L

View metadata, citation and similar papers at core.ac.uk brought to you byf/\i CORE

provided by Elsevier - Publisher Connector

Available online at www.sciencedirect.com

St e
e . . JOURNAL OF
»” ScienceDirect Algebra

@%

ELSEVIER Journal of Algebra 319 (2008) 716729 _
www.elsevier.com/locate/jalgebra

Finite groups with almost distinct character degrees

David Chillag *°, Marcel Herzog ***

& Department of Mathematics, Technion, Israel Institute of Technology, Haifa 32000, Israel
b Department of Mathematics, Raymond and Beverly Sackler Faculty of Exact Sciences,
Tel Aviv University, Tel Aviv, Israel

Received 28 February 2005
Available online 8 December 2006
Communicated by Ronald Solomon

Dedicated to the memory of Professor Walter Feit

Abstract

Finite groups with the nonlinear irreducible characters of distinct degrees, were classified by the authors
and Berkovich. These groups are clearly of even order. In groups of odd order, every irreducible character
degree occurs at least twice. In this article we classify finite nonperfect groups G, such that x (1) = 6(1)
if and only if 6 = ¥ for any nonlinear x # 6 € Irr(G). We also present a description of finite groups in
which xG’ C class(x) U class(x ) for every x € G — G’. These groups generalize the Frobenius groups
with an abelian complement, and their description is needed for the proof of the above mentioned result on
characters.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A well-known conjecture states that S3 is the only nonabelian finite group with conjugacy
classes of distinct sizes. For solvable groups, this conjecture was proved by Zhang in [14] and in-
dependently by Knorr, Lempken and Thielcke in [12]. It is easy to see that a nonabelian group G
has conjugacy classes of distinct sizes if and only if it has noncentral conjugacy classes of distinct
sizes (see [8]).
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A similar problem arises concerning degrees of the irreducible characters of finite nonabelian
groups. Here one investigates nonabelian groups with nonlinear characters of distinct degrees.
These groups were classified by Berkovich, Chillag and Herzog in [2]. It was shown, that a
group G satisfies that property if and only if it is of one of the following types: (i) An extraspe-
cial 2-group; (ii) A Frobenius group of order p”(p” — 1) for some prime power p”, with an
elementary abelian kernel G’ of order p” and a cyclic complement; (iii) The Frobenius group of
order 72, with a complement isomorphic to the quaternion group of order 8. All these groups are
of even order.

In the case of nonabelian groups of odd order, there are at least two nonidentity conjugacy
classes of each size and at least two nonprincipal irreducible characters of each degree. Therefore,
the corresponding problems for groups of odd order are:

(1) Characterize nonabelian groups of odd order with exactly two noncentral classes of each
size.

(2) Characterize nonabelian groups of odd order with exactly two nonlinear irreducible charac-
ters of each degree.

Herzog and Schonheim proved in [8] that the nonabelian group of order 21 is the only group
satisfying the conditions of problem (1).

In this paper we consider a more general case than problem (2). The finite groups G consid-
ered, which need not be of odd order, are nonperfect and satisfy the property that two distinct
irreducible characters of G are of the same degree if and only if they are complex conjugate to
each other. Denote by Irr(G) the set of all irreducible ordinary characters of G, and by Lin(G)
the subset of linear characters of G. Moreover, let @ (G) denote the Frattini subgroup of G and
let £2(G) denote the subgroup of a p-group G, generated by all elements of G of order p. Our
main result is:

Theorem 1. Let G be a nonabelian and nonperfect finite group in which x (1) = 0(1) for dis-
tinct x, 0 € Irr(G) — Lin(G) if and only if 6 = . Then one of the following holds:

(1) G is an extraspecial 2-group, with Irr(G) — Lin(G) = {x} and x*(1) = |G|/2.

(2) G isa2-group, |G'| =2, Z(G) is a cyclic group of order 4, with Irr(G) — Lin(G) = {x, X},
and x*>(1) = |G| /4.

(3) G is an extraspecial 3-group, with Irr(G) — Lin(G) = {x, X} and x*(1) = |G|/3.

(4) G is a Frobenius group, either of odd order L nz_l p" for some odd prime p, or of order
(p" — 1) p" for some prime p, with an abelian kernel G’ of order p" and a cyclic comple-
ment.

(5) G is a Frobenius group of order 72, with a complement isomorphic to the quaternion
group Qg of order 8.

(6) G is a Frobenius group with a nonabelian kernel G' and a complement H, where G’ is a
2-group and H is cyclic. If N = [G', G', G'], then G/N is a Frobenius group with the ker-
nel G'/N of order g%, where ¢ =2", r is odd and r > 3 and a complement isomorphic to H
of order q¢ — 1. Moreover, Z(G'/N) = G"/N = ®(G')/N = 2(G'/N) is an elementary
abelian 2-group of order q and of index q in G'/N.

We note that all the groups in conclusions (1)—(5) of Theorem 1 satisfy the assumptions of that
theorem and have at most two nonlinear irreducible characters. Also the groups G/N in conclu-
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sion (6) of Theorem 1 satisfy the assumptions of Theorem 1 and have three nonlinear irreducible
characters of degrees {g — 1, (¢ — 1)v/q/2, (g — 1)+/q/2}. These groups are isomorphic to the
normalizers of the Sylow 2-subgroups of the Suzuki simple groups Sz(g). We do not know if
such groups exist with N # 1.

The smallest example of a group of type (6) is a Frobenius group of order 7 - 64 = 448 with
the kernel isomorphic to the Suzuki 2-group of order 64. We are grateful to Professor Malka
Schaps for constructing the character table of such a group of order 448, using the Gap system,
which confirmed our theoretical arguments.

Since by Feit-Thompson theorem groups of odd order are solvable, Theorem 1 yields the
following answer to problem (2).

Corollary. Let G be a nonabelian group of odd order with exactly two nonlinear irreducible
characters of each degree. Then one of the following holds:

(1) G is an extraspecial 3-group, with Irr(G) — Lin(G) = {x, x} and Xz(l) =|G|/3.
(2) G is a Frobenius group of odd order pT_l p" for some odd prime p, with an abelian kernel G’
of order p".

We note that all the groups in the conclusion of the corollary have exactly two nonlinear
complex conjugate irreducible characters.

Most of our notation is standard, following Gorenstein’s book [7] and Isaacs’ book [11]. If G
is a Frobenius group, then by its kernel and its complement we mean the Frobenius kernel of G
and one of the Frobenius complements of G. The conjugacy class of x € G in G will be denoted
by classg (x). Further notation will be introduced as needed.

In Section 2 we prove two preliminary lemmas. Section 3 is devoted to a proof of the follow-
ing theorem, describing p-groups in which at most two nonlinear irreducible characters share a
common degree.

Theorem 2. Let G be a nonabelian finite p-group and suppose that it has at most two nonlinear
irreducible characters of each degree. Then one of the following holds:

(1) p=2, |G| =|Z(G)| =2 (so G is an extraspecial 2-group), with Irr(G) — Lin(G) = {x}
and x*(1) = |G|/2.

2) p=2,|G'| =2, Z(G) is a cyclic group of order 4 with Irr(G) — Lin(G) = {x, x} and
X*(1) =1G|/4.

B3) p=2,|G'| =2, Z(G) is an elementary abelian group of order 4, with Irr(G) — Lin(G) =
{x1, x2}, where both characters are real-valued and )(12(1) = )(22(1) =|G|/4.

@) p=3,|G'|=1Z(G)| =3 (so G is an extraspecial 3-group), with Irr(G) — Lin(G) = {x, X}
and x*(1) = |G|/3.

5) p=2,1G'1=4, |Z(G)| =2, Z2(G)/Z(G) is an elementary abelian group of order 4, with
Irr(G) — Lin(G) = {x, x1, x2}, where the three characters are real-valued and Xlz(l) =
X () =1G1/8, x*(1) =1G|/2.

Moreover, in cases (1)—(4), x, x1, x2 vanish on G — Z(G).

The assumption in Theorem 2 is, of course, more general than that of Theorem 1. The results
of Theorem 2 will be used in the proof of Theorem 1.
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There exist groups of each type mentioned in Theorem 2. The extraspecial groups of types (1)
and (4) certainly exist and there are exactly two such groups for each possible order. The central
product of an extraspecial 2-group with a cyclic group of order 4 is an example of a group
of type (2) and there is just one such group for each possible order. The direct product of an
extraspecial 2-group with a cyclic group of order 2 is an example for a group of type (3). There
are exactly two possibilities for each order. By checking the character tables from the Gap system,
prepared by Professor Malka Schaps, we found groups of type (5) of order 32. We do not know
if there exist larger examples of groups of type (5).

We also need a description of Frobenius groups which satisfy the assumptions of Theorem 1.
Propositions 5 and 6 in Section 4 supply the required information.

In the study [2] of nonabelian groups with nonlinear characters of distinct degrees, Camina
groups (which are generalizations of Frobenius groups) were used. In this paper we use extended
Camina pairs, which are generalizations of Camina pairs. These two notions will be defined and
discussed in the next two paragraphs.

A pair (G, K), where G is a finite group and 1 < K < G is a normal subgroup of G, is called
a Camina pair if xK C classg(x) for each x € G — K. This is also equivalent to each of the
following two statements: (i) |Cg (x)| = |Cg/k (xK)| for each x € G — K and (ii) all irreducible
characters of G not containing K in their kernel, vanish on G — K. A. Camina showed in [4]
that if (G, K) is a Camina pair, then either G is a Frobenius group with kernel K, or one of K
and G/K is a p-group for some prime p. Camina pairs (G, G’) were described in [6]. It was
shown that in this case one of the following three statements holds: (i) G is a Frobenius group
with kernel G’; (ii) G is a p-group; (iii) G is a Frobenius group with a complement isomorphic
to Qs, the quaternion group of order 8. This result was used in [2].

A pair (G, K), where G is a finite group and 1 < K < G is a normal subgroup of G, is called
an extended Camina pair if xK C classg (x) U classg (x ') for each x € G — K. Camina pairs
are clearly also extended Camina pairs. Extended Camina pairs were introduced in [1], where
such pairs with K being a maximal normal subgroup of G were studied.

In this paper we study Camina pairs of type (G, G’), which generalize the Frobenius groups
with abelian complements. We show in Section 5 (Theorem 8) that if (G, G') is an extended
Camina pair, then one of the following three statements holds: (i) G is a Frobenius group with
kernel G'; (ii) G is a p-group for some prime p; (iii) G/ G’ is a 2-group.

Our final Section 6 is devoted to a proof of Theorem 1.

2. Preliminary lemmas

In these section we prove two lemmas about nonabelian and nonperfect finite groups.
Lemma 3. Let G be a nonabelian and nonperfect finite group and let x € Irr(G) — Lin(G).
Suppose that x (x) # 0 for some x € G — G' and G has at most two irreducible characters of
degree x (1). Then the following statements hold:
(1) All linear characters of G take the values 1 on x.
(2) G'UxG' = (x)G' and x> € G'.
(3) x vanishes on G — {G' UxG'}.

Proof. As y does not vanish on G — G’, x does not vanish on G — ker(u) for some u €
Lin(G) —{lg}. Let 8 = px. Then 6 # x and by our assumptions x and € are the only irreducible
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characters of G of degree y(1). It follows that u”>x = x. Let A = {a € Lin(G) | ax = x}. We
claim that Lin(G) = AU uA. To see that, let 8 € Lin(G) — A. Then 8x # x,s0 Bx =60 = ux.
Hence !By = x and ™' B € A, which is the same as 8 € A and our claim follows. Clearly
,u2 eA.

As x(x)#0, we get a(x) =1 for all @ € A. As u? € A, we get wu?(x) = 1. We claim that
w(x) = —1. If not, then u(x) =1 and (na)(x) = u(x)a(x) =1 for all @ € A, yielding x €
MieLin(c) ker(h) = G', a contradiction. Thus A(x) = 1 for all » € A and A(x) = —1 for all
A € Lin(G) — A, proving (1). This implies that x> € G’ and [(x)G’ : G'] = 2, yielding (2).

Let y € G — G’ be another element with x (y) # 0. By repeating the arguments of the last
paragraph, we get A(x) = A(y) = =1 for all A € Lin(G). It follows that A(xy) =1 for all A €
Lin(G), implying that xy € G’. So every element of G — G’ on which x does not vanish lies in
the coset x "' G’ = xG’. This proves (3). O

Lemma 4. Let G be a nonabelian and nonperfect finite group and let x € Irr(G) — Lin(G).
Suppose that G has at most two irreducible characters of degree x(1). Then x*(1) > @ and
if |G| is odd, then x*(1) > [G : G'].

Proof. By Lemma 3, x vanishes either on G — G’ or on G — {x)G’, for some x € G — G’ satis-
fying x2 € G'. Moreover, in the latter case, [(x)G': G'] = 2. Therefore, in any case, x vanishes
on G — X, where X is a subgroup of G satisfying G’ < X and [X : G’] < 2. By Lemma 2.29
n [11], [xx, xx] =[G : X]. Now a standard argument implies that [G : X] < Xz(l) (see [11,
p- 200]). The lemma follows. O

3. On p-groups

In this section we prove Theorem 2.
Proof. We show first that |G’| > p3 is impossible under our assumptions. If |G| > p3, then
[G:G1< % and the maximal possible degree in Irr(G) is (%)1/2. For p = 2, there could be
at most one irreducible character of degree (%)1/ 2 50

|G| < |G|+|G|+ 2|G| + : +---) =1G] +1+ A =|G] 23
=8 2 32 2 T3/4) 24 )°

a contradiction. For p > 3 we get

IG| < |G|+2|G| LI S P e ] G IveTY (R
P’ PR - p> p2-1)" 27 4)

a contradiction.

Suppose, next, that |G’| = p. Then, by [10, Theorem 7.5, p. 82, and Example 7.6(a), p. 84],
Irr(G) — Lin(G) consists of |Z(G)| — |Z(G)/G’| characters of degree |G/Z(G)|'/? and con-
sequently p < 3. Moreover, if p = 3, then we must have |Z(G)| =3 and G is of type (4). So
suppose that p =2. If |Z(G)| = 2, then G is of type (1). Otherwise, we must have |Z(G)| =4
and by Theorem 7.5 in [10], the two nonlinear characters of G are real-valued if Z(G) is elemen-
tary abelian and they are complex conjugate to each other if Z(G) is cyclic. Thus G is either of
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type (3) or of type (2). Moreover, it follows again by Theorem 7.5 in [10] that in cases (1)—(4),
the characters x, x1, x2 vanish on G — Z(G). This completes the analysis of the case |G'| = p.

It remains to show that if |G’| = p?, then only case (5) is possible. Let m be the largest
squared irreducible character degree of G. Clearly m < |G|/p = p[G : G'] and the next smaller
possible squared irreducible degree is m/p?> < [G : G']/ p. By Lemma 4, an irreducible character
of squared degree m/ p? can exist only if m = p[G : G'] and p = 2. Moreover, there cannot exist
any smaller nonlinear squared degree in G. We recall that (|G'| — 1)[G : G'] = (p*> — 1)[G : G']
is the sum of the squares of the degrees of the nonlinear irreducible characters of G. If p > 2,
then we get:

(P = 1)IG:G'1<2m <2p[G: G'],

a contradiction. Hence p = 2 and either m = |G|/2 and this squared degree appears exactly once
or m < |G|/4 and no smaller squared degree exists. In the latter case, the previous argument
yields 3[G : G'1 = (3/4)|G| < 2m < |G|/2, a contradiction. So m = |G|/2 and we must have
3/4|G|=2-|G|/8+|G|/2. Thus |G'| =4, |Z(G)| =2 and Irr(G) — Lin(G) = {x, x1, x2} with
x2(1) = x3(1) =|G|/8 and x2(1) = |G|/2. Now, by [9, Satz III, 2.13(a), p. 266], the exponent
of Z(G/Z(G)) divides the exponent 2 of Z(G), which implies that G/Z(G) is of type (3).
Thus Z>(G)/Z(G) is an elementary abelian group of order 4 and the three nonlinear irreducible
characters of G are real-valued, as claimed. O

4. Frobenius groups

The aim of this section is to investigate Frobenius groups satisfying the assumptions of The-
orem 1. First we deal with Frobenius groups with an abelian kernel.

Proposition 5. Let G be a Frobenius group with an abelian kernel K. Assume that x (1) =6(1)
for distinct characters x,0 € Irr(G) — Lin(G) if and only if 6 = x. Then K is an elementary
abelian p-group for some prime p and either |G| = (|K| —1)|K| or G is of odd order % |K|.

Proof. Let H be a complement in G. Then, by Theorem 18.7 in [10, p. 239], Irr(G) —Igin(G)

[K|—-1

contains I characters of degree [G : K] and, by our assumptions, either |H| = lT or

[K|-1
2

|H|=|K|— 1. Hence K is an elementary abelian p-group for some prime p. If |H| =
is even, then each @ € K is inverted by the involution in H and the two characters in Irr(G) —
Lin(G) are real and of equal degree, in contradiction to our assumptions. Hence, if |H| = % ,
then | H| must be odd and clearly | K| must be odd. Thus either |G| = (|[K| — 1)|K]| or G is of

odd order ‘Klgl |K|, as claimed. O

Conversely, the Frobenius groups mentioned in Proposition 5 indeed satisfy the assumptions
of that proposition. Next, we deal with Frobenius groups with a nonabelian kernel.

Proposition 6. Let G be a Frobenius group with a nonabelian kernel K and a complement H.
Assume that x (1) = 0(1) for distinct x,0 € Irr(G) — Lin(G) if and only if 6 = x. Then K is a
2-group. If N = [K, K, K1, then K /N is of order g, where ¢ =2, r is odd and r > 3. Moreover;
Z(K/N)=K'/N = ®(K)/N = 2(K/N) is an elementary abelian 2-group of order q and
index g in K/N, and H is of order g — 1. Finally, if K = G’, then H is cyclic.
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Proof. Since K is nonabelian, |H| is odd and by Thompson’s theorem K is nilpotent. Since
G/K' is a Frobenius group with an abelian kernel K /K’ satisfying our assumptions, it follows
by Proposition 5 that K /K’ is an elementary abelian p-group for some prime p of order p”, say.
Hence K is a p-group satisfying K’ = @ (K).

Note that G/N is a Frobenius group with the nonabelian kernel K /N and a complement
isomorphic to H. So G/ N satisfies the assumptions of this proposition, and in order to complete
our proof, we may assume that N = 1.

Clearly N = 1 implies that K is nilpotent of class 2 and, in particular, K’ < Z(K). By apply-
ing Proposition 5 to G/K’, it follows that either |H| = %(Illl((/‘l —1)and pisoddor |H| = ||11§,|‘ -1
and p =2. Inboth cases [K : K'] < 2|H| + 1.

By our assumptions, there are at most two H-orbits of irreducible characters of K of any given
degree, and if there are two orbits, then the characters in each orbit are the complex conjugates of
the characters in the other orbit. This and other facts used later about the irreducible characters
of Frobenius groups can be found in Theorem 18.7 in [10].

Now let A be any nonprincipal irreducible character of K’. Since K/K' is abelian, it follows
by Theorem 15 in Chapter 7 of [3] that all the irreducible constituents of AX have equal degrees.
No two of these can be in the same H-orbit since if, say, ¢h =60, where ¢ and 6 are distinct
irreducible characters of K lying over A and 1 # h € H, then since both ¢g/ and 6k, are mul-
tiples of A (as K’ < Z(K)), we see that & fixes A, which is false. It follows that AX has either
one or two distinct irreducible constituents, and these have degree f, say, and by the Frobenius
reciprocity theorem, also multiplicity f in AX. Thus either [K : K'] = f2, r is even and there is
just one irreducible constituent in AX, or else [K : K'] =2 f? and there are exactly two distinct
constituents. In the first case, every nonlinear irreducible character of K vanishes on K — K’ and
in the latter case, p =2 and r is odd.

Suppose r is even. Since the nonlinear irreducible characters of K vanish on K — K’, the
second orthogonality relation yields |Cg (x)| = [K : K'] foreach x € K — K'. As K' < Z(K),
it follows that p|K’| < |Cg (x)| =[K : K'] <1+ 2|H|. But the action of H on K’ is Frobenius,
so |K’| > |H|, contradicting the previous inequality.

Thus r is odd, p =2 and [K : K'] — 1 = |H]|. In this case, each nonprincipal linear character
of K’ determines two irreducible characters of K of degree f, and so the number of these is
even and they form two H-orbits. The number of nonprincipal linear characters of K’ is thus
|H|and |K'| =1+ |H|=[K : K'] =2" > 23. By applying Proposition 5 to G/Z(K), it follows
that [K : K']— 1 =|H| < [K : Z(K)] — 1. Thus |K'| < |Z(K)| < |K'|, implying Z(K) = K’.
Finally, if K = G’, then H is abelian and hence cyclic. The proof is complete. O

It follows from our proof that if K = G’, then G/N has ¢ — 1 linear characters, one character
of degree ¢ — 1 (induced by the nonprincipal linear characters of G’/N) and two conjugate
characters of degree (¢ — 1)+/q/2 (induced by the characters in Irr(G’/N) — Lin(G’/N)).

5. Extended Camina pairs

Let G be a nonabelian and nonperfect finite group. In this section we investigate extended
Camina pairs (G, G’). Recall that (G, G’) is an extended Camina pair if 1 < G’ < G and xG’ C
classg (x) Uclassg (x 1) for each x € G — G’. Camina pairs (G, G’), satisfying xG’ C classg (x)
for each x € G — G/, are clearly also extended Camina pairs.
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Let (G, G’) be an extended Camina pair and let x € G — G’. We say that x is of type 1 if
xG' C classg(x) and it is of rype 2 if xG’ C classg (x) U classg(x 1), but xG’ ¢ classg (x). If
all x € G — G’ are of type 1, then clearly (G, G’) is a Camina pair.

Lemma 7. Let G be a nonabelian and nonperfect finite group and let (G, G’") be an extended
Camina pair. Then:

(1) If x € G — G is of type 1, then xG’ = classg (x) and |Cg(x)| =[G : G'].

(2) If x € G — G’ is of type 2, then xG' = classg(x) Uclassg(x ™), |Co(x)| =2[G : G'), x is
not real and x* € G'.

(3) If ye G—G' and yG' is a p-element in G/ G’ for some prime p, then y is a p-element and
Cq () is a p-group. In particular, elements of type 2 are 2-elements and their centralizers
in G’ are 2-groups.

@) If (G, G') is not a Camina pair, then both |G’| and [G : G'] are even integers.

Proof. Note that if « € G — G, then classg(a) C aG’ (as g lag = a(a"'g 'ag) € aG’ for all
g€G).

(1) Here xG’ C classg(x) C xG’, yielding xG’' = classg(x) and |Cg(x)| = |G|/
|classg (x)| =[G : G'].

(2) Here xG’ C classg (x) U classg (x 1), but xG’ §Z classg (x). Hence x is nonreal and there
exists z € xG’ Nclassg (x~1). Thus

classg (xfl) =classg(z) € zG' = xG’

and consequently xG' C classg(x) U classg(x~') € xG’, forcing xG’' = classg(x) U
classg(x~1). Since |classg (x)| = |classG(x_1)|, it follows that |G’| = 2[G : Cg(x)] and hence
|CG(x)| =2[G : G']. Finally, x~! € xG’ implies that x? € G'.

(3) Let y =y, x y,7, where y, and y,s are the p and p’ parts of y, respectively. Since yG’
is a p-element in G/G’, some p-power of y lies in G’ and hence y,» € G'. So yG' = y,G" and
since y is either of type 1 or of type 2, we get that y is conjugate either to y, or to y;l. Either
way o(y) =o0(yp), so y is a p-element.

Now, let g € C/(y). Then ygG’ = yG’ and so yg is conjugate either to y or to y~!. Therefore
o(yg) = o(y) and 1 = (yg)°®) =y go) = g forcing g to be a p-element as well.

Finally, if x € G — G’ is of type 2, then, by (2), x> € G’ and as shown above, x is a 2-element
and Cg/(x) is a 2-group.

(4) There exists x € G — G’ of type 2, which by (3) is a 2-element. Hence [G : G'] is even.
Since, by (2), |G’| =2[G : C(x)], it follows that |G’| is also even. O

We are ready now for a general description of extended Camina pairs of type (G, G').

Theorem 8. Let G be a nonabelian and nonperfect finite group and let (G, G') be an extended
Camina pair. Then one of the following holds:

(1) G is a p-group for some prime p.
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(2) G is a Frobenius group with the kernel G'.
(3) G/G’ is a2-group. In particular, C (u) is a 2-group for everyu € G — G'.

In particular, if (G, G') is not a Camina pair, then (3) holds.

Proof. Assume, first, that (G, G’) is a Camina pair. By [4], either (1) or (2) holds, or one of G’
and G/G’ is a p-group for some prime p. So suppose that G is not as described in (1) or (2).
If G’ is a p-group, then, by Lemma 4.4 in [5], 0,/(G/G’) =1 and since G/G’ is abelian, this
forces G to be a p-group, a contradiction. Finally, if G/G’ is a (abelian) p-group, then by the
corollary in [6], G is a Frobenius group with a complement Qg and [G : G'] =4. So G/G is a
2-group, satisfying (3).

It remains only to prove the “in particular” part. So assume that (G, G’) is not a Camina pair
and hence there are elements of type 2 in G — G’. We shall use Lemma 7 freely, in order to show
that G/ G’ is a 2-group, satisfying (3). Suppose, to the contrary, that p is an odd prime divisor
of |G/G’|. Let yG' be a nontrivial p-element in G/G’. Then y is a p-element and Cg(y) is a
p-group. As p # 2, y is of type 1, whence |Cg(y)| =[G : G']. By Lemma 7(4), |C (y)] is even.

Let R be a Sylow 2-subgroup of Cg(y) and let P be a Sylow 2-subgroup of G containing R.
Note that P N G’ is a Sylow 2-subgroup of G’ and P NG’ < P. Furthermore, RN G’ < Cg(y) N
G’ = Cg (y). However, RN G’ is a 2-group and Cg/(y) is a p-group, so RNG' = RN (PN
G’) =1 and R is isomorphic to RG’/G'. Hence R is an abelian group. Furthermore

|R(PNG)|=IRIIPNG'|=|C6()|,|G'l2 =[G :G']|G'|2=]Gl>.

Thus R(P NG’) is a Sylow 2-subgroup of G contained in P, which implies that P = R(P N G').

Let r € R be an involution. Then R NG’ = 1 implies that r ¢ G'. Also, as r is a real element,
r is of type 1, so |Cc (r)| =[G : G']. This implies that |R| =[G : G']» = |C¢(r)|2 and since R
is abelian, we get R < Cg(r) N P = Cp(r). Thus

IRI< |Cp()| <|Ca()],=IR]

which implies that R = Cp(r). In particular, Z(P) < R and as RN G’ =1, we get Z(P) N
G’ = 1. Hence Z(P) N P’ = 1, which implies that P is abelian. Thus P < Cs(r) and since
[G:G'1=|Cs(r)|, |G| is odd, in contradiction to Lemma 7(4). It follows that if (G, G’) is not
a Camina pair, then G/ G’ is a 2-group.

Finally, if (G, G’) is an extended Camina pair and G/G’ is a 2-group, let u € G — G’. Then,
by Lemma 7(3), u is a 2-element and Cg/ (1) is a 2-group. Thus Cg(u) — Cg/(u) consists of
2-elements and hence Cg (1) is also a 2-group. O

6. Proof of Theorem 1

We start the proof of Theorem 1 with two preliminary lemmas.
Lemma 9. Let G be a nonabelian and nonperfect finite group in which x (1) = 0(1) for dis-
tinct x,0 € Irr(G) — Lin(G) if and only if 6 = . Suppose that x € G — G’ and there exists
x € Irr(G) — Lin(G) such that x (x) # 0. Then the following statements hold:

(1) x is nonreal.
(2) xG' =classg(x) Uclassg(x 1), |Co(x)| =2[G : G'l and x% € G'.
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(3) x(x)==%i/[G:G'1/2 (here i = /—1).

(4) All characters in Irr(G) — {Lin(G) U {x, x}} vanish on x.
(5) x vanishes on G — {G' UxG'}.

(6) Every linear character takes the values 1 on x.

Proof. By Lemma 3, statements (5) and (6) hold and x2ed.

As x does not vanish on G — G’, x does not vanish on G — ker(u) for some u € Lin(G) —
{l1g}. Therefore wy # x, ux # X and by our assumptions px = x. Note that p(x) x (x) = X (x)
implies that —x (x) = x(x) and so x(x) = bi for some real nonzero number b. Hence x is
nonreal, proving (1).

Let 61, 6a,...,65 be all the nonlinear irreducible characters of G nonvanishing on x. Set
0;(x)=bji. Then

Co()|=1G:G1+ Y |6;0|* =[G :G'1+ ) b2 ()
Jj=1 j=1

Consider, now, the element x 1. Clearly 61, 63, ..., 05 are all the nonlinear irreducible characters
of G nonvanishing on x~!. Moreover, 0; @ hH= —b;i and by (6), A(x) = A(x~1 for all & €
Lin(G). Applying the second orthogonality relation to x and x ! we obtain:

0= > x@x = 3 (x<x>)2=[GiG’l+i(9f(x)>2

x €lrr(G) x €lrr(G) j=1

S A
=[G:G'1+ ) _(b;)*=[G:G'1-) b3
j=1 j=1
So[G:G'= Zj-:l b? and therefore, by (%), |Cg(x)| = 2[G : G’]. It follows that |classg (x)| =

|classG(x_1)| = % Since classg (x) U classg(x 1) € xG' = x~1G/, we may conclude that
xG' = classg (x) Uclassg (x~!). The proof of (2) is now also complete.
Next we compute deG lx(2)]%, using (2), (5) and the fact that x (x) = bi:

Gl= Y [x@[ =pAIG 112+ 621G 12+ Y [x @ =G+ D [x (]

geG geG’ geG’

We also note that uy = x implies that x5’ = X', s0 x is real on G’. Thus

0=1GI(x. 1) = Y (x(®)" = 6)*G'/2+ (=b)2(G'1/2+ Y (x()*
geG geG’
=—p1G1+ Y |x".

geG’

We conclude from these computation that b = %, which implies (3).
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Finally,
|C6()|=2[G:G1=1G:G1+2b* =[G : G+ | x| + x|

This means that all elements of Irr(G) — Lin(G) other than x and x vanish on x, proving (4) and
finishing the proof of the lemma. O

Lemma 10. Let G be a nonabelian and nonperfect finite group in which y (1) = 0(1) for distinct
X, 0 € Irr(G) — Lin(G) if and only if 6 = X. Then the following statements hold:

(1) (G, G') is an extended Camina pair.
(2) If x € G — G’ is of type 2, then there exists y € Irr(G) — Lin(G) such that x (x) # 0, and
therefore x and y satisfy the six statements of Lemma 9.

Proof. Let x € G — G'. If every x € Irr(G) — Lin(G) vanishes on x, then classg (x) = xG’. If,
on the other hand, there exists x € Irr(G) — Lin(G) satisfying x (x) # 0, then by Lemma 9(2)
classg (x) Uclassg (x~') = xG’. Therefore (G, G') is an extended Camina pair. If x € G — G’ is
of type 2, then there exists x € Irr(G) — Lin(G) satisfying x (x) 0 and by Lemma 9 the second
claim of Lemma 10 holds. O

Next we quote two lemmas which will be needed for the proof of Theorem 1. Here O(G)
denotes the largest normal subgroup of G of odd order.

Lemma 11. Let G be a finite group and suppose that G has a nonreal element g of order 4
satisfying Cc(g) = (g). Then G = O(G)(g).

Proof. See Lemma2.9in[1]. O

Lemma 12. Let P be a finite p-group of class at most 2 and suppose that P acts on some
nontrivial finite p’-group Q such that Cp(x) < P’ for all 1 # x € Q. Then P is either cyclic or
isomorphic to Qg.

Proof. See Lemma 10.1, p. 245in [13]. O
We are ready now for the proof of Theorem 1.

Proof of Theorem 1. By Lemma 10(1), (G, G’) is an extended Camina pair. We shall break the
proof into a series of steps.

Step 1. Proof of the theorem in the case that either G is a p-group for some prime p or (G, G')
is a Camina pair.

Proof. If G is a p-group, then G is one of the groups of Theorem 2. Only groups in conclu-
sions (1), (2) and (4) satisfy our assumptions, and these groups appear in conclusions (1)—(3) of
our theorem. So assume that (G, G’) is a Camina pair and G is not a p-group. In this case [4]
implies that either G is a Frobenius group with the kernel G’ or one of G’ and G/ G’ is a p-group
for some prime p.
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Consider, first, the case when G is a Frobenius group with the kernel G’. Then, either G’ is
abelian and Proposition 5 implies that G is included in conclusion (4) of our theorem, or G’ is
nonabelian, and by Proposition 6 G is included in conclusion (6) of our theorem.

If G’ is a p-group, then, by Lemma 4.4 of [5], O,(G/G’) =1 and as G/G’ is abelian, this
forces G to be a p-group. This case had been discussed above. Finally, if G/G’ is a (abelian)
p-group, then, by the Corollary in [6], G is a Frobenius group with a complement Qg. Hence the
kernel K of G is abelian, and by Proposition 5 G is of order 72 and is included in conclusion (5)
of our theorem. O

From now on we shall assume that neither G is a p-group nor (G, G’) is a Camina pair. In
particular, G — G’ contains elements of type 2 and Theorem 8 implies that G/ G’ is a 2-group
and Cg (u) is a 2-group for every u € G — G’. Our aim is to reach a contradiction.

Step 2. [G : G'T #2.

Proof. Suppose that [G : G’'] =2 and let x € G — G’ be of type 2. By Lemma 10(2) x is not real,
$0, in particular, x is not an involution and |C¢ (x)| = 2[G : G'] = 4. Hence x is of order 4 and
Ci(x) = (x). It follows then by Lemma 11 that |G/O(G)| =4 and G’ < O(G), contradicting
our assumption that [G : G']=2.S0 [G: G']#2. O

Step 3. We show that x ¢ is not irreducible for each x € Irr(G) — Lin(G).

Proof. Suppose, to the contrary, that xg’ is irreducible for some x € Irr(G) — Lin(G). If x
vanishes on G — G’, then

61=Y |x@[ = x| =16

geG geG’

which is impossible. So there exists y € G — G’ such that x(y) # 0 and by Lemma 9(2)

Iclassg (y)| = |classg (y V)| = ‘GT/l By Lemma 9, x(y) = +i,/[G : G']/2 and x vanishes on
G — {G' Uclassg(y) Uclassg (y™1)}. So

G:G1|?
|G|=Z|x<g>}2='i,/[ A

geG

G/
L S P

2
geqG’

|G|

G:G'G’
=¢+|G/|=T+|G/|

2

This implies [G : G'] = 2, contradicting Step 2. O

Step 4. O(G) is the normal 2-complement of G, O(G) € G’ and every character in Irr(G) —
Irr(G/ O(G)) vanishes on G — G'.

Proof. If x € Irr(G) — Lin(G), then xg' = e(01 + 02 + --- + 0;), where 0; € Irr(G’) have the
same degree and since x is reducible by Step 3, we have e > 1. Now yx (1) = er6(1) and
both e and ¢ divide [G : G'] (see [10, p. 82]), which is a power of 2. So x (1) is even for each
x € Irr(G) — Lin(G) and by Thompson’s theorem (see [10, Corollary 12.2, p. 199]) G has a



728 D. Chillag, M. Herzog / Journal of Algebra 319 (2008) 716-729

normal 2-complement, which is equal to O(G). As G/G’ is a 2-group, O(G) C G’. Finally, let
u € G — G'. By Theorem 8(3), Cg(u) is a 2-group and hence Cg(u) N O(G) = 1. It follows
that |Cg,0(6)(uO(G))| = |Cg(u)|. Since the opposite inequality always holds (see [10, Corol-
lary 2.24, p. 26]), we get equality and consequently every character in Irr(G) — Irr(G/ O (G))
vanishes on u. The proof of Step 4 is complete. O

Let T be a Sylow 2-subgroup of G. By Step 4 G = O(G)T, a semi-direct product, and since
G isnota p-group, O(G) > 1.

Step5. 7' =G'NT.

Proof. Since by Lemma 7(3) elements of type 2 are 2-elements, T contains an element v of
type 2. By Lemma 10(2), there exists x € Irr(G) — Lin(G) such that x (v) is nonreal. By Step 4
x € Irr(G/0(G)). Since O(G) < ker(x), we get

G1=>" > lxt =Y 3 xol' =[o@] Y |x0l"

teT heO(G) teT heO(G) teT

t follows that = AT~ — X t and so xr € Iur — Lin . oreover, xr 1S non-
It follows that |T'| ‘O'(G(';)‘ et X (@©)]% and Irr(T) — Lin(T). M i

real and T is nonabelian.

Clearly G/O(G) = T satisfies the assumptions of Theorem 1 and since T is a 2-group, it
must be one of the four 2-groups of the conclusion of Theorem 2. However, only one of them
(of type (2)) has a nonreal nonlinear irreducible character. Thus |T'| =2 and Z(T) is cyclic of
order 4. Moreover, by Theorem 7.5 in [10, p. 82], the nonreal nonlinear irreducible characters
of T get nonreal values only on the two elements of order 4 of Z(T'). Thus v € Z(T).

As v is of type 2, we know by Lemma 10(2) that |C (v)| = 2[G : G']. Since v € Z(T) and
C¢ (v) is a 2-group, it follows that |C; (v)| =2[G : G']1 = |T|.But G = O(G)T =G'T, so

G'T
G/

’

|T|=2’

B T
“lenT

which implies that |G'NT|=2=|T'|. Hence T’ =G’ N T, proving Step 5. 0O

Step 6. The final contradiction.

Proof. Let b € O(G) — {1} and let ¢ € Cr(b). Then b € Cg(c), so Cg(c) is not a 2-group.
Therefore, by Theorem 8(3), ¢ € G’. By Step 5, Cr(b) < G'NT =T’ and Lemma 12 implies
that T is either cyclic or isomorphic to Qg. This is a contradiction, since T is nonabelian and
|Z(T)|=4. O
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