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Chapter 1

Introduction

Group theorists place the beginning of the study of finite groups the day before
the death of Evariste Galois, in 1832. Since then, the theory has begun to be a
very important topic in modern algebra. In the last century, Frobenius introduced
a new tool for studying finite groups, character theory, that consisted in viewing a
finite group G as a group of matrices and considering a function y that associates to
every element g the trace x(g) of its matrix form. Many properties of the algebraic
structure of G and the geometric structure of its representation in matrix form,
are encoded in the character y, which is merely a complex function from G.

1.1 Background

All the groups treated in this thesis are finite.

The idea of studying groups with an associated geometrical structure of a cer-
tain shape, has been the leading strategy of this work. Suppose that X is a set of
positive integers and 7(X) is the set of prime divisors that divide some element of
X. We associate to X a graph, called prime graph on X, in the following way. The
vertices are all the primes in 7(X) and two vertices p, ¢ are adjacent if pg divides
some element of X. So, we obtained a geometrical structure from a set of integers.
In our work, X is obtained from G in some canonical way and we investigate the
structure of the group G when we know the geometry of A(X).

If G is a finite group, there are several ways to obtain a set of integers related
to the structure of GG. Perhaps, the first and most classical example to consider, is
X = cd(G), the set of degrees of irreducible characters of G. This set has a great
influence on the structure of G' and problems related to character degrees have
been considered by many authors in the last decades. Many results in this context



can be formulated in terms of A(G), the prime graph on character degrees. For
example, the celebrated Ito-Michler Theorem, perhaps the most famous result in
the study of character degrees, can be considered as regarding the prime graph
on character degrees: a prime p that is not a vertex of A(G). In general, many
authors have studied the connections between the structure of a group and the
properties of A(G), like the number of connected components (see [44]) or the
diameter (see [40]). See [39] for a survey on the prime graph A(G).

Another very interesting choice for the set X, is ¢s(G), the set of all conjugacy
class sizes. In this case, we denote the prime graph on conjugacy class sizes with
A*(G). Between the contexts of character degrees and conjugacy class sizes there
are many analogies. For example, the Ito-Michler Theorem admits a version for
class sizes, see [21, Theorem 6.1]. As happened for A(G), the prime graph on
character degrees, it has been a common strategy to study the groups G such that
A*(G) has some particular shape. For further information on conjugacy classes,
see [10] and [39].

In recent years, authors started to investigate whether the same results on
character degrees and class sizes hold if we consider just the subsets of cd(G) and
cs(@) that consist of the real irreducible character degrees cdg(G) and real conju-
gacy class sizes csg(G). As before, we construct the prime graphs on real character
degrees Ar(G) and real class sizes Aj(G). We recall that a y € Irr(G) is real if
x(g) € R for all ¢ € G and a conjugacy class C of G is real if g~ € C for all
g € C. It is well known that real classes are exactly those on which every character
takes real values. Reality in finite groups played a central role for a long time.
Concepts like the Schur-Frobenius indicator were developed many decades ago. Is
remarkable the work of Gow [24], proving that a real irreducible real character of
odd degree of a solvable group G is afforded by a real representation and, in fact, it
is induced by a real linear character of determinantal order 2 of some subgroup H
of GG. For example, Ito-Michler and Thompson Theorems hold for real characters
for the prime p = 2. Nevertheless, there are some limits when we look only to
real characters or real conjugacy classes. For example, real versions for p odd of
Ito-Michler and Thompson Theorems are only partially true. Indeed, the prime
2 plays a special role in the theory of real characters. Also, there is a version of
Ito-Michler theorem for real classes at the prime p = 2 (but not the Thomspon
theorem).

In the present thesis are studied groups G such that Ag(G) has no edges and groups
G such that A} (G) has no edges. In the study of prime graphs, non-adjacency has
a great impact on the algebraic structure of the underlying group. Therefore, in
Chapters 3 and 4, are studied groups GG in which the prime graph has no edges at
all. Nevertheless, for what concerns characters and conjugacy classes, any direct
reference to the concept of prime graphs is not used in order to maintain a light



notation. So, we study groups such that cdg(G) and csg(G) consist of prime power
numbers.

The last concept we treat in the present work, is the Gruenberg-Kegel graph
['(G) of a group G. In our previous notation, let be X = w(G) the spectrum of G,
namely the set of all orders of elements of G. Even before the concept of prime
graph appeared, the first result in this context is the theorem of Higman [30], that
classified the groups G such that I'(G) has no edges. One other remarkable result is
the celebrated Gruenberg-Kegel Theorem, which characterized the groups G such
that I'(G) is disconnected, see [58]. Also, if G is solvable, the number of connected
components of I'(G) is at most 2. In the same spirit of the other chapters, in the
present work are studied groups G such that I'(G) has some geometric properties.
In particular, we give a structural description of groups G such that I'(G) has a
cut-set.

1.2 Structure of the Thesis

In Chapter 2 we include some technical results about orbits lengths in mod-
ules V' under the action of a solvable group G, under some conditions regarding
the primes that appear as divisors of the orbit lengths. . Sections 2.2 and 2.3
are dedicated to the study of the case when the G-orbits of V' have lengths that
are g-powers. The last section is dedicated to the study of the case when Cg(v)
contains a Hall m-subgroup of G as a normal subgroup, where 7 is a set of primes.
The main results in this chapter will be used in Chapters 3 and 4.

Chapter 3 is dedicated to degrees of real irreducible characters.
The main aim is to describe the groups in which cdr(G) consists of prime power
numbers. The non-solvable case is treated in Section 3.3 and such groups are de-
scribed in Theorem 3.3.8; the proof of this result uses the classification of finite
simple groups. As a consequence, there is good control on character degrees, see
Corollary 3.3.9. The main result of Section 3.4 is Theorem 3.4.4, where it is proved
that if G is solvable and cdg(G) consists of prime powers, then the primes that
appear as a divisor of some real degree are contained in {2, p}, with p odd prime.
The chapter ends with a section of general remarks in the study of real characters.

Chapter 4 is about real conjugacy class sizes. In the main Theorem 4.2.10 of
this chapter, are characterised groups G in which csg(G) consists of prime-power
number, under the assumption Re(O2(G)) C Z(0O2(G)). This additional hypoth-
esis is due to a difficulty that is not new in literature, which is treated in Section
4.3. The chapter ends with a section containing examples and remarks.



In Chapter 5 are treated questions related to the Grunberg-Kegel graph I'(G)
of a solvable group GG. The main result is Theorem 5.3.7, where we describe the
structure of a solvable group G for which o is a cut-set for I'(G). As a consequence,
we have an upper bound of the o-length of a solvable group when ¢ is a cut-set of
['(G). In Section 77 it is shown that the bounds obtained are the best possible.



Chapter 2

Actions with large centralizers

The techniques that we present here may be considered as a consequence of
the results that appear in [45, Chapter I11].
Section 2.1 covers some preliminary number theoretic results. Sections 2.2 and 2.3
describe the situation where the G-orbits of M have size powers of a fixed prime.
Proposition 2.2.6 is a description of the semi-linear case.
In Section 2.4 is treated the property N,. If 7 is a set of primes and 7 N7 (G) # 0,
where 7(G) is the set of primes that divide |G|, we say that (G, M) satisfies that
property N, if Cz(v) contains one non-trivial Hall 7-subgroup of G as a normal
subgroup. The case where (G, M) satisfies the property N, can be found in [11].
The same techniques of that article are adapted to treat the case where (G, M)
satisfies NV;. In the following Chapters are used the properties Ny and Noy.

2.1 Some number theoretic lemmas

In this section we present a list of useful tools. All the following lemmas belong
to the branch of number theory and are often used to study semi-linear groups,
that are treated in the next section.

Definition 2.1.1. Let p be a prime.

1. If we can write p = 2" 4+ 1 for some integer n, then n is a 2-power and we
call p a Fermat prime.

2. If we can write p = 2™ — 1 for some integer n, then n is a prime and we call
p a Mersenne prime.

3. Let a > 1 and n be positive integers. Then p is called a Zsigmondy prime
divisor for a™ — 1 if p divides a” — 1 but p does not divide a’ — 1 for j < n.

9
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(Note that this depends upon a and n and not just on @™ — 1.) If pis a
Zsigmondy prime divisor for a™ — 1, then n is the order of @ modulo p, hence
n divides p — 1.

Recall that (n,m) denotes the greatest common divisor of the integers m,n.
Lemma 2.1.2. Let a,b,n,m be positive integers.
1. (n*—1,n* - 1) =n@d — 1.

2. Suppose that ¢ — 1 = p" for primes p and q. Then one of the following
holds.
(a) m=1, p=2 and q is a Fermat prime;
(b) n=1, ¢g=2 and p is a Mersenne prime;

(c) m=2,n=q=3and p =2.
3. Suppose that ¢™ — 1 = 2" -3 for a prime q. Then one of the following holds

(a) m=1;
(b) m=2and q € {5,7}.

4. If a > 1, then there exists a Zsigmondy prime divisor for a™ — 1 unless

(a) n =2 and a = 2¥ — 1 for some k € N, or
(b) n="6 and a = 2.

Proof. Part 1 is well known. Parts 2, 3 and 4 are respectively Propositions 3.1
and 3.2 and Theorem 6.2 of [45]. O

2.2 Semi-linear groups

In this section, we discuss some problems in the context of the semi-linear
groups (see the definition below). These groups play an important role in the
study of solvable linear groups. They appear in Propositions 2.4.4 and 4.2.2.

We recall some basic definitions from [45, pages 37-38]. Let V' be the field GF(¢")
for a prime-power ¢. Of course V is a vector space over GF(q) of dimension n.
Fix a € V\ {0} = V# w € V and 0 € G := Gal(GF(¢")/GF(q)). We define a
mapping 7: V — V by

T(z) = az’ + w.

Then T is a permutation on V and T is trivial if and only if a = 1, ¢ = 1 and
w = 0. Thus we have the following subgroups of Sym(V):
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i) A(V)={x— z+w|we W} consisting of translations.
ii) The semi-linear group

(V) ={z+— az° | a € GF(¢")",0 € G}.

iii) The subgroup I'y(V) = {z — ax | a € G#} of ['(V), consisting of multipli-
cations.

iv) The affine semi-linear group

AT(V) ={z — a2’ +w|a € GF(¢")*, 0 € Gw e V}.

Clearly, A(V') acts regularly on V and A(V) ~ V as a vector space over GF(q).

Now A(V) and V are I'(V)-modules, where I'(V') acts on the normal subgroup
A(V) by conjugation and on V' by semi-linear mappings. Hence, as is easily
checked, A(V) ~V as GF(q)[I'(V)]-modules. Observe that I'(V') and even I'y(V)
act transitively on the non-zero elements of V' and A(V). In fact, AI'(V) is the
semi-direct product of A(V) and I'(V'). Also I'(V') is a point-stabilizer (for zero)
in the doubly transitive permutation group AI'(V). Note that ['o(V) is cyclic of
order ¢" — 1 and I'(V) /T'o(V') ~ G is cyclic of order n. If o € G has order m, then
[Cv(0)] = [Ca)(0)] = ¢*/™ and |Cryvy(0)] = ¢*/™ — 1.
We will also write I'(¢") for I'(V), etc.. If V' is an n-dimensional vector space over
GF(q), then V' can be identified with the additive group of a field of order ¢", and
in this sense we write I'(V'), I'y(V') etc. for I'(¢"), I'o(q") etc.. Observe that e.g.
['(8?) and I'(4?) are distinct proper subgroups of I'(2%). For the most part, we will
assume that the base field GF(q) is the prime field.

As remarked earlier in the section, semi-linear groups appear quite often in the
study of representation theory of solvable groups. For example, if H is a group and
V is an H-module, suppose that, for every v € V, the centralizer Cy(v) contains
a Sylow p-subgroup of H, with p a prime divisor of |H|. Then Theorem 2.3.3 tells
us that, apart from a few exceptions, we have that H is isomorphic to a subgroup
of (V).

The following theorem is often useful. Recall that if G is a group, V' a G-module
and A is a subgroup of GG, we denote with V4 the space V' viewed as A-module.

Theorem 2.2.1. [45, Theorem 2.1] Suppose that G acts faithfully on a GF(q)-
vector space V' of order q", q a prime power. Assume that G has a normal abelian
subgroup A for which Vy is irreducible. Then G may be identified as a subgroup
of U'(q") (i.e. the points of V may be labeled as elements of GF(q") in such a way
that G is permutationally isomorphic to a subgroup of T'(¢™)) and A < Ty(q").
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We next proceed through two technical results concerning semi-linear groups.
These are used in the proof of Proposition 2.2.6.

Lemma 2.2.2. [16, Lemma 3] Let K be a field with |K| = s", s a prime and
g € I'(K).

1. |Cryx)(9)| = s"® — 1 for some divisor d of |g]|.
2. If (9) NTo(K) = 1, then |Cx(g)| = s™/19l.

Lemma 2.2.3. [12, Lemma 3.5] Let r be a prime, W a vector space of order r",
and L a subgroup of T'(V'). Also, setting Lo = LN To(W), let § be a set of primes
in m(L) \ 7(Lg), and let D € Halls(L). Then |D| divides n and, defining

B r*—1
— pn/IDl 17

the following facts are equivalent.
1. for every w € W, Cp(w) contains a suitable conjugate of D.
2. {D"Mh e L} =k.
3. k divides |Lo| and |D| is coprime to r™ — 1.

We include two easy, but useful, lemmas about orbits of completely reducible
actions of abelian group.

Lemma 2.2.4. Let A be an abelian group and W a faithful and completely reducible
A-module. Then W contains a reqular A-orbit.

Proof. We proceed by induction on |[W|. If W is irreducible, by Theorem 2.2.1 we
have that A < I'g(W) and therefore A has a regular orbit on W. Suppose that
W = W; & Ws is a decomposition in non-trivial A-submodules. Then A/C4(W;)
has a regular orbit with generator w; for i = 1,2. so w; + ws is a representative of
a regular A-orbit because C4(W7) N Cy(W3) = 1. O

Lemma 2.2.5. Let L < I'(V) that acts irreducibly on V. Assume that |L| = 18
and the L-orbits are 3-powers. Then L is dihedral of order 18.

Proof. Let P € Syls(L), observe that P < L since it has index 2 in L. Assume
by contradiction that Vp is not irreducible. Then, by Clifford’s Theorem, there
are V1, V, < V, irreducible under the action of P and such that V = V; & V5.
Moreover, there is an involution = € L such that L = P(z) and V{* = V4. By [45,
Theorem 4.8], there is v € V] a representative of a regular P-orbit of V. Suppose
that v is centralized by a ¢ with ¢ € P. Then, w* = w for w = v e V.
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So, w® € Vi NV, = 0 and this is impossible. This implies that there isn’t any
L-conjugate of x that centralizes v and therefore 2 divides [L : Cr(z)]. But v
generates a P-regular orbit, so v is the representative of a regular L-orbit and this
is against the assumptions. It follows that Vp is irreducible and P is cyclic by [45,
Lemma 0.5]. Note that L can’t be abelian by Lemma 2.2.4. It follows that L is
dihedral. ]

We are now ready to prove one of the main results of this section. The following
proposition describes the structure of a group L acting irreducibly on a module
W as a subgroup of the semi-linear group I'(W), assuming that the lengths of
L-orbits of W are g-power numbers, for a fixed prime gq.

We recall that if m is an integer that is divisible by two different primes, we say
that m is a composite number.

Proposition 2.2.6. Let L < I'(W) and assume that W is a faithful irreducible
L-module. Write |W| = r™ for a prime r. Suppose that there exists a prime q
such that [L : Cr(v)] is a non-trivial g-power, for all v € W#, and that L is not
a q-group. Then

1. q is odd, ¥ (L) is a g-group and if Lo = LN To(W) and D € Hall, (L), then
|Lo| = ¢° with
rt—1

/Il 1

q:

2. If (r", q) # (25,3), then q is a Zsigmondy prime divisor of 7 — 1, [L : Lo] =
|D|, where D € Hall, (L) and [L : Cp(v)] = |Lo| = ¢° for allv e W#;

3. If 2 divides |L| then r = 2 and L is a dihedral group. Moreover |L| =2 - q
with q a Fermat prime, except when r™ =25 and |L| =2-9.

Proof. Observe that Oy (L) < Cp(w) for every w € W. Then Oy (L) < CL(W) =
1 and this implies that F(L) is a g-group. Call I'y = I'o(W). Let Ly = L N Ty;
note that Ly < L and that L, acts semi-regularly on W#. Since L, < F(L),
there exists an integer s > 1 such that |Ly| = ¢°. Let D € Hall,(L), then
D > 1 because L is not a g-group. Moreover D NI'y < DN Ly = 1 and hence
D ~ DT'y/Ty < T'(W)/Iy, that has order n. We deduce that |D| divides n and
D is cyclic. Let g € L a generator of D. It follows from Lemma 2.2.2 that that
CFO(D) = CF0(<9>) = /Pl —1.

We now prove by contradiction that Cr,(D) = Ly N Cr,(D) = 1. Let K =
CL,(D) and assume that K > 1. The group D acts coprimely on Ly, so Ly =
CL,(D) x [Lg,D]. Since Ly is a cyclic g-group and 1 < K, we have that D
centralizes Lo and hence LoD is cyclic. Moreover L/Lg is cyclic and therefore
LoD < L. Note that W is a completely reducible LoD-module by Clifford’s
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Theorem. By Lemma 2.2.4, W contains a regular orbit O under the action of LyD.
Since LoD is not a a group of prime power order, |O| is a composite number. If
w € O, then |O] divides |w’|, that therefore is a composite number; this is against
the assumptions. Hence Ly N Cr, (D) = Cr, (D) = 1.

This means that Lg is isomorphic to a subgroup of I'y/Cr,(D) and |Lg| = ¢°

divides
r—1 r"—1

[Cro(D)] — /1Pl =1

Let w € W#; then Cp(w) is cyclic since it is isomorphic to a subgroup of I'/T.
This means that C(w) contains at most one conjugate of D. On the other hand,
the L-orbits have g-power lengths, thus Cy(w) contains exactly one conjugate of
D, for every w € W#. By Lemma 2.2.3, r" — 1/r"/IPl — 1 divides |Lo|, hence

It remains to prove that ¢ > 2. Suppose by contradiction that ¢ = 2. Then r is
odd and D is a Hall 2’-subgroup of L. Therefore we have that

95 — 1 4 /1D 4 ... 4 p(DI=Dn/ID]

and this is an odd number. This concludes the proof of part 1.

We now prove part 2. Firstly, we prove that r™ is not of the form 26, (2% — 1) for
every k > 1.

If 7® = 26 then, by hypothesis, ¢ is a prime divisor of 26 — 1 different from 3.
This means that ¢ = 7, but this is impossible since each divisor ¢ of 6 is not a
solution of the equation 7 = (26 — 1)/(2" — 1). Suppose that r* = (2F — 1)? for
some k > 1, then 2 — 1 = ™2 and hence n = 2 by Lemma 2.1.2. Since D > 1
and, as remarked above, |D| divides n, we have that |[D| =n =2 and r = 2% — 1.
Therefore, by part 1 we have

o1 (2R 121

S —

— k
G = nID —1 = T 2k 9 2

But ¢ is odd for part 1 and this is impossible.

Assume that 7™ # 26 (28 — 1)%; by part 4 of Lemma 2.1.2, there is a Zsigmondy
prime divisor ¢ of 7 — 1. Since ¢ does not divide /Pl — 1, we have that ¢ divides
(r" —1)/(r"/Ply =1 = ¢°, so t = q. Therefore ¢ is the only Zsigmondy prime
divisor of ™ — 1. Suppose that ¢ divides n and write n = bg with b > 1. Since
D > 1 and |D| divides n, we have that b > 1. Now

r*—1

—_ = q “ e q(bfl):
Tn/b_l_l—irr—l— +7r =

=1+r+---+7"" (mod q)
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because 77 = r (mod ¢). Now, ¢ = t divides 7" — 1/r"/®* — 1, then ¢ divides also
147+---47r""1 that is a divisor of r — 1. Since ¢ is a Zsigmondy prime divisor of
r™ — 1 this is impossible. Hence ¢ does not divide n and it follows that L = LyD.

Finally, we prove part 3. Assume that 2 divides |L|. Recall that L is a g¢-
group by part 1. We already proved that the case (", q) = (25,7) cannot appear.
Assume that (r",q) = (25,3). Then |L| = 6 or 18, because 2 divides |L|. If
|L| = 6, then L is isomorphic to the symmetric group S3 and hence W can’t be
irreducible as L-module, because every irreducible representation of S3 on every
field has dimension at most 2 (see Theorem 4.12 and Corollary 8.7 of [36]). By
Lemma 2.2.5, L is dihedral of order 18 and the thesis follows. Assume that r™ # 26.
By part 2, we have L = LyD. Since 2 divides |L| = |D| - |Ly| by hypothesis, we
have that 2 divides |D|, because |Lg| is odd. Thus

rt—1 =1 /2 —q
/Dl — 1 pn/2 — 1 pn/IDl — 17

S

q:

Since n/|D| divides n/2, the second term in the product is an integer, so it is a
g-power and ¢ divides /2 — 1. But ¢ is a Zsigmondy prime divisor of 7™ — 1, and
this implies that the second term is equal to 1 , in other words |D| = 2. Now, note
that we have "
rt —
s _ _ n/2
¢ =m_=" + 1,
hence ¢° — 1 = r™2. Since " # 25, by part 2 of Lemma 2.1.2, we have that s = 1,
q is a Fermat prime and r = 2. O]

The group I'(2°) has an orbit of length 27 on the vector space W of order 26,
hence it is not true that all the non-trivial orbits have the same length. Thus, the
assumption (1", q) # (25, 3) is necessary in part 2 of Proposition 2.2.6.

2.3 Primitive and imprimitive modules

Let H be a group. An irreducible H-module V' is called imprimitive if V' can
be written V =V, & --- &V, for n > 1 subspaces (not-submodules) V; that are
transitively permuted by H. If T = Ny (V}), then V ~ V{# is induced from T (see
Chapter 5 of [34] for the notion of induced module). We say that V' is primitive,
if V' is not imprimitive, or equivalently V' is not induced from a submodule of a
proper subgroup of H.

An irreducible H-module V' is called quasi-primitive if Vi is homogeneous for all
N < H. It is a consequence of Clifford’s Theorem that a primitive module V
is quasi-primitive. At times, it is more convenient to weaken the quasi-primitive
condition to Vi homogeneous for all characteristic subgroups N of H. We then call
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V' a pseudo-primitive H-module. If H is a solvable group and V is a H-module,
then V' is primitive if and only if V' is quasi-primitive (see [6]); this is not true if
H is not solvable. If V' is pseudo-primitive, then V' may not be quasi-primitive,
even if H is solvable, as Example 2.3.1 shows.

Example 2.3.1. Suppose H is a group such that F(H) = F is extra-special of
order 3% and exponent 3, [H : F| =2, Z(H) = Z(F) and O% (H) = H. Then H has
a unique faithful pseudo-primitive irreducible module V' over GF(2). Furthermore

1. |[V] = 25 and, for all v € V#, 2 divides |Cg(v)| (and therefore [H : Cg(v)]
is a 3-power);

2. There exists v € V such that |Cy(v)| = 2;

3. Suppose that H is characteristic in Hy < GL(V), with Hy solvable, V a
pseudo-primitive Hp-module and 2 {1 [H : Cg(v)] for every v € V. Then
H == Ho.

4. The module V' is not quasi-primitive.

Parts 1-3 of previous example appear as Example 10.3 in [45]. In the proof is
pointed out that there is C' < G elementary abelian of order 32 such that Vi is
not homogeneous. Therefore part 4 follows.

Definition 2.3.2. Let V' be a vector space. Then GL(V), the general linear group
of V', acts on V and we call affine general linear group the semi-direct product
AGL(V) = V' x GL(V). As the special linear group SL(V) is a normal subgroup of
GL(V), then ASL(V)) = V x SL(V) is a normal subgroup of AGL(V), that we call
affine special linear group. If V' is a m-dimensional vector space over a field with
p" elements, we denote AGL(V') and ASL(V) with AGL,,(p") and ASL,,(p").

Let H be a finite group acting faithfully on a module V' and let be p a prime
divisor of the order of H. An orbit condition of relevance in the representation
theory of finite solvable groups is that the length of every H-orbit on V is not
divisible by p, or in other words that the centralizer in H of every element in V'
contains a Sylow p-subgroup of H. The following theorem describes the structure
of H in this case, when the action of H on V is primitive.

Theorem 2.3.3. [/5, Theorem 10.5] Let H be a solvable group and W a pseudo-
primitive faithful H-module. Suppose that there is a prime p € w(H) such that
pt[H : Cyx(v)] for every v € W#. Then W is irreducible and one of the following
occurs.

1. Op’,p(H) is cyclic p'-group and H < T'(W);
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3. |W| =25 p=2 and H is the group in the Example 2.3.1.

The next proposition can be considered as the extension of Theorem 2.3.3 to
the imprimitive case, in the special situation where all the H-orbits of V' have
lengths that are non-trivial g-powers, for a fixed odd prime gq.

Proposition 2.3.4. Let H be a group of odd order and V' be a faithful irreducible
GF(r)[H]-module, with r a prime and |V| = r". Suppose that, for all v € V#,
[H : Cgx(v)] is a non-trivial g-power for an odd prime q. Then, either H is a
q-group or the followings hold:

1. There is W <V such that V = WH  where H is isomorphic to a subgroup
of the wreath product L1 Q with QQ a q-group and W is a primitive L-module
of order r™;

2. L <T'(W); moreover, if D € Hall, (L) and Ly = LNTo(W), then [L : Lo| =
|D|, all the L-orbits have length |Lo| and

rm —1
‘L0| = ym/IDl _ 1’
Proof. Suppose that H is not a g-group. Let W < V minimal such that WH# =V
and suppose that |W| = r". Write V. = W; & --- & W,, where the subspaces W;
are transitively permuted by H. Let W = Wy and W; ~ W for every ¢ > 2. Let

Then N < H and there is an induced transitive action of H on the set Q = {1...t}.
The kernel of this action is N. It is easy to see that H acts also on P(2) and
N is the kernel of this action. Call @ = H/N. Since @) has odd order, by [45,
Corollary 5.7b)] there is A C P(Q) such that Staby(A) = N. Let w; € W/
for every i € A and let v = Y ;ca w;. Suppose that there is ¢ € H such that
v9 = v. Since g acts also on P(2), the power-set of ), we have A9 = A; it
follows that g € Stabgy(A) = N. We have proved that Cyx(v) < N. Since
[H : Cy(v)] is a ¢g-power, we have that @) is a g-group. Call L = Ng(W)/Cy(W).
Let 1 = g1, 92,...,9: be a set of representatives for the cosets of Ny (W), so that
W9 =W, and L% = Ng(W;)/Cu(W;). There exists an immersion i: H — L1 Q)
such that the action of H on V' is isomorphic to the action of Hi on W x{1,... t}.
Note that by minimality, WW is a primitive L-module. Therefore, part 1 follows.

Let v € W. Then Cy(v) < Ny(W) and |[vE| = [Ng(W) : Cgx(v)]. Therefore
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|vol| divides [v|. Tt follows that the lengths of the L-orbits in W are g-powers.
It remains to show that every non-trivial element w € W generates a non-trivial
L-orbit. In fact, if there is w € W# such that w* = w, consider v = >, w9.
Since H is isomorphic to a subgroup of L @ as a permutation group of V| then
0 # v € Cy(H), that is against the assumptions. So the action of L on W inherits
the hypotheses. Since H is not a g-group, a Hall ¢’-subgroup of H is non-trivial
and it is contained in the base group of L. This means that L is not a g-group.
Since W a primitive L-module, L is not the group in Example 2.3.1. Moreover,
q is odd and by Theorem 2.3.3, we can assume L < I'(W). Thus, Proposition
2.2.6 applies and F(L) is a g-group. So Lo = L NTy(W) is a g-group and if
D € Hall, (L), then
rm—1

|LO| - ’l“m/‘D| — 17

where r™ = |W|. Suppose, by contradiction, that (r™, q) = (2,3). Then Ly <
F(L) and Ly is a 3-group. This means that L is a {2, 3}-group and this is impossible
since L is not a 3-group and has odd order. Therefore, by part 2 of Proposition
2.2.6, part 2 of this Proposition follows. m

Definition 2.3.5. Let ¥ be a finite non-empty set, and let G be a subgroup of
Sym(X). Also, let O be an orbit of the action of G on ¥, and 7 a set of prime
numbers. We say that the orbit O is m-deranged if there exists a m-element of G
which does not fix any element in O.

If B is the base group of H ¢ K, then B = [];_y x| H and if € B, then
T = (.ZCl, c. ,.I'|K|)
Definition 2.3.6. Let H, K groups. An element x of the wreath product H { K

is called diagonal if x € B, the base group of H { K, and it is of the form x =
(2)i=1,...,|Kk|, where x; = x; for all 4, j.

Theorem 2.3.7. Let G be a solvable group, q a prime number and V a faithful
irreducible GF(q)[H]-module. Assume that H is not a 2-group and that there are
no 2'-deranged orbits for the action of G on V. Then ¢ = 3 and H is isomorphic
to a subgroup of H U K, where H = Ng(W)/Cg(W) for some subspace W of V
such that V.= WY, W is a primitive L-module of order 32, and K = G /N with
N = NygeacNg(W9). Moreover, the following holds.

1. The action of G on V is isomorphic to the action of the image of G, as a
subgroup of HU K, on W where r =[G : Ng(W)].

2. Q is isomorphic to quotient G/N.

3. L isomorphic to either GLa(3) or to SLy(3) and Q is a (possibly trivial)
2-group.
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4. If © € Ng(W) and x is centralized by a Sylow 2-subgroup of G, then the
image of x in H { K is diagonal, i.e. all its entries are identical and it is
invariant under the action of K.

Proof. The first part of the theorem follows from the proof of [19, Theorem 2.2],
where T' = Ng(W). By [19, Theorem 2.1], W is a module of dimension 2 over
GF(3).

Part 1 and 2 follow respectively from [18, Remark 2.3] and [18, Remark 2.1].
Part 3 is contained in the statement of [19, Theorem 2.2].

For part 4, use the notations of [18, Remark 2.1]. If 7' = Ng(W), then T' has
2-power index in G. Let S € Syl,(G) that centralizes z. We can choose a right
transversal {t1,...,t,} € S for T in H. Therefore, for all ¢, t;x = zt; and hence
tyi =t,; =« for all i, j. So, ¢(x) lies in the base group and it is diagonal. Hence
the image of x in H ! K lies in the base group and it is diagonal, in particular is
invariant under the action of K. O

Suppose H is a solvable group and V is a H-module of odd order. Suppose
that Cy(v) contains a Hall 2'-subgroup of H for every v € V#. Then the action
of H on V has no 2'-deranged orbit and Theorem 2.3.7 applies.

2.4 The condition N,

If 7 is a set of primes and n is an integer, we say that n is a m-number if all the

primes that divide n belong to 7. If G is a group, 7(G) denotes the set of primes
that divide |G].
Definition 2.4.1. Let m be a non-empty set of primes. Let G be a solvable group
acting faithfully on the finite module M. Assume that 7 N7 (G) # (. We say that
the pair (G, M) satisfies the condition N if for every v € M# Cg(v) contains a
Hall m-subgroup of G as a normal subgroup.

If m = {p}, then the condition N; = N, can be defined for all groups (see [11]).

Definition 2.4.2. If G is a group and 7 is a set of primes, then O™(G) is the
smallest normal subgroup whose index in G is a m-number. We denote O™™ (G) =
O™ (0™(@)).

Lemma 2.4.3. Let G be a solvable group and M a faithful G-module. Suppose
that (G, M) satisfies the condition N, (where p is a fixed prime). Then M is
irreducible and one of the following holds:

1. G <T(M) and OP*(Q) is cyclic p'-group;
2. ASLy(3) < GM < AGL»(3) and p = 3.
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Lemma 2.4.3 is Corollary 10 in [11]. With more or less the same technique, we
can prove a generalization of the previous result.

Proposition 2.4.4. Let G be a solvable group and M a faithful G-module. Suppose
that (G, M) satisfies the condition Ny. Then M is irreducible and one of the
following holds:

1. G <T(M) and OT(G) is cyclic ¢'-group for some odd prime q;
2. ASLy(3) < MG < AGL»(3) and n(MG) = {2,3}.

For the proof of Proposition 2.4.4, we need some preliminary results. The next
lemma is similar to Proposition 8 of [11].

Lemma 2.4.5. Let m be a set of primes and suppose that (G, M) satisfies the
condition N;. If N < G and N is not a ©'-group, then (N, M) satisfies the
condition N,

Proof. Let N < G. Then, for every x € M# [N : Cy(z)] = [N : Cg(z) N N] and
this divides [G : Cg(x)], that is a 7’-number. Therefore, there is Hy € Hall(N)
such that Hy < Cy(x). By hypothesis, there is H € Hall,(G) such that H <
Cg(z). Clearly, Hy < H and Hy = H N Cy(x). This means that Hy < Cy(z). If
N is not a 7’-group, then 7 N w(N) # ) and hence (N, M) satisfies the condition
N O

The following proposition is similar to [60, Lemma 4].

Lemma 2.4.6. Let G be a solvable group and w a set of primes. If (G, M) satisfies
the condition N, then M is an irreducible G-module.

Proof. The group M is a G-module and let p be its characteristic. We firstly
prove that Py, = {Cy/(H)# | H € Hall(G)} is a partition of M#. Let Hy, Hy €
Hall,(G) and suppose that there exists a non-trivial v € Cy;(H;) NCys(Hz). Then
Hi, Hy < Cg(v) and since (G, M) satisfies the condition N, we have that H; and
Hy are normal in Cg(v) and hence they coincide. Moreover, if v € M#, then there
exists H € Hall,(G) such that H < Cg(v); hence v € Cy(H). It follows that Py,
is a partition of M#. If p* = |M| and p* = |Cy(H)|, we have that

pt—1
pr—=1

= [Pu| = [Hallo(G)[ = |G - Ng(H)]

is an integer, and hence, by Lemma 2.1.2, we have that a divides n and we can
write

[G : Ng<H)] = 1—|—p“_|_ ...+p(t*1)a
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with t = n/a. Suppose now that 1 < U is a G-submodule of M. If |U| = p™ and
|ICy(H)| = p°, applying to Py the same counting argument as above we have that

14+ pt e =[G Ng(H)] =1+p"+ - +pt P

with s = m/b. Since the representation of [G : Ng(H)| in base p is unique, we
have that a = b, t = s and m = n, hence U = M. O

Proposition 2.4.7. Let G be a solvable group and M a faithful G-module. Suppose
that (G, M) satisfies the condition Ny and that G = O (G) for some odd prime
q. Then M 1is irreducible and quasi-primitive.

Proof. The irreducibility of M follows from Lemma 2.4.6. The proof of the fact
that M is quasi-primitive is by contradiction. So, assume that M is not quasi-
primitive. By [45, Proposition 0.2] there is C' < N such that M¢ is not ho-
mogeneous and if Mo = M; & --- @& M, is the decomposition in homogeneous
components, then G/C faithfully and primitively permutes {M; ... M,}. By hy-
pothesis, there is a prime ¢ > 2 such that G = O7 (G), hence ¢ divides |G|, where
G = G/C. Since ¢ is odd, from [45, Proposition 9.3] it follows that ¢ = 3, n = 8,
G ~ AT(2?) and C/C¢(M;) acts transitively on M. Let v € My; if r* = | M| we
have that [C': Co(v)] = r* — 1. Moreover, if @ € Hally/(G) and r* = |C(Q)],
the same argument as in Lemma 2.4.6 gives

8a

r a
C:Na@) = g =147 4 e

Note that s is a divisor of 8a by Lemma 2.1.2, hence we get s < 4a and this implies
that (8a/s —1)s > 4a.

Observe that C' is a 2-group. Indeed,if there exists an odd prime p such that
p divides |C|, then (C, M) satisfies the condition Ny and by Lemma 2.4.6 the
module M is irreducible under the action of C' and this is a contradiction. Hence
C is a 2-group and G is 2-closed since G ~ AT'(2%). Let S € Syl,(G), so S < G.
If @ < Cg(v) for some non-trivial v € M, then @ and Cg(v) have coprime
orders and are normal in Cg(v). Hence Ce(v) < Cg(Q). Note furthermore that
[Ns(@),Q] < SNQ =1 and thus Ng(Q) = Cs(Q). This means that

[G:Ng(@Q)] =[5:Cs(Q)] <[S:Cc(v)]=[5:C|[C:Cc(v)]=8-(r*—1).
In conclusion, we have the inequality
rie < 8(r* — 1),

that is equivalent to r%(8 — r3*) > 8 > 0, and this is impossible since (8 —r3¢) <0
for every integer a > 1 and prime 7. O
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Proof. (of Proposition 2.4.4) Let ¢ be an odd prime that divides |G| and consider
H = 07(G) and K = O%H). Then ¢ divides |H| and by Proposition 2.4.7 we
have that M is an irreducible and quasi-primitive H-module. Hence, by Theorem
2.3.3, one of the following occurs:

1. K =04(H) is a cyclic ¢-group and H < T'(M);
2. M H is isomorphic to ASLs(3) or AGLy(3);
3. |M| = 2% and H is the group in the Example 2.3.1.

If 2 holds, then there is nothing to prove. Note that the case 3 cannot occur, since
the group in the Example 2.3.1 is not quasi-primitive. Suppose that case 1 holds.
If v € M7, then there exists a Sylow g-subgroup @ such that Q@ < Cg(v) and
H = QK. Since M is irreducible, we have that M = (v¥) = (v&) and it follows
that M is irreducible as K-module. Since K is cyclic, G < I'(M) by Theorem
2.2.1. m



Chapter 3

Prime graphs on real degrees

In [42] and [43], Manz classified the groups G in which cd(G), the set of char-
acter degrees of a group G, consists of prime powers. In this chapter, we deal with
the same problem, but for real characters.

In Section 3.1 we include some results of the representation theory that takes into
account the fields of values.

In Section 3.2 we give some background and technical results in the context of real
characters.

In Section 3.3 we discuss non-solvable groups G such that cdg(G), the set of de-
grees of real irreducible characters, consists of prime power numbers. The main
Theorem 3.4.4 gives a description of such groups. As a consequence, we get a
control on the real degrees of this type of groups, see Corollary 3.3.9. We remark
that in this section we use the classification of finite simple groups.

In Section 3.4 we prove that if G is a solvable group such that cdr(G) consists of
prime power numbers, then the primes involved are contained in {2, p}, with p an
odd prime. In Section 3.5 we discuss some limits of the study of real characters.

3.1 Character values and Schur-Frobenius indi-
cator

We begin with a brief introduction of the role played by the underlying field in
representation theory:.

Definition 3.1.1. Let E be a field and F a subfield of E. If X is a representation
over [E of a group G, then we call X an E-representation of G. If x is the character
of X and x(g) € F for all g € G, we say that y is an irreducible F-character. When
the ground field is not specified, we assume that E = C, the field of complex

23
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numbers. So, a representation of G is over the complex numbers and we denote
Irr(G) the set of characters of irreducible representations over complex numbers.

Definition 3.1.2. Let G be a group and x € Irr(G).
1. We say that x is real if x is an R-character.
2. We say that x is rational if x is an Q-character.

If G is a group, we denote with Irrg(G) the set of real irreducible characters
of G. Let K = Q(¢), where ¢ is a |G|-th root of unity. It is known that every
irreducible character of G can be afforded by a representation over K. Call G the
Galois group of the field extension K|Q. Then G acts on Irr(G) and the rational
characters are the G-fixed points of the action of Irr(G). Analogously, Irrg(G) is
the set of irreducible characters fixed the complex conjugation on Irr(G).

If F is a subfield of a field E and 2) is a F-representation of a group G, we may
view 9) as an E-representation. As such, we denote it with 2)¥.

Definition 3.1.3. [34, Definition 10.1] Let G be a group and F a subfield of a
splitting field (see [34, Definition 9.3]) E of G. Let x an irreducible E-character
and X an E-representation which affords G. If ) is an F-representation of GG such
that X is a constituent of 2%, the multiplicity of X as a constituent of ¥ is the
Schur index of x over F. It is denoted by mp(x).

Let x € Irr(G) and F be a subfield of the complex numbers. Suppose that y is
an [F-character. Then, it may happen that y is not afforded by any F-representation
defined on F. A useful tool that helps us with this problem, in the case where F =
R, is the Frobenius-Schur indicator vy, that is defined for a irreducible character
x as follows:

n() = = Y (9.
|G‘ geG
The Schur-Frobenius indicator is a function v5: G — {—1,0, 1} that can be com-
puted from the character table and, as the following theorem shows, allows us to
understand which real irreducible character of G is afforded by a real representa-
tion.

Theorem 3.1.4. [34, pag. 58] Let G be a group and x € Irr(G). Then

1 iff x is real and afforded by a real representation;
vo(x) = =1  iff x is real but not afforded by any real representation;
0 iff x is not real.
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Consider G = Qg the quaternion group with 8 elements and x € Irr(G) the
only irreducible character of degree 2. As the complex conjugation acts on Irr(G),
we have that y is real. Nevertheless, it is not afforded by any real representation.
Indeed, by direct calculation we have vy(y) = —1.

We remark that this problem exists only for characters defined on fields of
characteristic 0. Suppose E is a field of prime characteristic and X is an absolutely
irreducible (see Definition 9.1 of [34]) E-representation of G. If the character of X
takes values on a subfield F C [E then the representation X can be realized over I,
see [34, Theorem 9.14].

3.2 Preliminaries

Definition 3.2.1. Let G be a group. For character theory, we assume the no-
tation of [34]. In particular, Lin(G) = Irr(G/G’) is the set of linear irreducible
characters of G. Moreover, if 7 is a set of primes, Irr (G) = {x € Irr(G) |

x(1) is a w-number } and cd,(G) = {x(1) | x € Irr.(G)}. We add R as a sub-
script to indicate that we are considering only real characters. So, for example,

1. (G | H) = {x € Irtg(G) | [xn, @] # 0 for some ¢ € Irr(H)},

2. cdr(G) = {x(1) | x € e (G)},
3. Irrg -(G) = Irrr(G) N Iz, (G),

4. cdr - (G) = {x(1) | x € rrg »(G)}.

One of the first results that appeared in the context of real character degrees,
is due to Chillag and Mann [13], in which are classified the groups where all real
irreducible characters are linear.

Theorem 3.2.2. [13, Theorem 1.1] Let G be a group. Suppose that cdg(G) = {1}.
Then G = O x T where O is a group of odd order and T is a 2-group.

In [13], groups such that cdg(G) = {1} are called "nearly odd". Due to the
importance of their classification, nowadays these groups are known as of Chillag-
Mann type.

If G is a group of Chillag-Mann type, then G = O x T where O € Hally/(G)
and T € Syl,(G). Since T is a direct factor of G, also T is a group of Chillag-Mann
type. So, since Irrg (O) = {1p} as O has odd order, the study of groups of Chillag-
Mann type reduces to the study of 2-groups of Chillag-Mann type. If T" is a 2-group
of Chillag-Mann type, one important feature is that Irrg(7) = Irrg(7/P(T)).

Lemma 3.2.3. Let T be a 2-group and X a linear real irreducible character of T.
Then ®(T) < ker \.
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Proof. If X is a linear irreducible real character of T', A is a faithful character of
T/ ker A that is a cyclic group of order n where n = o(\). Hence the values of A
coincide with the complex numbers that are complex n-roots of unity and these
are real only if n = 2. This means that [T : ker \] = 2 and ®(7T") < ker A. O

Corollary 3.2.4. Let T be a 2-group of Chillag-Mann type, then
Irrg(T') = Treg (T/9(T))

The 2-groups of Chillag-Mann type are characterized in [13, Proposition 4.1].
Let T be a group and t € T. If there is s € T such that s> = ¢, we say that ¢
is a square and s is a square root of t. Suppose that T is a 2-group and T2 the
subgroup of T' generated by squares of the elements of T'. Then, if T" is a 2-group
of Chillag-Mann type, then every element of T2 is a square and the number of
square roots is constant.

We recall the definition of the prime graph on real degrees.

Definition 3.2.5. Let G be a group. Let Ag(G) be the graph whose vertex-set is
Ve = m(cdr(G)), the set of primes that divide some element in cdg(G), and two
vertices p,q € Vg are adjacent if and only if pg4 divide some element in cdg(G).

The graph Ag(G) is called the prime graph of cdgr(G).
If T is a graph, we denote n(I") the number of connected components of T'.

Theorem 3.2.6. [17, Theorem 5.1] Let G be a group. Then
2. n(Ar(G)) <2 if G is solvable.

We include two results that are real versions of the Ito-Michler Theorem. The
first is for the prime p = 2.

Theorem 3.2.7. [17, Theorem A] Let G be a group and T € Syly(G). Then
cdr(G) consists of odd numbers if and only if T I G and T is of Chillag-Mann

type.

We mention that a version of Theorem 3.2.7 for rational characters appears in
[56].
For p odd, Theorem 3.2.7 is no longer true. Nevertheless, there is the following
partial result.

Theorem 3.2.8. [55, Theorem A] Let G be a group and p be a prime. Suppose
that p t x(1) for every x € Irrg(G) with vy(x) = 1. Then OV (G) is solvable; in
particular, G is p-solvable.
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Note that in [55] appears also a version of Theorem 3.2.8 for real Brauer char-
acters.

The following is a real version of Thompson’s Theorem for the prime p = 2.
For p odd, see the recent work [53].

Theorem 3.2.9. [49, Theorem A] Let G be a group. Then every real non-
linear irreducible character of G has even degree if and only if G has a normal
2-complement.

A special case of the previous theorem is when cdg(G) consists of 2-powers.

Theorem 3.2.10. [/9, Theorem C] Let G be a group. Then cdr(G) consists in
2-powers if and only if G has a normal 2-complement K and [K',T] = 1 for
T € Syl,(G).

One important result that deals with fields of values is the following theorem.

Theorem 3.2.11. Let G be a group and x € Irrg(G) of odd degree. Then x is

afforded by a real representation. If furthermore G is solvable, then there is H < G
and X\ € Lin(H) such that o(\) = 2 and x = \°.

Proof. Note that, by Brauer-Speiser Theorem (see page 171 of [34]), we have that
mo(x) < 2. It follows that mg(x) = 1 as it divides x(1) (see [34, 10.2h)]). This
means that y is afforded by a rational representation. If furthermore G is solvable,
by Gow’s Theorem [24], x is induced by a linear character A\ € Irr(H), with H < G
and o(\) = 2. O

3.2.1 Real characters and normal subgroups

This section is dedicated to the study of behaviour of real characters with
respect to normal subgroups.

Lemma 3.2.12. Let G be a group and N < G. If [G : N] is odd and x € Irrg(G),
then every irreducible constituent of xn is real.

Proof. The complex conjugation acts on the irreducible constituents of x . These
are odd in number, because [G : N]| is odd. Therefore, there is one irreducible
constituent of xn that is real. Since all the irreducible constituents of xy are
G-conjugated, they are all real. m

If & € Irrg(NV), then, in general, it is not possible to find a real character
x € Irr(G) over f. The next lemmas provide some conditions in which this problem
is under control.

Lemma 3.2.13. Let G be a group and N < G. Suppose that x € Irrg(G) and
0 € Trrg(N). Then the following hold.
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1. Assume that |N| is odd. If either x(1) is odd or N centralizes a Sylow 2-
subgroup of G, then N < ker(y).

2. If [G : N] is odd, then 0 has a unique real-valued extension 0 € Irrg(Ig(6))
and 0 € Trrg(G | 0). Furthermore, o(6) = o(f).

3. Suppose that 0(1) is odd and o() = 1. Then 6 extends to 6 € Irrg(Ig(6))
and 0 € Irrg (G | 0).

Proof. Parts 2 and 3 are Lemma 2.1, 2.2 and 2.3 of [51]. Remains to prove part
1. If N has odd order and centralizes a Sylow 2-subgroup, then N < ker y by [20,
Lemma 1.4]. Suppose that x(1)|N| is odd. By Lemma 3.2.12, all the constituents
of xn arereal. Now, as N has odd order, Irrg(N) = {1y}, therefore N < ker xy. [

The following lemma is useful.

Lemma 3.2.14. [20, Lemma 1.153] Let G be a group and suppose that G = Ax B,
where |A| = p is a prime. The number of complements for A in G is a power of p.

Lemma 3.2.15. Let G be a group that acts by automorphisms on the group M.
For every involution tCq(M) € G/Cq(M) there exists a non-trivial character
p € Irr(M) such that p* = j.

Proof. Follow the proof of [20, Lemma 1.6]. O

Lemma 3.2.16. /20, Lemma 1.7] Let G be a group, H a subgroup of G, ¥ a
character of H, and x € Ng(H) such that ¥* = 1. Then %% is a real-valued
character of G.

Lemma 3.2.17. Let G be a group and M < G of odd order. Suppose that there
exists a 2-element x € G and a non-principal A € Lin(M) such that \* = \. If M

has a complement in I = I(\), then X extends to A € Irrg(I) such that \* = \.
Moreover, either

1. I is 2-nilpotent and |G : I] is a 2-power or

2. there exists x € Irrg(G) such that x(1) is a multiple of 2r, with r > 2 a
prime number.

Proof. Consider a 2-element z € G and non-principal A € Lin(M) such that
A = X Let I = I/kerA. From elementary character theory, we have that
M < Z(I). Let Iy be a complement for M in I. It follows that I = M x Ij.
By Lemma 3.2.14, the number of complements of M in I is odd and x permutes
them, as x normalizes I, M and ker \. Therefore, since x is a 2-element, we can
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assume that I is normalized by x. We can see \ as a character of M so, consider
A=Ax1p €TIrr(I | A). It follows that

S\II)\xX1jg:5\X1j0:§.

Assume that part 2 is not true. Note that A € Irrg(G) and 2 divides (1) as
2 divides |G : I]. This means that x(1) is a non-trivial 2-power and it follows
that [G : I] is a 2-power. Suppose by contradiction that I is not 2-nilpotent. Call
J = I{x); if the group J is 2-nilpotent, then also I is 2-nilpotent, since z is a 2-
element. Hence J is not 2-nilpotent. By Theorem 3.2.9, there is 7 € Irrg(J) such
that 2 1 7(1) and 7(1) > 1; take r an odd prime number that divides 7(1). Note
that I < J and if ¢ is an irreducible constituent of 77, then 7(1)/¢(1) divides [J : 1]
by Lemma 3.2.27, but [J : I] is a 2-power, while 7(1) is odd. This means that
71 = ¢ € Irrg(]) and that 6 is J-invariant. Since M has odd order and ¢ has odd
degree, by part 1 of 3.2.13 Lemma we have that M < ker ¢ and ¢ € Irrg(I/M). By

Gallagher’s Theorem we have that A¢ € Irr(Z | A) and (A¢)* = A%¢ = . So, by
Clifford’s Theorem and Lemma 3.2.16, we have that 1) = (A¢)¢ € Irrg(G). Now,
2 divides 9 (1) because x ¢ I and 2 divides [G : I]. On the other hand r | ¢(1) and
¢(1) divides ¥(1). A contradiction. O

Lemmas 3.2.15 and 3.2.17 are often used together.
The situation where M is a 2-group is considered in the following Lemma.

Lemma 3.2.18. Let G be a group and M < G. Let A € Lin(M) be such that
o(A) = 2. If M has a complement in 1g(\) = I, then X extends to A € Irrg([).

Proof. Firstly observe that A is real. Let Iy be a complement for M. Let I =
I/ker A, so A = A x 1} is an irreducible real character of I, where A can be viewed

as a faithful irreducible character of M. Now we can lift \ to a character of I,
which we call again A. O

For completeness, we include the following result, that uses the same techniques
of the lemmas above.

Lemma 3.2.19. [/9, Lemma 2.2] Suppose that a cyclic 2-group (o) acts by auto-
morphisms on a group K and let L I K be {(o)-invariant, with K /L of odd order.
Let 0 € Trr(L) such that 87 = 6, then there exists p € Irr(K) over 6 such that

P o= p.
Let G be a group and N < G. A known technique that may be useful when

we want to find a real irreducible character of G over 6 € Irrg(N), is the tensor
induction. See [33, Section 4] for further details.
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Lemma 3.2.20. Let N be a minimal normal subgroup of a group G, N = 57 X

- x S, where S ~ S is a non-abelian simple group. Call A = Aut(S). Let
o € Irrg(S) and suppose that o extends to a real character of A. Theno X --- X o
extends to a real character of G.

Proof. We follow the proof of [7, Lemma 5]. Let 6 € Irrg(Aut(S)) that extends o
and T a transversal for N in G. If g € G and t € T, then call ¢ - g the element of
T such that tg € Nt - g. This induces a permutation of g on 7. Call s(t) the size
of the g-orbit containing ¢. Then

x(g) =1 6(tg*t™)

teT

is a real irreducible character of G. O]

3.2.2 Central extensions

In this subsection we briefly discuss some results about the theory of central
extensions, Schur multipliers and character triples.

Definition 3.2.21. If G is a group and M is a G-module, we denote H*(G, M)
the second cohomology group.

Definition 3.2.22. Let G be a group. Then M(G) = H?*(G,C) is the Schur
multiplier of G.

Lemma 3.2.23. /34, Corollary 11.20] Let G,T" be two groups and m: I' — G
a surjective homomorphism such that A = kerm < Z(T'). If A < T” then A is
isomorphic to a subgroup of M(G).

Definition 3.2.24. Let G be a group and N < G. Suppose that § € Irr(N) is
G-invariant. Then (G, N, 0) is called a character triple.

In the following lemma, we use the concept of isomorphism of character triples
and we assume the notation of Definition 11.23 of [34].

Lemma 3.2.25. [34, Lemma 11.24] Let (1,0): (G,N,0) — (I', M, ¢) an isomor-
phism of character triples. For all N < H < G the map op: Ch(H | §) — Ch(HT |
®) is a bijection and for all x € Ch(H | 0)

x(1) _x"(1)

0(1) (1)

Theorem 3.2.26. [34, Theorem 11.28] Let (G, N, ) be a character triple and let
(I', M) the Schur covering of G/N. There there is A € Irr(M) such that (G, N, )
is isomorphic to (I'; M, \).




31

Suppose that (G, N, 0) is a triple isomorphism. Suppose that M = M(G/N) is

the Schur multiplier of G/N and assume that |M| = 2. Consider (7,0): (G, N,0) —
(', M, \), where T" is the Schur covering of G/N and M. In general, if x € Irrg(G)
is real, then x7 is not necessarily real. Nevertheless, if y is the unique character
with a certain degree, by Lemma 3.2.25 x7 is real. A stronger result appears in
[25, Theorem 3.6], under the assumption that G/N is perfect.
The next Lemma is quite useful in the following situation. Suppose that N is a
normal subgroup of the group G and x € Irr(G). If (x(1),[G : N]) = 1 then the
restriction y is an irreducible character of NV and we are in the position to apply
Gallagher’s Theorem.

Lemma 3.2.27. [3/, Corollary 11.29] Let G be a group and N a normal subgroup.
Suppose that x € Irr(G) and 0 an irreducible constituent of xn. Then

We include one last Lemma in the context of central extensions.

Lemma 3.2.28. [3/, Ezercise 11.18] Let G = CH with C, H cyclic groups with
C <G and HNC =Z(G). Then M(G) = 1.

For a modern exposition of the theory of character triples, see Chapter 5 of

[47].

3.3 Non-solvable groups whose real degrees are
prime powers

In this section, we describe non-solvable groups such that cdg(G) consists of
prime-power numbers. Non-solvable groups such that the degree of all character
degrees are prime power numbers are characterized in the main result of [42],
although with different techniques. The main Theorem is 3.3.8. The results of
this section appear in [8] and [14].

Definition 3.3.1. If G is a group, we denote Rad(G) the solvable radical of G,
namely the largest solvable normal subgroup of G.

We recall that 7(G) denotes the set of primes that divide |G|.

Theorem 3.3.2. Let G be a group with Rad(G) = 1. Suppose that cdg(G) consists
of prime-power numbers, then G is isomorphic to As or Ly(8).



32

Proof. Let M be a minimal normal subgroup of G. Then M = S; x ---x .5, is the
product of simple groups, all isomorphic to a simple group S. Since Rad(G) = 1,
the group S is non-abelian.

Step 1: S is isomorphic to one of the following groups
A57 AG; L2<8), Lg(?)), PSp4(3), LQ(?), PSU?,(S), L2(17>

Let p € m(M). If M is not contained in O (G), then M N O” (G) = 1 by min-
imality. In this case, p would divide |G/OP (G)| since p divides |M|, and this
impossible. Therefore M < O (G), so O (G) is not solvable. By Theorem 3.2.8
there is a real irreducible character y of G such that p | x(1). By the hypothesis,
x(1) is a non-trivial p-power. This means that for every prime p € w(M), there is
X € Irrg(G) such that y(1) is a non-trivial p-power. By Theorem 3.2.6, the num-
ber of connected components of Ag(G) is at most 3. In our hypothesis, Ag(G)
consists of isolated vertices and hence the number of primes that appear as divisors
of some real irreducible character, is at most 3. It follows by Burnside Theorem
that M, and hence S, is divisible by at most (and hence exactly) 3 primes. Now,
by Lemma 2.1 in [61], the simple groups having order divided by exactly 3 distinct
primes are those stated.

Step 2: S is isomorphic to one of the following groups: As, La(8), Ag.

If S € {PSp4(3),L3(3), PSU3(3)} then there is a non-linear character o €
Irrg(.S) such that o(1) is an odd composite number. Let § = o X+ x o € Irrg(M).
Then 2 1 6(1) and o(f) = 1 since M is perfect. So, by part 3 of Lemma 3.2.13,
there is x € Irrg(G | 0). As 6(1) divides x(1), the degree of x is a composite
number, against the hypothesis.

Suppose that S € {Ly(7),La(17)}. There is a real character o € Irrg(S) such
that o(1) is a composite number and o extends to a real character of Aut(S). By
Lemma 3.2.20 the character § = o X - - - X 0 extends to a real character x € Irrg(G).
Again x(1) = 0(1) = o(1)™ is a composite number.

Step 3: n =1 and M is a simple group.

The only left possibilities are S € {As, La(8), Ag}. Checking the character table
of these groups, we see that there are two non-linear characters o, p € Irrg(S) such
that o(1) is a non-trivial p-power and p(1) is a non-trivial g-power, where p, g are
odd primes. Let § = 0 x 1 x --- x 1 € Irrg(M). Since o(f) = 1 and (1) is
odd, the character 6 extends to a character ¢ € Irrg(I¢(f)) by part 3 of Lemma
3.2.13 and y = % has p-power degree, hence [G : 15(#)] = p* for k > 1. Since
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I(0) < Ng(S1), we have that
n =[G : Ng(S1)] divides [G : 15(0)] that is a non-trivial p-power,

so n is a p-power. By the same argument with p in place of o, n divides ¢™ for
some m > 1. Therefore, we get that n | (p¥,¢™) = 1. Hence M = S; = S.

Step 4: Co(M) = 1.

Suppose, by contradiction, that Cg(M) is non-trivial and take N a minimal
normal subgroup of G contained in Cg(M). For the same arguments used on
M, we have that N is simple and is isomorphic to one of the following groups:
As,L2(8), Ag. As before, take o € Irrg(M) with (1) a p-power and p € Irrg(N)
with p(1) a g-power for odd primes p,q. Note that [M,N] < M NN < MnN
Cs(M) =1 since M is simple. So MN = M x N is perfect and normal in G and
o X p € Irrg(MN) is a character such that o(c x p) = 1. Note that 2t (o x p)(1).
By part 3 of Lemma 3.2.13 there is x € Irrg(G | o X p), and this is impossible
since x(1) is a composite number.

Conclusion: we proved so far S < G < Aut(S) and
S € {45, 46, L2(8) }-

Now, if S ~ Ag then Aut(S)/S is isomorphic to the Klein group and every of the
five subgroups between S and Aut(S) have a rational character of degree 10, and
this is impossible. So S € {A4s5,L2(8)}. In any of these cases, [Aut(S) : S] is a
prime number, this means that in Aut(S) there is only one subgroup strictly above
S, namely Aut(S) itself. But both Aut(As) and Aut(Ly(8)) have a real character
with degree a non prime-power number. Hence G = A5 or G = Ly(8). O

The proof of the previous theorem uses the classification of finite simple group.
Moreover, specific information about simple groups, their character degrees and
automorphism groups is obtained using the software GAP.

Table 3.1: Maximal subgroups of As.

Ay | Dy | S5
12 10 6
5 6 10

For completeness, we list the maximal subgroups of As and Ly(8). In the first
row there is the order of the maximal subgroup and in the second there is the
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Table 3.2: Maximal subgroups of Ly(8).

Fs6 | Dig | Dy
56 18 14
9 28 72

index in the surrounding group.
The Schur multipliers of simple groups are known. In particular, [M(As5)| = 2 and
M(Ly(8)) = 1.

Definition 3.3.3. Let G be a group. Then, G indicates the last term of the
derived series of a group G.

Theorem 3.3.4. Let G be a non-solvable group such that cdgr(G) consists of prime-
power numbers. Then G = KR with R = Rad(G) and K = G™). Moreover
KNR=1Lis a2-group and K/L is isomorphic to As or Ly(8).

Proof. Let K = G be the last term of the derived series of G and G = G/L.
Observe that the hypotheses are preserved under quotients. Hence, by Theorem
3.3.2, G/R is a simple group and since 1 < KR/R I G/R, we have that G = KR
and K ~ G/R is isomorphic to As or Ly(8). Moreover, G = K x R because
[K,R] < L.

Suppose by contradiction that R has a real character § of non trivial degree. By
Theorems 3.2.9 and 3.2.7, there are two non-linear characters ¢y, ¢s € IrrR(l_( )
such that ¢1(1) is even and ¢9(1) is odd. If #(1) is odd, consider y = 0¢; and if
0(1) is even, consider xy = f¢,. In any case, y can be lifted to a real character of G
and x(1) = (0¢;)(1) = 0(1)¢;(1) is a composite number, but this is impossible. It
follows that every real character of R/L is linear and by Theorem 3.2.2, R = O x H
where O € Hally(R) and H € Syl,(R). Write Gy for the preimage in G of KH.
Note that GG is a normal subgroup of odd index. Note that Go = LKH = KH. If
there is a real character ¢ € Irrg(Gy) such that ¢(1) is a composite number, then,
by part 2 of Lemma 3.2.13, there is a real character x € Irrg(G) above ¢, since
G has odd index in G. This produces a contradiction, because ¢(1) divides x(1).
Hence we can assume that G = Go and O = 1.

Suppose, working by contradiction, that O > 1, namely L is not a 2-group.
Consider M /My the first term of a descending principal series of L that is not a
2-group, hence M, My < G, M /My is an elementary abelian p-group for p odd and
L/M is a 2-group. Replacing G with G/M,, we can assume that My = 1 and M
is a minimal normal subgroup of G.

Since K/L is simple, Cx (M) = K or Cx(M) < L. If Cx(M) = K, then M has a
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direct complement N in L and consider X = K/N. Note that 1 < M < Z(K)NK’,
since K = K’ is perfect and hence |M| divides |[M(G)| by Lemma 3.2.23. This is
impossible, since [M(A;5)| = 2 and M(Ly(8)) = 1.

Hence Cx (M) < L and the action of K on M is non-trivial. Moreover K/L
is a non-abelian simple group, so it has even order. By Lemma 3.2.15 there exists
an element A € M and = € K such that A* = . Let I = I5()\) and note that z is
an element of even order that normalizes I but = ¢ I, so 2 divides [G : I].

Let I = I/ker A, observe that M < Z(I). Take P € Syl,(I); since the index
of K in GG is a 2-power, every subgroup of G with odd order is contained in K; it
follows that P < K. Moreover, M < Z(P), P € Sylp(f) and PL/L is a p-subgroup
of the simple group K/L, that is isomorphic to A or Ly(8). Now, if p is an odd
prime, every Sylow p-subgroup of As or Ly(8) is cyclic (see tables 3.1 and 3.2).

Hence, P/M ~ P/M ~ PL/L is cyclic and P is abelian.

Since M < Z(I), we have that M £ I’ by [35, Theorem 5.3]. In addition
M N I' =1 because M has order p. Write I/I' = Q x B, where B € Hall,/(I/I')
and Q € Syl (I/I'). Note that @ and B are z-invariant, as « normalizes I. By
abuse of notation, we write M < @ in place of MI'/I' < Q. In this notation M
is a group of order p and \ is a faithful character of M. The 2-group (z) acts
on the abelian group @, hence by Maschke’s Theorem [38, 8.4.6] there is an (x)-
invariant complement 7" for the (x)-invariant subgroup M, so Q = M x T. Let
A=Ax1peIr(Q) and 6 = A x 15 € Irr(I /1), we have that

(5’3:5\’3><le:()\xxle)xlB:(S\xlT)xlB:S.

We return to the previous notation, so ¢ lifts to a character of I, which we call
again 0. Note that I < G as 2 divides [G : .

If IH < G, then IH/H is a proper subgroup of G/H that is a simple group
isomorphic to A or Ly(8). The maximal subgroups of these two groups are known
as well as their indexes, see tables 3.1 and 3.2. In particular, there always is an
odd prime ¢ such that ¢ divides [G : I H] and hence 2¢ divides [G : I]. Note that
§ € Irr(I | N\), so x = 6% € Irr(G). Moreover, by Lemma 3.2.16, we have that y is
real. So, 2q divides x(1) as 2¢ divides [G : I], and this is impossible.

Suppose now [H = G. In this case, [/I N H ~ G/H that is isomorphic
to As or Ly(8). Each of these two groups have a unique rational character ¢ of
odd degree. The element z stabilizes the section /I N H, hence by uniqueness
¢* = ¢. By Gallagher Theorem [34, Corollary 6.17], ¢6 € Irr(I | A) and by Clifford
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correspondence, x = (¢6)¢ € Irr(G). Since ¢ is a real z-invariant character and
6% = 6, we have that (¢0)® = ¢d. Hence, as before y is a real irreducible character.
Moreover ¢ | x(1) since ¢ | ¢(1) and 2 | x(1) since 2 divides [G : I]. So x(1) is a
composite number and this is impossible. O

Lemma 3.3.5. Let K be a perfect group and M a minimal normal subgroup of K
that is an elementary abelian 2-group. Suppose that M is non-central in K and
that K/M is isomorphic to Ly(8) or As. Then K has an irreducible non-linear
real character with odd composite degree.

Proof. Since K/M is simple we have that Cx(M) = M. Suppose that K/M is
isomorphic to As. There are two non-isomorphic irreducible As-modules W7, W5 of
As over GF(2). Both have dimension 4 and H?(As, W;) = H?(As, W,) = 0. Hence
M has a complement S in K. It is easy to construct these groups and we see that
K = M xS = W; x As has a real irreducible character of degree 15. Suppose
now that K/M ~ Ly(8). Let Wy, Wy, W3 be the non-isomorphic irreducible Ly (8)-
modules over GF(2), where dim(WW;) = 6,dim(W;) = 8 and dim(Ws) = 12. If
M ~ M; with i = 2,3, then H*(Ly(8),W;) = 0 and hence M; has a complement S
in K. Then, as before, we conclude observing that W; x Ly(8) has a real irreducible
character of degree 63. Suppose that M ~ W;. Then, dim H?(Ly(8), W;) = 3.
Nevertheless, there are just two perfect groups of order 2° - |Ly(8)|. Both these
groups have an irreducible real character of degree 63. O]

In the previous lemma, dimensions of cohomology groups and all the perfect
groups of a given order is information that is accessible with the GAP’s packages
cohomolo and PerfectGroup.

Proposition 3.3.6. Let G be a non-solvable group and suppose that cdg(G) con-
sists of prime-power numbers. Let K = G and R = Rad(G). Then |[KNR| <2
and if equality holds, then K ~ SLy(5).

Proof. By Proposition 3.3.4, we have that N = KN R is a 2-group. We prove that
if N > 1 then |N| = 2 and K is isomorphic to SLs(5). Let V = N/®(N), then
V' a normal elementary abelian 2-subgroup of G/®(N). Let V. >V} > --- >V,
a K-principal series of V. Let N > N; > --- > N,, such that N; the preimage in
N of V;. Then N/Nj is an irreducible K/N-module and K/N is isomorphic Aj or
L1(8) by Proposition 3.3.4. By Lemma 3.3.5 and part 3 of 3.2.13, N/N; is central
in K/N;. Since K is perfect, we have that N/Nj is isomorphic to a subgroup of the
Schur multiplier M(K/N) by Lemma 3.2.23. The only possibility is |[N/N;| = 2
and K/N; ~ Ly(5), the Schur covering of As. Suppose by contradiction that
Ni/Ny > 1, write K = K/N,. Since M(SLy(5)) = 1, N; cannot be central in K.
Let t € K a 2-element such that (tN;) = Z(K/N;), namely the unique central
involution in SLy(5) and (¢N;) = Oo(K/Ny). Since N; is an irreducible module
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over GF(2), we have that ¢ acts trivially on N;. Suppose that #> # 1, then (£?)
would be a proper, non-trivial submodule of Ny, against irreducibility. This means
that 2 = 1 and hence (f), that centralizes Ny, is a minimal normal subgroup of
N,. Observe that K /(t) is a quotient of K that satisfies the hypotheses of Lemma
3.3.5. Hence by part 3 of Lemma 3.2.13 we derive a contradiction. O]

Definition 3.3.7. Let G be a group and suppose that there are H, K < G such
that G = HK and H N K < Z(G). Then G is called the central product of H and
K and we write G = H v K.

Theorem 3.3.8. [8, Theorem A] Let G be a non-solvable group and suppose that
cdr(G) consists of prime-power numbers. Then Rad(G) = H x O for a group O
of odd order and a 2-group H of Chillag-Mann type. Furthermore, if K = G,
then one of the following holds.

1. G =K x R and K is isomorphic to As or La(8);
2. G=(KH)xO where K ~SLy(5), HK = HYyK and KNH =7Z(K) < H.

Proof. By Proposition 3.3.6 and Proposition 3.3.4, if K = G and R = Rad(G),
then G = KR, and either K " R = 1 and K is simple isomorphic to As or
L2(8) or K ~ SLy(5) and K N R = Z(K). In the first case, 1 follows. Suppose
K = SLy(5) and KN R = Z(K) = Z. Note that Z is a normal subgroup of
order 2, hence is central in R. Consider G = G/Z. Then G = K x R and hence
R is a group of Chillag-Mann type, since K is simple and has irreducible real
non-linear characters of both odd and even degree. This means that R = O x H
for O € Hally(R) and H € Syl,(R), note that H is of Chillag-Mann type. We
have that R is 2-closed, hence R = H x O. Clearly, O acts trivially on H/Z, so
H=Cy(0)Z < Cyx(O)Z(R)NH. It follows that O centralizes H and R = H x O.
By Dedekind modular law HK N O < HKNR < H(KN R) < H and hence
HKNO < HNO = 1. This means that G = (KH) x O and K N H = Z that
has order 2. If H and K commute, then K H = K v H. Suppose by contradiction
that [H, K| = Z, hence there is aZ € H/Z that acts non-trivially by conjugation
on K/Z. But this is impossible since KH/Z = K x H. We now prove that H is
of Chillag-Mann type. Suppose that this is not the case, so there is ¢ € Irrg(H)
such that ¢(1) > 1. Since H is of Chillag-Mann type, we have that Z £ ker ¢,
so ¢z = ¢(1)A, with A # 1. On the other hand, if 6 is the unique character of
K of degree 6, then Z £ kerf and 6z = 6(1)\. Now, KH = K x H/N where
N ={(z,2) | z € Z} (see [31, Satz 19.10]) and ¢ = 6 x ¢ € Irrg(K x H). Moreover
Py = ¢(1)0(1)A\? = ¢(1)0(1)1y, so it follows that N < kert) and ¢ € Irrg(K H).
If x = ¢ x 1p, then x € Irr(G) takes real values and has composite degree,
impossible. Since SLy(5) does not satisfy the hypotheses, we have that Z < H.
Part 2 follows. O
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We remark that in Problem 4.4 of [34], we can find a stronger version of the
argument used in the proof above.

As a consequence, we get some control on character degrees.

Corollary 3.3.9. Let G be a non-solvable group and suppose that cdg(G) con-
sists of prime-power numbers. Then either cdg(G) = cdr(L2(8)) or cdro(G) =
CdR72/(A5).

Proof. Apply Theorem 3.3.8. In case 1 there is nothing to prove. Suppose 2, we
have that G = (KH) x O with O of odd order, K = G and H is a normal
2-subgroup. Call S the simple section K H/H, hence S ~ As. Take x € Irrg(G)
a real non-linear character of odd degree. Hence x(1) = p" with p odd and y is
a character of HK since, by part 1 of Lemma 3.2.13, O < ker(y). The degree
of every irreducible constituent of y g divides (|H|, x(1)) = 1, hence xyg = e>; \;
for \; € Lin(H). By hypothesis we have that x(1) is a non-trivial p-power for
an odd prime p and by 3.2.27 we have that x(1)/A(1) divides [HK : H| = |S],
where S ~ A;. Hence p < x(1) < |S],, the p-part of the number |S|, that is
equal to p if p is an odd prime. It follows that x(1) = p. We have proved that
cdr o (G) C {3,5} = cdro(As). The right-to-left inclusion follows observing that
As is a quotient of G. O

3.3.1 Remarks

In [42], Manz characterized the groups where all the irreducible characters have
prime power degrees. It turns out that if G is a group with this property, then
G is isomorphic to Ly(8) or As. Unfortunately, for real characters, our results
are not easily improvable, in the sense that the intersection H N K in part 2 of
Theorem 3.3.8 not need to be trivial and, consequently, H not need to be a group
of Chillag-Mann type. Indeed, if G is the SmallGroup(240,93), then K ~ SLy(5),
|H| =4 and KN H =7Z(K).

One second point worth mentioning, is that the proofs of the previous section
would have been much easier if the bijection in Theorem 3.2.26 conserved values
of characters. On the other hand, it seems that in general, this is a property that
is not affordable with these types of correspondences, at least not for reality. Also
Gallagher’s correspondence [34, Corollary 6.17] has the same problem. Neverthe-
less, there are some partial, and deep, results in this context. See for example [52,
Theorem 5.3] and [51, Theorem 5.1].
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3.4 Real degrees in solvable groups

In this section, we prove that if G is a group such that cdr(G) consists of
odd prime powers, then only one prime is involved, see Proposition 3.4.3. As a
consequence, we get that a solvable group G such that cdg(G) consists of prime
powers involving more than one prime, then the primes involved are p odd and 2;
this is the content of Theorem 3.4.4.

Lemma 3.4.1. Let G be a group and T € Syly(G). Suppose that every real
irreducible character of G has odd degree. Then O« (G)P(T) < kerx for every
X € Irrg(G).

Proof. By Theorem 3.2.7, we have that T" < G and T is of Chillag-Mann type,
namely every real irreducible character of 7' is linear and contain ®(7") in its
kernel by Corollary 3.2.4. Note that [T, Oy (G)] = 1, because T and Oy (G) have
coprime orders and are normal in G. Let x € Irrg(G), by part 1 of Lemma 3.2.13
we have that O« (G) < kerx. Now, since x(1) is odd, xr has odd number of
irreducible constituents and the complex conjugation acts on them. Thus one is
real contains ® (7). Since all the irreducible constituents of y; are G-conjugated,
®(T) is contained in all constituents of xr and this means that ®(7') < ker x. O

The following lemma is a very useful tool in the context of character degrees
or conjugacy class sizes.

Lemma 3.4.2. Let A act via automorphisms on G, where A and G are groups,
and suppose that (|Al,|G|) = 1. Suppose that there exist A-orbits of size m and n
in G where (n,m) = 1. Then there is also an orbit of size mn.

Proof. See [35, Theorem 3.34], where either G or A has odd order and is solvable
by Feit-Thompson Theorem.

Proposition 3.4.3. Let G be a group, T € Syl,(G) and L € Hally(G). The
following conditions are equivalent.

1. cdgr(G) consists of odd prime-power numbers;

2. T is normal in G and V = [L,T/®(T)] is an L-module and there is an
odd prime q such that [L : Cp(v)] is a non-trivial q-power for all v € V#;
moreover Cp(V) = CL(T) = Ox(G);

3. The degree of every real irreducible character of G is a q-power for a fized
odd prime q.
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Proof. We first prove that 1 implies 2.

Note that x(1) is odd for all x € Irrg(G). So, by Theorem 3.2.7, T" < G and
T is of Chillag-Mann type. In particular, G is solvable. Let L € Hally(G),
then G = T'x L. Call T = T/®(T). Note that L acts coprimely on T'; write
T = Cz(L) x [L, T] the Fitting decomposition. Observe that every non-trivial ele-
ment v € V generates a non-trivial L-orbit. Moreover, C.(V) = C.(T) = O (G).
Suppose that there are two L-orbits of V' of coprime lengths m and n. By Lemma
3.4.2, there is an L-orbit of V', with representative A, with length mn. The actions
of Lon Vand V = Irr(V') are permutation isomorphic by [34, Theorem 13.24], so
there is A € V such that [L : I] = mn, where I = I5()\). The character X is real
since it is linear and o(\) = 2. If A € Irr(I | A) is the canonical extension of A to I
(see [34, Corollary 8.16]), then A is real. Thus, x = A® € Irrg(G) and (1) = mn.
Since cdr(G) consists of odd prime powers, it follows that there is an odd prime ¢
such that [L : Cp(v)] is a g-power for all v € V. Moreover, for all 1 # v € V, then
[L: Cr(v)] > 1 is non-trivial, because Cy (L) = 1.

Assuming now 2, we prove 3 by induction. Call U = Oy (G); by Lemma 3.4.1,
U®(T) is contained in the kernel of every real character, hence assume that
U®(T) = 1; note that T is an elementary abelian 2-group and that Irr(7) =
Irrg (7). Call Gy = [T, L]L and Z = Cr(L). The group Z is a direct central factor
of G and therefore G = Z x Gy. An irreducible character of G is of the form 6y,
for 6 € Irr(Z) and x € Irr(Gy), and it is real if and only if x is. It follows that we
can assume Z = 1. Note that 7' =V is a faithful L-module and [L : CL(v)] > 1
for all v € V. Take x a non-principal real irreducible character of G' and consider
A an irreducible constituent of y7. Since T is elementary abelian, A(1) = 1 and
o(A) < 2. Moreover, we have that A\ # 1r. Indeed, if X is principal, T < ker x
and x € Irrg(G/T) = 17, that is against the assumption. Since the action of L
on T and T are permutation isomorphic, we have that [L : I.(\)] is a non-trivial
g-power. Hence x(1) = [L : I(\)] is a g-power.

Finally, part 1 follows easily from 3. m

Recall that, according to Definition 3.2.5, Vg is the vertex set of Ag(G), the
prime graph on the real degrees of the finite group G. The following theorem
appears as Theorem B in [14].

Theorem 3.4.4. Let G be a solvable group. Suppose that cdr(G) consists in
prime-power numbers. Then Vg C {2, p}, with p > 2.

Proof. By Theorem 3.2.6, we have that Ag(G) has at most 2 connected compo-
nents. So Vg C {p, ¢} for two distinct primes p,q. Suppose that p,q > 2. Then
p = q by Proposition 3.4.3. O]
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Solvable groups in which all character degrees are prime-power numbers are
characterized in [43]. A generalization of this result for real characters appears
to be very complicated. This is due to the flexibility of the structure of solvable
groups. One natural way to proceed is to factor out ®(G) and apply module
theoretic methods as well as results in Chapter 2. Unfortunately, factoring over
the Frattini subgroup has some unpredictable consequences on the real character
degrees. For example, consider G is the SmallGroup(869,19309); then, cdg(G) =
{1,7,8}, but cdg(G/P(G)) = {1,7}.

Nevertheless, for solvable groups, this problem appears only for real characters
of even degree, as the following application of Gow’s theorem shows.

Proposition 3.4.5. Let G be a solvable group. Let x € Irrg(G) of odd degree.
Then ®(G) < ker x.

Proof. By Lemma 3.2.13, we have that Oq (®(G)) < ker x.

Let N = Oy(®(G)). By Gow’s Theorem 3.2.11 there is a subgroup L < G and
A € Lin(L) such that o(A) = 2 and x = A%. Since L has odd index in G, we
have that N < L. If we prove that N is contained in ker()), the result follows by
the definition of induced characters. Suppose by contradiction that N £ ker(\),
hence L = N ker(\). Let H € Hally/(G), we have that G = LH = ker(\)H, since
N < ®(G). By Dedekind’s modular law, L = ker(\)(L N H), but L N H has odd
order, hence L/ker()\) has odd order and this is impossible since A is real and
non-principal. O

3.5 Limits of the study of real characters

In general, when we deal with "reality" of character degrees or class sizes, the
prime 2 plays a special role in these contexts. Recall that the real versions of Ito-
Micheler and Thompson theorems hold for the prime p = 2 (Theorems 3.2.7 and
3.2.9). One may ask if such results hold for p odd. Unfortunately, this is not the
case in general. However, a weaker version of Ito-Michler for real characters and
p odd has already been encountered and it is Theorem 3.2.8. In the work of Tiep
[55], also real Brauers characters have been treated. A real version of Thompson’s
Theorem for p odd recently appeared, see [53].

A very wide branch of character theory is the McKay conjecture. If G is a group
and P € Syl,(G) and Irr, (G) is the set of irreducible characters of p’-degree, then
the McKay conjecture says that

[Irry (G)] = [Ty (N (p)) -
In a stronger stronger version of McKay conjecture, there is a "canonical" bijection

II'I'p/(G) — II'I'p/(Ng<P)).
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If p = 2, there is such a bijection for real characters, as we will see soon.

In [32], Isaacs proved that if A is a group that acts coprimely on a group of
odd order G, then there is a choice-free bijection Irry(G) — Irr(Cg(A)). If |G|
has even order and (|G|, |A|) = 1, then |A| has odd order and it is solvable by
Feit-Thompson Theorem. In this case, such a bijection exists and it is commonly
known as Galuberman correspondence. In the case that both |A| and |G| are odd
numbers, Gauberman and Isaacs are both defined and actually they concide. This
was proved by Wolf in [59], so nowdays we refer to "Glauberman-Isaacs" correspon-
dence. We note that this correspondence Irr4(G) — Irr(Cg(A)) is "natural”, in the
sense that there is algorithm for constructing it and that the result is independent
of any choices made in application of the algorithm. So, the Glaubermann-Isaacs
correspondence commutes with Galois action and, in particular, sends real char-
acters to real characters.

The techniques introduced by Isaacs lead to the McKay bijection for p = 2 (see
[32, Theorem 10.9]). This bijection is natural in the meaning as above, so there is
a bijection

Irrg o (G) — Irrg o/ (Ng(P)),

where P € Syl,(G). For p odd, the 'real version" of McKay conjecture does
not hold. Indeed if G = GLy(3) and P € Syls(G), then |Irrg 3(G)| = 4 and
|Irrg 3 (Ng(P))| = 6. In literature, it seems that there is any reference in this
context. We suspect that McKay conjecture is not a good topic for the theory of
real characters.

In general, a good strategy to produce results in the context of real characters is
to find "real versions" of known theorems that are true for all characters. However,
one must be careful with this strategy.

Suppose we want to find a "real version" of the following Theorem.

Theorem 3.5.1. [48, Theorem A] Let p C m be two sets of primes. Suppose that
G is m-separable and p-separable. If Irr-(G) = Irr,(G) then, called H € Hall/(G)
e K € Hall,/(G), the following holds.

1. Ng(H) = K/Ng(K),'
2. K'NNg(H) = H'.

As the prime 2 must play a role, the minimal choice is p = {2, p}. Therefore,
for 7 there are these two possibilities: @ = 2’ or # = p/. For 7 = 2/, we can see
that SmallGroup(42,2) is a counterexample.

Consider m = p’. Hence a good candidate for a "real version" of the Theorem above
would be the following statement
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+ Let G be a group and p > 2 a prime. Take H € Hallyy ) (G), P € Syl,(H)
and N = Ng(H). If Irrg (G) = Irtg (2,5)(G), then Ng(P) < N.

Unfortunatly, also this statement is not true. Indeed SmallGroup(1500,123) is a
counterexample.
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Chapter 4

Prime graphs on real class sizes

In this chapter are discussed the groups G such that csg(G), the set of the sizes
of the real classes of GG, consists of prime powers. These groups are characterized
in the main Theorem 4.2.10 under the assumption Re(O2(F(G))) C Z(O05(F(G))).
Sections 4.1 and 4.2 contain some preliminary and technical results, which are well
known, except maybe for Lemma 4.1.17.

In Section 4.2 is proved the main theorem; in the first part of this section, it is
assumed that O(G), the largest normal subgroup of odd order that is centralised by
a Sylow 2-subgroup of G, is trivial. This assumption is removed later. The proof
of Theorem 4.2.10 is divided in the case where F(G) is a 2-group (Subsection 4.2.1)
and in the case where F(G) is not a 2-group and O(G) = 1 (Subsection 4.2.2).
Section 4.3 investigates the possibility to generalize the main Theorem 4.2.10,
removing the hypothesis Re(Oy(F(G))) C Z(02(F(G))). The removal of this
additional condition leads to a difficulty that is not new in the study of real classes,
which is Conjecture 4.3.1.

Section 4.4 includes some additional material, general remarks and examples.

4.1 Preliminaries

We start with a definition.
Definition 4.1.1. Let G be a group.

1. Ifr € G and H < G, we define 2/ = {z" | h € H}. So, 2% = {29 | g € G}
is a conjugacy class of G.

2. If C is a conjugacy class of G, then |C| is the size or length of C.

3. An element x € G is said real if it is G-conjugated to its inverse, i.e. there

exists g € G such that 29 = 271

45
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4. if C is a conjugacy class, we say that C is real if it is generated by a real
element or, equivalently, if z € C, then 27! € C.

5. cl(G) denotes the set of all conjugacy classes of G and clg(G) C cl(G) denotes
the set of all real conjugacy classes of G.

6. cs(G) and csg(G) denote respectively the set of lengths of classes in cl(G)
and clg(G).

7. If p is a prime, we denote with clg ,(G) the set of all non-central classes in
clg(G) whose length is a p-power number.

We recall some notation. If X is a set of positive integers, we denote w(X) the
set of all the primes that divide some element in X.

Definition 4.1.2. Let G be a group, csg(G) the set of lengths of real conjugacy
classes of G and denote V, = m(csg(G)). Consider the graph Ak (G) whose vertex-
set is V& and two vertices p, g € Vg, are adjacent if and only if there is s € csg(G)
such that pg divides s. We call AL(G) the prime graph on real conjugacy class
sizes of G.

Our goal is to study the groups G such that csg(G) consists of prime-power
numbers. In terms of the prime graph, this is equivalent to requiring that A% (G)
consists of isolated vertices. We remark that if there are more than two primes
involved, then one of them is the prime 2. A direct proof of this can be obtained
using the argument in Theorem 3.4.3. Nevertheless, it is more convenient to use
the following general result from [57] and [17].

Theorem 4.1.3. Let G be a group and suppose that AR (G) is disconnected. Then
G is solvable, there are exactly two connected components and one of them contains
the prime 2.

Proof. By Theorem A and B of [57], we have that G is solvable and 2 appears as
a divisor of some real class size. By Theorem 6.2 of [17] we have that the number
of connected components of Aj(G) is at most 2. O

The following Theorem is an analogue of Ito-Michler Theorem for real conju-
gacy classes.

Theorem 4.1.4. [17, Theorem 6.1] Let G be a group and T € Syl,(G). Then all
real classes of G have odd sizes if and only if T I G and Re(T) C Z(T).

We point out that a real version of Thompson’s Theorem for real conjugacy
class sizes does not hold. Indeed, if G is isomorphic to either the solvable group
SLs(3) or the non-solvable group SLy(5) = 2.As5, then csg(G) consists of 1 or even
numbers, but G does not possess a normal 2’-complement.
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Now we present a deep result that connects the worlds of real degrees and real
class sizes.

Theorem 4.1.5. [28, Theorem B] Let G be a group and p an odd prime. If p = 3,
assume in addition that G has no composition factor isomorphic to SL3(2). If p
does not divide |C| for every real class C of G, then p does not divide x (1) for every
real-valued x € Irr(G).

If csg(G) consists of 2-powers (or, in terms of prime graphs, Aj(G) consists of
the isolated vertex 2) then the structure of the group G is characterized.

Theorem 4.1.6. Let G be a group. Then V} = {2} if and only there is and
K € Hally/(G) normal in G, Re(G) C Cq(K) and [K',T] =1 for T € Syl,(G).

Proof. By Theorem C of [49], we have that V} = {2} if and only if K 9 G
and Re(G) C Cg(K). Assume that V5 = {2}. We have that G is solvable and
thus G has no composition factor isomorphic to SL3(2). By Theorem 4.1.5, the
degree of all real characters are 2-powers and by Theorem 3.2.10 we have that

[K',T] = 1. m

4.1.1 Technical lemmas
The following is a list of useful technical lemmas.

Lemma 4.1.7. Let G be a group.
1. If x € Re(G) and |z| is odd, then z* = 1.

2. Suppose N a normal subgroup and N € Re(G/N). If either |[N| or the
order of N in G/N is odd, then tN = yN for some y € Re(G) (of odd
order if the order of Nz is odd).

3. If B,C € cl(G) such that (|B|,|C|) = 1, then BC = CB € cl(G) and |BC|
divides |B||C|. If further B = 2% and C = y© with v,y € Re(G) such that
xy = yx, then xy € Re(G) and BC € clg(G).

4. If tN € G/N, then |(xN)¢/N| divides |2¢|.

5. If N < G is a 2-group and x € G is an element of odd order such that
zN € Re(G/N), then x is real in G.

Proof. Parts 1 and 2 are parts (3) and (6) of [57, Lemma 2.1]. Part 3 is a combi-
nation of [3, Lemma 1(b)] and [17, Lemma 6.3b)]. Part 4 is well known and part
5 is [17, Lemma 6.3c)]. O
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Lemma 4.1.8. [17, Proposition 6.4] Let G be a group. The following are equiva-
lent.

1. Every non-trivial element in Re(G) has even order;
2. Every element in Re(G) is a 2-element;

3. G is has a normal Sylow 2-subgroup.

Lemma 4.1.9. Let G be a group and suppose that AR(G) has two connected
components with verter sets my, Ty, where 2 & wy. If v € Re(G) and |2%| > 1 is a
mo-number, then x is an involution and Cg(x) is 2-closed.

Proof. The proof is contained in [57, Lemma 3.1]. O
Lemma 4.1.10. [57, Lemma 3.2] Let G be a group and N a normal subgroup of
odd order. Then AL(G/N) is a subgraph of AR (G).

Definition 4.1.11. We say that G satisfies the assumption
(x) if G is solvable, csg(G) consists of prime-power numbers (%)
and Vi = {2, p} for some odd prime p.

The condition (x) is introduced for convenience.

Lemma 4.1.12. Let G be a group. Suppose that csg(G) consists of prime powers.
Then one of the following holds.

1. V5 C {2}
2. V& C {p} for an odd prime p.
3. The property (x) holds for G.

Proof. Suppose that csg(G) consists of prime powers involving more than one
prime. Then Theorem 4.1.3 applies: G is solvable, V¢, = {2,p} and 3. follows. It
remains the case where V¢, = {¢} for a prime q. ]

The previous lemma shows that if we want to describe the structure of GG in
the case where csg(G) consists of prime powers, we are reduced to assuming (x).

Let G be a group and N, M < G such that N and M have odd order and
commute with S € Syl,(G). Then NM has odd order and commutes with S.
Therefore, we give the following definition.

Definition 4.1.13. Let G be a group and S € Syl,(G). Let A be the collection of
normal subgroups of G, of odd order and that commute with S. Then we define

O(G) = NHA N,

that is the largest normal subgroup of odd order that commutes with S.
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It is worth noting that Irrg(G) = Irrg (G/O(G)) by part 1 of Lemma 3.2.13.
Lemma 4.1.14. Let G be a group and M < G a subgroup of odd order.

1. Suppose that csg(G) consists of prime powers. If M < ®(G) and p & V¢
for an odd prime p, then p ¢ V..

2. If M < ®(G) and 2 ¢ Vg, then 2 ¢ Vi,

5. Suppose cdr(G) consists of prime powers and M < O(G). Then Vi = V¢
and (x, M) = (z) x M for every x € Re(G).

Proof. Let T € Syl,(G) and call G = G/M.

We prove 1. Suppose that p ¢ V% and assume working by contradiction that
p € V&. So, there is an element ¢t € Re(G) such that t9 € clg,(G). By part 1
of Lemma 4.1.7, ¢ is an involution; we can furthermore assume that 7' < Cg(t).
Note that t ¢ M, hence t is an involution in G. By part 4 of Lemma 4.1.7, csg(G)
consists of prime power numbers and therefore, by Theorem 4.1.3, we have that
Ve C {2}. Since [t9] has odd order, we have that ¢ € Z(G). So, ¥ =" =t
for every x € G. It follows that (t*, M) = (t, M) for every x € G. This means
that (¢, M) < G and (t, M) contains (t) as a Sylow 2-subgroup. By the Frattini
argument G = Cg(t)M = Cg(t) because M < &(G), and this is impossible.

We now prove 2. Suppose that 2 ¢ V&; then, by Theorem 4.1.4, we have that
T < G and Re(T) C Z(T). Since M has odd order, then T ~ T and therefore
Re(T) C Z(T). Now, T < F(G) = F(G)/M because M < ®(G), therefore F(G)
contains 7. This means that TTM = T x M, since both subgroups are normal in
F(G). It follows that T < G and Re(T) C Z(T). Hence, again by Theorem 4.1.4,
we have that 2 ¢ V.

Finally, we prove 3. Since M < O(G), we have that [G : Cg(M)] is odd. So,
T < Cg(M) because Cq(M) < G. We prove that Vi = V. Suppose that 2 ¢ VY.
By Theorem 4.1.4 we have that T < G and Re(T) C Z(T). Hence, as T ~ T, we
have that Re(T) C Z(T'). Since T' < Cg(M), we have that TM = T x M and
T <4 G. This means that 2 ¢ V§ by Theorem 4.1.4. Suppose that p ¢ V¢ for an
odd prime p and let K € Hally(G). As before, we can see that csp(G) C {2}; so,
by Theorem 4.1.6, we have that X < G and [(K)/,T] = 1. Since M has odd order
and K = K/M, it follows that K < G. Moreover, [K’,T] < [(K)',T] = 1 and
therefore we have that [K',T] < M. Hence [K',T| = [K',T.T) < [M,T] =1 and
p ¢ V5. So, Vi = Vg,

Let « € Re(G). Suppose that y € (z) N M. Hence y, that is a power of z, is real
in G. On the other hand, y commutes with a Sylow 2-subgroup of G. Therefore
ly| < 2. Since M has odd order, we have that y = 1. O
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Corollary 4.1.15. Let G be a group and M < G of odd order. Suppose that
property (%) holds for G. If either M < ®(G) or M < O(G), then property (x)
holds for G /M.

Proof. Observe that csg(G/M) consists of prime power numbers by part 4 of
Lemma 4.1.7. By Lemma 4.1.12, it is enough to prove that [V | > 1, ie. if
a prime divides some real class size of GG, then it divides some real class size of
G/M. If [G : Cg(M)] is odd, then, by part 3 of Lemma 4.1.14, we have that
Vel = Vel = 2.

Suppose that M < &(G). By part 1 and 2 of Lemma 4.1.14, we have that
Vém = Vi that has size 2, because () holds for G. O

4.1.2 Ultraspecial groups

Definition 4.1.16. Let T be a group. We say that 1" is ultraspecial if the following
hold.

1. &(T) = T' = Z(T) = Q. (T),
2. |T/®(T)| = 22" and |®(T)| = 2".

Now, following paragraph 2 of [46], we give an explicit construction of groups
that are ultraspecial. Let n be a positive integer and [ a field of order 2". Let LL
be an extension of degree 2 of F and A # 1 an element of . whose multiplicative
order is a divisor of 2" + 1. Clearly, A ¢ F and e = A\ + A™! € F. We define the
group T, as the set all triads («a, 3,7) € F? with the multiplication

(o, B,7)(@1f1,m) = (a1 + g, 1 + PBa, 71 + 72 + arag + €y B2 + (152).

The group 7}, depends on A and the identity of 7, is the element (0,0, 0). Moreover
T, is ultraspecial and ®(7,,) = {(0,0,7) | v € F}. Every element in ®(7),) is a
square and the mapping oy: (o, 5,7) — (B, + €53,7) is an automorphism such
that oy = |A|. We observe that T}, has real non-central elements. This can be
easily seen viewing T,, as the Sylow 2-subgroup of the simple group PSU;3(2") or
by direct check. Indeed a® = a~! for a = (,0,0) and b = (0, ae!,0), where « is
any element of F. We have that |a|] > 2, because a # O and a* = (0,0, a?) # 17,
It follows that a is real and non-central. Note that a ¢ ®(T),).

Lemma 4.1.17. Let G be a 2-group and X < Aut(G) a subgroup of order p, an
odd prime. Suppose that Q(G) < Cg(X). Then there is x € Re(G) such that
t] > 2.
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Proof. The proof relies on results in [46]. Let Gy = [G, X]. Since the action is
coprime, we have that G = GyCq(X); therefore Gy > 1, because X < Aut(G) is
non-trivial. The action of X on Gy = G/ ®(Gy) is completely reducible. More-
over, it is fixed-point-free and, therefore, is faithful. To see this, take g ®(G)
such that ¢*®(Gy) = ¢gP(Gp), with X = (z). Then, using [31, Satz 118.6],
there is t € Cg,(X) such that g®(Gy) = tP(Gy). By coprimity, we have that
Cg,(X) = Cg,(X). Moreover, [Goy, X] = [Go, X] and, by Fitting’s Theorem,
Cq,(X) N [Go, X] = 1. Since Gy = [Gy, X|, we have that t € [Gy, X] N Cg,(X) <
®(Gy). By Lemma 3 of [46], there is T' < G that is X-invariant and such that the
action of X on T is faithful. By Theorem 1 in [46], we have that T" is isomorphic
to T,, for some n. Now, T has an element ¢t € 7'\ ®(7") that is real of order > 2
(see the discussion in the paragraph before the Lemma) O

4.2 Groups G such that csg(G) consists of prime
powers

In this section we prove the main result of this chapter, Theorem 4.2.10, where
we characterize the structure of a group G such that csg(G) consists of prime
powers, assuming Re(O2(G)) C Z(02(G)). As a consequence, we obtain a bound
for ¢5(G) and ly(G) in Corollary 4.2.11.

In Lemma 4.1.12 we have seen that csg(G) consists of prime powers involving more
than one prime if and only if property (%) (see Definition 4.1.11) holds for G. In
this case, by Corollary 4.1.15, we have that (x) holds for G/O(G). Therefore, in
the two following subsections, we assume that O(G) = 1. Using Lemma 4.2.8,
we will prove in Theorem 4.2.10 that O(G) is a direct summand in G. We divide
the work in two cases. The first is when F(G) is a 2-group and it is analysed in
Subsection 4.2.1. The second, in Subsection 4.2.2, is when F(G) is not a 2-group .

4.2.1 The case where F(G/O(G)) is a 2-group

Proposition 4.2.1. Let G be a group. Suppose that F' = F(G) < G is a 2-group
and that Re(F) C Z(F). If csg(G) consists of prime-powers, then the followings
hold.

1. V& C{2,p} for an odd prime p and Fo(G) = F x L, where L is a non-trivial
p-group.

2. Qi (F) elementary abelian and central in F.

3. L acts faithfully on Q4 (F);
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4. If V = [Q(F),F2(G)] and U = Cq,r)(F2(G)), then V and U are G-
invariant and Cg(V) = F.

5. [v9| is a p-power for all v € Q,(F).

Proof. By Theorem 4.1.3, GG is solvable and V& C {2,p} for an odd prime p. By
hypothesis, Fo(G)/F > 1 and has odd order. Write Fyo(G) = L x F for some
nilpotent 2’-group L. The group L acts faithfully on F. Take Q € Syl (L), for
some prime ¢ # p. Since F'QQ < G, csg(FQ) consists of prime powers involving
only the primes 2 and p. Therefore, since FQ is a {2,q}-group, we have that
csr(F'Q) are 2-powers. By Theorem 4.1.6, we have that F'QQ = F' x ). This means
that @) centralizes F' and hence () = 1. So part 1 follows.

Note that Q4 (F) is elementary abelian and central in F', since Q4 (F) C (Re(F)) C
C Z(F). So part 2 follows.

We now prove part 3. Observe that L acts on Q4(F). Suppose that there is
1 < X < L that acts trivially on €;(F'). Clearly, we can assume that X < Z(L)
and has prime order. The group X acts faithfully on F’ and fixes all the involutions
of F. By Lemma 4.1.17, F' has a real element ¢ of order > 2, but this is against
Re(F) C Z(F).

We prove part 4. Call U = Cgq, () (F2(G)) and V = [Q(F),F2(G)] and note
that V and U are characteristic subgroups of Fo(G). It follows that V and U are
G-invariant. Moreover, observe that V' = [Q(F),L] and U = Cgq,(p)(L). Let
C' = Cg(V), we prove that C' = F. Observe that the group C' is 2-closed. Indeed,
Cy(L) =1 and if v € V#, then v“ € clg ,(G), since v, being an involution, is real
in G. Therefore, C' < Cg(v), that is 2-closed by Lemma 4.1.9. As before, write
Fy(C) = T x R, for a nilpotent group R of odd order. Since T' = Oy(C) = F,
the group R is contained in some conjugate of L that acts faithfully on V', and
this implies that R = 1. We have proved that C' is a non-trivial 2-group and this
implies that C' = F.

We now prove part 5. Observe that Q;(F') = U x V' is the Fitting decomposition of
the action of L on £ (F). Suppose that there isw € €, (F) such that w® € clg ,(GQ)
for a prime ¢ different from p. Hence, without loss of generality, we can assume that
C¢(w) contains L. So, w € U. On the other hand, as Cr(V) =1, thereisv € V
such that [v*| is divisible by p. Since v* = v¥2(@ it follows by hypothesis v& €
clg,(G). Note that U,V < G and UNV = 1. Therefore Cg(wv) = Cq(w)NCeq(v)
and it follows that pq divides |(uv)Y|, that is impossible. O

Proposition 4.2.2. In the situation of Proposition 4.2.1, suppose that (x) holds
for a group G. Then the followings hold.

1. 'V is an irreducible G/F-module and Cg(V') = 1.
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2. G/F is isomorphic to a subgroup of I'(V') and G/F is dihedral of order 18
or 2p, with p a Fermat prime.

3. Q(F)=U xV where U < Z(G).
4. If yF' is an involution of G/F for some 2-element y € G, then y ¢ Re(G).

Proof. Call H = G/F. Suppose by contradiction that H has odd order. By
hypothesis Re(F') C Z(F), and by Theorem 4.1.4 all the real class sizes of G
have odd size. On the other hand, by (x), we have that V = {2,p} and this
is impossible. Therefore H has even order. Let V and U be as in the proof of
Proposition 4.2.1. For every v € V#, v € clg ,(G) and, by Lemma 4.1.9, C(v) is
2-closed. Hence Cg(v) contains a Sylow 2-subgroup of H as a normal subgroup.
Then, (H,V) satisfies the condition N3 and by Proposition 2.4.4, we have that V'
is irreducible and H < I'(V'). By part 3 of Proposition 2.2.6, H is a dihedral group
of order 18 or 2p with p a Fermat prime. This means that F(H) is cyclic and its
order is a Fermat prime or 9. Clearly, F(H) is the image of L in H, where L is
the group in part 1 of Proposition 4.2.1. Moreover, L acts trivially on U, that is
central in F', and hence |G/Cg(U)| < 2. By part 5 of Proposition 4.2.1, we have
that [v¢] is a p-power for every v € V x U, therefore [G : Cg(U)] = 1 and hence
U <Z(G).

Let 1 # ¢ be an involution of H, hence t = yF' for some 2-element y € GG such that
y> € F. Suppose by contradiction that y € Re(G). Now, y does not centralize
Q(F), otherwise we would have [y, V] = 1 and y € Cg(V) = F, but y ¢ F.
Therefore, |y(F)| > 1. This implies that 2 divides [G : C¢(y)] and, by hypothesis,
y“ € clra(G). So, a conjugate of L, say LI for g € G, centralizes y. Therefore
G/F = (LYF/F) x (t) is cyclic and not dihedral, impossible. O

4.2.2 The case where F(G/O(G)) is not a 2-group

Definition 4.2.3. We write M -< G to indicate that M is a minimal normal
subgroup of the group G. If M is an elementary abelian p-group, then we call p
the characteristic of M and we write p = char(M).

We recall that, according to Definition 2.3.6, diagonal elements of a wreath
product are those in the base group whose entries are all equal.

Proposition 4.2.4. Suppose that (x) holds for G. Let M - < G of odd order and
not contained in O(G), andt € Re(G) such that 1 < |t%| is odd. Then, |t| =2 andt
acts as the inversion on M. Moreover, char(M) € Vi, and, called G = G/Cq(M),
one of the following holds.

1. G is a 2-group and t € Z(G).
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2. char(M) = 3 and G is isomorphic to a subgroup of H1 K, where K is a 2-
group, H ~ SLy(3) or GLy(3) and H = N&(My)/Ca(My) for some subspace
My such that M§ = M and |My| = 3. In this case, t the image of t in H1 K
is central and diagonal in H UK. In particular, t is central in G.

Proof. By (%), the group G is solvable, csg(G) consists of prime powers and V. =
{2,p}. Since M - < G, we can see M as an irreducible faithful G-module. Suppose
that char(M) = ¢, with ¢ an odd prime, and let Ly = Oo(G). Since M is not
contained in O(G), G has even order and hence there is an involution z € G.
Note that there is v € M# such that v* = v~! (indeed, there is m € M such that
m? # m, it is enough to choose v = m~'m?); therefore, v is real and if Z € G is
an element in the preimage of z, then Z € Ng(Cg(v)) \ Ca(v). Hence 2 divides
|G : Cg(v)]. By hypothesis v& € clgo(G) and Ly < Cg(v). So, 1 # v € Cyr(Ly).
By the irreducibility of M, we have that M = Cy;(Lg). It follows that Ly = 1

and that F(G) is a 2-group. Let Z = Q4 (Z(F(G))). Note Z that is an elementary
abelian 2-group. Since Z is normal in G and M is irreducible, we have that
M = [Z, M] and Cy(Z) = 1. By Maschke’s Theorem, M is a completely reducible
Z-module. We now prove that Z acts as the inversion on every irreducible Z-
constituent of M. Let M; an irreducible Z-constituent of M. Since Z is elementary
abelian, Z/Cz(M;) has order 2 by [45, Lemma 0.5]. Thus, Z/Cz(M;) acts as the
inversion on M;. In addition, M; has order p and every element of M; is real.

Since p € Vg, there is t¢ € clg,(G). By Lemma 4.1.9, the element ¢ is an
involution. Call ¢ the image of ¢ in G. Note that Cg(t) contains a Sylow 2-
subgroup of G and therefore ¢ centralizes F(G), so t € Z. The element ¢ acts

on M; suppose by contradiction that Cy/(t) > 1. Hence, Cp(t) > 1. Take
M; < Cy(t) and irreducible Z-constituent. Then, as remarked earlier, Z acts on
M as the inversion. Thus, if 1 # m € M, the element m is real. Note that m and
t have coprime orders, commute and m® € clg »(G) and t9 € clg,(G). By part 1
of Lemma 4.1.7, tm is a real element that generates a class of size a multiple of 2p,
against the hypothesis. Therefore, Cy(t) = 1 and t acts as the inversion in M.
As a consequence, we have that ¢ divides [t“|, that therefore is a g-power. Thus,
q = p € Vi Moreover, for all v € M, Cg(v) contains a Hall 2'-subgroup of G.
Observe that ¢ centralizes a Sylow 2-subgroup of G. If G is a 2-group, t € Z(G).
Suppose that G is not a 2-group. By Theorem 2.3.7, we have that either G is a
2-group or p = 3 and there is a monomorphism i: G — HUK where K is a 2-group,
H ~ SLy(3) or GLy(3) and H = N&(My)/Cga(My) for some My < M such that
M, as G-module, is induced by M. Note that t € Ng(M). Therefore, by part 4 of
Theorem 2.3.7, the image of ¢ in H{ K is diagonal and it is centralized by K. Since
H is isomorphic to SLy(3) or GLg(3), we have that F(H) is the quaternion group
and tCg(M) € F(H). It follows that tCg(M) is the unique central involution of
H. Tt follows that the image of t in H { K is central. Since G is isomorphic to a
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subgroup of H1 K, t € Z(G). O

Lemma 4.2.5. Let G be a group, F' = F(G) and N = O« (F). Suppose that N
is an elementary abelian 3-group, that Co(N) = F and that N = Ny X - -+ X N,
where, for every i, N;-< G and N; is not contained in O(G) for all i. Assume
that, for all i, G/Cg(N;) is either a 2-group or isomorphic to SLa(3). Let Gy be
a complement for N in G and v € Re(Gy) such that 3 divides |v¢°|. Then G
contains a real class whose length is a composite number.

Proof. We work by contradiction, hence we assume that csg(G) consists of prime
powers. Since Gy ~ G/N, we have that N € Re(G/N) and 3 divides |(zN)%/"|.
By part 4 of Lemma 4.1.7, 3 divides |2#¢|. Therefore 2¢ € clg3(G) and z is an
involution by Lemma 4.1.9. In particular, 3 € V.. Moreover, G/ F is isomorphic to
a subgroup of [[; G/C¢g(NN;) and, since 3 divides |G/N|, without loss of generality
we can assume that G/Cg(Ny) ~ SLy(3). The central involution of G/Cg(Ny)
acts as the inversion on Ny and hence every element of N; is real. Take 1 # n € Ny,
then n has odd order and, by assumption, n® € clgo(G). It follows that 2 € Vg
and, by Lemma 4.1.12, property (x) holds for G.

Since NM;Cu(N;) = Cg(N) = F, the group G/F is isomorphic to a subgroup of
[1; G/Cq(N;), applying Proposition 4.2.4 to the action of x every V;, we have that
x acts as the inversion on N and zF is central in G/F. Since 2% € clg 3(G) and
Ce(N) = NCg,(N), there is S € Syly(Gy) such z € S. Clearly, z € Q,(Z(5)).
Let H € Hally(G) and T' = O2(G). Note that Cg,(N) < G and Cg,(N) < F,
50 02 (Cq,(N)) < NNGy = 1. So, Cg,(N) is a 2-group and it follows that
Cq,(N) =T < S. Note that Gy/Cq, (i) ~ G/Cqs(N;) is 2-closed for every i;
so, it follows that [I; G/Cg(N;) is 2-closed. As G/T is isomorphic to a subgroup
of [I; G/Cqs(N;), we have that Gg is 2-closed. This means that S <9 Gy and
2% C Q(Z(9)). Since zF is central in G/F, we have that 2% F = xF. Therefore,
for every h € H, 2"F = zF and [x,h] = zz" € FNS =T = O0y(G). Call
V = [H, (x%)]. Note that V < Q,(Z(S)) NT. Moreover, H acts non-trivially on
V', otherwise, using coprime actions, the following

1= [V,H] = [(z%),H, H] = (=), H]

implies that H commutes with x and this is impossible since = € clg 3(G). There-
fore, there is v € V such that [v¥| > 1. Since v € £,(Z(S)) N T, we have that
v = v%. Moreover, v commutes with N and thus v = v and v € clg 3(G).
Take any non-trivial n € N, since x acts as the inversion on N, n is real and
n% € clg»(G), because n has odd order and we are assuming that csg(G) consists
of prime powers. By part 3 of Lemma 4.1.7, nv € Re(G) and 6 divides |(nv)%| and

this is impossible. O]

Compare the method used in Proposition 4.2.5 with Proposition 4.3.5.
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Lemma 4.2.6. Let G be a finite group and 7 a set of primes. Suppose that
O,(®(G)) = 1. Then O,(F(G)) has a complement in G and is completely reducible
as G-module.

Proof. Call N = O,(F(G)), F = F(G) and consider G = G/®(G). Observe that
N has a complement Gy in G by [31, III Hilfssatz 4.4]. By Gaschtitz theorem (see
[45, Theorem 1.12]), we have that F is a completely reducible G-module. Since
N ~ N as G-module (because N N ®(G) = 1), we have that N is completely
reducible under the action of G. [

Proposition 4.2.7. Suppose that G is a finite group, O(G) = 1 and that (%) holds
for G. Suppose that Oy (®(G)) = 1. Call F = F(G) and N = Oy (F). Assume
that N > 1. Then, N is a p-group with p € V5, Ca(N) = F and G/F is a
2-group. Moreover, if t € Re(G) is such that t¢ € clg ,(G), then |t| =2 and t acts
as the inversion on N.

Proof. We recall that from (x) it follows that G is solvable, V} = {2,p} for an
odd prime p and that csg(G) consists of prime powers. By Lemma 4.2.6, N has
a complement Gy in G and it is completely reducible as a G-module. If we call
C' = Cg(N), then C has a complement 7" for N and hence C' = T' x N. Note
furthermore that 7'< < G, that F(O(T)) < TN N = 1 and, therefore, that
O« (T') = 1. Moreover, since (*) holds for G and T is subnormal in G, csg(T") con-
sists of prime-powers, involving at most the primes 2 and p. Suppose C € clg,(T).
Then, by Lemma 4.1.9, the class C is generated by an involution z. Since T is
subnormal in G, it follows by hypothesis that 2% € clg,(G). But z acts trivially
on N and hence x acts trivially on a minimal normal subgroup of G contained in
N. This is against Proposition 4.2.4. Hence the real classes of T" have lengths that
are 2-powers. By Theorem 4.1.6, T" is 2-nilpotent. Since F (O (7)) = 1, it follows
that T is a 2-group, T'= Oy(F') and C' = F.

Since (*) holds for G, there is t € Re(G) such that t¢ € clg ,(G) and ¢ is an invo-
lution by Lemma 4.1.9. Write N = Ny X --- X N,,, where NV, is a minimal normal
subgroup of G. Note that G/F ~ G/T and Cg,(N) = T. Applying Proposition
4.2.4 to N; for every i, it follows that N is a p-group (where p € V) and that t acts
as the inversion on N. In particular, every v € N is real. In addition, again by
Proposition 4.2.4, Go/Cg,(N;) is either a 2-group or it is isomorphic to a subgroup
of H; ! K;, where H; is the quotient of a subgroup of G and it is isomorphic to
GL2(3) or SLy(3).

Assume by contradiction that G/F is not a 2-group. So, Go/T is not a 2-group.
As T = ),; Cg,(N;) and Gy is isomorphic to a subgroup of IT; Go/Cg,(NV;), we
can assume that N is such that Gy/Cg,(N;) is isomorphic to a subgroup of
H, ! Ky, where H; is isomorphic to either GLy(3) or SLy(3). In this case, we
have that char(N;) = 3 for every i, so N is a 3-group and 3 € V. Suppose that
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H, ~ GLy(3); by Proposition 4.2.4, there is M < Nj such that Ng,(M)/Cg, (M)
is isomorphic to GLy(3) and |M| = 9. Since GLy(3) contains a real element of
order 3, there is gCq, (M) € Re(H;) of order 3. By part 2 of Lemma 4.1.7, we can
assume that g € Re(Ng,(M)) and that g has odd order. So, 2 divides [¢“]. On
the other hand, 3 divides |g“|, because g acts non-trivially on N, that is a 3-group.
This means that ¢ is a real class whose length is a composite number and this
is impossible. This argument shows that H; % GLy(3) for all i. So, without loss
of generality, we can assume the following working situation: N is a 3-group and
there is 1 < k < n such that Go/Cg,(N;) ~ H; ! K; with H; ~ SLy(3) for i < k
and Go/Cg,(NV;) a 2-group for i > k.

If i <k, write B; for the base group of H; ! K;; if i > k, write B; = G/Cg,(N;),
that is a 2-group. There is a monomorphism o: Go/T — T[Ii; Go/Ceq,(Vi).
Let B be the preimage of o~ (I[’.; B;) in Gy. Observe that B < Gy and that
Go/B is isomorphic to a subgroup of [[¥_, K, that is a 2-group. Since Gy is
not a 2-group, we have that B contains every Hall 2’-subgroup of Gy. Note that
AR(Gy) = AR(G/N) and that AR(G/N) is a subgraph of A}(G), by Lemma
4.1.10. Therefore, V¢, C {2,3} and csg(Go) consists of prime power numbers.
Suppose that 3 € Vg, . Then, there is z € Gg such that G0 ¢ clg 3(Go) and z is
an involution, by Lemma 4.1.9. By Lemma 4.1.7, we have that ¢ € clg 3(G), so,
as remarked earlier, z acts as the inversion on N. If ¢ > k, then 2Cg,(N;) € B;.
If i < k, by Proposition 4.2.4, we have that xCg,(V;) lies in the base group of
HV K;. So, o(x) € [T, B;. This implies that x € B.

We now prove that the hypotheses of Lemma 4.2.5 are satisfied for the group N B.
Observe firstly that N an elementary abelian 3-group and that N is completely
reducible under the action of B, by Clifford’s Theorem. Moreover, B acts on every
irreducible B-constituent of N as a SLy(3) or a 2-group. Since B < G, that is
a complement for N, we have that B is a complement for N in NB. Moreover,
02 (NB) < Oy(G) = N < Oy (NB), s0 Oy(NB) = N and 2% =28 asx € B
and every Hall 2'-subgroup of Gy is contained in B. This means that 27 € clg 3(B).
As remarked earlier, x acts as the inversion on N. So, none of the B-constituent
of N are contained in O(NB). Since NB < G, we have that F(NB) = F and
Cpn(N) < Ce(F)NNB = FNNB = F(NB). By Lemma 4.2.5 applied on
N B, we have that NB, and hence GG, has a real class of composite size, which is
impossible.

Hence we can assume that Vi, C {2}. By Theorem 4.1.6, we have that Gj is
2-nilpotent. This means that Cg(n) is 2-nilpotent for every n € N and, using
the fact that csg(G) consists of prime powers and that N C Re(G), it follows that
C¢(n) contains a Hall 2’-subgroup of G for all n € N. Therefore (G/F, N) satisfies
the property Ny. By Proposition 2.4.4, N is irreducible. Note that Cg,(N) =T
is a 2-group and G /T ~ SLs(3), and this is impossible since Gy is 2-nilpotent. [
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Lemma 4.2.8. Let G be a group and H I G a subgroup of odd order. Suppose
that csg(G) consists of prime powers. If there is M <G, M < H, and t € G such
that t acts as the inversion on H/M, then there is N < Z(H) such that NM = H
and t acts as the inversion on N. If furthermore M < O(G), then N x M = H.

Proof. Call A = H/M. The automorphism t acts as the inversion on A that,
therefore, is abelian. Moreover, every element of A is real in (t) x A. Let A\ 1=
{ai...a,}. For every i, 1 # a; € Re((t)H/M) and by part 2 of Lemma 4.1.7,
there is x; € Re(H (t)) such that x;M = a;. Note that x; is non-trivial and 2
divides |(z;)¢]; so, it follows by hypothesis that 2§ € clgo(G). Since |z] divides
|z¢| and csg(G) consists in prime powers, it follows that x; € Z(H). Moreover,
x; € Re(H(t)), so, for every i, a conjugate of ¢ inverts x;; since z; € Z(H), we
have that ¢ inverts x;. If Ny = (x1...x,), then Ny < Z(H) and NoM = H.
If N = [Ny, (t)], then Ny = N x Cn,({t)) by the Fitting’s decomposition. Let
1 # x € Cn,((t)); then, ztM € C4((t)) =1 and z € M. It follows that H = NM
and that t acts as the inversion on N, since Cy((t)) = 1. This means that
N C Re(G). Suppose that M < O(G), and consider n € NN M. Then n € O(G)
and hence n = 1 by part 3 of Lemma 4.1.14. This means that N 1" M = 1. Since
H = NM, we have that H = N x M. O

Proposition 4.2.9. Suppose that (x) holds for a group G such that O(G) = 1.
Call F = F(G) and N = Oy (F). If N > 1, then N is an abelian p-group
forp € V&, F = Cg(N) and G/F is a 2-group. Moreover, if t € Re(G) and
t9 € clp,(G), then |t| = 2, t acts as the inversion on N and tN € Z(G/N).

Proof. Let M = Oy (®(G)) and N = Oy(G). Call G = G/M. Note that F =
F(G) by [31, 1113.5] and ®(G) = ®(G), since ®(G) is the intersection of all maximal
subgroups of G. It follows that Oy (®(G)) = 1. By Lemma 4.1.15, we have
that (x) holds for G. Hence, by Proposition 4.2.7 applied to G, we have that
G/F(G) = (G/M)/(F/M) ~ G/F is a 2-group, that C5(N) = F and that N is a
p-group for p € V. Observe that C(N) < Ca(N) < F, so Cg(N) < F.

Now we prove that N is abelian and if ¢ € Re(G) such that t¢ € clg,(G), then
t is an involution that acts as the inversion on N. Let ¢ € Re(G) such that
t9 € clg,(G). By part 1 of Lemma 4.1.7, [t| = 2. Moreover, t is centralized by
a Sylow 2-subgroup of G and therefore tN € Z(G/N), because N € Hally (G).
We now prove that N is abelian. Consider y = t®(N) € G/®(N), then y is an
involution and the conjugacy class in G/®(N) generated by y has length a p-power
number. If y is central in G/®(N), then K = (t, ®(NN)) is normal in G and () is a
Sylow 2-subgroup of K. By the Frattini argument, G = Cg(t)®(N) = Cq(t)P(G),
since ®(N) < &(G). It follows that G = Cg(t) and this is impossible. Hence y is
non-central in G/®(N) and its conjugacy class in G/®(G) has length a non-trivial
p-power number. Note that condition (x) holds for G/®(N) by Corollary 4.1.15.
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Note that Sylow 2-subgroup S of G acts coprimely on the quotient V' = N/®(N),
which is a faithful completely reducible S-module. If there is 1 # v € V such
that v € Cg(V), then by [31, I Satz 18.6], there is 1 # n € Cy(S). In particular,
n € O(G) = 1 and this is impossible. So, Cg(V) =1 and O(G/®(N)) = 1. By
Proposition 4.2.4, y acts as the inversion on every irreducible constituent of V. It
follows that ¢ acts as the inversion on V. By Lemma 4.2.8, there is Ny < Z(N)
such that N = Ny®(NN), therefore N = Ny is abelian and t acts as the inversion
on N. So, N < Cg(N) and Cg(N) = F. O

4.2.3 Main Theorem

We now prove the main theorem of this chapter.

Theorem 4.2.10. Let G be a group such that Re(O2(G)) C Z(02(G)). Then
csr(G) consists of prime-powers and |VE| > 1 if and only if Vi = {2,p} for an
odd prime p, G = Gy x O(G) and, writing F' = F(Gy), N = Oy (F), one of the
following holds.

1. N is a non-trivial, abelian p-group, Cg,(N) = F and Go/F is a 2-group.
Moreover, Re(Go) \ F # 0 and if v € Re(Gy) \ F, then |z| = 2, 2¢ € clg,(G)
and x acts as the inversion on N.

2. F is a 2-group, Re(F) = Q(F) = U x V, with U and V are elementary
abelian 2-subgroups that satisfy the following conditions:

(a) U= Cq,r)(F2(Go)) and U < Z(Gy),
(b) V = [Q(F), Fo(Go)] and Ce, (V) = F.

Moreover, V' is an irreducible Go/ F-module, Go/F S T(V), Go/F is dihedral
of order 18 or 2p, where p is a Fermat prime and if tF' is an involution of

Go/F fort € Gy, thent ¢ Re(Gy).

Proof. Let G be a group such that Re(O2(G)) C Z(O2(G)) and csg(G) consists
of prime powers. The group G satisfies the property (x) by Theorem 4.1.3. Let
K be a normal subgroup such that K/O(G) = O(G/O(G)). Hence T central-
izes K/O(G) and by coprimality K = O(G)Ck(T) = Ck(T'). This means that
K = O(G). In particular, if G = G/O(G) then O(G) = 1. Note that property (x)
holds for G by Corollary 4.1.15. In particular, G is solvable and Ve ={2,p}.

Suppose first that Oy (F(G)) > 1, call M the preimage of O (F(G)) in G. By
Proposition 4.2.9, G/F(G) is a 2-group and M is an abelian p-group. Moreover,
there is y € Re(G) such that y¢ € clg,(G) and y acts as the inversion on M.
By Lemma 4.1.7, there is z € Re(G) such that T = y and 2¢ € clg ,(G); so, z is
an involution by part 1 of Lemma 4.1.7. The element y acts as the inversion on
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M and yM € Z(G/M). Therefore, by Lemma 4.2.8, there is N < M such that
N x O(G) = M. Call Gy = TN where T € Syl,(G). Note that Gy is a direct
factor for G and Cg,(N) = F.
We now prove the remaining part of 1. Suppose that Re(G) C F. Then, every
real element is centralized by N, which is a Sylow p-subgroup of GGg. Therefore, p
doesn’t appear as a divisor of any real class size and this is against our assump-
tion. This proves that Re(G) \ F' # 0. Let x € Re(G) \ F. Since Cg(N) = F, the
element x acts non-trivially on N, therefore [2V] > 1. So p divides |z¢| therefore
2% € clg,(G) and, by Lemma 4.1.9, x is an involution. By Proposition 4.2.9, x
acts as the inversion on N.

Suppose now that F(G) is a 2-group. If M is the preimage of F(G) in G, then
M = O(G) x S for a 2-subgroup S. It is easy to see that S = Oy(G) and that
F(G) ~ S. Moreover, there is a bijection between the subgroups of F(G) and the
subgroups of S. Note that Proposition 4.2.2 applies to G. Hence, we can write
Q,(S) =U x V where

V = [ (F(Q)),Fa(G)]

and - B
U= Cﬂl(F(G‘)) (F2(G)).

Moreover, U < Z(G), Cs(V) = F(G), V is an irreducible G-module and G/F(G)
is dihedral of order 18 or 2p, with p a Fermat prime. We now prove that O(G)
has a direct complement G in G. Since G/F(G) is isomorphic to a dihedral group
of order 18 or 2p, a Fermat prime, there is y € G such that (yF(G)) is a cyclic
group of order 9 or p. By part 5 of Lemma 4.1.7, y € Re(G). There is t € G such
that ¢ is a 2-element and ¢ inverts y. Since t = tO(G), we can assume that ¢ is a
2-element. Let M be the preimage of (y) on G. Then ¢ induces an automorphism
of M that inverts M/O(G). By Lemma 4.2.8, O(G) has a direct factor X in M,
therefore M = X x O(G) and t acts as the inversion on X. If T' € Syl,(G), call
Go = XT. Then Gy is a complement for O(G) and O(G) centralizes G. Note
that property () holds for Gy. Therefore, if tF is an involution of Go/F for t € T,
then t ¢ Re(Go) by part 4 of Proposition 4.2.2.

Conversely, suppose that G is a group as in the Theorem, we prove that csg(G)
consists of prime-powers.
Assume that G has the form of part 1 of the Theorem. We can assume that
O(G) = 1. Let « € Re(G). Then x = 9wy, where xg, o € Re(G) are the 2-part
and the 2'-part of z. If x5 € F, then N centralizes xo (because xor € N that is
abelian 2-Hall of G) and s, therefore |2 is a 2-power. Suppose that z, ¢ F.
By hypothesis, we have that z is an involution, |§| is a non-trivial p-power and

Ty acts as the inversion on N. Since zy € N, 57 = z5,'. But [z, 22] = 1 and,



61

therefore, 1o = 1. So # = x5 and |2%| is a non-trivial p-power.

Assume now that G is a group as in part 2, we prove that csg(G) consists of prime
powers. We can assume that O(G) = 1. Take L € Hally(G). Note that L is cyclic
of order 9 or p, a Fermat prime. There is a homomorphism o: G — T'(V) such
that kero = F. Since G/F is dihedral, it follows that o(L) < I'y(V) and hence
L acts as scalar multiplications on V. Let z € Re(G) and write © = xoxy as
before. By hypothesis, if tF' is an involution of G/F then ¢t ¢ Re(G). Therefore,
since |G/F|y = 2 and x5 is real in G, x9 € F and zy € Q(F). Write 25 = uv,
with v € U and v € V. Suppose that v # 1. Without loss of generality, we can
assume that ro € L and hence xo acts as scalar multiplication on V. Since v
is a non-trivial element that is centralized by xo, we have that xo = 1. Now,
u € Z(G) and a Sylow 2-subgroup T of G is contained in Cg(v). This is because
F' centralizes v and G/F < I'(V) as a permutation group on V', so every element
v € V is centralized by some involution on G/F (see part 1 of Lemma 2.2.3).
So, |2%| is a p-power. Suppose now that v = 1. Since u € Z(G), we have that
L < Cg(x) and hence |2¢] is a 2-power. O

If all the conjugacy classes of G have prime-power length, then G/Z(G) is
a Frobenius group with an abelian kernel by Theorem A of [3]. In general, we
have that N = Nj X --- X N, where every N; is G-invariant, indecomposable
and homocyclic. This can be derived by Remak’s Theorem [54, 3.3.2]. It is worth
noting that the action of G on N;/®(N;)is isomorphic to the action of G on Q4 (NN;)
by the main Theorem and the Corollary 1) of [29].
As a consequence of Theorem 4.2.10, we get a bound of /5(G) and (o (G) when
csr(G) consists of prime powers.

Corollary 4.2.11. Let G be a group and suppose that Re(Oy(G)) C Z(05(G)).
If csr(G) consists of prime-powers, then Uy (G) = 1 and l5(G) < 2. If l(G) = 2,
then csg(G) = {2,9} or {2,p} for a Fermat prime p.

If G is a group and csg(G) consists of p-powers for an odd prime p, then Theo-
rem 4.1.4 characterize the structure of G. Using Proposition 2.3.4 and Proposition
4.2.1 is possible to obtain a better description of such groups.

4.3 Remarks to Theorem 4.2.10

In this section, we discuss the condition Re(O3(G)) C Z(O2(G)) in Theorem
4.2.10. Firstly, we remark that this condition is used only in part 2. Indeed, it
is equivalent to the assumption Re(F) C Z(F') in Proposition 4.2.1, in the case
where F(G) is a 2-group.

In the discussion after Theorem 3.7 of [57], Tong-Viet states the following.
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Conjecture 4.3.1. Let G be a 2-closed group, then AR (G) is connected.

If Conjecture 4.3.1 is true, then the assumption Re(F’) C Z(F) in Proposition
4.2.1 would be a consequence, as the following result shows.

Proposition 4.3.2. Let G be a group. Suppose that F' = F(G) < G is a 2-group

and assume Conjecture 4.3.1. If csg(G) consists of prime-powers, then Re(F) C
Z(F).

Proof. We can see that part 1 of Proposition 4.2.1 is independent from the assump-
tion Re(F') C Z(F'). Therefore, Vi C {2, p} for an odd prime p and Fy(G) = F'xL,
where L is a non-trivial p-group. Observe that L is not normal in Fy(G), other-
wise L < Cq(F) = F, that is a 2-group. So, we have that Vi, (c) contains an odd
prime, by Theorem 4.1.6. Moreover, Vi, o) C V5 as F2(G) < G. So, it follows
that p € Vi, (). Suppose by contradiction that 2 € Vg, ). Since Ap(Fo(G)) is
connected by Conjecture 4.3.1, there is C € clg(F2(G)) such that |2p| divides |C|.
Since Fy(G) < G, we have that G has a real class of composite length and this is
against the assumption. So, it follows that 2 ¢ Vg, ) and therefore Re(F') C Z(F)
by Theorem 4.1.4 applied to Fy(G). O

Assume the notation of the proof above. If Ly < Z(L) has order p, then F'Ly
is subnormal in G and then csg(F'Lg) consists of prime powers. We can see that
the proof of Proposition 4.3.2 works also if we replace Fo(G) with F'Ly (because
FLy is subnormal in G), by applying Conjecture 4.3.1 to F'Lg. Therefore, for our
purposes, it is still useful to prove the Conjecture 4.3.1 in the particular case where
G =TP, with T € Syl,(G), T < G and |P| = p, an odd prime.

Even if we do not have a proof of the Conjecture 4.3.1, we present some results
that may be useful for this purpose.

Definition 4.3.3. Let G be a group and B € cl(G). Then ker B = {z € G | 2B =
B} is called the kernel of B.

Lemma 4.3.4. Let G be a group. Suppose that G is 2-closed and that csg(G)
consists of prime-power numbers. Consider B € clg2(G) and C € clg,(G) for
some odd prime p. Then C* C ker B.

Proof. By hypothesis, we have that T < G for T' € Syl,(G). Write B = z¢ and
C = y© for z,y € Re(T). Since |yT| divides |C|, we have that y € Z(T), so y and
x commute. Therefore, called D = BC, we have that D = (zy)% € clg(G) by part
3 of Lemma 4.1.7. If |D] is odd, then, as above, T centralizes zy and it follows
that x € Z(T), since y € Z(T). But this is impossible, since B is non-central
in T as B = 2% € clg2(G). Hence, |D| is an even number and, by hypothesis,
D € clga(G). So, it follows that D = (zy)¢ = (vy)T = 27y = 2. This means
that |D| = |B|. Using the same argument with D in place of B, we have that
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C?B =CD € clg»(G) and |[CD| = |D| = |B|. Since C is generated by an involution,
we have that 1 € CC = C?. Thus, B C CCB = CD and these two sets have the
same cardinality. So, B = C?B and C? C ker B. O

Proposition 4.3.5. Let G be a group of the form TP where T = Oy(G) and P is
a p-group, for an odd prime p. Assume that csg(G) consists of prime powers. Let
B € clr2(G) and x € B such that P < Cg(z). Then, called M = (C € clg,(G))
and N = [M, G|, the followings hold.

1. M <4 (Z(T)). Moreover, N = (C? | C € clg,(GQ)) and Cy(P) = 1.

2. N<kerB and B=x;NU---UxN, where x; € B is T-conjugated to x and
T acts transitively on {x;N}F_, by conjugation.

3. Ifat € N for somet € T, thent € Ng(zN) and t* € Cg(xN).

4. For every n € N, there is t, € T such that x'~ = xn. In this case tN =
g N, P acts on N and if 1 # g € P, then 9™ = znn9 = z[n, g].

Proof. Observe that Re(G) C T part 3 of Lemma 4.1.8. Since B € clg2(G), we
note that B = 2% = 27 for # € Re(T), namely all the G-conjugates of z are T-
conjugates. Observe that if clg ,(G) = 0, then 1 = M = N and csg(G) consists of
2-powers. By Theorem 4.1.6 we have that P < G and [T, P] = 1. So, in this case,
Proposition trivially follows. Therefore, without loss of generality, we can assume
that clg ,(G) is non-empty and csg(G) consists of prime-powers involving 2 and p.
By part 1 of Lemma 4.1.7 and Lemma 4.3.4, for all C € clg,(G) we have that C
is generated by an involution that is central in 7" and C? C ker B. Moreover, it is
easy to see that C C Q4(Z(T)).

We prove part 1. Let M and N be as in the hypotheses. Since C C Q4(Z(T)) for
all C € clg ,(G), we have that N < M < Q,(Z(T")) and both N and M are normal
in G. We now prove that N = (C* | C € clg,(G)). Consider C € clg,(G); we have
that C = y© for some y € M. Take y9'y% € C? for g1, 9> € G. Then

Yy = yryPy? = yy"yy? = [y, g1y, 92] € [M,G) = N.

This shows that (C?) < N for all C € clg ,(G), and hence (C? | C € clg ,(G)) < N.
Now we prove the opposite inclusion. Let n € N, then n = [y1, ¢1] ... (s, gs] =
y1yy ... ysyds, where y; € M and g; € G for every i. Without loss of generality, we
can assume that y;y7" # 1 for every 4, so y; € Q4(Z(T)) is real and y; is non-central
in G. Hence y,y!" € C2, where C; = y¢ € clg,(G). It follows that N < (C*|C €
clg ,(G)) and, therefore, equality holds. Using the Fitting’s decomposition to the
coprime action of P on M, we have that Cy(P) = 1.

We now prove part 2. By Lemma 4.3.4 we have that C? C ker B for all C € clg ,(G).
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Therefore, it follows from part 1 that N < kerB and B = x1NU---UxN is a
union of N-cosets. Observe that B consists of T-conjugates, therefore, for all 7, x;
is T-conjugated to x. Moreover, T" acts transitively on the x; N’s by conjugation.
Indeed, for t1,t5 € T, we have that z"N = zf22 ' N = (z2N)k " because
N < Z(T). So, T acts transitively by conjugation on {x'N },cr.

Now we prove part 3. Consider now ¢t € T such that 2! € zN. Hence 2 = zn,, for
a unique n; € N. Recall that N < Q,(Z(T)) by part 1; therefore

(xN)' = 2'N = a2n,N = zN,
and this implies that ¢t € Ng(zN). Moreover, for every n € N, we have that
(2n)®) = (2)P)n = (zn,)'n = 2'nn = zngyn = an

and thus t* € Cg(zN).

Finally, we prove part 4. Let n € N and note that n € Z(T) by part 1. Since
an € N C B, there is t,, € T such that z'» = xn; moreover, P!" centralizes x'",
as P < Cg(z). Let 1 # g € P; since t,, centralizes N, we have that n(9™) = n9.
Note that 2N = 2nN; so, we have that 2'» N = znN = N and we deduce that
both P and Pt act on N. Tt follows that 2(9") € £ N and hence there is ng € N
such that 2¢") = zng. Thus,

xn = " = (xt")(gt") = (xn)(gt") = 29"ng = gngnd.

Since the action of N on B is semi-regular, we deduce that n = ngn?. It follows that
ng =n(n?)~' = [n7', g] = [n, g], because n is an involution. Thus, z¢™) = z[n, ¢]
and this proves the statement. O

We now include some character-theoretic results that may be useful.

Lemma 4.3.6. Let G be a finite group, N I G and p . The followings hold.

1. Suppose that x € G is such that all the elements of N are G-conjugated. If
N L ker x then x(z) = 0.

2. Suppose that N is a p-group, v € N and suppose that p{ |z%|. Then x(z) # 0
for all x € Irr(G).

3. Let x be a character of G and suppose that pt x(1). If g is a p-element, then
x(z) #0.

Proof. Part 1 is Lemma 3.1 of [27]. Parts 2 and 3 are Theorem 4.18 and Corollary
4.20 in [47]. O
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Corollary 4.3.7. Suppose that G = TP, where T € Syl,(G), T < G and |P| = p,
an odd prime. Suppose that csg(G) consists of prime power numbers involving
the prime 2 and call N = [(C € clg,(G)),G|. If x € Irr(G) and 2 { x(1), then
N < kery.

Proof. 1t follows from the hypotheses that clg »(G) is non-empty. Let B € clg 2(G)
and x € B. We apply part 2 of Propostion 4.3.5. Then N < ker B and all the
elements in zN are G-conjugated. Let x € Irr(G) of odd degree. By part 3 of
Lemma 4.3.6, we have that x(g) # 0. By part 1 of the same Lemma, we have that
N < ker . O

4.3.1 Real ¢-Baer Groups

Let ¢ be a prime and G be a group. We say that G is a g-Baer group, or equiv-
alently G has the the q-Baer property, if every g-element generates a conjugacy
class that has size a prime-power number.

Theorem 4.3.8. [9, Theorem A(b)] Let G be a group and q a prime. Assume
G is a q-Baer group. Then there is a unique prime p such that each g-element
generates a conjugacy class with length a p-power number.

If 7 is a set of primes, we say that a group G is a m-Baer group if every -

element generates a conjugacy class that has size a prime power. In [3] appears a
generalization Theorem 4.3.8 for m-Baer group.
If 7 is equal to 2 or 2/, we can define a real version of m-Baer groups. We say that G
is a real w-Baer group, or equivalently G has the real m-Baer property, if every real
m-element generates a class that has size a prime-power number. If a group G is
2-closed and T" € Syl,(G), then Re(G) C T'. So, we can see Tong-Viet’s Conjecture
4.3.1 as a version of Theorem 4.3.8 for real 2-Baer groups that are 2-closed.

Clearly, if G is a real 2'-Baer group, every real element of odd order generates
a class of 2-power size. So, in this case, a real version of the theorem above is true.
Nevertheless, one may ask whether a real 2'-group is 2-nilpotent. This can be seen
as a generalization of Theorem 4.1.6.

4.4 Examples and complements

In conclusion of this chapter, we include some examples of groups G such that
csr(G) consists of prime powers.
For example, Small (486,184) is a typical group with the structure of part 1
of Theorem 4.2.10. Groups with the structure of part 2 of the same Theorem
are a bit harder to find in practice, due to the fact that Fermat primes rapidly
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grow in size. Let G be the SmallGroup(320,15683). Then the structure of G is
(Cy x Cy x Cy x Cy) : (C5 : Cy). Note that F(G) is elementary abelian of order 2°,
[F(G),G] is elementary abelian of order 2* and G/F(G) is dihedral of order 10,
where 5 is a Fermat prime. Moreover, of tF(G) is an involution of G/F(G), then
[t| = 4 is not real and ¢* € F(G), according with part 4 of Proposition 4.2.2. The
next Fermat prime is 17 and the first n such that 17 divides 2" — 1 is n = 8. So
a group that has the structure of part 2 of Theorem 4.2.10 involving 17 as prime
divisor, would have order at least 28 - 17 - 4 > 17000, which is not available in the
SmallGroup library.

When some theorems on character degrees are proven, to some extent it is
natural to consider the corresponding problems for conjugacy class sizes. The
analogy between the worlds of class sizes and character degrees have not been
explained yet, though there is evidence that these two contexts are related.

It may be interesting to investigate if there is a version for edges of Theorem 4.1.5.

Problem. Let G be a solvable group, is it true that A (G) is a subgraph of Ar(G)?

If we do not consider only real characters, this is true. Indeed, it is proved in
[15] that A*(G), the prime graph on all class sizes, is a subgraph of A(G), the
prime graph on all character degrees.



Chapter 5

The Gruenberg-Kegel graph

This chapter is dedicated to the study of Grunberg-Kegel graphs. If G is a
group, I'(G) is the prime graph on the spectrum of G: the vertex-set of I'(G) is
7(QG), the set of primes that divide |G|, and p,q € 7(G) are adjacent if there is
an element in G with order pg. If ¢ is a set of primes, we say that o is a cut-
set if I'(G) — o, the subgraph induced by 7(G) \ o, is disconnected. The main
Theorem 5.3.7 of the chapter states that if GG is a solvable group and o is a cut-set
of I'(G), then there is a normal series whose factors have a controlled structure.
As a consequence, in Corollary 5.3.8, we get a bound of the o-length of G. If o
consists of a single point that is a cut-vertex for I'(G), then the Fitting length of G
is bounded. This generalizes [1, Lemma 2.3]. In Section ?? we provide examples
where these bounds are attained.

5.1 Definitions

5.1.1 Graph Theory

All the graphs in the following are simple and undirected. In this subsection, I
is a graph with vertex-set V. We assume the standard definitions of graph theory.
So, for example, n(I") is the number of connected components of I, diam(I") is the
diameter of I' and if v,w € V, we write v ~ w is v and w are adjacent in I' and
v 0 w otherwise. Moreover, if 3 is a subgraph of I', we write ¥ < T.

Definition 5.1.1. Let o be a set.

1. I' — o is the graph that has vertex-set V' \ ¢ and such that two vertices of
[' — o are adjacent in I' — ¢ if and only if they are adjacent in I'.

2. o is a pseudo cut-set of I' if I' — ¢ is disconnected.

67
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3. If I' is connected and o C V' is a pseudo cut-set of I', then we call o a cut-set

of I.

4. If 0 = {v} is a cut-set for I', then v is called a cut-vertex of T.

The definition of cut-set that we have given is standard in graph theory. The
notion of pseudo cut-set is introduced in order to simplify the proofs.
If o is a pseudo cut-set of I', then I' may not be connected. For example, if I is
disconnected, then every o such that ¢ NV = () is a pseudo cut-set for I'. Note
that if o is a cut-set for I', then o is a pseudo cut-set for I.

5.1.2 Grunberg-Kegel graphs

In this subsection, G is a group and 7 a set of primes.

Definition 5.1.2. We define the Grunberg-Kegel graph T'(G) of G as follows: the
vertex-set is m(G), the set of the primes that divide |G|, and two vertices are joined
if and only if there is an element of G with order pq.

The following lemma will be used without explicit reference.

Lemma 5.1.3. Let H < G and N < H. Then I'(H/N) <T'(G).

Proof. The vertex-set of ['(H/N) is contained in 7(G) and two vertices of I'(H/N)
are adjacent only if they are adjacent in I'(G). Indeed, [tN| = |(t)N/N| = |(t)/{t)n
N|. Therefore, I'(H/N) is a subgraph of I'(G). O

5.2 Background

In this section, we include the key tools that are used in this chapter.

Definition 5.2.1. [31, V, Definition 8.1] Let G be a group. We say that G is
a Frobenius group if G possesses a Frobenius complement, namely a non-trivial
proper subgroup H of G such that AN A9 =1 for all g € G\ A. In this case

K = (G \ UyeaA?) U {1}

is called the Frobenius kernel of G.

Theorem 5.2.2. [31, V, Hauptsatz 7.6] Let G a Frobenius group with a Frobenius
complement A. If K is the Frobenius kernel, then G = K x A.

See Chapter 7 of [35] for the definition and basic properties of Frobenius groups.

Theorem 5.2.3. [23, Theorem 10.5.1] If G is a Frobenius group with kernel K
and complement A, then the following conditions hold:
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1. A induces a reqular group of automorphism on K.
2. |A| divides |K| — 1.
3. K is nilpotent and K is abelian if |A| is even.

4. If P € Syl,(A) for some prime p, then P is cyclic for p # 2 and P is cyclic
or a generalized quaternion group for p = 2.

5. If p and q are primes, any subgroup of A of order pq is cyclic.

6. If |A| is odd, then A is metacyclic, while if |A| is even, A possesses a unique
involution which necessarily is contained in Z(A).

Definition 5.2.4. If G is a group, we say that GG is a 2-Frobenius group if there
is a normal series 1 < H < K < (G such that K is a Frobenius group with kernel
H and G/H is a Frobenius group with kernel K/H. We call H the lower kernel
and K/H the upper kernel.

Lemma 5.2.5. Let G be a Frobenius group. Then F(G) is the Frobenius kernel.

Proof. Let L be the Frobenius kernel of G. Then L < F(G) by part 3 of Theorem
5.2.3.,80 Z(F(G)) < Cs(L) < L as L is the Frobenius kernel of G. Then F(G) <
Co(Z(F(G))) < L, so in fact F(G) = L. O

Proposition 5.2.6. Let G be a 2-Frobenius group. Then F(G) is the lower kernel
and Fo(G)/F(QG) is the upper kernel. Moreover, the upper kernel is a cyclic group
of odd order, G/Fo(G) is cyclic and the lower kernel is not cyclic.

Proof. By definition, there is a normal series 1 < H < K < G of GG such that H is
a Frobenius kernel of K and K/H is a Frobenius kernel of G/H. By Lemma 5.2.5,
we have that F(G/K) = H/K, therefore F(G) < H. By Lemma 5.2.5 again, we
have that H = F(K), therefore F(G) < H < F(G), so H = F(G) and K = Fy(G).
The remaining part of the Proposition can be found in [26, Lemma 2.1]. ]

The next proposition, that is known as the "Lucido’s 3 primes Lemma".

Lemma 5.2.7. [40, Proposition 1] Let G be a solvable group. If p,q,r are distinct
primes dividing |G|, then G contains an element of order the product of two of
these three primes.

One of the most important results in the context of Grunberg-Kegel graphs
is the Grunberg-Theorem, which appeared in an unpublished manuscript by K.
W. Grunberg and O. Kegel in 1975. The following is a version of Grunberg-Kegel
Theorem whose statement is suitable for our scopes.
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Theorem 5.2.8 (Grunberg-Kegel). Let G be a solvable group. Suppose that o is a
pseudo cut-set of I'(G) and let H € Hall,/(G). Then I'(H) =T'(G) — o and I'(H)
consists of two complete connected components. Moreover, one of the following
holds.

1. H is a Frobenius group and the vertex-set of one component of I'(H) consists
of the primes dividing the size of a Frobenius complement of H.

2. H is a 2-Frobenius group and the vertez-set of one component of T'(H) con-
sists of the primes dividing the size of a Frobenius complement of Fo(H ).

Proof. Suppose that ¢ is a pseudo cut-set of G. Observe that the vertex set of
['(G) — o is equal to the vertex set of I'(H). In addition, two vertices of I'(H)
are adjacent in I'(H) if and only if they are adjacent in I'(G) — o. This follows
from the fact that every o’-element is contained in some conjugate of H, being G
solvable and H € Hall,/(G). Therefore, this implies that I'(G)—o = I'(H). By [58,
Corollary], I'(H) consrists of two components and either part 1 or part 2 of the
theorem holds, where the lower complement of H is the Frobenius complement
of H when H is a Frobenius group, and the complement of Fo(H) when H is
a 2-Frobenius group. By Lucido’s three Primes Lemma 5.2.7, these connected
components are complete subgraphs of I'(H). O

We mention that in [58] are classified also non-solvable groups such that I'(G)
is disconnected.
We include the next elementary Lemma for completeness.

Lemma 5.2.9. Let H be a solvable group. Suppose that F(H) = L x D with
(IL|,|D|) = 1. Then, H/F(H) is isomorphic to a subgroup of Out(L) x Out(D).

Proof. Let F = F(H) and Z = Z(F). Since Cyx(F) = Z we have that H/Z <
Aut(F). Now F/Z ~ Inn(F') and it follows that

H _H/Z _ Aut(F)

— = F).

F = FZ S Ty - O
Since Aut(F) = Aut(L) x Aut(D) and Inn(F) = Inn(L) x Inn(D) we have
Out(F) = Out(L) x Out(D) and the result follows. O

5.2.1 o-series
Definition 5.2.10. Let G be a group and ¢ be a set of primes.

1. A o-series of GG is a normal series 1 = Gy < G; < --- < GG, = G such that
G;/G;i_1 is a o-group or a o’-group for every ¢ = 1...n. If a group G has a
o-series, then G is called o-separable.
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2. If G is a o-separable group, the o-length (,(G) of G is the minimum possible
number of factors that are o-groups in any o-series of G.

3. If G is solvable, the smallest n such that F,(G) = G, where F,,(G) denotes
the n-th term of the Fitting series, is called the Fitting length of G and it is
denoted with (r(G).

The notion of o-length is well-behaved with respect to subgroups and quotients.

Lemma 5.2.11. Let 0 be a set of primes and G be a o-separable group.
1. If N QG, then {,(G) < l,(N)+ (,(G/N).
2. If G =H x K, then (,(G) < max{l,(H),{,(K)}.
3. If H< G, then (,(H) < {,(G).
4. Suppose that G is solvable. If lp(G) > 2, then (,(G) < lp(G) — 1.

Proof. Parts 1,2 and 3 are immediate from the definition. We prove 4 by induction
on (p(Q). If £r(G/F(G)) > 2, then, by induction and part 1, we have that

((G) < L,(F(G)) + £,(G/F(Q)) < 1+ £p(G/F(G)) — 1 < £p(G) — 1.

If p(G/F(G)) = 1, we have that G = Fy(G). Let H € Hall(F(G)) and K < G
such that K/F(G) € Hall,(G/F(G)). Note that H, K < G. Moreover, K/F(G)
and F(G)/H are o-groups, so K/H is a o-group. Since H and G/K are o’-groups,
we have that (,(G) = 1. O

5.3 Main Theorem

We begin with a definition.

Definition 5.3.1. Let G be a solvable group and ¢ be a set of primes that is a
pseudo cut-set of I'(G). Let H € Hall,/(G). Then, in view of the Theorem 5.2.8,
we adopt the following definitions.

1. If H is a Frobenius group, then m ,(G) consists of primes that divide the
order of a Frobenius complement of H.

2. If H is a 2-Frobenius group, then m ,(G) consists of primes that divide the
order of a Frobenius complement of Fo(H).

Moreover, we define, 7 ,(G) = 7(H) \ m2,(G). If the pseudo cut-set o is fixed, we
write m1(G) = 7 ,(G) and m(G) = T2, (G).
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Lemma 5.3.2. Let G be a solvable group and o be a set of primes that is a
pseudo cut-set for I'(G). Then m(G) and mo(G) are the vertez-sets of the connected
components of I'(G) — o and F(G/O,(Q)) is a m(G)-group.

Proof. By Theorem 5.2.8, if H € Hall,/(G), then I'(H) = I'(G) — o consists of two
complete connected components and, by Definition 5.1.2, one of them has m5(G)
as vertex-set. So, m1(G) is the vertex set of the other connected component. This
is because 7(H) = m(G) \ 0 = m1(G) Uma(G). We prove the remaining part of the
lemma. Without loss of generality, we can assume that O,(G) = 1. Then F(G) is
a o’-group and hence F(G) < H. This means that F(G) < F(H). It follows from
Theorem 5.2.8 that F(H) is a 7 (G)-group, so F(G) is a m (G)-group. O

The next result stands at the core of our study on Grunberg-Kegel graphs.

Proposition 5.3.3. Let r be a prime, H a solvable group and V' a faithful GF(r)H -
module. Suppose that o is a pseudo cut-set for T'(HV') and r ¢ o. Then, r €
m(HV) and there is K < H such that the following holds.

1. K is nilpotent and w(K) C my(HV).
2. F(H/O,(H)) = KO,(H)/O,(H).

Proof. Let m; = mj(HV) fori = 1,2. Since V = F(HV) is an r-group, we have that
O,(HV)=1and r € m; by Lemma 5.3.2. By Theorem 5.2.8, if U € Hall,,(HV),
we have that I'(HV') — o = I'(U) consists of two complete connected components,
having vertex-sets m; and my by Lemma 5.3.2. Moreover, U is either a Frobenius
group or a 2-Frobenius group. Write F' = F(U) and note that V' = F. Indeed, we
have that V' < F'; since V = F(HV'), the opposite inclusion also follows:

F=Cy(F)<Cy(V)<V.

Consider H = H/O,(H). Then O,(H) = 1 and F(H) is a o’-group. Let N
the preimage in H of F(H). Then N/Oy,(H) = F(H). Let Uy € Hall,,(H) such
that Uy < U. Since V is an r group with r ¢ ¢ and U € Hall,,(HV), we have
that U = VUy. Write K = Uy N N, so that KV <4 U and N = O,(H) x K.
Observe that K is nilpotent because K ~ F(H). Since V = F(U), it follows that
K <Fy(U). If U is a 2-Frobenius group, we have that V' is the Frobenius kernel
for Fo(U) by Proposition 5.2.6, so K is contained in a Frobenius complement of
Fy(U). If U is a Frobenius group, then V is the Frobenius kernel of U by Lemma
5.2.5 and therefore K is contained in a Frobenius complement of U. In any case,
K is a my-group by Definition 5.3.1. Note that KO,(H)/O,(H) =F(H/O,(H)).

This concludes the proof. O

Definition 5.3.4. Let G be a group. We denote with O(G) the largest normal
subgroup of G that has odd order.
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Lemma 5.3.5. Let G be a solvable group. Suppose that G/O(G) is isomorphic
to the extension of SLy(3) by a cyclic group of order 2q with q odd and that a
Sylow 2-subgroup of G/O(G) is a generalized quaternion group. Then G/O(G) is
isomorphic to the SmallGroup(48,28).

Proof. Call H = G/O(G) and observe that O(H) = 1. Suppose that H is the
extension of SLy(3) by a cyclic group of order 2¢, with ¢ odd. Let N < G such that
H/N is cyclic of order q. Then N contains a subgroup of index 2 that is normal
in G and that is isomorphic to SLy(3). Moreover, a Sylow 2-subgroup of N is a
generalized quaternion group. Therefore, by direct check with the software GAP, up
to isomorphism there is only one such a group, namely the SmallGroup(48,28).
Note that Aut(N) = Cy x Sy. Let R € Hally(H), then R acts on N and R/Ry <
Aut(N), where Ry = Cy(R). So, [R: Ry] < 3. Take x € N of order 3. therefore
x acts non trivially on N and hence (x) N Ry = 1. It follows that R = (x) x R,.
Since Ry is cyclic, we have that NR < Cg(Ry) and Ry < Z(H). Thus, Ry <
O(H)=1. O

Definition 5.3.6. We denote by (2.5,) the group SmallGroup (48,28).

Following [1], we call (2.54)~ the binary octaedral group.
We now prove our main Theorem. The structure of the proof is natural. Firstly,
we reduce to the case where O,(G) = 1 and ®(G) = 1, so that F(G) is a com-
pletely reducible and faithful G/F(G)-module. Therefore, we proceed using the
Proposition 5.3.3.

Theorem 5.3.7. Let G be a solvable group. Suppose that o is a set of primes that
is a pseudo cut-set for I'(G). Then there is a normal series

1<G <G <G <G5 <G

such that Gy and Gy/Gy are o-groups, G1/Gy is a nilpotent w1 (G)-group, G3/Gs
is a nilpotent mo(G)-group and G/G3 is not nilpotent only if 2 € m(G) and
G/O(G) ~ (2.54)~; in this case, Lp(G/G3) = 2.

Proof. Let m; = m;(G) for i = 1,2. Call Gy = O,(G) and G = (G/Go)/®(G/Gy).
Suppose that there is a normal series 1 < Gy < Gy < G5 < G such that G1 (G)
is a 7 -group, Gy /Gy is a o-group, Gg/GQ is a nilpotent mp-group and G /G is not
nilpotent if and only if 2 € m, and G'/O(G) is isomorphic to (2.9;)~. Consider
G; the preimage of G; in G. Then, (G1/Go)/®(G/Gy) = F(G/Gy)/®(G/Gy) by
[31, IIT Satz 3.5] and it follows that G1/Gy = F(G/Gy), that is a nilpotent ;-
group. For ¢ > 2 it is easy to see that G;/G;_ 1 =~ @i/@i_l and 1 < Gy <
G1 < Gy < G3 < G satisfies the thesis of the theorem; in particular, G/Gj is
not nilpotent if and only if G / G5 is not nilpotent. This happens if and only if
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and 2 € 7 and G/O(G) ~ (2.5,)". Since G = (G/0,(G))/P(G/0,(G)) and
T = m(G) \ (¢ Um), we have that G is the quotient of G' by a normal o U ;-
group. Observe that 2 ¢ o U mp; so, we deduce that O(G) is a quotient of O(G)
and G/O(G) ~ (2.5;)~. We proved that if G possesses a series that satisfies the
thesis of the Theorem, then the same is true for G. Hence, it is no loss to assume
O,(G) =1, ®(G) =1 and F(Q) is a m-group.

By Gaschiitz’s Theorem [45, Theorem 1.12], F(G) has a complement H in G and
F(G) is a faithful completely reducible H-module, possibly of mixed characteristic.
Write F(G) = M; x --- x M, as the product of irreducible H-modules, so that
M; is an elementary abelian r;-group for r; € m. Call H; = H/Cg(M;) and
H = [1H;. Note that H < H, since (; Cy(M;) = Cy(F(G)) = 1. The group
M; is a faithful irreducible Hi-module. Note that M;H; = G/Cy(M;) 1, M,
so I'(M;H;) is a subgraph of I'(G). Let L € Hall,,(H); since no vertex in my is
adjacent in I'(G) to any vertex in 7y, we have that LN Cp(M;) = 1. Therefore, for
every i, H; contains a subgroup that is isomorphic to L. In particular, my C 7(H;).
Since r; € T, T € W(HZMZ> and F(HZMZ> < F(G), it follows that F(Msz) — 0 is
disconnected, for every . This means that ¢ is a pseudo cut-set for I'(M; H;). Note
furthermore that 7;(M;H;) C 7;, for j = 1,2 and for all i. By Proposition 5.3.3,
for every i, there are H; 5, H; 3 < H; such that H;» = O,(H;) and F(H;/H,5) =
H;3/H;>. Moreover, we have that H;3 = K;H;5, where K; € Hall,(H,3) and
K is nilpotent. Suppose that there is ¢ such that H;/H, 3 is not nilpotent. Note
that K; is nilpotent and acts regularly on M;; so, by Theorem 5.2.3, we have
that K; = C; x D; where C} is a cyclic group of odd order and D; is a 2-group
that is cyclic, quaternion or generalized quaternion. Moreover, by Lemma 5.2.9
H;/H;3 < Out(K;) = Out(C;) x Out(D;), where Out(C;) is abelian. Hence, since
H;/H,3 is not nilpotent, D; is the quaternion group of order 8 and H;/H, 3 acts
on D; as the symmetric group Ss (and hence 2 divides [H; : H;3]). In this case,
(p(H/H,;3) = 2. In particular, 2 € my and therefore that C(M;) has odd order.
Let T € Syl,(H); observe that T" € Syl,(G), that T' < H; and that the image of T’
in H; acts regularly on M;. It follows that T is cyclic or a generalized quaternion
group by Theorem 5.2.3; since D; is the quaternion group of order 8 and 2 divides
[H; : H;3], we have that T is the generalized quaternion of order > 16. Since
G/O(G) is solvable, by [1, Proposition 2] we have that either G/O(G) ~ T or
G/O(G) is isomorphic to an extension of the group SLy(3) by a cyclic group of
order ¢ or 2q with ¢ odd. Since H/H;3 acts on D; as the symmetric group S,
the group G is not 2-nilpotent. If G/O(G) is isomorphic to an extension of the
group SLs(3) by a cyclic group whose order ¢ with ¢ odd, then |T| = 8, T' ~ D;
and H;/G% acts on D; as a cyclic group of order 3, in this case (p(H/H,;3) = 1,
against our assumptions. Therefore, by Lemma 5.3.5, G/O(G) ~ (2.5,)".

Call Hy, = II; Hi 2, H, = [[; Hi3, so 1 < H, < Hy < H is a normal series such
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that H, is a o-group and Hj / H, is a nilpotent mo-group. With abuse of notation,
we write H < H. Call G3 = F(G)(H N Hs),Gy = F(G)(H N H,) and G, = F(G).
Note that Gy is a m-group, Go/G1 is a o-group and G3/G9 nilpotent my-group.
Moreover G/G3 ~ H/H N Hs ~ HHs/Hs is not nilpotent if and only if there is
one ¢ such that H;/H, 3 is not nilpotent and 2 € m,. This happens if and only if
G/O(G) ~ (2.54) and in this case, (p(G/G3) = 2. O

Corollary 5.3.8. Let G be a solvable group. Suppose that o is a cut-set for I'(G),
then (,(G) < 3. Moreover, if o consists of a cut-vertex p of I'(G), then {r(G) < 6
and if G/O(Q) # (2.54)7, then £p(G) < 5. The bounds are the best possible.

Proof. By Theorem 5.3.7, there is a series 1 < Gg < G; < Gy < G3 < G such that
Gy and G5 /G are o-groups, G1 /Gy is a m1(G)-group and G3 /G5 is a mo(G)-group.
Now, G//G3 is not nilpotent if and only if G/O(G) is isomorphic to (2.54)". By
Lemma 5.2.11, we have that ¢,(G/G3) < 1. Thus, ¢,(G) < 3.

Suppose now that o = {p}. Clearly Gy and G5/G; are nilpotent because they are
p-groups. The factor G/Gj3 is not nilpotent if and only if G/O(G) ~ (2.5;)~. In
this case, (p(G/G3) = 2. So lr(G) < 5 except when (r(G/G3) = 2. In this case,
G/O(G) ~ (2.54)” and /r(G) < 6.

For proving that the bounds obtained are the best possible, it suffices to assume
that o = {p}, where p is a cut-vertex. If G is the group constructed in [1, Remark
2], then G is solvable, 3 is a cut-vertex of I'(G) and ¢,(G) = 3, where 0 = {3}.
Moreover, {r(G) = 6. Observe that G/O(G) ~ (2.54)~. Suppose that G/O(G) #
(2.54)7, then Theorem 5.4.5 below provides an example of a group G of odd order
such that (r(G) =5 and I'(G) has a cut-vertex. O

If I'(G) is a 3-chain, then part of Corollary 5.3.8 appeared in [1, Lemma 2.3],
where the authors used tools that are more technical (like [2, (36.4)] or [1, Propo-
sition 4]). For completeness, we include a bound for /z(G) in the case where I'(G)
is disconnected.

Lemma 5.3.9. Suppose that G is a solvable group and that T'(G) is disconnected.
Then (p(G) < 4.

Proof. By Theorem 5.2.8, we have that G is either a Frobenius group or a 2-
Frobenius group. If G is a 2-Frobenius group, then {x(G) = 3, by Proposition
5.2.6. Suppose that G is a Frobenius group with kernel N and complement K.
By Theorem 5.2.3, we can write F(K) = Ly x D, where Lg is a cyclic group of
odd order and D is a 2-group that is cyclic, quaternion of generalized quaternion
group. Now, by Lemma 5.2.9

K/F(K) < Out(Lg) x Out(D),
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where Out(Ly) = Aut(Lg) is abelian and if D is either cyclic or a generalized
quaternion group, Out(D) abelian, a 2-group or the symmetric group Ss;. Hence,

r(Out(F(K))) < 2 O

Using the same arguments as in the proof of Theorem 5.3.7, it is not difficult
to show that if G solvable and G is disconnected, then (r(G) = 4 only if G is a
Frobenius group kernel N = O(G) and complement K such that F(K) = Ly x D
where Ly cyclic, D ~ Qg, K/F(K) acts on D as S3 and on Ly as a group of odd
order. In this case G/O(G) ~ (2.5,).

5.4 Examples

l<abelsection-examples

Example 5.4.1. Let G be a solvable group and o a cut-set for G. If |o| = 1, then
there is a bound for ¢x(G) by Corollary 5.3.3. If |o| > 2, then there is no such
bound for {r(G). In fact, let n > 2 be a large integer. It is not difficult to find
a group G of order p®¢® with Fitting length n, where p,q > 5 are two primes.
Consider Gy = S5, so I'(G2) is the union of two connected components that consist
of the prime 2 and the prime 3. Let G = G X Gy, then {p, ¢} is a cut-set for I'(G)
and (p(G) = n.

In the hypotheses of Corollary 5.3.8, if G/O(G) # (2.S4)~, then the bound
obtained is the best possible. In fact, in Theorem 5.4.5 we construct a group G,
of odd order and arbitrarily large derived length, such that I'(G) has a cut-vertex
and (p(G) = 5.

Some concepts of representation theory are involved; we adopt the notation in [34,
Ch. 9]. Let r be a prime, R be the ring of local integers for the prime r (see [34,
pag. 265]) and * : R — R/M be the projection map of R on the quotient R/M,
where M is a maximal ideal of R containing 7. In this section, F denotes the field
R/M.

Lemma 5.4.2. Let G be a group and v € G. Let x be the ordinary character of
G afforded by the representation X: G — GL(V'). Then [X(2), L] = 0 if and only
if X(x) acts fived-point-freely on V.

Proof. The principal character 1.,y appears among the irreducible constituents of
X(z) if and only if X(x) has one eigenvector with eigenvalue 1, namely there is a
fixed point. O]

Let X a complex representation of a group G and suppose that, for every
g € G, X(g) has entries in R. Then, following [34, pag. 266, if F = R/M, we can
construct an F-representation X* of G by setting X*(g) = X(g¢)*, where X(g)* is
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the matrix obtained by applying * to every entry of X(g).

If E C Fis a subfield and 3 is an E-representation of G, then 3 maps G into a group
of non-singular matrices over E. We may, therefore, view 3 as an F-representation
of G. As such we denote it by 3" (see [34, pag. 144]).

Lemma 5.4.3. Let X be an irreducible C-representation of a group G. Suppose
that r is a prime and r 1 |H|. Then, there is a finite field E C F, a C-representation
) similar to X that takes values in R and an absolutely irreducible E-representation
3 such that Y* ~ 3F.

Proof. Let X be a C-representation of a group H and y be its complex character.
By [34, Theorem 15.8], there exists a C-representation 2), similar to X, that takes
values in R, namely 9(g) € M,u)(R) for all ¢ € G. Moreover Y* is an F-
representation of G and x is its Brauer character. Since r 1 |G|, by [34, Theorem
15.13] we have Y = x and X is irreducible. Hence 2)* is irreducible. The field
F is algebraically closed over its prime field F, by [34, Lemma 15.1c)], so 9* is
absolutely irreducible by [34, Corollary 9.4]. Let E C F a splitting field for the
polynomial !¢ — 1 € F,[z]. Note that E is a finite-degree extension of the prime
field of F, therefore E is finite. For every g € G, x*(g) is a sum of |G|-roots of unity,
so x*(g) € E for every g € G. By [34, Theorem 9.14] there exists an absolutely
irreducible E-representation 3 of G such that 3F ~ 9)*. O]

Proposition 5.4.4. Let X be a C-representation for a group G and W the associ-
ated C|G|-module. Then, there is a finite splitting field E of G and a E[G]-module
V', such that (|G|, |V]) =1 and

dim¢ Cy (z) = dimg Cy ()
for every x € G.

Proof. Let r be a prime that does not divide |G| and denote R the ring of local
integers at the prime r. By Lemma 5.4.3, there is a C-representation 2), similar
to X, that take values in R, a finite field E C F = R/M (where M is the unique
maximal ideal of R) and absolutely irreducible E-representation 3 such that 9)* ~
3¥. Call W the C[G]-module associated to X and V the E[G]-module associated
to 3. Note that V' is finite since E is finite, moreover (|G|, |V|) = 1. Let 2 € G,
the number m = dim¢ Cy () is the geometric multiplicity of the eigenvalue 1
of the matrix 9 (x), that is equal to the algebraic multiplicity of 1 of the matrix
2 (x). This is because the characteristic of W is 0 and thus the action of (x) on
W is completely reducible by Maschke’s Theorem. Hence, following the proof of
[34, Lemma 2.15], (=) is diagonalizable and, therefore, algebraic and geometric
multiplicities of 9 (z) coincide. Note that m, as the algebraic multiplicity of 1 in
(z), is equal to the algebraic multiplicity of the 1 in 9*(x). Since Y*(x) and
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3% (x) are similar, m is the algebraic multiplicity of 1 for the matrix 3%(z), that is
the algebraic multiplicity of 1 in 3(z). Using the same argument as above, since
the characteristic of V' does not divide |G|, m is the geometric multiplicity of 1 for
3(x), that is equal to dimg Cy (), O

Figure 5.1:
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Theorem 5.4.5. Let n > 5 an integer. Then, there is a solvable group G of odd
order, with derived length greater than n, such that {p(G) = 5 and I'(G) is the
graph in Figure 5.1.

Proof. Let t,q be two odd primes and T, () two cyclic groups of order respectively
t2 and ¢?. Let Ty < T the subgroup of order ¢ and Qy < @ the subgroup of order
g. Choosing t to be a prime divisor of ¢g? — 1, it is no loss to assume that there
is an action of T" on () that has kernel Ty. Consider L = Q X T, Ly = QoTy and
L = L/Ly. Let p be an odd prime. By [4, Theorem 22.25], there is a p-group P
of derived length n that has a faithful irreducible character 6. If F, is the base
group of P L, there is an action of L on P, and the kernel of such an action is
Ly. Call H = Py x L, note that F(H) = PyLg, Fo(H) = PByF(L) and F3(H) = H.
Moreover, the derived length of H is greater than n. Now, Py = [[;c; P; with
P; ~ P for every j and there is a character 6/ of P; that is isomorphic to 6.
Consider ¢ = []; 67. By construction, 1 is a faithful irreducible character of P.
Consider now two non-trivial characters A € Irr(Q) and p € Irr(7}) such that Au
is a faithful irreducible character of Ly. Note that LoFPy = Py X Q¢ X Tp, hence
wAp € Trr(PyLy). Let x € Irr(H | ¥Ap), it is easy to see that x is faithful. Indeed
ker YN Py = 1 since [xp,, ¥] # 0 and ¢ is faithful. Moreover, if ¢ divides | ker x|, we
have that )y < ker x, but [xg,, A] # 0 and this is impossible. Replacing ¢ by ¢, we
have that ¢ does not divide | ker x|. So, we have that ker(x) = 1 and x is faithful.
The same argument also implies that [xq,, 1g,] = [xm,1n,] = 0. Therefore, by
Lemma 5.4.2, if X is a representation fo H that affords x and x is an element of
order ¢ or ¢, then x is contained in of either Ty or Qo and X(x) acts fixed point
freely on W, the C[H]-module associated to x. Let r be an odd prime such that
r 1 |H|. By Proposition 5.4.4 there is a finite field E of characteristic r and a finite
E[H]-module V such that, for every z € H

dim¢ Cy (z) = dimg Cy ().
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Note that, since W is faithful, V' is faithful. Moreover, an element x € H acts
fixed-point-freely on V' whenever it does on W. So, every element in H of order
t or q acts fixed-point-freely on V' and HV does not contain any element of order
tr or qr.

On the other hand, the subgroup F, has an elementary abelian subgroup of order
p?. Hence the action of Py on V is not regular by Theorem 5.2.3. So, there is one
element of order rp. In addition, in HV there are elements of order tp, qp and tq
since F(H) = PyLo. This means that p is a cut-vertex for the connected graph
I'(HV). Note that F(HV) =V and HV has Fitting length 4. Now consider C, a
group of order p and let G = C, ¢ (HV). Note that G has odd order, {r(G) =5
and that G has derived length greater than n. O]

The above theorem shows that bound for ¢z(G) obtained in Corollary 5.3.8 is
the best possible and that is independent from the derived length of the group.
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