ¢ = f. O

We are now ready to give the proof of Proposition 9.42. To this end, let u,t,r, s be
as in Lemma 9.44. The subgroup G5 is abelian and, by Lemma 9.13, the exponent
of G3 is equal to 3. It follows that ab® = f**'b3a, from which we derive fdaf* =
fettdfsa. The subgroup G4 is central, thanks to Lemma 9.11, and so one gets

fda = f*"da.
Since the exponent of G3 is equal to 3, we have u +t = 1 mod 3 and so
(u,t) = (1,0) mod 3 or (u,t)=(—1,—1) mod 3.
If (u,t) = (1,0) mod 3, then we are done. We assume by contradiction that (u,t) =
(—1,—1) mod 3. Then ¢* = f~1, from which it follows that a3b = ba® and so a®
centralizes b in G. Call C = ({b} UGs2). Then a* belongs to Z(C), which then,
thanks to Lemma 9.10, contains {a®,b%} U G4. The group G being a s-group, it
follows that Z(C) contains G3, and so [b,e] = 1. Contradiction to Lemma 9.43.

The proof of Proposition 9.42, and thus that of Theorem 9.4, is now complete.
The subgroup MC(3), of MC(3) is elementary abelian.

PROOF. The group MC(3) is a k-group by Lemma 9.16 and, thanks to Lemma
9.15(1), the subgroup MC(3), has order 3. It follows from Proposition 9.42 that
MC(3), is elementary abelian. O
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Let @ be a finite 3-group with int(Q) > 1. Then @ has nilpotency class at
most 4.

PrOOF. Assume that () has class at least 4. Thanks to Lemma 3.13, the
intensity of Q/Q5 is greater than 1, and , thanks to Lemma 9.9, the group Q/Q@s
is a k-group. Moreover, thanks to Theorem 6.1, the quotient Q4/@s has order 3
and thus Proposition 9.42 yields that Q3 is contained in Q5. However, because of
Proposition 7.13, each finite 3-group H of class at least 5 with int(H) > 1 satisfies
H3 = H, and so it follows that @ has class at most 4. O

9.6. Constructing automorphisms

In this section we aim at understanding the structure of finite 3-groups of class
4 and intensity greater than 1. We recall that a x-group is a finite 3-group G such
that |G : G2| = 9 and the cubing map on G induces a bijection G/G2 — G3/G4
(see Section 9.1 for a closer look at k-groups). The reason why k-groups are so
special for us is Lemma 9.9, which asserts that any finite 3-group of class 4 and
intensity greater than 1 is a k-group. Moreover, we know from Proposition 5.10,
that if we hope to construct a 3-group G of large class and intensity greater than
1, then we need as well to construct an automorphism of order 2 of G that induces
the inversion map on the abelianization of G. We will devote the present section
to the proof of the following result.

PROPOSITION 9.45. Let G be a k-group such that G4 has order 3. Assume that

G possesses an automorphism of order 2 that induces the inversion map on G/Gs.
Then G is isomorphic to MC(3).

We will prove Proposition 9.45 at the end of the present section and so the following
assumptions will hold until the end of Section 9.6. Let G be a k-group such that
G4 has order 3. Then the group G has class 4 and (wtg(i))i; = (2,1,2,1). Let F
be the free group on the set S = {a, b} and let ¢ : S — G be such that G = (.(95)).
By the universal property of free groups, there exists a unique homomorphism
¢ : F — G such that ¢(a) = t(a) and ¢(b) = «(b). As a consequence of its
definition, the map ¢ is surjective. Let (F;);>1 denote the lower 3-series of F,
which is defined recursively as

Fy=F and F;, = [F, F]F}.

and, in addition, let
L=F*F; and E = [F,L]|F5.

All F;’s, L, and E are stabilized by any endomorphism of F. For a visualization
of such groups we refer to the end of Section 5.3 or to the diagram appearing later
in this section. Let 3 be the endomorphism of F sending a to a~' and b to b~ !.
Since 3% = idy, the map 3 is an automorphism of F. We remind the reader that
we have already worked with such an automorphism £ in Section 5.3 and we will
thus, in this section, often apply results achieved in Section 5.3. We conclude by
defining two specific sets, consisting of normal subgroups of F. Let A3 denote the
collection of normal subgroups N of F' such that F'/N is a k-group of class 3, as
defined in Section 9.4. For each element N of N3, we set

Dy = [F,N|F}[Fy, F3).
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It is not difficult to show that each such Dy is contained in E. We define moreover
Ny to be the collection of normal subgroups M of F' such that F//M is a k-group of
class 4 with wt/57(4) = 1 and such that F'/M possesses an automorphism of order
2 that induces the inversion map on the abelianization (F/M)/(F/M)q of F/M.
We will keep this notation until the end of Section 9.6.

LEMMA 9.46. For each k € Z>5, one has ¢(Fy) = {1}.

PROOF. Let k € Z>5 and recall that Fy, = [F, Fk—l]F;S’,l- By definition of
E, one has that ¢([F, Fr—1]) is contained in [¢(F'), ¢(F)] and so, as a consequence
of Lemma 5.28, we get ¢([F, Fy_1]) = {1}. It follows that ¢(F)) = ¢(Fp ;) C
#(F3) C G3 and so Proposition 9.42 yields ¢(Fy) = {1}. O

LEMMA 9.47. Let « be an automorphism of order 2 of G that induces the
inversion map on G/Ga. Then there exist generators x and y of G such that
a(z) =271 and a(y) =y~ 1.

PROOF. Write G~ = {g € G : a(g) = g~ '}. Since (wtg(i))i, = (2,1,2,1),
Lemma 2.17 yields that the map G~ — G/G>, defined by g — gGa, is surjective.
Since Go = ®(G), there exist two elements x and y of G~ that generate G. O

PROPOSITION 9.48. Let a be an automorphism of order 2 of G that induces the

inversion map on G/Gsy. Let moreover k € Z>5 and let ¢y, : F/F}, — G be the map
induced by ¢. Then there exists € € Aut(F/Fy,) of order 2 such that agy = ¢xe.

PRrROOF. For each k € Z>5, the map ¢y, : F/F, — G is well-defined, thanks to
Lemma 9.46. Let now x and y be as in Lemma 9.47 and let ¢ and d be elements of
F such that ¢(c) = = and ¢(d) = y. As a consequence of Lemma 5.26, the map ¢
induces an isomorphism F/F; — G/G2 and therefore ¢ and d generate F' modulo
F,. Let now v : FF — F be the endomorphism of F' sending a — ¢ and b — d.
Fix k € Z>5. The subgroup F} being being stabilized by any endomorphism of F,
the map 1 induces an endomorphism ¥ of the 3-group F' = F/F},. However, since
®(F) = F;, the map ¢ induces an automorphism of F/®(F) and so 1 is in fact
an automorphism of F. Let 3 be the automorphism of F that is induced by 3 and
define € = ¥By—1. By construction, the following diagram is commutative.

FIE, 2

FIE, 2 G

Moreover, € has order 2, because it is conjugate in Aut(F) to 3. ([

LEMMA 9.49. Let M be an element of Ny. Then N = ME belongs to N3 and
Dy C M.

PrOOF. Let H = F/M and let 7 : F — H be the canonical projection. Then
7(N) =m(ME) =n(E) and so, as a consequence of Lemma 5.28, we have 7m(N) C
Hy. The order of Hy being 3, either 7(N) = Hy or N C M. Assume first that
mn(N) = Hy. Then we have M C N C n~'(H,) and M # N. Further, we also
know |77 1(Hy4) : M| = |Hy| = 3 and therefore N = 7—1(H,). As a result, F/N
is isomorphic to H/H4 and so N belongs to N3. From the combination of Lemma
5.26 and Proposition 9.42, we now derive 7(Dy) = {1} and so Dy is contained in
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M. We conclude by proving that 7(N) = Hy. Indeed, if by contradiction we had
N C M, the subgroup E would be contained in M making F'/FE of class at least 4.
This would however contradict the fact that [F, [F) [F, F]]] C E. O

LEMMA 9.50. Let N € N3 and write H = MC(3). Then there exists a sur-
jective homomorphism ¢ : F — G such that N = ¢~Y(G4). Moreover, ¢ induces
isomorphisms @1 : F/Fy — H/Hy and @3 : L/N — Hs/Hy4 and a surjective homo-
morphism w4 : E/Dy — Hy.

PROOF. Let v : F — H be a surjective homomorphism and K = ¢~1(Hy).
Then K belongs to N3 and so, thanks to Proposition 9.41, there exists an auto-
morphism 7 of F' such that (V) = K. Define ¢ = ¢ or. Then ¢ is a surjective
homomorphism F — H such that ¢~!(H;) = N. Moreover, ¢ induces isomor-
phisms ¢, : F/Fy — H/Hy and @3 : L/N — H3/Hy as a consequence of Lemmas
5.26 and 5.27. We conclude by showing that ¢ induces a surjective homomorphism
E/Dy — Hy. Thanks to Lemma 9.49, the subgroup Dy is contained in the kernel
of ¢. Moreover, since p(Fy) = Hy and (L) = Hs, we get p(E) = HyH3. Now, the
group H is a k-group and hence Hy C Hy. It follows that p(FE) = Hy and therefore
¢ induces a surjective homomorphism E/Dy — Hy. 0

LEMMA 9.51. Let N € N3. Then the commutator map F x L — E induces a
non-degenerate bilinear map F/Fy x L/N — E /Dy whose image generates E/Dy .
In addition, one has E # Dy.

PROOF. Write F = F/Dy and use the bar notation for the subgroups of F.
From the definition of E, one sees that E = [F, L]. Moreover, by Lemma 5.28, the
subgroup E is contained in N and so [F, E] C Dy. In particular, E is central in
F and so the commutator map F x L — E is bilinear. Since [Fy, L] and [F, N] are
both contained in Dy, the last map factors as a bilinear map v : F/Fy x L/N — E
whose image generates E. Set H = MC(3). As a consequence of Lemmas 9.16 and
9.11, the centre of H is equal to Hy and thus Lemma 7.3 yields that the commutator
map induces a non-degenerate map v : H/Hs x Hs/H, — Hy. With the notation
from Lemma 9.50, the following diagram is commutative.

F/Fy x LIN — > E/Dy

o

H/H2 X Hg/H4*U>H4

Since the map v is non-degenerate and both ¢; and @3 are isomorphisms, the map
v is non-degenerate. It follows in particular that E # Dy. O

LEMMA 9.52. Let V and W be 2-dimensional vector spaces over Fs and let
n:V — W be a bijective map such that, for each \ € F3 and v € V, one has
n(A) = An(v). Define K = (v @n(v) : v € V). Then the quotient (V @ W)/K has
dimension 1 as a vector space over Fs.

PRrROOF. Without loss of generality we assume that V = W. Assume first
that 7 is an automorphism of V and define the automorphism o of V® V by
x®y — x®n(y). Then the subspace A = (v @ v : v € V) is mapped isomorphically
to K via o and so (V ® V)/K has the same dimension as (V ®@ V)/A = A\’ V.
In particular, (V ® V))/K has dimension 1. Let now 7 be any map satisfying the
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hypotheses of Lemma 9.52. Then 7 induces a bijective map 77 : PV — PV, where
PV denotes the collection of 1-dimensional subspaces of V. As a consequence of
Lemma 9.21, there exists an automorphism 7 of V' such that 7 = 77 and, for each
v € V, one has F37(v) = F3n(v). As a consequence, we get K = (v @ 7(v) : v € V)
and therefore (V ® V)/K has dimension 1 over Fs. O

LEMMA 9.53. Let N € N3. Then |E : Dy| = 3.

PRrROOF. The quotient F/F5 is a 2-dimensional vector space over Fj3, while
L/E is a 4-dimensional vector space over F3, thanks to Lemma 9.35. Moreover,
by Lemma 5.28, the subgroup N contains F and, as a consequence of Lemma
9.40, the quotient L/N is a vector space of dimension 2 over Fs. Let v : F/F; ®
L/N — E/Dy be the surjective homomorphism induced from the non-degenerate
map of Lemma 9.51. Let moreover ¢ : F/Fy — L/E be the map from Lemma
9.37 and let 7 denote the canonical projection L/E — L/N. Denote ¢y = moc¢
and note that, as a consequence of Lemma 9.40, the map ¢y : F/Fy — L/N is a
bijection between vector spaces of dimension 2 over F3. From Lemma 9.37, it is
clear that ¢ commutes with scalar multiplication by elements of F3. Define now
K ={(z®cn(z):x € F/Fy). As a consequence of the definition of ¢, each element
x®cy(z), with z € F/Fy, belongs to the kernel of v, and therefore K is contained
in ker+. It follows from Lemma 9.52 that (F/F; ® L/N)/K has dimension 1 and
therefore /Dy has dimension at most 1 as a vector space over F3. Lemma 9.51
yields that E/Dy has cardinality 3. O

LEMMA 9.54. Let T be a group and let S be a central subgroup of T. Let
moreover A denote the subgroup of Aut(T) consisting of all those elements § such
that 6(S) = S and such that 0 induces the identity on both S and T/S. Then the
map A — Hom(T/S, S) that is defined by § — (xS + §(x)x~1) is bijective.

PROOF. Let ¢ : A — Hom(T/S,S) denote the map 6§ — (x5 +— d(z)z~ 1),
which is well-defined because S is central in T'. The map ¢ is clearly injective and
it is surjective because, given each homomorphism f € Hom(T, S) with S C ker(f),
the map = — x f(z) belongs to A. a

LEMMA 9.55. Let p be a prime number and let P be an extraspecial p-group.
Let A denote the subgroup of Aut(P) consisting of those automorphisms of P that
induce the identity on the abelianization P/Py. Then A = Inn(P).

PROOF. The subgroups Z(P) and P, being equal, the commutator map in-
duces a bilinear non-degenerate map P/ Py x P/P; — Py and so the homomorphism
P/P, — Hom(P/Ps, Py) that is defined by t — (2 — [t,2]) is injective. The quo-
tient P/P, being elementary abelian, P/P, — Hom(P/Ps, P,) is an isomorphism.
Now, by Lemma 2.5, each element § of A restricts to the identity on P, and so
we derive from Lemma 9.54 that, for each element § € A, there exists t € P such
that, for all z € P, one has §(z) = [t,z]z = txt~!. In particular, A is contained in
Inn(P). The inclusion Inn(P) C A is clear and so the proof is complete. O

LEMMA 9.56. Let n be an automorphism of F/L of order 2 that induces the
inversion map on F/Fy. Then there exists ¢r € Inn(F/L) such that, for each
x € F, one has B(x) = (prne;')(x) mod L.

ProoFr. Write H = F/L. As a consequence of Lemma 5.27, the group H is
extraspecial of order 27 and exponent 3. Let now Sy be the automorphism of H
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that is induced by 3. Then n~!8r induces the identity on H/H, and so, thanks
to Lemma 9.55, one gets n~ '3, € Inn(H). The group Inn(H) being a normal
3-subgroup of Aut(H), the Schur-Zassenhaus theorem applies to Inn(H)(n) and
ensures that there exists ¢y, € Inn(H) with the property that g, = chngozl. ]

LEMMA 9.57. Let n be an automorphism of F/E of order 2 that induces the
inversion map on F/Fy. Assume that 8 coincides with n modulo L. Then, for all
x € F, one has B(x) = n(x) mod E.

PROOF. Let A denote the subgroup of Aut(F/FE) consisting of all those auto-
morphisms of F/FE inducing the identity on both F/L and L/E. Let Sg be the
automorphism that is induced on F/E by 8. As a consequence of Lemma 5.32,
the element 1 = 7B belongs to A and so, thanks to Lemma 9.54, there exists
a homomorphism h : F/L — L/E such that, for all z € F/E, one has ¢(z) =
h(z)x. The quotient L/E being elementary abelian, the groups Hom(F/L,L/E)
and Hom(F'/Fy, L/FE) are naturally isomorphic and so h factors as a homomor-
phism F/Fy — L/E. Now n coincides with 8 on F/F; and so, thanks to Lemma
5.32, it induces the inversion map on L/E. For each x € F/Fy, it follows that
(nhn~1)(x) = h(x). However, the automorphisms 1 and Bz having order 2, one
also has 7> = 1 = 8%, = nymp and therefore nym=! = =1, For all z € F/E, it
follows then that ¢(z)z~1 = ¢~1(x)x~! and therefore ¢)(x)? = 1. The group F/E
being a 3-group, the map v is trivial and therefore n and Sg are equal. O

LEMMA 9.58. Let N = ¢~Y(G4) and let A denote the subgroup of Aut(F/Dy)
consisting of all those maps inducing the identity on both F/E and E/Dy. Then
A is contained in Inn(F/Dy).

PROOF. The group N belongs to N3, because G/Gy is a s-group of class 3. As
a consequence of Lemma 9.51, the commutator map induces an injective homomor-
phism ¢ : L/N — Hom(F/F, E/Dy). Combining Lemmas 9.40 and 9.53, we get
that the orders of Hom(F/F», E/Dy) and L/N are the same and therefore ¢ is also
surjective. It follows that, for each element f of Hom(F/F», E/Dy), there exists
| € L such that f equals 2Fy — [l,z]Dy. Set F = F/Dy and use the bar notation
for the subgroups of F. We now prove that A is contained in Inn(F). Let § € A.
Then, as a consequence of Lemma 9.54, there exists a homomorphism f : F — E
whose kernel contains E and such that, for each = € F', one has §(z) = f(z)z. Fix
such f. The group E being elementary abelian, the kernel of f contains F» and
therefore f factors as a homomorphism F/F, — E. As a result, there exists [ € L
such that, for each z € F, one has f(z) = [[,z] and thus §(x) = [[,z]z = lzl~!. In
particular, § is an inner automorphism of F' and, the choice of § being arbitrary, A

is contained in Inn(F). O

LEMMA 9.59. Let N = ¢~ 1(Gy4). Letn € Aut(F/Dy) be of order 2 and assume
that n induces the inversion map on F/Fy. Assume moreover that 8 and n induce
the same automorphism of F/E. Then there exists ¢ € Inn(F/Dy) such that, for
all z € F, one has B(x) = (Ynnby")(z) mod Dy.

PROOF. Set F' = F/Dy and use the bar notation for the subgroups of F. As
a consequence of Lemma 5.32, the group N is (8)-stable and therefore so is Dy:
it follows that the map § induces an automorphism of F, which we denote by f.
Let A denote the subgroup of Aut(F') consisting of all those elements & such that §
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induces the identity on both £ and F//E. Then, as a consequence of Lemmas 9.51
and 2.4, the automorphism 113 belongs to A and thus, thanks to Lemma 9.58, we
have n~13 € Inn(F). Applying the Schur-Zassenhaus theorem to Inn(F)(n), we get

that there exists 1) € Inn(F) such that 3 = En@il. This concludes the proof. [

PRrROPOSITION 9.60. Let « be an automorphism of order 2 of G that induces the
inversion map on G/Gy. Then there exists v € Inn(F) such that ap = ¢(vBy~1).

PRrROOF. Thanks to proposition 9.48, there exists an automorphism e of F/Fs
of order 2 such that a¢s = ¢5¢. As a consequence, the map e induces the inversion
map on F/F;. Let now M = ker ¢ and let N = M E. Thanks to Lemma 9.49, the
group N belongs to N3 and Dy C M. One easily shows that Fj is contained in
Dy. It follows that € induces an automorphism 7 of order 2 of F//Dy. Let 1y, be
the automorphism that n induces on F/L. Then, via the choice of a representative,
Lemma 9.56 ensures that there exists an inner automorphism ¢y of F/Dy such
that 8 and <pN77<pR,1 induce the same automorphism of F/L. Fix such ¢n and
define n; = ¢ N77<p;,1. Since 17 has order 2, the order of 7; is equal to 2. Lemma
9.57 yields that in fact 71 and 5 are the same modulo E. At last, let ¥y be as
in Lemma 9.59 and define 7y = wwa;,l. As a consequence of Lemma 9.59, the
maps 7y and  induce the same map on F'/Dy. Via the choice of a representative,
the inner automorphism ¥nypy of F/Dy lifts to an inner automorphism ~ of F
with the property that n and v3y~! induce the same automorphism on F/Dy. To
conclude, let ¢ : F/Dy — G be the map induced by ¢. Since ags = ¢s¢, one
gets apn = ¢nn and therefore ap = p(v5y71). a

LEMMA 9.61. For each M € Ny, one has B(M) = M.

PRrROOF. Let M € N;. Without loss of generality G = F//M and so M = ker ¢.
Let moreover o be an automorphism of GG of order 2 that induces the inversion
map on G/G5. Then, thanks to Proposition 9.60, there exists v € Inn(F) such that
ap = ¢(yBy~1). Tt follows that {1} = a(¢(M)) = ¢B(M) and therefore S(M) is
contained in ker ¢ = M. Since f induces an automorphism of each quotient F'/Fj
and since, for large enough k one has Fj, C M, we have in fact that (M) =M. O

LEMMA 9.62. Let N be an element of N3 and write F= F/Dy. Set moreover
N = N/Dy and E = E/Dy. Define B to be the map that is induced by 3 on F
and set

N '={zeN:B@) =7} and N ={zcN:8F =7"'}
Then N* =F and N~ is the unique {f3)-stable complement of E in N.

PROOF. As a consequence of Lemma 5.32, the group N is {3)-stable and, being
central in F, it is also abelian. Write now B = (8) and let ¢ : B — {£1} be
the isomorphism mapping S to —1. By Lemma 5.29, the group B acts on F/F,
through o and, by Lemma 5.32, the induced action of B on L/FE is through o. As
a consequence, the induced action of B on both L/N and N/FE is through o. It
follows from Lemmas 9.51 and 2.4 that 3 induces the identity map on E and so,
thanks to Theorem 2.9, the subgroup E has a unique (3)-stable complement in N,

which coincides with N . O
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LEMMA 9.63. The map Ny — N3 that is defined by M — ME is an injection
respecting the natural actions of Aut(F).

Proor. The map Ny — N3 is well-defined, thanks to Lemma 9.49, and it is
clear that it respects the action of Aut(F'). We prove injectivity. To this end, let
M, and M be elements of Ny such that M1 E = MyFE and set N = M E = MyE.
Since M7 and My belong to Ny, Lemma 9.61 yields 8(M;) = M; and 3(Mz) = M.
It follows then from Lemma 9.62 that both M; and M, are the unique (j3)-stable
complement of E and so M; = M. O

LEMMA 9.64. The map Ny — N3 that is defined by M — ME is a bijection
respecting the natural actions of Aut(F).

PROOF. The map N; — N3 is well-defined, injective, and respects the action
of Aut(F) thanks to Lemma 9.63. We prove surjectivity. To this end, let N be an
element of N3. Write F' = F/Dy and use the bar notation for the subgroups of F.
Let moreover N  be as in Lemma 9.62. As a consequence of the definition of Dy,
the subgroup N is central in F and so N is normal in F. Let M be the unique
normal subgroup of F containing Dy such that M = N . Then, as a consequence
of Lemma 9.62, one has N = M E. Write H = F/M and denote by 7 the canonical
projection ' — H. We will prove that M € N;. Thanks to the isomorphism
theorems, the groups 7(N) and E are naturally isomorphic and, by Lemma 9.53,
the group E has order 3. It follows that |[N : M| = 3. Moreover, the group N
being an element of N3, the quotient F//N has class 3 and so M C 7~ 1(H4) C N.
Only two cases can occur: either N = 7~ '(Hy) or M = 7~ (H,). Assume by
contradiction that M = 7~ !'(H,) and so that H has class 3. Since H/m(N) is
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isomorphic to F//N, Lemma 5.27 yields that 7(L) = Hzw(N) and, since N is central
modulo Dy, the subgroup 7(NV) is central in H. It follows that «([F, L]) = {1} and
therefore [F, L] is contained in M. As a consequence, F is also contained in M and
thus N = ME = M, which is a contradiction. We have proven that N = 7~ 1(Hy),
from which it follows in particular that |Hy| = |N : M| = 3 and so H has class 4.
Moreover, H is a k-group, because F/N is. To prove that M belongs to Ny, we are
left with proving that H has an automorphism of order 2 that induces the inversion
map on H/Hy and in fact such an automorphism can be gotten, for example, by
inducing 3 to H. We have proven that M € Nj; and so, the choice of N being
arbitrary, the map N3 — N} is surjective. O

The set N, has 3 elements and the action of Aut(F') on N, is transitive.
ProOF. Combine Proposition 9.41 and Lemma 9.64. ]

We are now ready to prove Proposition 9.45. The group MC(3) is a k-group, by
Lemma 9.16, and MC(3), has cardinality 3, thanks to Lemma 9.15(1). By Lemma
9.14, the class of MC(3) is 4 and moreover, thanks to Lemma 9.17, the group
MC(3) possesses an automorphism that induces the inversion map on the quotient
MC(3) / MC(3),. It follows that there exists an element M of Ny with the property
that F'//M is isomorphic to MC(3). Corollary 9.6 now yields that G and MC(3) are
isomorphic. The proof of Proposition 9.45 is complete.

9.7. Intensity

In Section 9.5 we have proven Corollary 9.5, which asserts that finite 3-groups of
intensity larger than 1 have class at most 4. We will prove in this section that
the bound is best possible by showing that the group MC(3), introduced at the
beginning of this chapter and whose structure we investigated in Section 9.2, has
intensity 2. Thanks to results coming from the previous sections, we will, at the
end of the current section, finally be able to give the proof of Theorem 9.1.

PROPOSITION 9.65. The group MC(3) has intensity 2.

We will devote a big part of the present section to the proof of Proposition 9.65.
To this end, let the following assumptions hold until the end of Section 9.7. Set
G = MC(3) and denote by (G;);>1 its lower central series. For all i € Z>1, write
wta(i) = w;. By Lemma 9.14, the group G has class 4 and order 729. More-
over, thanks to Lemmas 9.15(1) and 9.16, the group G is a k-group satisfying
(w1, we, ws,wy) = (2,1,2,1). Let o be as in Lemma 9.17 and set A = («). In con-
cordance with the notation from Section 2.2, we define Gt = {r € G : a(z) = x}
and G~ = {z € G : a(z) = x7}. Moreover, for each subgroup H of G, we denote
Ht*=HNGYand H-=HNG™.

LEMMA 9.66. Let H be a subgroup of Go and let g be an element of G. Then
the following hold.

1. The group G2 normalizes H.
2. If both H and gHg™ " are A-stable, then gHg™' = H.

PrOOF. The group Gs is abelian so G5 normalizes each of its subgroups. As
a consequence of Lemma 2.17(1), the subgroup G is contained in Gy and we
conclude combining (1) with Lemma 2.15. O
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LEMMA 9.67. Let H be a subgroup of G that contains G4. Then there exists
g € G such that gHg™"' is A-stable.

PROOF. We denote by a4 the automorphism of G/G4 that is induced by . By
Proposition 5.11, the automorphism «4 is intense so, by Lemma 3.5, there exists
g € G such that gHg™!/Gy is (ay4)-stable. It follows from the definition of ay that
gHg™ ' is A-stable. O

We recall that a positive integer j is a jump of a subgroup H of G if and only if
HNG; # HNGj4q. For the theory of jumps we refer to Section 2.3.

LEMMA 9.68. Let H be a subgroup of G such that H N G4 = {1}. Assume
moreover that H is not contained in Go. Then there exists x € G\ Ga such that
H = (z).

ProOOF. The subgroup H is different from G and it is therefore contained in
a maximal subgroup C of G. Moreover, H not being contained in Gg, we have
wt& (1) = 1. We first show that H is abelian. The subgroup [H, H] is contained
in [C,C] = [C,G2], and so [H, H] is contained in G3. By Lemma 9.11, the centre
of G is equal to G4 and so, by Lemma 7.3, the map v : G/Gy X G3/G4 — G4
that is induced from the commutator map is non-degenerate. Since C' = HGs, we
get [C,[H, H]|] = [H,[H, H]] € HN G4 and so, since H N G4 = {1}, the subgroup
[H, H] is contained in Z(C). It follows that [H, H]| is contained in Z(C)N[C,C]NH
and so, thanks to Corollary 9.5 and Lemma 9.12, the commutator subgroup of H
is trivial. The group H being abelian, it follows, from the non-degeneracy of =,
that Wtfl(i&) < 1. Moreover, since the commutator map induces an isomorphism
G/Gy®Ga /Gy — G3/Gy, we also know that wt&(2) = 0. Let now  be an element
of H\ G2. Then 1 is a jump of (x) in G and, the group G being a k-group, it
follows that 2% € G3\ G4. As a consequence of Lemma 2.16, we get
4
(z)] > 3wt (1) 3wty (3) >9> gwir (1) gwt (3) _ H3wtg(i) = |H|
i=1

and therefore H is cyclic generated by x. O

LEMMA 9.69. Let H be a subgroup of G such that HN Gy = {1}. Assume that
H is not contained in Go. Then H and o(H) are conjugate in G.

PrOOF. By Lemma 9.68, the group H is cyclic. We define T' = H & G4 so,
by Lemma 9.67, there exists g € G such that gT'g~! is A-stable. We fix such g
and denote 7" = ¢gTg~! and H' = gHg~!. The subgroup G4 being characteristic,
it follows that H' @ G4 = T’ = a(H') ® G4. Let C denote the collection of com-
plements of G4 in T’. By Lemma 4.6, the elements of C are in bijection with the
elements of Hom(H’, G4), which is naturally isomorphic to Hom(H'/®(H'), G4).
The group G being a k-group, one has ®(H') = H' N G2 and thus the restriction
map Hom(G/G2,G4) — Hom(H'G2/G2,Gy) is surjective. Moreover, by Lemma
9.11, the subgroup G4 coincides with Z(G) so, as a consequence of Lemma 7.3, the
map G3/G4 — Hom(G/G2,Gy), defined by 2G4 — (tGo — [z,t]), is an isomor-
phism. It follows from Lemma 4.6 that, for each K € C, there exists x € G such
that K = {[z,t]t =tz | t € H'}. As a consequence, there is € G such that
a(H') = xH'xz~! and so, since H' = gHg™!, also a(H) and H are conjugate in
G. O
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LEMMA 9.70. Let H be a subgroup of Gs with H NGy = {1}. Then H and
a(H) are conjugate in G.

ProoOF. Let T = HG4. The group Ggs is elementary abelian, as a conse-
quence of Corollary 9.5, and therefore so is T = H & G4. Let g € G be such that
gTg~! is A-stable, as in Lemma 9.67, and set T' = gTg~" and H' = gHg~'. Let
moreover C be the set of complements of G4 in 7" and note that both H’ and
a(H') belong to C. Thanks to Lemma 4.6, the elements of C are in bijection with
the elements of Hom(H’, G4). Moreover, the restriction map induces a surjection
Hom(G3/G4,G4) — Hom(H',G4). By Lemma 9.11, the subgroup G4 coincides
with Z(QG) so, as a consequence of Lemma 7.3, the map G/G3 — Hom(G3/G4, G4),
defined by £G4 — (tGa — [x,t]) is an isomorphism. It follows from Lemma 4.6
that each element of C is of the form {[z,t]t = xtz™! |t € H'} = xH'xz~!, for some
x € G. In particular, «(H’) and H' are conjugate in G and thus so are H and
a(H). O

LEMMA 9.71. Let H be a subgroup of G with H ® G4 = G5. Then H has an
A-stable conjugate in G.

Proor. We define X to be the collection of all subgroups K of G for which
Gy = K @ G4. The group G5 is elementary abelian, by Corollary 9.5, so the
set X is non-empty. Moreover, as a consequence of Lemma 4.6, the cardinality
of X is equal to the cardinality of Hom(H, Gy4), which is 27. We define Xt =
{KeX : a(K)= K} and we will show, with a counting argument, that H is
conjugate to an element of XT. Let K € XT. Thanks to Corollary 2.2, we can
write K = K+ @ K~ and, as a consequence of Lemma 2.17, the subgroup K~ is
equal to G5 . Again by Lemma 2.17, the subgroup G5 has order 9 and it contains
Gy4. It follows that |XT| is equal to the number of 1-dimensional subspaces of
G7 that are different from Gy, i.e. |X*| = 3. By Lemma 9.66(1), the group Go
normalizes K, but in fact G2 = Ng(K), as a consequence of Lemma 7.3. It follows
that the orbit of K in X has size |G : Ga| = 9 so, thanks to Lemma 9.66(2), the
element K is the only element of XT belonging to its orbit under G/Gs. The
number | X|/|XT| being equal to 9, it follows that each orbit of the action of G/Gs
on X has a representative in X . The same holds for the orbit of H. ([

LEMMA 9.72. Let H be a subgroup of G with H & G3 = G5. Then H has an
A-stable conjugate in G.

PROOF. Let X be the collection of all complements of G3 in G5. The group
(G5 is elementary abelian, by Corollary 9.5, and so, by Lemma 4.6, the cardinality
of X is equal to |Hom(H,G3)| = 27. We define X* = {K € X : o(K)=K}.
As a consequence of Lemma 2.17, if K is an element of X, then K = K*+. The
elements of Xt are thus exactly the one-dimensional subspaces of G that are
different from G4 and so |X+| = 3. Fix K € X*. Then the commutator map
induces an isomorphism G/G2 ® K — G3/G4. It follows that Ng(K) is contained
in Gy so, thanks to Lemma 9.66(1), one has Ng(K) = G2. Lemma 9.66(2) yields
that K is the only element of X+ belonging to its orbit under the action of G/Gs on
X. The number | X|/|X | being equal to 9, it follows that each orbit of the action
of G/G2 on X has a representative in X+ so, in particular, H has an A-stable
conjugate in G. O
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LEMMA 9.73. Let x € G\ Gy and let a € G§ \ G3. Then [z, a] does not belong
to G™.

PRrOOF. Let C = Cg([z,a]) and D = (x,G3). Then [z,a] belongs to Gz \ G4
so, as a consequence of Lemmas 9.11 and 7.3, the index of C' in G is equal to 3.
In particular, both C and D are maximal subgroups of G. Assume now by contra-
diction that [z,a] € G~. Since x belongs to G \ G2, there exists v € G such that
a(z) = 71y and so we have [x,a]™! = o([z,a]) = [7 1y, a]. The group Gy is ele-
mentary abelian, by Corollary 9.5, and so, with the help of multiplication formulas,
one gets [r,a]”t = [x7,[z,a] 7 [r,a]". As a result, the element [x7!,[z,a]™!]
is trivial, and so # € C. Then C = D, and thus [z, a] belongs to [C,C] N Z(C).
Lemma 9.12 yields [z, a] € G4. Contradiction. O

LEMMA 9.74. Let x € G2\ G3 and y € G3 \ G4. Define H = (x,y). Then H
has an A-stable conjugate in G.

PrOOF. The group Gs is elementary abelian, by Corollary 9.5, and therefore
H = (z) ® (y). Let X be the set consisting of all subgroups of Gy of the form
(u) @ (v), where u € G5 \ G3 and v € G3 \ G4. The cardinality of X is then equal
to 108. We define X* = {K € X :a(K) = K} and we fix K € X*. By Corollary
2.2, the subgroup K decomposes as K = KT ® K~ and, as a consequence of Lemma
2.17, there exists a € G such that K = (a) @ K~. Fix such a. Again thanks to
Lemma 2.17, we get that |X+| = 12. We want to count the conjugates of K. By
Lemma 9.66(1), the subgroup Gs is contained in Ng(K) and, if z € Ng(K), then
[z,a] € KNG3. The intersection K NG5 being equal to K, it follows from Lemma
9.73 that Ng(K) = Ga2. As a consequence of Lemma 9.66(2), the element K is
the only element of XT belonging to its orbit under G/Gs so, from the equality
| X]/|XT| =9, we can deduce that each orbit in X has a representative in X*. The
same holds for the orbit of H. O

LEMMA 9.75. The automorphism « is intense. Moreover, the intensity of G is
equal to 2.

PROOF. Let H be a subgroup of G. If H contains G4, then, by Lemma 9.67,
there exists a conjugate of H that is A-stable. Assume that H NGy = {1}. If H is
not contained in Go, then H is conjugate to o(H), thanks to Lemma 9.69. Assume
that H is contained in Gy. If 2 is not a jump of H in G, then, by Lemma 9.70, the
subgroups H and «(H) are conjugate in G. We suppose that 2 is a jump of H in
G. By Corollary 9.5, the group G is elementary abelian and so H is a subspace of
(G2, not contained in G3, that trivially intersects G4. The combination of Lemmas
9.71, 9.72, and 9.74 guarantees that H has an A-stable conjugate in G. The choice
of H being arbitrary, it follows from Lemma 3.5 that « is intense. The intensity of
G is at least 2, because « has order 2, but in fact int(G) = 2, as a consequence of
Theorem 5.2(1). O

We remark that, thanks to Lemma 9.75, the proof of Proposition 9.65 is complete.
Moreover, we are now also able to prove Theorem 9.1. The implication (2) = (1)
is clear and the implication (3) = (2) is given by the combination of Proposition
9.65 and Lemma 9.14. We now prove (1) = (2). To this end, let Q be a finite
3-group of class at least 4 with int(Q) > 1. Because of Corollary 9.5, the class of @
is equal to 4 so, as a consequence of Theorem 6.1, the order of @ is equal to 729.
The intensity of @ is equal to 2, thanks to Theorem 5.2(1). We have concluded
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the proof of (1) = (2) and, to finish the proof of Theorem 9.1, we will next prove
(2) = (3). Let @ be a finite 3-group of class 4 and intensity 2. Then, by Lemma
9.9, the group @ is a k-group and, as a consequence of Proposition 5.10, it possesses
an automorphism of order 2 that induces the inversion map on @/Q. By Theorem
6.1, the order of Q4 is 3. Proposition 9.45 yields that @ is isomorphic to MC(3).
The proof of Theorem 9.1 is now complete.






CHAPTER 10

Obelisks

Let p > 3 be a prime number. A p-obelisk is a finite p-group G for which the
following hold.
1. The group G is not abelian.
2. One has |G : G3| = p® and G5 = GP.

The following proposition will immediately clarify our interest in p-obelisks.

ProPOSITION 10.1. Let p > 3 be a prime number and let G be a finite p-group
of class at least 4. If int(G) > 1, then G is a p-obelisk.

Proor. Combine Theorems 6.1 and 7.1. O

Chapter 10 will be entirely devoted to understanding the structure of p-obelisks
and that of their subgroups. Some of the results, especially coming from Section
10.4, are rather technical and their relevance will become evident in Chapter 11.

10.1. Some properties

We remind the reader that, if p is a prime and G is a finite p-group, then wtg(:) =
log,, |G; : Giy1| where (G;);>1 denotes the lower central series of G. The following
lemma collects some straightforward properties of p-belisks. Concerning regularity,
we refer to Section 8.1.

LEMMA 10.2. Letp > 3 be a prime number and let G be a p-obelisk. Let (G;)i>1
denote the lower central series of G. Then the following hold.
1. One has wtg(1) =2 and wtg(2) = 1.
2. The group G/Gs is extraspecial of exponent p.
3. The group G is regular.

PROPOSITION 10.3. Let p > 3 be a prime number and let G be a p-obelisk. Let
(Gi)i>1 be the lower central series of G and let ¢ denote the class of G. Then the
following hold.

1. For alli € Z>1, one has wtg(i) wtg(i + 1) < 2.
2. If wtg(i) wtg(i +1) =1, theni=c— 1.
3. For all positive integers k and I, not both even, one has |Gy, G|] = Gj41.

PROOF. Proposition 10.3 is a simplified version of Theorem 4.3 from [Bla61],
which can also be found in Chapter 3 of [Hup67] as Satz 17.9. O

We remark that the term p-obelisk does not appear in [Bla61] or [Hup67] and
is of our own invention. Moreover, originally Proposition 10.3(1-2) was phrased in
the following way: if G is a p-obelisk, then

(wte(i)is1 = (2,1,2,1,...,2,1, £,0,0,...) where f € {0,1,2}.

81
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The following lemma follows in a straightforward way from Lemma 10.2 and Propo-
sition 10.3.

LEMMA 10.4. Let p > 3 be a prime number and let G be a p-obelisk. Let ¢
denote the class of G and leti € {1,...,c¢—1}. Then the following hold.
1. The index i is odd if and only if wtg (i) = 2.
2. The index i is even if and only if wtg(i) = 1.
3. If wtg(c) = 2, then c is odd.
4. If ¢ is even, then wtg(c) = 1.

We recall that, if G is a p-group, then p denotes the map x — zP on G.

LEMMA 10.5. Let p > 3 be a prime number and let G be a p-obelisk. Then, for
all i,k € Zq, one has p*(G;) = Gopys.

In his original proof of Proposition 10.3, Blackburn also proves Lemma 10.5. Black-
burn’s proof strongly relies on the fact that p-obelisks are regular and it makes use
of some technical lemmas that can be found in [Hup67, Ch. III]. The following,
for example, is Satz 10.8(a) from [Hup67, Ch. III].

LEMMA 10.6. Let p be a prime number and let G be a finite reqular p-group.
Let M, N be normal subgroups of G and let r,s be non-negative integers. Then
" (M), p*(N)] = p"**([M, NJ).

PropOSITION 10.7. Let p > 3 be a prime number and let G be a p-obelisk. Let
(Gi)i>1 be the lower central series of G and let ¢ denote its nilpotency class. Then
Z(

) = G.

Proor. We work by induction on c¢. If ¢ = 2, then, by Lemma 10.2(2), the
group G is extraspecial so Gy = Z(G). Assume now that ¢ > 2. The subgroup G.
is central and, by the induction hypothesis, Z(G/G.) = G¢-1/G.. Tt follows that
G. CZ(G) € G.—1 and Z(G) # G.—1. Moreover, by Proposition 10.3(1), the width
wtg(c — 1) is either 1 or 2. If wtg(c — 1) = 1, then Z(G) = G.; we assume thus
that wtg(c— 1) = 2. By Lemma 10.4(1), there exists a positive integer k such that
c¢—1=2k+1 so, from Lemma 10.5, we get G._1 = p*(G) and G. = p*(Gz). As
a consequence of Proposition 10.3(1), the subgroup G. has order p. Let us assume
by contradiction that Z(G) # G, in other words |G._; : Z(G)| = | Z(G) : G| = p.
Let N = Cg(Ge—1). The commutator map G/Go X G.—1/G. — G, is bilinear and
it factors as a surjective non-degenerate map G/N x G._1/Z(G) — G.. It follows
that G/N 1is cyclic of order p so Gy = [N,G]. Lemma 10.6 yields p*([N,G]) =
[N, p*(G)] = [N,G._1] = {1} and so G. = p*(G2) = {1}. Contradiction. O

LEMMA 10.8. Letp > 3 be a prime number and let G be a p-obelisk. Then each
non-abelian quotient of G is a p-obelisk.

PrOOF. Let N be a normal subgroup of G such that G/N is not abelian.
We claim that N is contained in G3. Denote first H = G/N. Then we have
p? < |H : Hy| < |G : Ga| and therefore, from Lemma 10.2(1), it follows that
N C Gy. f NNG3 = N, then N is contained in G3 and we are done. Assume
by contradiction that N N Gz # N. As a consequence of Lemma 10.2(1), the
subgroup N does not contain G3. Let now M be a normal subgroup of G such
that NNG3 € M C G3 and |G3 : M| = p. Then G = G/M has class 3 and
N # {1}. However, by Lemma 5.12, the centre of G is equal to G3 so, G'3 having
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order p, we get G3 C N. In particular, G5 is contained in M N. It follows that
G3 =G3N(MN) = (GsN N)M = M, which gives a contradiction. Then N C Gs,
as claimed, and thus we have |H : H3| = |G : G3|. It is moreover clear that
HP = Hj, and so H is a p-obelisk. [

LEMMA 10.9. Let p > 3 be a prime number and let G be a p-obelisk. Then the
following hold.
1. If i € Z>1 and H is a quotient of G of class i, then Z(H) = H,.
2. Let N be a subgroup of G. Then N is normal in G if and only if there
exists i € Zsq such that G;11 C N C G;.

PROOF. (1) Let ¢ denote the class of G. Let moreover i € {1,...,c} and let
H be a quotient of G of class i. If i = 1, the group H is abelian and Z(H) = H.
Assume now that ¢ > 1. Then H is a non-abelian quotient of a p-obelisk so, by
Lemma 10.8, it is a p-obelisk itself. To conclude, apply Proposition 10.7. For the
proof of (2), we combine (1) with Lemma 6.8. O

10.2. Power maps and commutators

Throughout Section 10.2 we will faithfully follow the notation from the List of
Symbols. In particular, if p is a prime number and G is a finite p-group, then p will
denote the map G — G that is defined by x — zP. We remind the reader that p is
in general not a homomorphism.

LEMMA 10.10. Let p > 3 be a prime number and let G be a p-obelisk. Then the
following hold.

1. For all i,k € Zwq the map p* : G; — G; induces a surjective homomor-
phism
P2 Gi/Git1 — Goryi/Gokyit-
2. For all h,k € Z~¢ not both even, the commutator map induces a bilinear
map
Yok : Gh/Ghi1 X Gi/Gry1 = Ghyk/Ghirs1
whose image generates Gpix/Gnak+1-

PROOF. (1) Let ¢ and k be positive integers and, without loss of generality,
assume that Goryi11 = {1}. We work by induction on k and we start by taking
k = 1. Since [G;,G;] is contained in Gg;, Lemma 10.5 yields that [G;, G;]P is
contained in Gg;12. The index ¢ being positive, Ga;42 is contained in G;;3 = {1}.
Now, the prime p is larger than 3 so G, is also contained in G;+3 = {1}. Moreover,
(G;)p is contained in G;p, and so, as a consequence of the Hall-Petrescu formula,
the map p: G; — G; is a homomorphism. The function p factors as a surjective
homomorphism p} : Gi/Git1 — Gita, thanks to Lemma 10.5. This finishes the
proof for k = 1. Assume now that k& > 1 and define

P = Pakyio1 © Polyio3 © - O Pz1+2 ° p;-
As a consequence of the base case, pf is a surjective homomorphism pf :Gi/Gig1 —
Gopyi/Garrir1 and, by its definition, it is induced by p¥. This proves (1). Point
(2) follows from Proposition 10.3(3). O

Let p > 3 be a prime number and let G be a p-obelisk. Let ¢ be the class of G.
Let moreover ¢ and j be integers of the same parity such that 1 < i < 5 < ¢ and
one of the following holds.
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1. The number j is even.
2. One has wtg(j) = 2.
Define m = % Then the map p™ : G; — G; induces an isomorphism pi* :

Gi/Gi+1 — Gj/GjJrl.

PrROOF. Let p}" : Gi/Git1 — G;j/Gj+1 be the surjective homomorphism from
Lemma 10.10(1). Since 7 and j have the same parity, it follows from Lemma 10.4
that wtg (i) = wte(j) and pf* is a bijection. O

LEMMA 10.11. Let p > 3 be a prime number and let G be a p-obelisk. Denote
by c the class of G. Let moreover h and k be positive integers, not both even, such
that h + k < c¢. Assume additionally that, if h + k is odd, then wtg(h + k) = 2.
Then the map ~p, i from Lemma 10.10 is non-degenerate.

PRrOOF. Without loss of generality, assume that ¢ = h+k and so Gpyp+1 = {1}
We prove non-degeneracy of 7, . by looking at the parity of h4-k. Assume first that
h+k is odd and, without loss of generality, & is odd and k is even. From Lemma 10.4,
it follows that wtg(h) = 2 and wtg (k) = 1. Moreover, by assumption, wtg(h+k) =
2. Since the image of ~; ; generates Gj4x, the map 7, is non-degenerate. Let
now h+k be even. The numbers h and k are both odd so wtg(h) = wtg(k) = 2, by
Lemma 10.4(2). Assume without loss of generality that h < k. Then, by Lemma
10.5, the set p* = (Gh) coincides with the subgroup Gi. Let now C = Cg, (Gg)
and D = Cg,(Gy). Since Yh i # 1, we have that G4 C CGp and Giyq C
DG@G}. The commutator map induces a non-degenerate map G /C X Gi/D — Gpik
so, wtg(h + k) being equal to 1, one derives |G, : C| = |Gy : D|. Now, by
Lemma 10.2(3), the group G is regular, and therefore so is C. Thanks to Lemma
8.3(1), the set p% (C) is a subgroup of C and so, thanks to Lemma 10.6, one
has [p" = (C),Gh] = [C,p =" (G1)] = [C,Gx] = {1}. In particular, p"=" (C) C D.
Since |G}, : C| = |Gy, : D] and wtg(h) = wtg(k) = 2, we derive from Corollary 10.2
that p% (C) = D. Assume now by contradiction that there exists € G}, such
that G, = (z,C). Then G, = (p%(x),D> and therefore, the commutator map
being alternating, one has Gpir = [Gk, Gp] = <[a:,pk;2ﬁ(x)]> = {1}. Contradiction
to the class of G being h + k. It follows that the quotient Gy /C is not cyclic and
so C'= Gp41 and D = Gj1. In particular, vy, is non-degenerate. [l

Let p > 3 be a prime number and let G be a p-obelisk. Denote by ¢ the class
of G. Let moreover [ € {1,...,c¢— 1} be such that ¢ — [ is odd. Then the map
Ge—1/Ge—141 — Hom(G; /G 41, G.) that is defined by t Ge—i41 — (2 G141 — [t 2])
is a surjective homomorphism of groups.

PROOF. As a consequence of Lemma 10.5, the groups G;/Giy1, Ge—1/Ge—i41,
and G. are elementary abelian and the map 7.—;; from Lemma 10.10 is thus a
bilinear map of Fy-vector spaces. We define 6 : G.—;/G.—j+1 — Hom(G; /G141, G.)
to be the map sending each element v € G._;/G._i+1 to the map x — ve—;,;(v, ).
In other words, if v = t G.—;11, then 6(v) : Gi/Gi41 — G, is defined by = Gi41 —
[t,x]. As a consequence of Lemma 10.10(2), the function § is a homomorphism of
groups and ¢ differs from the zero map. Let us now, for all i € {1,...,c}, denote
w; = wtg(i). It follows that the dimension of Hom(G;/Gi11, Ge) is equal to wjw,
and, if wjw, = 1, then § is surjective. We assume that w;w. # 1. The index ¢ — 1
being odd, it follows that either [ or ¢ is even. Proposition 10.3 yields w._; = wjw,
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and, if [ is even, then w. = 2. As a consequence of Lemma 10.11, the map J is
injective and so ¢ is also surjective. ([

10.3. Framed obelisks

Let p > 3 be a prime number and let G be a p-obelisk. If (G;);>1 denotes the
lower central series of G, then G is framed if, for each maximal subgroup M of G,
one has ®(M) = G3. The following is an elementary result, whose proof is mostly
computational and therefore omitted.

ProrosiTiON 10.12. Let p > 3 be a prime number and let G be a p-obelisk.
Let moreover h,k € Zwg, with h odd and k even, and let m,n € Z>o. Then the
following diagram is commutative.

Yh,k

Ghn/Ghi1 X G /Gl Ghik/Ghik+1
J/(p?’ o) p;”ﬁfll
Yh4-2m, k+

2
Ghiam/Ghioamt1 X Grion/Griontl —= Griki2(min)/Ghik20min)+1

LEMMA 10.13. Let p > 3 be a prime number and let G be a p-obelisk of class
at least 3. Let moreover M be a mazimal subgroup of G. Then [M, M] = [M, G4]
and, whenever wtg(3) = 2, the following are equivalent.

1. One has ®(M) # Gs.
2. One has [M,M] = M?P = ®(M).

PROOF. The subgroups M? and [M, M] are both normal in G. By Lemma
10.2(1), the quotient G/Go has order p? and so |G : M| = |M : G| = p. It follows
that [M, M] = [M, G5] and so, as a consequence of Corollary 10.2 and Lemma 10.11,
the least jumps of [M, M] and MP in G are both equal to 3 and of width 1. In
particular, ®(M) is contained in G5 and Lemma 10.9(2) yields G4 C MP N [M, M].
If the third width of G is equal to 2, then it follows that ®(M) # Gj3 if and only if
(M, M] = &(M) = MP. 0

We remark that, as a consequence of Lemma, 10.5, quotients of consecutive elements
of the lower central series of a p-obelisk are vector spaces over I, and therefore, in
(2) and (3) from Proposition 10.14, it makes sense, for each positive integer i, to
talk about subspaces of G;/G;41.

ProroOSITION 10.14. Let p > 3 be a prime number and let G be a p-obelisk.
Then the following conditions are equivalent.

1. The p-obelisk G is framed.

2. For each 1-dimensional subspace ¢ of G/Ga, the quotient G3/Gy is gen-
erated by pi(€) and v12({f} x G2/G3).

3. For each h,k € Z~q, with h odd and k even, and for each 1-dimensional
subspace £ in Gy /Gpry1, the spaces pﬁ/z(é) and vk ({€} X Gi/Gr+1) gen-
erate Gpyr/Ghikt1-

PRrROOF. (1) & (2) Let m : G — G/G5 denote the natural projection. Then,
through 7, there is a bijection between the maximal subgroups of G and the 1-
dimensional subspaces of G/G5. For any maximal subgroup M of G, we know that
[M,G3] = [M, M] and so Lemma 10.13 ensures that (2) holds if and only if, given
any maximal subgroup M of G, one has ®(M)G4 = G3. Lemma 10.9(2) yields that
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(2) is satisfied if and only if, for any maximal subgroup M of G, one has ®(M) = Gs.
We now deal with (2) < (3). The implication < is proven by taking h = 1 and
k = 2, so we will prove that (2) implies (3). Let ¢ be a 1-dimensional subspace
of Gy/Gp+1. Define moreover m = %, n = %, and S = m+n = %
Thanks to Lemma 10.10(1), there exists a 1-dimensional subspace ¢ of G/G2 such
that pi*(¢') = £ and, moreover, p§(G2/G3) = G /Gry1. By assumption G3/Gy is
generated by p}(¢') and v1 2({¢'} x G2/G3), so it follows from Lemma 10.10(1) that
P35 (pr () and p5 (y1,2({¢'} x G2/G3)) together span G4 x/Ghikt1. We now have

pS (pr(£") = pi ) = pZ/Q(f) and, thanks to Proposition 10.12; we also have

P53 (r12({0'} X G2/G3)) = i (p1"(£') % p3(G2/G3)) = ({6} X Gi/Grs)-
This completes the proof. ([

10.4. Subgroups of obelisks

The major goal of this section is to link structural properties of subgroups of a p-
obelisk to the parities and widths of their jumps (see Section 2.3). The importance
of Section 10.4 will become clear in Chapter 13.

PrROPOSITION 10.15. Let p > 3 be a prime number and let G be a p-obelisk.
Let H be a subgroup of G that is itself a p-obelisk. Then H = G.

PROOF. The subgroup H is non-abelian and so non-trivial. Let [ denote the
least jump of H in G. Then Hy = [H, H] is contained in G9; and moreover, since
H is a p-obelisk, H? is contained in Hy. It follows from Corollary 10.2 that the
minimum jump of Hy is at most [ + 2: we get that 2] < [ 4+ 2 and therefore
I < 2. We will show that HGo = G. Assume by contradiction that G # HGs.
Then, as a consequence of Lemma 10.2(1), the width wt%(l) is equal to 1 and so
Hy; = [H,H N Gj41]. Then Hy is contained in Gg;41 and therefore 20 + 1 <[+ 2.
It follows that { = 1 and that Hs is contained in G5. Define now G = G/G4 and
use the bar notation for the subgroups of G. The groups H and H/(H N Gy) are
isomorphic and so, as a consequence of Lemma 10.8, the group H is abelian or a
p-obelisk. The minimum jump of H? in G being equal to 3, we have that 3 is a
jump of Hy in G and so H is a p-obelisk. Now, the group Gj is central in G and so,
the group H, being non-trivial, the quotient H/(H N G3) is not cyclic. It follows
that 2 is a jump of H in G and, from the combination of Lemmas 10.4 and 10.10(2),
that H, has order p. Since Hy contains Fp, we get Hy = " = Hj. Contradiction
to H being non-abelian. We have proven that G = HGy = H®(G), from which it
follows that H = G. O

LEMMA 10.16. Let p > 3 be a prime number and let G be a p-obelisk. Let H be
a cyclic subgroup of G. Then all jumps of H in G have the same parity and width
1.

ProOF. Let H be a cyclic subgroup of G. Then, for all i € Z~, there exists
k € Z>q such that H N G; = HP Moreover, i € Z~q is a jump of H in G if
and only if there exists k € {0,1,...,log, |H| — 1} such that H N G; = H?" and
HN Gy = H?""'. We conclude thanks to Lemma 10.10(1). O

LEMMA 10.17. Let p > 3 be a prime number and let G be a p-obelisk. Let c
denote the nilpotency class of G and assume that one of the following holds.



10.4. SUBGROUPS OF OBELISKS 87

1. The number c is even.
2. One has wtg(c) = 2.

If H is a subgroup such that all of its jumps in G have the same parity and width
1, then H is cyclic.

PrROOF. Without loss of generality we assume that H is non-trivial and we
take ! to be the least jump of H in G. Let moreover J(H) denote the collection
of jumps of H in G and define the set J = {l +2k : k € Z>¢, k < (c—1)/2}. Let
x be an element of H such that dpts(x) = I; the existence of = is guaranteed by
Lemma 2.16. Write K = (z) and let J(K) be the collection of jumps of K in G.
By assumption J contains J(H) and, as a consequence of Corollary 10.2, the set
J is contained in J(K). Keeping in mind that each jump of H in G has width 1,
one derives

K= ] pViR() > prtfé(j) > prt,%(j) > I PR = |1,
JjEIT(K) JjeJ JjeJ JEJT(H)
It follows that K = H and H is cyclic. O

LEMMA 10.18. Let p > 3 be a prime number and let G be a p-obelisk. Let c
denote the nilpotency class of G and let H be a subgroup of G such that H NG, =
{1}. If all jumps of H in G have the same parity and width 1, then H is cyclic.

PrOOF. We denote G = G/G.. and we will use the bar notation for the sub-
groups of G. As a consequence of Lemma 10.8, the group G is abelian or it is
a p-obelisk. If G is abelian, then ¢ = 2 and so, by Lemma 10.17, the subgroup
H is cyclic. Assume now that G is non-abelian and thus a p-obelisk. The group
G has class ¢ — 1 and, as a consequence of Corollary 10.4, either ¢ — 1 is even or
wtg(c—1) = 2. It follows from Lemma 10.17 that H is cyclic and, the intersection
H NG, being trivial, so is H. O

LEMMA 10.19. Let p > 3 be a prime number and let G be a p-obelisk. Let ¢
denote the nilpotency class of G and let H be a non-trivial subgroup of G such that
HNG.={1}. Letl be the least jump of H in G and assume that all jumps of H
in G have the same parity and the same width. Then the following hold.

1. The group H 1is abelian.
2. One has ®(H) = H N Gpy1.

PRrOOF. Let J(H) denote the collection of jumps of H in G. We first assume
wt& (1) = 1. By Lemma 10.18, the subgroup H is cyclic and ®(H) has index p in
H. Tt follows that ®(H) = H N G}41. Assume now that wt%(l) = 2. Then, thanks
to Lemma 10.4(3), the jump [ is odd. The subgroup [H, H] is contained in Gy
and therefore, 21 being even, Lemma 10.10(2) yields 21 > c. In particular, one has
[H,H] = {1} so ®(H) = HP. Moreover, as a consequence of Lemma 10.10(1), the
set of jumps of H? in G is equal to J(H) \ {l} and each jump of H? has width 2.
It follows that H? = H N Gyy1. Thanks to Proposition 10.3 the width wt%(l) is
either 1 or 2 and the proof is thus complete. [l

LEMMA 10.20. Let p > 3 be a prime number and let G be a p-obelisk. Let c be
the class of G and let H be a non-trivial subgroup of G such that H N G. = {1}.
Denote by 1 the least jump of H and assume that H N Giy1 = ®(H). Finally,
assume that ¢ — 1 is odd. Then, for each complement K of G. in HG,, there exists
t € Ge—y such that K = tHt™!.
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PROOF. The subgroup G, is central in G and so, by Lemma 4.6, all com-
plements of G, in T = HG. are of the form {f(h)h:h € H} as f varies in
Hom(H,G.). By Lemma 10.5, the subgroup G, is elementary abelian and there-
fore the group Hom(H, G,) is naturally isomorphic to Hom(H/(H N G41), Ge).
By assumption, ¢ — [ is odd so, thanks to Corollary 10.2, the homomorphism
Ge—1/Ge—i41 — Hom(G,/Gi41,G,), defined by tG._; — (G141 — [t,x]), is sur-
jective. By Lemma 10.5, the quotient G;/G;11 is elementary abelian and therefore
the restriction map Hom(G;/G41,G.) = Hom(HGj41/G+1, G.) is surjective. The
quotients HGyy1/G41 and H/(H NGj41) being isomorphic, every homomorphism
H — G. is of the form z — [t, ], for some t € G._;, and thus, for each com-
plement K of G, in T, there exists t € G.—; such that K = {[t,z]z : v € H} =
{taet™ : x e H} =tHt™'. O



CHAPTER 11

The Most Intense Chapter

Let p > 3 be a prime number. We recall that a p-obelisk is a finite p-group G of
class at least 2 that satisfies Gz = GP and |G : G3| = p®. A p-obelisk G is framed
if, for each maximal subgroup M of G, one has ®(M) = G3. Some theory about
p-obelisks is developed in Chapter 10.

The main results of this chapter are summarized in Theorems 11.1 and 11.2, which
are proven in Section 11.4.

THEOREM 11.1. Let p > 3 be a prime number and let G be a finite p-group of
class 4. Let a be an automorphism of order 2 of G. Then the following conditions
are equivalent.

1. The group G is a p-obelisk and the automorphism G/Gs — G /G5 that is
induced by o is equal to the inversion map T +— T 1.

2. The automorphism « is intense.

An analogue of Theorem 11.1 for higher nilpotency classes is proven in Chapter 12:
the next theorem gives an essential contribution to its proof.

THEOREM 11.2. Let p > 3 be a prime number and let G be a framed p-obelisk.
Let a be an automorphism of order 2 of G and assume that the automorphism
G /Gy — G /Gy that is induced by « is equal to the inversion map T+ T L. Then
« 18 intense.

We remark that the structure of Chapter 11 is quite rigid and is meant to ease the
understanding of the strategy behind the proof of Theorem 11.2. We will prove
Theorem 11.2 by induction on the nilpotency class ¢ of the group G and we will
separate the cases according to the parity of ¢. Propositions 11.3, 11.12, and 11.22
will be the building blocks of the whole theory and will be verified respectively
in Sections 11.1, 11.2, and 11.3. We will use several results from Section 10.4
to understand the structure of the subgroups of GG, according to the size of their
intersection with G.. Moreover, the arguments that we will apply will heavily
depend on the knowledge of the jumps of each subgroup in G. For more detailed
information about jumps, we refer to Section 2.3.

11.1. The even case

The next proposition is proven for any p-obelisk, where p is a prime number greater
than 3. We want to stress that, on the contrary, in Propositions 11.12 and 11.22
we ask for the p-obelisk to be framed.

ProprosITION 11.3. Let p > 3 be a prime number and let G be a p-obelisk of
class c¢. Assume that c is even. Let moreover a be an automorphism of G of order

89
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2 and assume that the map a. : G/G. — G/G. that is induced by « is intense.
Then « is intense.

We will prove Proposition 11.3 at the end of the present section. To this end, let
G, ¢, and « be as in Proposition 11.3: then, Lemma 10.4(4) yields that G. has
order p. Set moreover A = («) and let H be a subgroup of G: we will show that H
has an A-stable conjugate. Since the case in which H contains G, follows directly
from the intensity of o, and Lemma 3.5, we assume, wihout loss of generality, that
HNG.={1} and that H is non-trivial. Then, as a consequence of Corollary 10.2,
all jumps of H in G are odd. We will work under these assumptions until the end
of Section 11.1.

LEMMA 11.4. Define T = HG. and assume that «(T) = T. Then, for each
subgroup K of T, one has a(KG.) = KG.. Moreover, for each x € H, there exists
v € G, such that a(x) = 271y and a(y) = 7.

PROOF. The (a.)-stable subgroup T'/G. having only odd jumps, Lemma 2.17
yields that each element of T/G., is inverted by a.. In particular, every subgroup
of T/G. is {a.)-stable and thus K G, is A-stable. Every element of G\ G2 being
inverted by o modulo G, it follows from Lemma 2.5 that « restricts to the identity
map on G.. (]

LEMMA 11.5. Let [ be the least jump of H and assume that all jumps of H in
G have the same width. Assume moreover that a( HG.) = HG.. Then there ezists
g € Go_; such that gHg™ ! is A-stable.

PrOOF. Define T'= HG,.. All jumps of H in G are odd and H is abelian, by
Lemma 10.19(1). Then, the subgroup G. being central, one has T'= H @ G.. As
a consequence, T' = a(T) = a(H) ® G. and «(H) is a complement of G, in T.
By Lemma 10.19(2), the Frattini subgroup of H is equal to H N G4 so it follows
from Lemma 10.20 that there exists t € G._; such that a(H) = tHt~!. Thanks to
Lemma 3.5, there exists g € G._; such that gHg~' is A-stable. O

LEMMA 11.6. Assume that all jumps of H in G have the same width. Then
there exists g € G such that gHg™ " is A-stable.

PROOF. Denote T' = HG,.. Then there exists ¢ € G such that aTa" "' is A-
stable. Write 7" = aTa™! and H = aHa~'. Then T = H'G, and, thanks to
Lemma 11.5, there exists b € G such that bH’b~! is A-stable. To conclude, define
g = ba. O

LEMMA 11.7. There exists g € G such that gHg™! is A-stable.

We devote the remaining part of this section to the proof of Lemma 11.7. To this
end, write T'= HG.. In view of Lemma 11.6, we assume without loss of generality
that the jumps of H in G do not all have the same width. As a consequence of
Proposition 10.3(1), each jump of H in G will have width 1 or 2, so we denote by
I and j respectively the least jump of width 1 and the least jump of width 2 of H
in G. It follows from our assumptions that the following are satisfied.
i. If i,h € Z~g are such that wt% (i) = 1 and that wt% (h) = 2, then i < h.
7. One has [ < jand j+1>c.
i11. The subgroup H is abelian.
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LEMMA 11.8. There exist cyclic subgroups J and L of H such that H=J & L
and j and l are respectively the least jump of J and the least jump of L in G.

ProOOF. The smallest jump of H in G is [ so, thanks to Lemma 2.16, there is
an element z in H with dpts(z) = [. Define L = (z). Then L is a subgroup of H
and [ is the least jump of L in G. Moreover, thanks to Lemma 10.16, all jumps of
L are odd and of width 1 in G and, since [ < j, Corollary 10.2 ensures that j is a
jump of L in G. However, j is a jump of width 2 of H, and thus there exists an
element = in H \ L such that dpty(z) = j. Define J = (x). The group H being
abelian, Corollary 10.2 yields LN J = {1}. Now, every jump [ < i < j of L in G is
also a jump of H and it has width 1. Moreover, each jump j <i<cof J® Lis a
jump of width 2 of H. Corollary 10.2 guarantees that all odd integers [ < ¢ < ¢ are
jumps of H in G, so Lemma 2.16 yields

c—1 c—1
J@® L| = deim§®L(i) — deimiim = |H|.
i=l i=l

O

LEMMA 11.9. Let J and L be as in Lemma 11.8. Assume that o(T) =T. Then
there exists g € G._; such that the following hold.

1. The group gLg™! is A-stable.
2. One has gTg~' =T and gJg~ ' = J.

Proor. We define R = LG.. By Lemma 11.4, the group R is A-stable. The
subgroup L is cyclic so, by Lemma 10.16, all its jumps in G are odd and of width
1. With L in the role of H, it follows from Lemma 11.5 that there exists g € G._;
such that gLg—! is A-stable. We fix such an element g and prove that g normalizes
both J and T'. The least jump of J being j, one has that [g, J] = {[g,z] : z € J}
is contained in [G._;, G;]. Moreover, [g, L] is contained in Ge_;4; € Gey1 = {1}
and so g centralizes J. To conclude, since T is contained in G, the set [g,T] is
contained in [G.—;, Gi] C G, and hence g normalizes T'. O

LEMMA 11.10. Let J and L be as in Lemma 11.8. Assume that o(T) =T and
a(L) = L. Then there ezists g € G._; such that gHg™! is A-stable.

ProoF. We will construct g. Let x,z € H be such that J = (z) and L = (z):
then, by Lemma 11.8, one has dpt(x) = j and dpts(z) = I. Let moreover v € G,
be such that a(z) = 271y and a(y) = 7, as given by Lemma 11.4. Define m =
(j+1—c)/2. By Lemma 10.5, there exists a of depth ¢—j in G such that p™(a) = 2.
We fix @ and remark that a belongs to Cg(L). Since wtg(j) = 2, it follows from
Lemma 10.11 that there exists s € Z such that [a®, z] = ~v*7 . We define g = a®
and claim that gHg ! is A-stable. We recall that « belongs to the central subgroup
G, and that the exponent of G. is p: it follows that a(gzg~!) = (gzg~!)~! and so
gJg~! is A-stable. Moreover, g centralizes L and therefore gHg ! = gJg~ ' @ L.
As a consequence, gH g™ ! is itself A-stable. O

LEMMA 11.11. Let J and L be as in Lemma 11.8. Assume that a(T) = T.
Then there exists g € Ge—; such that gHg™"' is A-stable.

PROOF. As a consequence of Lemma 11.9, there exists a € G._; such that
aLa™' is A-stable, aTa ' = T, and aHa™ ! = J @ aLa~!. We fix such a and we
take h € G.—; making h(aHa~')h~! stable under the action of A. With H replaced
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by aHa~!, Lemma 11.10 guarantees the existence of h. We conclude by defining
g = ha, which belongs to G¢—;G.—; = G.—;. [l

To conclude the proof of Lemma 11.7, let b € G be such that bTh~! is A-stable
and note that such element b exists because T contains G.. Lemma 11.11, with H
replaced by bHb~!, provides an element a € G such that a(bHb~!)a~! is A-stable.
To conclude the proof of Lemma 11.7, we define g = ab. Now that Lemma 11.7 is
proven, Lemma 3.5 yields that « is intense and, the choice of H being arbitrary,
the proof of Proposition 11.3 is complete.

11.2. The odd case, part 1

In Proposition 11.12 an additional assumption compared to Proposition 11.3 is
made: that G be a framed p-obelisk. We recall that, if p is a prime number, then a
p-obelisk G is framed if, for each maximal subgroup M of G, one has ®(M) = Gs.
We refer to Section 10.3 for useful facts related to framed p-obelisks.

ProprosITION 11.12. Let p > 3 be a prime number and let G be a framed p-
obelisk of class c. Assume that ¢ is odd and that G. has order p. Let a be an
automorphism of G of order 2 and assume that the map a. : G/G. = G/G, that
is induced by « is intense. Then o is intense.

The goal of this section is to give the proof of Proposition 11.12 so we will keep
the following assumptions until the end of Section 11.2. Let p > 3 be a prime
number and let G be a p-obelisk of class ¢. Assume that ¢ is odd and that
G. has order p. Let moreover o« be an automorphism of G of order 2 and as-
sume that the map «, : G/G. — G/G,. that is induced by « is intense. Set
A = (a) and, in concordance with Section 2.2, write Gt = {z € G : «a(z) = z}
and G~ = {x € G : a(zr) =z~ '}. For asubgroup H of G, we denote H™ = HNG*
and H~ = HNG~ and we use the same “plus-minus” notation for any subgroup of
G /G with respect to .. We have intentionally not yet asked for G to be framed:
we will make such assumption right after stating Lemma 11.16.

Let H be a subgroup of G: we will show that H has an A-stable conjugate. If
H contains G, then Lemma 3.5 guarantees the existence of g € G such that
(gHg™1)/G. is {a.)-stable: then gHg~! is A-stable. We assume thus, without loss
of generality, that H N G. = {1} and that H is non-trivial.

LEMMA 11.13. All jumps of H in G have width 1.

PROOF. As a consequence of Proposition 10.3(1), every jump of H in G has
width at most 2. Assume by contradiction that [ is a jump of H in G of width 2.
The jump [ is odd, thanks to Lemma 10.4(1), and G;/Gi+1 = (H N G)Gi41/Gr1-
Looking at pl(cfl)/2 : G1 /G141 — G, it follows from Lemma 10.10(1) that HNG, #
{1}. Contradiction. O

LEMMA 11.14. Assume that all jumps of H in G are even. Then there ezists
g € G such that gHg™"' is A-stable.

PrOOF. All jumps of H in G are even so, by Lemma 11.13, they also all have
width 1. Let now [ be the least jump of H in G. Then, by Lemma 10.18, the
subgroup H is cyclic and, by Lemma 10.19, the subgroups ®(H) and H NGy, are
the same. Let T = H & G.. Assume first that «(T) =T. Then T = a(H) & G,
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and, by Lemma 10.20, there exists ¢ € G such that a(H) = tHt~!. Thanks to
Lemma 3.5, there exists thus ¢ € G such that tH¢ ™! is A-stable. In general, since T’
contains G, there exists a € G such that aTa~! is A-stable and so we are done. [

LEMMA 11.15. Assume that all jumps of H in G are odd. Then there exists
g € G such that gHg™"' is A-stable.

PRrROOF. Let T = HG.. The class of G being odd, it follows that all jumps of
T in G are odd. Moreover, since T contains G, there exists g € G such that gT'g~!
is A-stable. By Lemma 2.16, the subgroups ¢g7¢~' and T have the same jumps in
G so Lemma 2.17 yields gT'g~! = (¢Tg~*)~. In particular, gHg~ ' = (gHg ')~

and gHg™ ! is A-stable. O

LEMMA 11.16. Assume that G is framed. Then there exists g € G such that
gHg™! is A-stable.

The remaining part of Section 11.2 will be entirely dedicated to the proof of Lemma
11.16. For this purpose, all assumptions that we now make will hold until the end
of the very same section.

Assume that G is a framed p-obelisk. Moreover, in view of Lemmas 11.14 and
11.15, assume that H has jumps of each parity and define ¢ and j respectively to
be the least odd jump and the least even jump of H in G. Write T = HG,.

LEMMA 11.17. The following hold.

1. One hasi+j > c.
2. The subgroups H and T are abelian.

PROOF. The numbers ¢ and j having different parities, their sum m = i + j
is odd. Let k = max{é,j}. Then, as a consequence of Lemma 11.13, all jumps of
H in G that are smaller than k& have width 1 and so, by Lemma 10.17, the group
H/(H N Gy) is cyclic. Then [H,H] = [H, H N Gg] and so [H, H] is contained in
Gum. If m > ¢, then G,,, € Geq1 = {1}, and thus (1) and (2) are proven. Assume
by contradiction that m < ¢ and let y and x be elements of H respectively of depth
i and j in G. Then the image of (y) under the natural projection G — G/G;41 is
a 1-dimensional subspace of G;/G; 1. Thanks to Proposition 10.14(3), with h = ¢
and k = j, the elements yf"j/2 and [y,z] of H span G,,/Gpe1. It follows from
Lemma 11.13 that m is a jump of H of width 1 in G so, from Lemma 10.4(1), we
derive m = ¢. Contradiction to H trivially intersecting G.. (]

LEMMA 11.18. Let 7 : G — G/G. denote the natural projection. Assume that
a(T)=T. Then n(H) is {a.)-stable and n(H) = w(H)* & w(H)~. Moreover, both
7(H)t and w(H)™ are cyclic.

PRrOOF. To lighten the notation, we will denote G = 7(G) and we will use
the bar notation for the subgroups of G. By assumption, a(T) = T and thus
a.(T) = T. Moreover, H is equal to T, so H is itself {a.)-stable. As a consequence
of Lemma 11.17(2), the group H is abelian so, by Corollary 2.2, it decomposes as
A=H" ® H . It follows from Lemma 2.17 that A" and A have respectively
only even jumps and only odd jumps in G. Moreover, thanks to Lemma 11.13, all
jumps of H, and thus of its subgroups, in G have width 1. Lemma 10.17 yields
that both H ~ and H _ are cyclic. [
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LEMMA 11.19. Assume that «(T) = T. Then there exist cyclic subgroups I and
J of H, with least jumps in G respectively equal to i and j, such that the following
hold.

1. Onehas H=1&J.
2. The group I is A-stable and I =1~.
3. The group S = J © G, is A-stable and S = ST ® G..

PrOOF. We denote G = G/G,. and we will use the bar notation for the sub-
groups of G. By Lemma 11.18, the subgroup H is («.)-stable and it decomposes
as H=H @H ,where both H  and H  are cyclic. Let R and S be subgroups

of G, containing G, such that S = H" and R = H . Because of their definitions,
both R and S are A-stable. The subgroup G, is contained in G~ as a consequence
of Lemma 2.5, so it follows from Lemma 2.12 that R = R~. Moreover, by Corol-

lary 2.2, one has S = ST @ S~. However, as S = §+, the subgroups S~ and G,
are equal, and hence S = ST ® G.. We define I = HN R and J = HNS. The
subgroup I, being contained in R = R, is itself A-stable and I = I~. Moreover,
one has JG. = (HN S)G. = SN (HG.) = S and so, since H NG, = {1}, we get
S =J ® G,.. In the same way, we have R = I ® G.. It follows that J and I are

respectively isomorphic to A" and H , and therefore they are cyclic. We conclude
by observing that

IoJ=TeJ=ReS=H oH =1,

and therefore H =1 & J. (]

LEMMA 11.20. Let~ € G, and let z,y be elements of G be such that dptg(z) =

j and dptg(y) = i. Then there exist n € Z and d € Cg(y) N Ge—; such that
v =y"d,z].

ProoOF. By Lemma 11.17 the sum i+ j is larger than ¢ and so i > c¢—j. Define

rzil_(;_‘y) and s:%—r.

Let now a € G.—; \ G.—;41 be such that p"(a) = y; the existence of a is granted by
Lemma 10.5. As a consequence of Proposition 10.14, the subgroup G, is generated

by p* (a) and [a, z]. There exist thus A, B € Z such that
v = p(a)*fa,a]”.
We recall that, for any k € Z>, the map pF is given by z zpk, hence
p2(a) = p**7(a) = p*(p"(a)) = p*(y) = y*".
The commutator map G.—; X Gj — G being bilinear, we have moreover that
[a,7]P = [aP, x]. We define

n=Ap® and d=d®

and get v = y™[d, x]. The element d belongs to Cg(y), because d and y belong to
(a). O

LEMMA 11.21. Assume that o(T) = T. Let I and J be as in Lemma 11.19.
Then there exists g € Cq(I) such that a(gJg~') C gHg™*.
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PROOF. Let y be a generator of I and let x be a generator of J: then dpt.(y) =
i and dpto(z) = j. Let moreover v € G, be such that a(z) = zv, as given by
Lemma 11.19(3), and let n € Z and d € Cg(y) N G.—; be such that v = y"[d, z],

as in Lemma 11.20. We define ¢ = d*> and we claim that a(grg™!) belongs to
gHg™!. We will use some properties of G, that we list here. The group G, is
central and annihilated by p, by hypothesis. Moreover, as a consequence of Lemma
2.5, the restriction of o to G, coincides with the map z — z~!'. The commutator
map G._; x G; = G, being bilinear, we compute

-1

algrg™) = a(lg. 2]z) = a(lg,al)a(z) = [g.a] "oy = [g7, 2]y =

L aley[d 2] = [g7t 2)ld, 2lay” = (g7 d, alay” = [d"T d,aluy” =
ptl n n —1\, n
[ z]ay™ = [g,2]lzy™ = (gzg™ )y™.
The element g centralizes y, because d does, so a(grg™!) = g(zy™)g—* belongs to
gHg™'. In particular, a(gJg~t) C gHg™ L. O

lg

We conclude the proof of Lemma 11.16. Since T contains G, there exists a € G
such that aTa~! is A-stable. We fix ¢ and write aHa™! = I @ J, with I and
J as in Lemma 11.19 and H replaced by aHa~!. By Lemma 11.21, there exists
an element b € G such that bIb~! = I and a(bJb™!) is contained in baHa 1b~!.
We select such an element b and define g = ba. Then I is contained in gHg !
and a(gHg ') =1 @ a(bJb~') C gHg™!. It follows that a(gHg™') = gHg~! and
gHg ! is itself A-stable. The proof of Lemma 11.16 is now complete and thus, as
a consequence of Lemma 3.5, Proposition 11.12 is also proven.

11.3. The odd case, part II

The present section is entirely dedicated to the proof of Proposition 11.22.

PrROPOSITION 11.22. Let p > 3 be a prime number and let G be a framed p-
obelisk of class c. Assume that c is odd and that G. has order p>. Let a be an
automorphism of G of order 2 and assume that the map a. : G/G. = G/G, that
is induced by « is intense. Then « is intense.

Until the end of Section 11.3, we will work under the following assumptions. Let
p > 3 be a prime number and let G, ¢, and « be as in Proposition 11.22. Denote
A = (). Let moreover H be a subgroup of G: we will show that H is stable under
the action of A.

If the subgroup H contains G, then the intensity of @ and Lemma 3.5 yield the ex-
istence of g € G such that gHg~! is A-stable. We assume without loss of generality
that H does not contain G..

LEMMA 11.23. Assume that H NG, # {1}. Then there ezists g € G such that
gHg™! is A-stable.

PrROOF. Let N = H N G,.. The group N being non-trivial, it follows from
Proposition 10.3(1) that G. and N have orders respectively p? and p. Moreover,
the group G. being central, N is normal in G. It follows from Lemma 3.2(2) that
the action of A on G induces an action of A on G = G/N. Moreover, G has
class ¢ and the subgroup H = H/N has trivial intersection with G. = G./N. By
Lemma 11.16, there exists g € G such that gHg ! is A-stable, and so gHg™ ! is
A-stable. O
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LEMMA 11.24. Assume that HN G, = {1}. Let T = HG. and assume that
a(T) =T. Then there evists g € G such that gHg™! is A-stable.

PrOOF. Let [ denote the least jump of H in G. As a consequence of Corollary
10.2, all jumps of H in G are even so, as a consequence of Lemma 10.4(2), all
jumps of H have width 1. It follows from Lemma 10.19 that H is abelian and
®(H) = HN G11. The subgroup G, being central, we get T'= H & G.. Now, by
Lemma 2.17, the subgroup T+ = {t € T': a(t) = t} has the same jumps as H, and
it is therefore a complement of G, in T. Thanks to Lemma 10.20, the subgroups
H and T are conjugate in G. In particular, H has an A-stable conjugate. [

LEMMA 11.25. Assume that H NG, = {1}. Then there exists g € G such that
gHg™" is A-stable.

PROOF. Define S = HG, so that there exists a € G such that aSa~! is A-
stable. Let now T = aSa~!. Then o(T) =T and T = a(HG.)a ' = aHa"'G..
Moreover, the intersection aHa™' N G, is trivial. Thanks to Lemma 11.24 (with
aHa™?' in the place of H), there exists b € G such that b(aHa 1)b~! is A-stable.
To conclude, we define g = ba. O

We conclude here the proof of Proposition 11.22. If H trivially intersects G, then,
by Lemma 11.25, there exists ¢ € G such that gHg~' is A-stable. If, on the
contrary, H NG, # {1}, then, by Lemma 11.23, there exists a conjugate of H in G
that is A-stable. We have proven that, in any case, H has an A-stable conjugate
and, by Lemma 3.5, the subgroups H and «(H) are conjugate in G. The choice of
H being arbitrary, the automorphism « is intense and we have proven Proposition
11.22.

11.4. Proving the main theorems

In Sections 11.4.1 and 11.4.2 we finally prove the two main results of this Chapter,
which were stated at the beginning of it.

11.4.1. The proof of Theorem 11.1. We work under the assumptions of
Theorem 11.1. The implication (2) = (1) follows from the combination of Propo-
sitions 10.1 and 5.10. We now prove (1) = (2). To this end, denote by G the
quotient G/G4 and by ay the automorphism of G that is induced by a. The map «
induces the inversion map on G/G5 and thus so does oy on G/G>. It follows from
Proposition 5.11 that a4 is intense and consequently, from Proposition 11.3, that
« is intense too. The proof of Theorem 11.1 is complete.

11.4.2. The proof of Theorem 11.2. Under the hypotheses of Theorem
11.2, we will work by induction on the class ¢ of G. As a consequence of Lemma
10.2(2), the group G has class at least 2 and G/G3 is extraspecial of exponent p. If
¢ =2, then Lemma 4.10 yields that « is intense. We assume that ¢ > 2 and denote
by G the quotient G/G.. We denote moreover by a. the automorphism of G that
is induced by « and assume that a is intense. The group G is a framed obelisk,
because ¢ > 2, and o, induces the inversion map on G/G3, because a does. If ¢ is
even, then, by Proposition 11.3, the map « is intense. Suppose that c is odd. From
Proposition 10.3(1) it follows that the cardinality of G, is p or p?. In the first case
we apply Proposition 11.12, in the second Proposition 11.22. Theorem 11.2 is now
proven.



CHAPTER 12

High Class Intensity

Let p > 3 be a prime number and let G be a finite p-group. We recall that, for each
positive integer 4, the i-th width of G is wtg (i) = log,, |G; : Giy1|. The group G is
a p-obelisk if it is non-abelian, satisfying G'3 = G? and |G : G3| = p3. A p-obelisk
G is framed if, for each maximal subgroup M of G, one has ®(M) = G3. For more
information about p-obelisks, we refer to Chapter 10.

In this chapter we prove the following two results: the first will be proven in Section
12.2, while the second is proven at the end of Chapter 12.

THEOREM 12.1. Let p be a prime number and let G be a finite p-group with
wtg(5) = 1. In addition, write C = Cg(Gy4). Then the following are equivalent.
1. One has int(G) > 1.
2. One has p > 3, the group G is a p-obelisk of class 5, and ®(C) = Gs.
Moreover, there ezists an automorphism « of G of order 2 that induces
the inversion map on G/Gs.

THEOREM 12.2. Let p be a prime number and let G be a finite p-group with
wti(5) = 2. Then the following are equivalent.

1. One has int(G) > 1.
2. One has p > 3, the group G is a framed p-obelisk, and there exists an
automorphism a of G of order 2 that induces the inversion map on G/Gs.

We would like to stress that, from the combination of Theorem 12.1 with Theorem
12.2, it follows that each finite p-group G of class at least 6 with int(G) > 1is a
framed p-obelisk.

12.1. A special case

The main result of this section is the following.

PROPOSITION 12.3. Let p > 3 be a prime number and let G be a p-obelisk such
that wtg(5) = 1 and int(G) > 1. Set C = Cg(G4). Then one has ®(C) = Gs.

The goal of Section 12.1 is proving Proposition 12.3, so all assumption that we will
make throughout the text (right now and right after Lemma 12.4) will hold until
the end of Section 12.1.

Let p > 3 be a prime number and let G be a p-obelisk. Let (G;);>1 denote the lower
central series of G. Assume that wtg(5) = 1 so, thanks to Proposition 10.3(2), the
class of G is equal to 5. Write C' = Cg(Gy).

LEMMA 12.4. The subgroup C' is mazimal in G and C? is contained in Z(C).

97
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PRrROOF. To show that C' is maximal in G is an easy exercise, so we prove
that CP is central in C'. Corollary 10.2 ensures that 3 is a 1-dimensional jump
of C? in G and so, the subgroup CP being normal in G, Lemma 10.9(2) yields
G4 C CP C G3. Thanks to Lemma 10.4(2), we get |G3 : CP| = |CP : G4| = p.
Now, each p-obelisk is regular, by Lemma 10.2, so, as a consequence of Lemma
10.6, one has [CP,Gs] = [C,GE], which is equal to [C,G4] = {1}, by Lemma
10.5. It follows that the commutator map C' x CP? — G4 factors as a bilinear map
v : C/Gg x C? /G4 — G4. Moreover, thanks to Corollary 10.2, if C' = ({z} U Ga)
then C? = ({zP} U G4). The map v being alternating, it follows that + is the trivial
map and so CP centralizes C. O

Let now a be an intense automorphism of G of order 2 and write A = (a). In
concordance with the notation from Section 2.2, set Gt = {z € G : «a(z) = z} and
G~ ={z € G : a(z) =z} and, for each subgroup H of G, denote H* = HNG™
and H- = HNG~. Let X be the collection of subgroups H of C' of the form
H = (z,y), where x € C'\ G2 and y € G4\ G5, and let X be the collection of fixed
points of X under the action of A. We will prove Proposition 12.3 by contradiction
and, to this end, we assume that ®(C) # Gs.

LEMMA 12.5. Let H € X. Then H is abelian of exponent p* and HNG5 = {1}.
Moreover, if x and y are elements of H satisfying dpto(z) = 1 and dpto(y) = 4,
then H = (z) @ (y).

PRrROOF. We first claim that the exponent of C' divides p?. By Lemma 10.13,
we have [C, C] = CP so it follows from Lemma 10.6 that (C?)? = [C,C|P = [C, C?].
As a consequence of Lemma 12.4, the subgroup [C, C?] is trivial, and thus cr’ -
(CP)P = {1}. This proves the claim. Let now (z,y) € (C'\ G2) x (G4 \ G5) be such
that H = (z,y). Then y € Z(C) and the group H is commutative. Moreover, as a
consequence of Lemma 6.5, the subgroups (z) and (y) have respectively only odd
and only even jumps. In particular, (z) N (y) = {1} and H = (z) ® (y). In addition,
it follows from Lemma 10.10(1) that 5 is a jump of H in G if and only if 2P’ £ 1.
We have thus H NG5 = {1} and, as a consequence of Corollary 10.2, the exponent
of H is p2. O

LEMMA 12.6. Let H € X and, for each i € Z>1, denote u; = wt%(i). Then H
has order p* and (uy,us,us3,us,us) = (1,0,1,1,0).

ProOF. For each i € Z>1, write w; = wtg (7). Thanks to Lemma 10.4, we have
(w1, we, ws, wy,ws) = (2,1,2,1,1). Let x,y be as in Lemma 12.5: then uj,uy > 1
and us = 0. Since, for each ¢ > 1, one has u; < w;, we get uy = 1. Moreover,
Lemma 10.10(1) ensures that us > 1. Let now N = (y)Gs, which is a normal
subgroup of G thanks to Lemma 10.9. Then N N H = (y) and, the quotient H/(y)
being cyclic, so is HN/N. Thanks to Lemma 10.16, all jumps of HN/N have the
same dimension and width 1 in G/N. As a result, 2 is not a jump of HN/N in
G/N and, since (y) is contained in G4, we have ug = 0 and u; = uz = 1. The
group H has order p3, by Lemma 2.16. O

LEMMA 12.7. The cardinality of X is p*.

PRrROOF. Thanks to Lemma 12.5, the set X consists of subgroups of the form
(x)® (y), with z € C\ G and y € G4\ G5. The cardinality of X will be thus equal
to the quotient >, where n is the cardinality of (C'\ G2) x (G4\ G5) and m denotes
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the number of elements of (C'\ G2) x (G4 \ G5) that generate the same subgroup.
Let H be in X and let z and y be generators of H, as described before. Then, as
a consequence of Lemmas 12.5 and 12.6, the orders of o and y are respectively p?
and p. It follows that m = (p3 — p?)(p — 1) so, in view of Lemmas 12.6 and 10.2,
we get

|X| _ ﬁ — (p67p5)(p27p) :p4

m  (pP—p?)(p—1)

LEMMA 12.8. Let H € X. Then the following are equivalent.

1. The subgroup H is A-stable.
2. There exists x € C~ \ Gy such that H = (x) ® G .

PROOF. To prove that (2) implies (1) is an easy exercise; we prove the other
implication. Assume (1). The group H is abelian, by Lemma 12.5, and it is A-
stable. By Corollary 2.2, it decomposes as H = H* @ H~. In view of Lemmas
12.6 and 2.17(1), we have that H™ = G} and that H N G4 = G. It follows from
Lemma 12.5 that there exists a cyclic subgroup @ of H such that H = Q(H NGy),
and thus H~ is cyclic. The proof is now complete. O

LEMMA 12.9. The cardinality of X is p.

PROOF. Let C denote the collection of subgroups (z) of C, where z is an
element of C~ \ G2. Thanks to Lemma 12.8, one can define the map C — X, by
Q— Q6 GI, which is easily shown to be a bijection. In particular, the cardinality
of Xt is equal to that of C. Now, the group C is normal in G, as a consequence of
Lemma 12.4, and therefore it is A-stable. Thanks to Lemma 12.5, each element of
C~ \ Gy has order p? and, as a consequence of Proposition 5.10, the set C~ \ Gy is
equal to C~ \ G5 . It follows from Lemma 2.17 that

CTI IG5 _p'=p® _ 5
2 - 2 =r.
p*—p p*—p

X7 =

LEMMA 12.10. Let H € X*. Then G3 C Ng(H).

PROOF. By Lemma 12.8, the subgroup H is of the form (z) @ G, for some
element € C~\Ga. Moreover, Since [G3,G{] C G7 = {1}, we have that [G3, H] =
[Gs, (z)]. Now, the commutator map (z) x Gz — G4 is bilinear and, since x
belongs to C, it factors as (z) x G3/G4 — G4. Thanks to Proposition 5.10, the
map « induces the inversion map on G3/G4 and so, thanks to Lemma 2.4, we get
[(x), G3] = [(z),G3]*". In particular, [G3, (x)] is contained in G, a subgroup of H,
and so G5 normalizes H. O

We will now prove Proposition 12.3 by building a contradiction. We remind the
reader that we have assumed that ®(C) # Gs.

Let H be an element of X with the property that |G : Ng(H)| is maximal. Let
moreover J denote the collection of jumps of Ng(H) in G. As a consequence
of Lemma 12.10, the normalizer of H contains HG3. It follows from Lemma
12.6 that {1,3,4,5} is contained in J and, thanks also to Lemma 10.2(2), that
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|G : Ng(H)| < |G : HG3| = p?>. Now, by Lemmas 12.7 and 12.9, the cardinalities
of X and X7 are respectively p* and p?, so it follows from Lemma 3.6 that

pt=1X[< Y |G:Na(K)| < |XF||G: Ng(H)| < p,
KeX+

and therefore |G : Ng(H)| = p?. In particular, we get Ng(H) = HG3 and J =
{1,3,4,5}. Moreover, again by Lemma 3.6, no two elements of X+ are conjugate
in G. As a consequence of Lemma 2.15, the subgroup G is contained in Ng(H) =
HG3 and so, thanks to Lemma 2.17(1), the number 2 is a jump of Ng(H) in G.
Contradiction.

12.2. The last exotic case

The aim of Section 12.2 is that of exploring the last exotic case for what concerns
the structure of finite p-groups of intensity greater than 1. As a consequence of
Theorem 12.2; the finite p-groups of “high class” and intensity greater than 1 all
need to be framed obelisks. Proposition 12.11, which coincides with Theorem 12.1,
is the last result we present that still allows some “structural freedom” to p-obelisks
of intensity greater than 1.

PRrROPOSITION 12.11. Let p be a prime number and let G be a finite p-group
with wtg(5) = 1. Write C = Cg(G4). Then the following are equivalent.

1. One has int(G) > 1.

2. One has p > 3, the group G is a p-obelisk of class 5, and ®(C) = Gs.
Moreover, there exists an automorphism « of G of order 2 that induces
the inversion map on G/Gs.

The remaining part of Section 12.2 will be devoted to the proof of Proposition 12.11
and we will thus work under its hypotheses.

Assume first (1). As a consequence of Proposition 3.7 and Corollary 9.5, the prime
p is larger than 3 and so, thanks to Proposition 10.1, the group G is a p-obelisk
which has class 5, as a consequence of Proposition 10.3. Thanks to Theorem 5.2(1),
there exists an intense automorphism « of order 2 of G, which induces the inversion
map on G/G4 by Proposition 5.10. Proposition 12.3 yields ®(C) = Gs.

Assume now that p > 3, that G is a p-obelisk with wtg(5) = 1, and that ®(C) = Gs.
Let moreover o be an automorphism of order 2 of G that induces the inversion map
on G/G2. We will prove (1). Set A = () and, for each i € Z>1, denote w; = wt(7).
Thanks to Lemma 10.4, we have (wy,ws, w3, ws, ws) = (2,1,2,1,1) and so, thanks
to Proposition 10.3(2), the class of G is equal to 5. We remind the reader that, for
each k € Z>q, the map G — G sending x to 27" is denoted by p¥. Furthermore, by
Lemma 10.2, the group G is regular and so, given any subgroup K of G, Lemma
8.3 yields that p*(K) = K?".

LEMMA 12.12. One has p*(C) = G5.

PROOF. The group C is maximal in G, by Lemma 12.4, and so, as a conse-
quence of Lemma 10.2(2), the quotient C'/G> is cyclic. Then [C,C] = [C, G2] and

so, since ®(C') = G3, Lemmas 10.6 and 10.10(1) yield G5 = p(G3) = p(®(C)) =
p([C.CICP) = [C, GaPp*(C) = [C, G4]p?*(C) = p*(C). 0
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Let H be a subgroup of G and, for each i € Z>1, write u; = wt$ (7). We will show
that H has an A-stable conjugate in G. We assume, without loss of generality,
that H is non-trivial. As a consequence of Theorem 11.1, the automorphism that
a induces on G/Gj5 is intense and so, if G5 is contained in H, then there exists
g € G such that gHg™ ' is A-stable. Since G5 has order p, we now assume that
HNG5 = {1}. By Lemma 11.13, all jumps of H in G have dimension 1 and, if they
all have the same parity, Lemmas 11.14 and 11.15 yield that H has an A-stable
conjugate. We assume now that H has jumps of both parities and we denote by i
and j respectively the least odd and the least even jump of H in G. It then follows
from Corollary 10.2 that uy = 1.

LEMMA 12.13. One has i = 3.

PROOF. Since us = 0, the index i is different from 5 and so i € {1,3}. Assume
by contradiction that ¢ = 1. Since G4 = (HNG4)G5 and G5 is central, we then have
that G5 = [G, H N G4]. Moreover, the group [G2, G4] is trivial ans so it follows that
[HG2,G4) = [H,G4] = [H,HNG4] € HN G5 = {1}. In particular, H is contained
in C and so, as a consequence of Lemma 10.10(1), we get p?(H) = p?(C). It follows
from Lemma 12.12 that H contains G5. Contradiction to H NG5 = {1}. O

Let D be a maximal subgroup of G with the property that (H N G3)G4 = DPGy
and note that, thanks to Corollary 10.2, the subgroup D is uniquely determined by
H. Since DP is normal in G, Lemma 10.9 yields DP = DPG,4 and therefore, from
Corollary 10.2, one gets |DP : G4| = p.

LEMMA 12.14. One has C' # D and [D, G4 = [G2, D?] = G5. In addition, one
has p?(D) = {1}.

PROOF. Thanks to Lemma 10.10(1), one has p?(D) = p(DP) = p(H N G3)
and so, as a consequence of Lemma 10.5, the subgroup p(H N G3) is contained in
H NG5 = {1}. Tt follows that p?(D) = {1}. Moreover, the subgroups D and C
are both maximal in G and so, as a consequence of Lemmas 12.12 and 12.14, they
are distinct. Now, the class of G being 5, the subgroup [D, G4] is non-trivial and,
since ws = 1, we get [D, G4] = G5. The subgroups [G2, D?] and [GY, D] are equal,
by Lemma 10.6, and so, from Lemma 10.5, we derive [G3, D?] = G5. O

LEMMA 12.15. The subgroup H is abelian and (i,7) = (3,4).

ProOF. We first show that H is abelian. As a consequence of Lemma 12.13,
the subgroup H is contained in G2 and, since wy = 1, the quotient H/(H N G3) is
cyclic. Tt follows that [H, H] = [H,H N G3] C HN G5 = {1} and so H is abelian.
We now show that (7,j) = (3,4). By Lemma 12.13, the jump i is equal to 3 and,
by definition of D, we have DP = (H N G3)G4. Moreover, since G has class 5, the
jump j belongs to {2,4}. Assume by contradiction that j = 2. Then ug = wy =1
and so G = HG3. By Lemma 12.14, the subgroups [G2, DP] and G5 coincide and
so, the group G5 being central, the commutator map Go x DP — (5 is bilinear and
non-trivial. It follows that the induced map G3/G3 x D?/G4 — G5 is non-trivial
and so [H, H N Gs] # 1. Contradiction. O

LEMMA 12.16. Let x and y be elements of H, respectively belonging to DP \ G4
and G4\ Gs. Then H = (z) ® (y) and (u1,us2, us, us,us) = (0,0,1,1,0).
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PRrROOF. Thanks to Lemma 12.15 and Corollary 10.2, we have u; = us = us =0
and us = ug = 1. The subgroup H is thus contained in G3 and so, by Lemma
10.5, one has H? C Gs N H = {1}. It follows from Lemma 12.15 that H is
elementary abelian. Given any two elements z and y of H, satisfying x € DP \ G4
and y € G4 \ G5, Lemma 2.16 now yields H = (x) @ (y). O

We define X to be the collection of all subgroups of G of the form () & (y), where
(x,y) belongs to (DP \ G4) x (G4 \ Gs). Thanks to Lemmas 12.14 and 12.15, each
such subgroup is elementary abelian and thus X is well defined. We remark that,
the group DP being normal in G, the group G acts naturally on X by conjugation.
Write X+ ={K € X : o(K) = K}

LEMMA 12.17. The cardinality of X is p?.

PROOF. Let K be an element of X. Then there exist elements x and y of order
p, respectively of depth 3 and 4 in G, such that « € DP and K = (z) & (y). Since
|DP : G4| = p and (wy, ws) = (1,1), we get

W’ =)’ =p) _ 2

X1 = (p—1)p(p— 1)

LEMMA 12.18. One has Ng(H) N D =Ng(H) N G2 = Gs.

PrOOF. We first claim that Ng(H) N D = Ng(H) N Gy. We work by contra-
diction, assuming that Ng(H) N D # Ng(H) N Gs. Since (H N G4)Gs = G4 and
G5 is central, we then have that [D, G4] = [D, H N G4] is contained in H and thus,
thanks to Lemma 12.14, the subgroup G5 is contained in H. This contradicts the
hypotheses on H and so the claim is proven. We now prove that Ng(H)NG2 = Gs.
As a consequence of Lemma 12.15, the subgroup H is contained in G3 and so, since
G is abelian, G3 normalizes H. Assume now by contradiction that 2 is a jump
of Ng(H) in G. Since Gy centralizes G4 and (H N G3)G4 = DP, we have that
[G2, DP] = [G2, H N G3] and therefore the subgroup [G2, DP] is contained in H.
Lemma 12.14 yields G5 C H. Contradiction. O

We claim that the action of G on X is transitive. As a consequence of Lemma
12.17, we have that p?> = | X| > |G : Ng(H)| and therefore, applying Lemma 12.18,
we get

p? > |G :Ng(H)| > |D:Gs||Gy: G3| = |D : Gs.

By Lemma 10.2(2), the index |D : G3] is equal to p? and therefore the number of
conjugates of H in G is equal to p?. This proves the claim. To conclude, we remark
that «(H) is an element of X and therefore oo(H) and H are conjugate. The choice
of H being arbitrary, Lemma 3.5 yields that « is intense and so int(G) > 1. The
proof of Proposition 12.11 is now complete.

12.3. Proving the main theorem

In this section we prove Proposition 12.19 and Theorem 12.2. We remind the
reader that a p-obelisk G is framed if, for each maximal subgroup M of G, one has
(M) = Gs.
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PROPOSITION 12.19. Let p > 3 be a prime number and let G be a finite p-group
of class at least 5. Assume that int(G) > 1. Then G is a p-obelisk and one of the
following holds.

1. One has wtg(5) =1 and G has class 5.
2. One has wtg(5) =2 and G is framed.

ProOOF. By Proposition 10.1, the group G is a p-obelisk so, thanks to Propo-
sition 10.3(1), the width wtg(5) is either 1 or 2. If wtg(5) = 1, then Theorem 12.1
yields that G has class 5. Assume now that wte(5) = 2. We will show that, for each
maximal subgroup M of G, one has ®(M) = G3. To this end, let M be a maximal
subgroup of G. By Lemma 10.4, the widths wtg (1) and wtg(4) are respectively 2
and 1 so, the index |G : M| being p, it follows from Lemma 10.11, that 5 is a jump
of [M,G4] of width 1 in G. Moreover, 5 is the smallest jump of [M, G4] in G, and so
Lemma 10.9 yields G C [M, G4]. We denote G = G//[M,G4] and use the bar no-
tation for the subgroups and the elements of G. We remark that, by construction,
we have M C C5(G4) and wtz(5) = 1. The class of G being 5, we have in fact that
M = Cz(Gy) and so Proposition 12.3 yields ®(M) = G3. The subgroup ®(M) be-
ing normal in G, it follows from Lemma 10.9 that ®(M) = {z € G : T € ®(M)} and
therefore ®(M) = G3. The choice of M being arbitrary, the proof is complete. [

We are finally ready to prove Theorem 12.2. Let p be a prime number and let
G be a finite p-group with wtg(5) = 2. The implication (2) = (1) is given by
Theorem 11.2. Assume now (1). Since wtg(5) # 1, the class of G is at least 5.
Moreover, thanks to Proposition 3.7 and Corollary 9.5, the prime p is larger than 3.
Proposition 12.19 yields that G is a framed p-obelisk. As a consequence of Theorem
5.2, the intensity of G is equal to 2 and so, thanks to the Schur-Zassenhaus theorem,
G has an intense automorphism of order 2 that, by Proposition 5.10, induces the
inversion map on G/G2. The proof of Theorem 12.2 is complete.






CHAPTER 13

Intense Automorphisms of Profinite Groups

Let G be a profinite group and let o be an automorphism of G. Then « is
topologically intense if, for every closed subgroup H of G, there exists x € G such
that a(H) = xHx~!. Topologically intense automorphisms are automatically con-
tinuous, because they stabilize each open normal subgroup of the group on which
they are defined. We denote by Int.(G) the group of topologically intense auto-
morphisms of a profinite group G.

Topologically intense automorphisms are a generalization of intense automorphisms
to profinite groups. In Section 13.2, we will show that, the group of topologically
intense automorphisms of a profinite group is itself profinite and moreover, if p is
a prime number and G is a pro-p-group, then Int.(G) is isomorphic to SC, where
S is a pro-p-subgroup of Int.(G) and C is a subgroup of F7. The intensity of
a pro-p-group G is then defined to be the cardinality of C' and it is denoted by
int(G). The question we ask is: What are the infinite pro-p-groups that have inten-
sity greater than 17 We answer this question with Theorem 13.1, which we state
after fixing some notation. Let p be an odd prime number and take ¢t € Z, to
be a quadratic non-residue modulo p. We define A, to be the quaternion algebra
Ly ® Lpi ® Zypj ® Zyk with defining relations i = ¢, j> = p, and k = ij = —ji and
we denote by S(A,) the pro-p-subgroup of the multiplicative group (1 +jA,) that
consists of all elements = a + bi + ¢j + dk satisfying a? — tb? — pc? + tpd? = 1.

THEOREM 13.1. Let p be a prime number and let G be an infinite pro-p-group.
Then int(G) > 1 if and only if exactly one of the following holds.

1. One has p > 2 and G is abelian.
2. One has p > 3 and G is topologically isomorphic to S(A,).

Moreover, one has int(S(A,)) = 2 and, if G is abelian, then int(G) =p — 1.
Let p be a prime number and let G be a pro-p-group. We will show, in Section
13.2, that
int(G) = ged{int(G/N) : N normal open in G, N # G}
and, thanks to this last characterization, we will derive the following theorem as a

corollary of Theorem 13.1.

THEOREM 13.2. Let p > 3 be a prime number. Then, for any positive integer
¢, there exists a finite p-group of class ¢ and intensity greater than 1.

The pace of Chapter 13 will be slightly faster, compared to the previous ones, in the
sense that we will assume the reader is familiar with some basic facts about profinite
groups (which can however all be found in Chapters 0 and 1 from [DdSMS91]).
We will give some extra background in Section 13.1. In Section 13.2, we will prove

105
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several properties of topologically intense automorphisms and give an analogue of
Theorem 3.1 for pro-p-groups. In the subsequent sections we will pave the way to
proving Theorem 13.1. In Section 13.3, we will give some limitations, for p > 3,
to the structure of infinite non-abelian pro-p-groups of intensity greater than 1. In
Section 13.5, we will discover that, if such groups exist, they can be continuously
embedded in one of two infinite pro-p-groups (one of them being S(A,)). We will
study the structure of those two groups in Section 13.4 and, in Section 13.5, we
will prove that, if p > 3 is a prime number and G is an infinite non-abelian pro-p-
group with int(G) > 1, then G is topologically isomorphic to S(A,). The results
from Section 13.4.2 will ensure that int(S(A,)) > 1. We will conclude the proof
of Theorem 13.1 in Section 13.6.1 and give that of Theorem 13.2 in Section 13.6.2.
We will close Chapter 13 with Section 13.6.3, where we will draw a bridge between
Theorem 13.1 and Theorem 13.2.

13.1. Some background

This section is a collection of definitions and results from [DASMS91]. If G is a
profinite group and S is a subset of it, we denote by cl(S) the closure of S in G.

DEFINITION 13.3. Let G be a profinite group. A discrete quotient of G is a
quotient of G by an open normal subgroup. A proper quotient of G is a quotient
of G by a closed normal subgroup that is different from {1}.

DEFINITION 13.4. Let G be a profinite group. Then a set X is a set of topolog-
ical generators of G if G = cl({(X)). The group G is topologically finitely generated
if it admits a finite set of topological generators.

DEFINITION 13.5. Let G be a profinite group. The lower central series (G;)i>1
of G is defined by
Gl =G and Gi+1 = Cl([G, GZD

We recall that, as defined in Section 8.2, the rank of a finite group H is the smallest
integer 7 such that every subgroup of H can be generated by 7 elements.

DEFINITION 13.6. Let G be a profinite group. The rank of G is
tk(G) = sup{rk(G/N) : N is normal open in G}.

Let G be a profinite group. It follows from the definition that rk(G) belongs to
ZU{oo} and, if G has finite rank, that G is also finitely generated. Moreover, when
G is finite, the definition of rank given in Section 8.2 is equivalent to the one from
Definition 13.6. In [DASMS91, Proposition 3.11], a series of equivalent definitions
of rank is given.

DEFINITION 13.7. A p-adic analytic group is a profinite group that contains
an open pro-p-subgroup of finite rank.

Our definition of a p-adic analytic group is not among the standard ones, but
it serves our purposes the best. In general, p-adic analytic groups are defined
to be topological groups that present the structure of a p-adic manifold. The
equivalence of the two definitions, for profinite groups, is given by Corollary 9.35
from [DdSMS91]. For more information about the topic, see [DASMS91, Ch. 9].

DEFINITION 13.8. Let p be an odd prime number and let U be a pro-p-group.
Then U is uniform if the following hold.
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1. The group U is topologically finitely generated.
2. The quotient U/ cl(UP) is abelian.
3. The group U is torsion-free.

The definition of uniform group we give is slightly different from the one that is
given in [DASMS91]. However, the equivalence of the two is proven in [DdSMS91,
Theorem 4.8].

DEFINITION 13.9. Let p be an odd prime number and let U be a uniform pro-
p-group. The dimension of U is the cardinality of a minimal set of topological
generators of U. The dimension of U is denoted dim(U).

DEFINITION 13.10. Let p be an odd prime number and let G be a pro-p-group
of finite rank. The dimension of G is the dimension of any of its open uniform
subgroups.

Corollary 4.3 and Corollary 4.6 from [DdSMS91] guarantee the consistency of
Definition 13.10.

13.2. Properties and intensity

In the present section we give several properties of topologically intense auto-
morphisms and, for a given prime number p, we define the intensity of a pro-p-group.
The following lemma is straightforward.

LEMMA 13.11. Let G be a profinite group and let « be a topologically intense
automorphism of G. Then « induces an intense automorphism on each discrete
quotient of G.

If G is a profinite group and Y denotes the set of open normal subgroups of G, then
Aut(@) has a natural topology, the “congruence topology”, for which a basis of open
neighbourhoods of the identity is {T'(N) = {& € Aut(G) : @« = id mod N} }yev. For
more information on the subject see for example [DASMS91, Ch. 5.2]. Using
Lemma 13.11, one then easily proves the following.

PROPOSITION 13.12. Let G be a profinite group and let T denote the collection
of open normal subgroups of G. Then one has
Int.(G) = lim Int(G/N).
NeYT

LEMMA 13.13. Let {X)}reca be an inverse system of finite non-empty sets over
a directed set A. Then @XA s non-empty.

Proor. This is Proposition 1.4 from [DdSMS91]. O

PROPOSITION 13.14. Let G be a profinite group and let o be an automorphism
of G. Then the following are equivalent.

1. The automorphism « is topologically intense.
2. For every open subgroup H of G, there exists an element x € G such that
a(H) = xHx™t.

PROOF. As every open subgroup is also closed, (1) clearly implies (2). Assume
now (2) and let H be a closed subgroup of G. We will construct z € G such that
a(H) = xHx~!. Let A denote the collection of all discrete quotients of G and let
moreover T be the collection of all open normal subgroups of G. Then there is a
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natural bijection T — A, given by N — G/N. Now, thanks to Lemma 13.11, the
automorphism « induces an intense automorphism on each element of A. Hence, if
G is an element of A and H denotes the image of H in G, then there exists z € G
such that a(H) = sHxz~'. For each G € A define X = {2z € G: a(H) =zHz"'}
and observe that X is finite and non-empty. Let now G and G’ be elements of
A such that G’ is a quotient of G. Then the natural projection G — G’ induces
a well-defined map Xz — Xg,. It follows that {Xz}m., is an inverse system of
finite non-empty sets so, by Lemma 13.13, the set X = @Xa is non-empty. Let
x € X. Then, for each element N of T, the element zN belongs to X¢,n and thus,
for each N € T, we have a(HN) = xtHx~'N. The map « is continuous, because
it stabilizes each open normal subgroup, and so it follows that

a(H)= () a(H)N = (| «(HN) = () 2Hz"'N = zHa".
NeY NeYT NeYT

This proves (1), and therefore the proof is complete. O

In the proof of the following result we will use the generalization to profinite groups
of Schur-Zassenhaus’s theorem (see for example Theorem 2.3.15 from [RZ10]).

PRrROPOSITION 13.15. Let p be a prime number and let G be a pro-p-group. Then
Int.(G) = SC,

where S is a Sylow pro-p-subgroup of Int.(G) and C is isomorphic to a subgroup of
k. Moreover, one has

|C| = ged{int(G/N) : N normal open in G, N # G}.

PROOF. Let T denote the collection of open normal subgroups of G. For each
N € T, denote by mn : Int(G/N) — Int((G/N)/®(G/N)) the map from Lemma
3.2(2) and set Ky = kermy and Iy = my(Int(G/N)). For each N € T, we then
get a short exact sequence

1—- Ky —-Int(G/N) - Iy — 1

which induces, thanks to Proposition 13.12 and the exactness of Lian the short exact
sequence
1— @KN — Int.(G) — @IN — 1.
NeY NeY
Define S = I&H Ky and C = l&rl In. As a consequence of Lemma 3.13, whenever

NeY NeY
M,N € T\ {G} and N C M, the natural map Iy — I is injective and therefore,
Jim Int((G/N)/®(G/N)) being equal to Int(G/®(G)), Lemma 3.3 yields that C
NeY
is isomorphic to a subgroup of F;. Moreover, thanks to Lemma 3.9, the group

S is a pro-p-subgroup of Int.(G). The order of C' being coprime to p, it follows
that in fact S is a Sylow pro-p-subgroup of Int.(G) and, from the generalization of
Schur-Zassenhaus’s theorem to profinite groups, that Int.(G) = SC. Moreover, the
fact that |C| is equal to the greatest common divisor of the int(G/N), as N varies
in T\ {G}, is a direct consequence of Lemma 3.13. O

Let p be a prime number and let G be a pro-p-group. Let moreover C' be as in
Proposition 13.15. The intensity int(G) of G is defined to be the cardinality of C.
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Thanks to Proposition 13.15, the intensity of G is also equal to the greatest com-
mon divisor of the set {int(G/N) : N normal open in G, N # G}. The following
directly follows from Proposition 13.15 and Theorem 3.1.

Let p be a prime number and let G be an abelian pro-p-group. If G is non-
trivial, then int(G) =p — 1.

13.3. Non-abelian groups, part I

The main purpose of the present section is to give a proof of Proposition 13.16.
We refer to Section 13.1 for the definitions of p-adic analytic groups and their
dimensions.

PROPOSITION 13.16. Let p > 3 be a prime number and let G be a non-abelian
infinite pro-p-group. Assume that int(G) > 1. Then G is a just-infinite p-adic
analytic group of dimension 3.

The following assumptions will be valid until the end of Section 13.3. Let p be an
odd prime number and let G be an infinite non-abelian pro-p-group of intensity
greater than 1. Let (G;);>1 denote the lower central series of G, as defined in
Section 13.1, and let « be a topologically intense automorphism of G of order 2.
The existence of « is guaranteed by the combination of Proposition 13.15 with our
classification of finite p-groups of intensity greater than 1. Moreover, @ induces an
intense automorphism of order 2 on each non-trivial discrete quotient of G. Indeed,
without loss of generality, « € C with C' is as in Proposition 13.15 and, given open
normal subgroups N and M of G such that N C M # G, Lemma 13.11 yields a
commutative diagram

T nt(G /M) .
Int(G/N)

The map « being non-trivial, there exists a discrete quotient of G on which «
induces an automorphism of order 2 so « induces an intense automorphism of order
2 on each non-trivial discrete quotient of G. In particular, each non-trivial discrete
quotient of G has intensity greater than 1.

LEMMA 13.17. Assume that p > 3. Then each discrete quotient of G of class
at least 4 is a p-obelisk.

ProOOF. This follows from Proposition 10.1. [

LEMMA 13.18. Let ¢ be a non-negative integer. Then G has a discrete quotient
of class c.

PROOF. Assume by contradiction that there exists an upper bound on the class
of the discrete quotients of G and let C' € Z>( be minimal with this property. Since
G is non-abelian, one has C' > 2. Let us now denote by Y the collection of open
normal subgroups of G. Then G = lgl G/N and so G has class C. The group

NeY
G being infinite, it follows from Theorem 6.2 that C < 3 and so C' = 2. Let

now M,N € T be such that G/N has class 2 and MN. Let K = G/M and let
7w : G — K denote the canonical projection. Then K has class 2 and the intensity
of K is greater than 1. By Theorem 4.1, the group K is extraspecial and, 7w(N)
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being non-trivial and normal in K, it follows that 7(N) contains Z(K) = [K, K].
In particular, K/m(N) is abelian and therefore so is G/N. Contradiction. O

LEMMA 13.19. The lower central series (G;)i>1 of G is a base of open neigh-
bourhoods of 1 in G.

PrOOF. Let T denote the collection of open normal subgroups N of G such that
G/N has class at least 3. As a consequence of Lemma 13.18, the group G is equal
to @1 G/N and, each subgroup G; being closed, we also have G; = @1 (G/N);.

NeY NeT
For each N € T, the quotient G/N has intensity greater than 1 and so Theorem
8.1 yields that (G;);>1 is a base of open neighbourhoods of 1 in G. O

LEMMA 13.20. Assume that p > 3. Then tk(G) = 3 and G is p-adic analytic.

PrOOF. As a consequence of Lemma 13.18, the rank of G coincides with
sup{rk(G/N) : G/N has class at least 4}. Proposition 8.7 yields rk(G) = 3 and
thus G is p-adic analytic. O

LEMMA 13.21. Assume that p > 3. Let N be a non-trivial closed subgroup of
G. Then the following are equivalent.

1. The subgroup N is normal.
2. There exists | € Z>1 such that G141 € N C Gj.

Moreover, P is just-infinite.

PRrROOF. The implication (2) = (1) is clear; we prove (1) = (2). Thanks to
Lemma 13.19, every element of the lower central series of G is open and (G;);>1 is
a base of open neighbourhoods of 1. For all k € Z>1, denote by 7, : G — G /G, the
canonical projection and set | = max{k : mx(IN) = 1}. The index [ is well-defined,
because N # 1, and N is contained in Gy, but not in G;11, by the maximality of [.
In particular, for each & > [, the minimum jump (see Section 2.3) of 7(N) in G/Gy,
is . Now, by Lemma 13.17, whenever k > 5, the quotient G/Gy, is a p-obelisk. It
follows from Lemma 10.9(2) that, if & > max{l, 5}, then G;41 is contained in NGy,
and therefore

Gi1C () NGp=[)NG,=cd(N)=N.
k>max{l,5} k>1
We have proven that G;y; € N C G; and thus also that (1) implies (2). Each
subgroup Gy, being open in G, the group G is just-infinite. O

LEMMA 13.22. Assume that p > 3. Then G is torsion-free.

ProoF. By Lemma 13.17, whenever k is at least 5, the quotient G/Gy, is a p-
obelisk. It follows from Corollary 10.2 that, for each non-negative integer 7, raising
to the power p induces a well-defined isomorphism G;/G;11 — Git2/Giy3. By
Lemma 13.18, there is no bound on the class of the finite quotients of G, and
therefore G is torsion-free. O

LEMMA 13.23. Assume that p > 3. Then G4 is open, uniform, and has dimen-
ston 3.

PROOF. Let G be a discrete quotient of class at least 5 of G, which exists by
Lemma 13.18. As a consequence of Lemma 13.17, the group G is a p-obelisk and
so Lemma 10.4 yields |G : G4| = p®. The subgroup Gg is equal to G4, thanks to
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Lemma 10.5, and so Go/Gh = Go/Gy is elementary abelian. It follows that each
generating set of G has at least 3 elements. However, the rank of G is equal to 3,
thanks to Lemma 13.20, and therefore G is generated by exactly 3 elements. Since
G was chosen arbitrarily, the quotient G/ cl(Gh) is abelian and any minimal set
of topological generators of G2 has 3 elements. Now, as a consequence of Lemma
13.22, the torsion of G is trivial and hence GG is uniform of dimension 3. Moreover,
the subgroup Gs is open thanks to Lemma 13.19. O

We conclude Section 13.3 by giving the proof of Proposition 13.16. Assume that
p > 3. Then G is p-adic analytic, by Lemma 13.20, and it has dimension 3 thanks
to Lemma 13.23. Moreover, GG is just-infinite by Lemma 13.21. The proof of
Proposition 13.16 is now complete.

13.4. Two infinite groups

In this section we present two infinite pro-p-groups, which are p-adic analytic.
We will see, in Section 13.5, the role they play in the proof of Theorem 13.1.

13.4.1. The first group. Let p > 3 be a prime number and let 7 : SLy(Z,,) —
SLy(F,) be the canonical projection. Let SL5 (F,) denote the subgroup of SLy(F,,
consisting of those elements of the form

1 =z
(0 1) where x € F,,.

We define SL5(Z,) = m~*(SLS (F,)) and remark that SL5(Z,) is a pro-p-group.
Our notation is consistent with that of [GSKO09]; however, we will make use of sev-
eral facts coming from [Hup67, Ch. I111.17], where the group SL2A (Z,) is denoted
by Mo,1,1-

We recall that a p-obelisk is a non-abelian finite p-group G satisfying G = G?
and |G : G3| = p3. A p-obelisk G is framed if, given any maximal subgroup M
of G, one has ®(M) = G3. For more information about p-obelisks, we refer to
Chapter 10.

LEMMA 13.24. Let p > 3 be a prime number and let G = SL5 (Z,,). Denote by
(Gi)i>1 the lower central series of G. Then, for each k € Z>3, the quotient G/Gj,
is a p-obelisk.

PRrROOF. This is a reformulation of Satz 17.8 from [Hup67, Ch. III]. |

LEMMA 13.25. Let p > 3 be a prime number and let G = SLQA(ZP). Denote by
(Gi)i>1 the lower central series of G. Then there exist x € G\ G2 and a € G\ G
such that [z, a] € cl((z)).

PRrROOF. This proof relies on several lemmas from [Hup67, Ch. I11.17]; we will
respect Huppert’s notation. Let

1 1

x:B(l):(O 1) and a:D(1+p):<(1+0p)1 (13]0)).

Satz 17.4 from [Hup67, Ch. II1.17] gives a concrete characterization of the lower
central series of G, from which it directly follows that x € G\ G2 and a € G2 \ Gs.
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As a consequence of Hilfssatz 17.2(a), the element x generates topologically the
subgroup By consisting of all matrices of the form

1 =z
(0 1) where x € Z,.

To conclude, Hilfssatz 17.3 guarantees that there exists an element b € Z, such

that
_ (1 pb
0] = (0 1 )

so, in particular, [z, a] belongs to the subgroup By = cl((z)). O

LEMMA 13.26. The group SLQA(ZP) has a discrete quotient of class 6 that is
not a framed p-obelisk.

PROOF. Let G = SLZ(Z,) and denote by (G;);>1 the lower central series of
G, as defined in Section 13.1. We define G = G/G7 and we use the bar notation
for subgroups and elements of G. The group G has class 6 and it is a p-obelisk, by
Lemma 13.24. Let now x € G be as in Lemma 13.25 and set £ = (xGs), which is a
1-dimensional subspace of 6/@2. Let moreover

p} : G/GQ — Gg/G4
and
V1,2 ¢ G/GQ X GQ/G3 — Gd/G4
denote the maps from Lemma 10.10. As a consequence of Lemma 13.25, the elments
pr(0) and 71 2({¢} x G2/G3) generate a 1-dimensional subspace ' of G3/G4. By
Lemma 10.4(1), the width wt5(3) is equal to 2 so ¢ is different from G3/Gy.

Proposition 10.14 yields that G is not framed. O

13.4.2. The second group. Let p > 3 be a prime number and let ¢ € Z,

be a quadratic non-residue modulo p. Define A, to be (tZ’—p), i.e., the quaternion
P

algebra
Ap =L B Lpi ® Lpj © Zpk
with defining relations
i =t j*>=p, and k = ij = —ji.
The quaternion algebra A, is equipped with a bar map, defined by
r=a+bi+cj+dk — T=a—0bi—cj—dk,
which is an anti-homomorphism of order 2. The algebra A, has, in addition, a
unique maximal (left/right/two-sided) ideal m, which is principal generated by j,
ie. m = A,j. It follows that an element x = a + bi 4 ¢j + dk belongs to m if and
only if both a and b belong to pZ,. Moreover, for each k € Z>1, the ideal mF is
principal generated by j* and therefore, for each s € Z>g, one has
2s+1 _ psm.
k+1

m?* =p°A, and m

As a result, for each k € Z>1, the quotient mF /m is a vector space over F, of
dimension 2. Now, for each k € Z>1, the set 1 +m* is easily seen to be a subgroup
of A% and the natural map (1+m*)/(1+mF+!) — mF/m*1 is an isomorphism of
groups. It follows that 1 +m is a pro-p-subgroup of A7. Define

S(A)=(1+m)Nn{zeA,:T=a"1}.
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Then S(A,) is a closed subgroup of 1 + m and thus a pro-p-group itself. We have
here lightened the notation from [GSKO09], where the group S(A,) is denoted by
SLi(A,).

LEMMA 13.27. Let p > 3 be a prime number and let G = S(A,). Denote by
(Gi)i>1 the lower central series of G. Then, for each k € Z>1, one has G =
(1+m*)NaG.

PrROOF. We sketch here the proof, but leave out the computations. For all
i € Z>1, denote M; = (1+ mi) N G. We remark that all M; are normal in G
and they form a base of open neighbourhoods of 1 in G. It is easy to check that
(M;);>1 is a central series, in other words for all ¢ € Z>; the subgroup [Mi, M;] is
contained in M;1. Then, for each index ¢, the commutator map induces a bilinear
map vy; : Ml/MQ X Mi/Mi-l—l — Mi+1/Mi+2. 1\I€Xt7 by direct computation, one
gets that, for every ¢ € Z>1, the image of v; generates M;/M; 1, and therefore
M1 = [My, M;]M;42. Fix i. By induction one shows that, for each positive
integer n, one has M, 1 = [My, M;]M;,, and hence

M= ﬂ [My, M;| My, = cl([My, M;]).
n>1

Since M; = G, we get that M; 11 = cl([G, G;]) = Gi4+1 and the proof is complete.
O

LEMMA 13.28. Let p > 3 be a prime number and let G = S(A,). Denote by
(G;)i>1 the lower central series of G. Then, for each i € Z>1, the map x — xP on
G induces an isomorphism p; : G;/Git1 — Git2/Git3.

PROOF. By Lemma 13.27, given any positive integer i, one has G; = (1+m®)N

G. Fix i € Z>1 and let 1 + = be an element of G;. One shows that (1 + z)P =
1+ pxr mod G,43. It is now easy to conclude. (|

LEMMA 13.29. Let p > 3 be a prime number and let G = S(A,). Denote by
(G;)i>1 the lower central series of G. Let x € G\ G2 and let y € Ga \ Gs. Then
G35 is generated by xP and [z,y] modulo Gy.

PrOOF. Straightforward computation. O

We remind the reader that, as defined in Chapter 10, a p-obelisk is a finite non-
abelian p-group G such that |G : G3| = p? and GP = G3. A p-obelisk is said to be
framed if, for each maximal subgroup M of G, one has ®(M) = Gs.

LEMMA 13.30. Let p > 3 be a prime number and let G = S(A,). Denote by

(Gi)i>1 the lower central series of G. Then, for each k € Z>3, the quotient G/Gj,
is a framed p-obelisk.

PROOF. Let k € Z>3 and denote G = G/Gj. The group G is non-abelian and
it is finite. Moreover, as a consequence of Lemma 13.27, one can easily compute
that |G : Gs| = |G : Gs| = p?® and, thanks to Lemma 13.28, one has G = Gs. It
follows that G is a p-obelisk. To show that G is framed, combine Lemma 13.29 and
Proposition 10.14. O

LEMMA 13.31. Letp > 3 be a prime number and let G = S(A,). Let moreover
a: G — G be defined by

a+bi+c+dk — a+bi—c —dk.
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Then « is a continuous automorphism of G and the map G/Gs — G/Gy that is

induced by o is equal to the inversion map a — a™ L.

PROOF. The map « coincides with conjugation by i and it is therefore a con-
tinuous automorphism. Moreover, thanks to Lemma 13.27, the subgroup G5 co-
incides with (1 +m?) N G. Since each element z of G can be written in the form
r =1+ ¢+ dk+m, with ¢,d € Z, and m € m?, we get that a(z) = T mod Gs.
The elements T and 2! being equal, it follows that a(x) = 27! mod Gs. (]

LEMMA 13.32. Let p > 3 be a prime number and let G = S(A,). Define
moreover «: G — G by

a+bi+cj+dk — a+bi—c —dk.
Then « is a topologically intense automorphism of G of order 2 and int(G) = 2.

PRrROOF. By Lemma 13.31, the map « is a continuous automorphism of G and,
by its definition, it clearly has order 2. We prove that « is topologically intense.
To this end, let H be an open subgroup of G. As a consequence of Lemma 13.19,
there exists a positive integer k£ such that Gy is contained in H. Fix such integer
k and define K = max{k,4}. Denote G = G/Gx and use the bar notation for the
subgroups of G. Denote moreover by ag the automorphism that is induced on G
by a. Then ag induces the inversion map on G/G3, as a consequence of Lemma
13.31 and the definition of aig. Moreover, the class of G is at least 3 so, thanks
to Lemma 13.30, the group G is a framed obelisk. It follows from Theorem 11.2
that ag is intense, so there exists g € G such that ax (H) = gHg~!. Furthermore,
we have that o(H) = gHg~! and, the choice of H being arbitrary, it follows from
Proposition 13.14 that « is topologically intense. In particular, int(G) is even. The
intensity of G is equal to 2, as a consequence of Proposition 13.15 and Theorem
5.2. O

13.5. Non-abelian groups, part II

The aim of this section is to give a proof of the following proposition. We
remind the reader that, for each prime number p > 3, the groups SLQA(ZP) and
S(A,) have been defined in Section 13.4.

PROPOSITION 13.33. Let p > 3 be a prime number and let G be a non-abelian
infinite pro-p-group. Assume that int(G) > 1. Then G is topologically isomorphic
to S(Ap).

Until the end of Section 13.5, let the following assumptions be valid. Let p > 3 be a
prime number and let G be an infinite non-abelian pro-p-group of intensity greater
than 1. Let (G;);>1 denote the lower central series of G and let a be a topologically
intense automorphism of G of order 2. In the proof of Proposition 13.33, we will
make heavy use of results coming from Chapters 10 and 11.

LEMMA 13.34. Every solvable just-infinite pro-p-group other than Z, has tor-
siom.

PrOOF. This is Proposition 6.1 in [GSKO09]. O

LEMMA 13.35. Let P be a p-adic analytic group of dimension 3. Assume that
P is both torsion-free and non-solvable. Then P is topologically isomorphic to an
open subgroup of S(A,) or SLQA(ZP).
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PROOF. See [GSKO09, Section 7.3]. O

LEMMA 13.36. The group G is topologically isomorphic to an open subgroup of
S(A,) or SLS (Z,).

PRrROOF. The group G is a just-infinite p-adic analytic group of dimension 3,
by Proposition 13.16. By Lemma 13.22, the torsion of G is trivial and so, by
Lemma 13.34, the group G is not solvable. It follows from Lemma 13.35 that G is
isomorphic to an open subgroup of S(A,) or SL5*(Z,). O

LEMMA 13.37. The group G is topologically isomorphic to S(A,) or SLQA(ZP).

PROOF. Let P € {S(A,),SLS (Z,)} and let (P;);>1 denote the lower central
series of P. From the combination of Lemmas 13.24 and 13.30, we know that, for
each k > 3, the quotient P/ Py, is a p-obelisk. Let now H be an open subgroup of P
such that G is topologically isomorphic to H as given by Lemma 13.36. By Lemma
13.18, the group H has discrete quotients of any class and, thanks to Lemma 13.17,
each such quotient, of class at least 4, is a p-obelisk. The subgroup H being open,
it follows from Lemma 13.19 that there exists k € Z~4 such that Py is contained in
H so H/Py is a p-obelisk. Proposition 10.15 yields P = H. O

LEMMA 13.38. FEach discrete quotient of G of class at least 6 is a framed p-
obelisk.

PROOF. Let G be a discrete quotient of G of class at least 6. Since a induces an
intense automorphism of order 2 on G, Lemma 13.17 yields that G is a p-obelisk.
By Lemma 10.4(1), the number wt=(5) is equal to 2 so, by Theorem 12.2, the
p-obelisk G is framed. O

We are finally ready to give the proof of Proposition 13.33. Thanks to Lemma
13.37, there are only two possibilities for the isomorphism type of G: that of S(A,)
or that of SL2A (Z,). By Lemma 13.38, every discrete quotient of G of class 6 is a
framed p-obelisk so, in view of Lemma 13.26, the group SL2A (Z,) is not isomorphic
to G. It follows that G is topologically isomorphic to S(A,) and so the proof of
Proposition 13.33 is complete.

13.6. Proving the main theorems and more

In Sections 13.6.1 and 13.6.2 we prove respectively Theorem 13.1 and Theorem
13.2. The last two theorems are the most important results of Chapter 13: we are
able to draw a bridge between the two thanks to Proposition 13.39, which is proven
in Section 13.6.3.

13.6.1. The proof of Theorem 13.1. Let p be a prime number. As a
consequence of Proposition 13.15, the intensity of a pro-p-group divides p — 1 and
so there are no pro-2-groups of intensity greater than 1. Assume now that p is odd.
Then, thanks to Corollary 13.2, each infinite abelian pro-p-group has intensity p—1,
which, p being odd, is greater than 1. Let now G be a non-abelian infinite pro-
p-group with int(G) > 1. Then G has a discrete quotient of any class, thanks to
Lemma 13.18, so Theorem 9.1 yields that p is larger than 3. By Proposition 13.33,
the group G is topologically isomorphic to S(A,), which, by Lemma 13.32, has
indeed intensity 2. The proof of Theorem 13.1 is now complete.
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13.6.2. The proof of Theorem 13.2. Let p > 3 be a prime number and let
¢ be a positive integer. Write G = S(A,) and let (G;);>1 denote the lower central
series of G, as defined in Section 13.1. Then the group G/G.1 has class ¢ and it is
finite, as a consequence of Lemma 13.19. The group G being a pro-p-group, G/Gc41
is a finite p-group. Moreover, by Theorem 13.1, the intensity of G is greater than
1 and so, thanks to Proposition 13.15, we get int(G/Gc+1) > 1. The number ¢ was
chosen arbitrarily and therefore Theorem 13.2 is proven.

13.6.3. A bridge between finite and infinite. The purpose of Section
13.6.3 is to compare, for a fixed prime p > 3, the finite p-groups of intensity greater
than 1 with the discrete quotients of S(A,).

PROPOSITION 13.39. Let p > 3 be a prime number and write P = S(A,).
Denote by (P;);>1 the lower central series of P. Then there exists a function f :
Lo — L>o with the following properties.

1. One has lim._,, f(c) = co.
2. For each finite p-group G of class ¢ with int(G) > 1, the quotients G /G ¢ ()
and P/ Py are isomorphic.

PROOF. For each positive integer ¢, let Int(p,c) denote the collection of all
finite p-groups of class ¢ and intensity greater than 1. We define f : Zso — Zx>o
by mapping each element ¢ € Z~y to the maximum index m € Zsq for which,
whenever G € Int(p, ¢), the quotients G/G,,, and P/P,, are isomorphic. The map
f is well-defined, thanks to Theorem 13.2, and it follows directly from the definition
of f that (2) is satisfied. Moreover, thanks to Lemma 3.13, the function f is non-
decreasing. We prove (1) by contradiction. Let C' € Z>( be such that, for all ¢ > C,
one has f(c) = f(C). In other words, for each ¢ € Z>¢, there exists G € Int(p, c)
such that G/G )y and P/Py(cy are isomorphic, but G/G¢cy41 and P/Ppcy4q
are not. For all ¢ > C, call X, the collection of such G and note that, for each
c > C, the set X, is non-empty. Thanks to Lemma 3.13, for each ¢ € Z-¢, we
have a natural map X.; — X, which is defined by G — G/Gc4+1. The collection
{X_ }e>c is thus an inverse system of non-empty sets. As a consequence of Theorem
5.1, the constant C' is at least 3 and so, for each ¢ > C', Theorem 8.1 yields that X,
is finite. By Lemma 13.13, the set X = @Xc is non-empty and therefore there

c>C
exists an infinite non-abelian pro-p-group of intensity larger than 1 and which is,

by construction, not isomorphic to P. Contradiction to Theorem 13.1. It follows
that (2) is satisfied and the proof is complete. O

In summary, Proposition 13.39 states that, for p > 3, each finite p-group G with
int(G) > 1 shares a “relatively big” quotient (growing in size with the class of G)
with the infinite group S(A,). One can then ask: if p > 3 and G is a finite p-group
of intensity greater than 1, then “how far is G from being a quotient of S(A,)”?
More precisely, if G is a finite p-group of class ¢ with int(G) > 1 and f is as in
Proposition 13.39, then what is the average size of Gy)? Is there an absolute
constant B such that, for each ¢ € Z~ o and for each finite p-group G of class ¢ and
intensity greater than 1, one has |G| < pB? In view of Theorem 12.2, we can
surely answer this question if we manage to classify, for each given prime p > 3, all
framed p-obelisks that have an automorphism of order 2 that induces the inversion
map on the Frattini quotient of the group.
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