Proc. Indian Acad. Sci. (Math. Sci.) Vol. 125, No. 4, November 2015, pp. 501-506.
© Indian Academy of Sciences
CrossMark

Characterization of PGL (2, p) by its order and one conjugacy
class size

YANHENG CHEN'2 and GUIYUN CHEN!+*

1School of Mathematics and Statistics, Southwest University, Chongging 400715,
People’s Republic of China

2School of Mathematics and Statistics, Chongqing Three Gorges University,
Chongging 404100, People’s Republic of China

*Corresponding author.
E-mail: math_yan@126.com; gychen@swu.edu.cn

MS received 11 February 2014

Abstract.  Let p be a prime. In this paper, we do not use the classification theorem of
finite simple groups and prove that the projective general linear group PGL(2, p) can
be uniquely determined by its order and one special conjugacy class size. Further, the
validity of a conjecture of J. G. Thompson is generalized to the group PGL(2, p) by a
new way.
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1. Introduction

All groups considered in this paper are finite and simple groups are nonabelian.

For a group G, we denote by 7 (G) the set of prime divisors of |G|. A simple graph
I'(G) called the prime graph of G was introduced by Gruenberg and Kegel in the middle
of the 1970s: the vertex set of I'(G) is 7w (G), two vertices p and g are joined by an edge if
and only if G contains an element of order pg (see [21]). Denote the set of the connected
components of I'(G) by T(G) = {m;(G)|l < i < t(G)}, where 1(G) is the number of
the connected components of I'(G). If 2 € 7(G), we always assume that 2 € 71 (G).

Denote by N (G) the set of all conjugacy class sizes of a group G. The starting point for
our discussion is from a conjecture of J. G. Thompson. In 1988, he posed the following
conjecture in a communication letter:

Thompson’s conjecture (Problem 12.38 of [18]). Let G be a group with trivial central. If
L is a simple group satisfying N(G) = N(L), then G = L.

In 1994, Chen proved in his Ph.D. dissertation [6] that Thompson’s conjecture holds
for all simple groups with disconnected prime graph (see [8—10]). For simple groups
with connected prime graph, Thompson’s conjecture has made some progress in recent
years. Several mathematicians had established the validity of Thompson’s conjecture
for Ao, Alg. A2, Us(d), Us(5), An(q). Bn(q), Cu(q), Du(q), *Du(q), and E7(q)
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(see [1-4, 14-16, 20, 22, 23]). Lastly, Chen and his students contributed to Thompson’s
conjecture under a weak condition. They only used order and one or two special conju-
gacy class sizes of simple group, and characterized successfully sporadic simple groups,
alternating group Ajg, and projective special linear groups L4(4) and L>(p) (see [7, 12,
19]). Hence it is an interesting topic to characterize some groups with their orders and few
conjugacy class sizes. Note that all the works except [14] listed above use the classifica-
tion theorem of finite simple groups. In this paper, without using the classification theorem
of finite simple groups we characterize the projective general linear group PGL(2, p)
by its order and one special class size, where p is a prime. That is the following
theorem.

Main Theorem. Let G be a group and p be a prime. Then G = PGL(2, p) if and only if
|G| = p(p? — 1) and G has a special conjugacy class size of (p*> — 1).

To avoid using the classification theorem of finite simple groups, we will depend on the
following R. Brauer and W. F. Reynolds’s result of 1958, which answered a question of E.
Artin in a letter to R. Brauer: what are the simple groups of an order g which is divisible

by a prime p > g%?

Theorem 1.1 (Theorem 1 of [S]). Let G be a simple group whose order g is divisible

by a prime p > g%. Then G is isomorphic either to Ly(p) where p > 3 is a prime or
Lo(p — 1) where p > 3 is a Fermat prime, p = 2" + 1, with integral n.

If the main theorem is proved, then the following corollary holds, which generalizes
Thompson’s conjecture to PGL(2, p). Note that this corollary can be obtained by other
ways (see[17, 25]).

COROLLARY 1

Thompson’s conjecture holds for the projective general linear group PGL(2, p), where
p is a prime.

Proof. Let G be a group with trivial central and N(G) = N(PGL(2, p)). Since
t(PGL(2, p)) > 1, we get that |G| = |PGL(2, p)| by the Lemma 1.4 of paper [10].
Hence the corollary follows from the main theorem. (]

For convenience, we use 7 (n) to denote the set of all primes dividing a natural number
n and n, to denote w-part of a nature number n for 7 C 7 (n). In addition, we also denote
by G and Syl ,(G) a Sylow p-subgroup of a group G and the set of all of its Sylow p-
subgroups for p € 7 (G), respectively. The other notation and terminologies in this paper
are standard and the reader is referred to [13] and [24], if necessary.

2. Some lemmas

A Frobenius group is a transitive permutation group in which the stabilizer of any two
points is trivial. It is well known that there exists the Frobenius kernel and the Frobenius
complement in any Frobenius group. Furthermore, a group G is a 2-Frobenius group if
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there exists a normal series | <TH <1K <1G such that K and G/ H are Frobenius groups with
kernels H and K /H, respectively. Here we quote some known results about Frobenius
group and 2-Frobenius group which are useful in the sequel.

Lemma 2.1 (Theorem 1 of [11]). Suppose that G is a Frobenius group of even order and
H, K are the Frobenius kernel and the Frobenius complement of G, respectively. Then
t(G)=2,T(G) ={n(H), n(K)} and G has one of the following structures:

(1) 2 € w(H) and all Sylow subgroups of K are cyclic;

(1) 2 € n(K), H is an abelian group, K is a solvable group, the Sylow subgroups of
K of odd order are cyclic groups and the Sylow 2-subgroups of K are cyclic or
generalized quaternion groups,

(iii) 2 € n(K), H is abelian, and there exists a subgroup Ko of K such that

IK : Kol <2,Ko=Z x SL(2,5),(1Z],2 x3x5) =1,

and the Sylow subgroups of Z are cyclic.

Lemma 2.2 (Theorem 2 of [11]). Let G be a 2-Frobenius group of even order. Then
t(G) = 2 and G has a normal series 1 <H <K <G suchthat t(K /H) = m2(G), w(H)U
7(G/K) = m(G), the order of G/K divides the order of the automorphism group
of K/H, and both G/K and K /H are cyclic. Especially, |G/K| < |K/H| and G is
solvable.

Lemma 2.3. Let G be a 2-Frobenius group. Then G = ABC, where both A and AB
are normal subgroups of G, B is a normal subgroup of BC, and AB and BC are both
Frobenius groups.

Proof. By the definition of 2-Frobenius group, G has a normal series | <A < K < G
such that K and G/A are Frobenius groups with kernels A, K/A and complements
B, M/A, respectively. Then K/A = B, G/K = (G/A)/(K/A) = M/A, and so
(|Al,1B]) = 1, (|B|,|G/K]|) = (IK/A|, |M/A]) = 1. Hence B is a Hall-subgroup
of G. Clearly, B is also a Hall-subgroup of K. By generalized Frattini argument,
G = KNg(B) = ABNg(B) = ANg(B). Since K is a Frobenius group with ker-
nel A and complement B, A(\Ng(B) = Nas(B) = 1. Thus we have B < Ng(B) =
G/A. In view of G/A with kernel K/A and complement M/A, and K/A = B,
Ng(B) is a Frobenius group with kernel B. Let C be a complement subgroup of B
in Ng(B). Then Ng(B) = BC such that G = ABC, where A and AB are normal
subgroups of G, B is a normal subgroup of BC, and AB and BC are two Frobenius
groups.

By Lemma 2.3, a 2-Frobenius group can also be defined equivalently as follows: A
group G is called a 2-Frobenius group if G = ABC, where both A and AB are normal
subgroups of G, B is a normal subgroup of BC, and AB and BC are both Frobenius
groups. Thus by Lemma 2.6 in [12], we can get the following lemma. (I

Lemma 2.4 (Lemma 2.6 of [12]). Let p be a prime and n a natural number. Suppose that
G is a 2-Frobenius group with a normal series 1 <H <|K <G, where H is an elementary
abelian p-group of order p" and K /H is a cyclic group of order p* — 1. Then |G/K || n.
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Lemma 2.5 (Theorem A of [21]). Let G be a group with more than one prime graph
component. Then G is one of the following:

(1) a Frobenius or 2-Frobenius group;

(1) G has a normal series | € H € K C G, where H is a nilpotent m-group, K /H is a
simple group and G /K is a wi-group such that |G /K| divides the order of the outer
automorphism group of K /H.

Lemma 2.6 (Theorem 4.5.3 of [24]). Let G be a p-group with order p",n > 1, and d is the
number of minimal generators of G. Then |Aut(G)|| p?*=D(p? —1)(p? — p)--- (p? —

P .

3. The proof of the main theorem

Proof of Main Theorem. Since the necessity of the theorem can be checked easily, we
only need to prove the sufficiency.

If p = 2, then G is a nonabelian group of order 6. By the structures of the groups of
order 6, one has that G = S3 = PGL(2, 2), where S3 is a symmetric group of degree 3,
as desired.

If p = 3, then G is a group of order 24 and has an element x of order 3 such that
Cg(x) = (x). By the structures of the groups of order 24, one has that G = §4 =
PGL(2, 3), where S4 is a symmetric group of degree 4, as desired.

Let p > 5. By the hypothesis, there exists an element x of order p in G such that
Cg(x) = (x). Then by Sylow theorem, we have that Cg(y) = (y) for any element y € G
of order p such that {p} is a prime graph component of G and 7#(G) > 2. Therefore, G
satisfies one of the cases in Lemma 2.5 and Z(G) = 1. In addition, p is the maximal
prime divisor of |G|, and is also a connected component of prime graph of G.

Suppose that G is a Frobenius group with kernel H and complement K. Then
|K|| (|H| — 1). If p € n(H), then, by Lemma 2.1, |[H| = p and |K| = (p> — 1)/2.
It follows that (p2> — 1)| (p — 1), and thus p = 1, a contradiction. If p € 7(K), then
|K| = pand |H| = p?> — 1 by Lemma 2.1, and so p | (p* — 2), which implies p = 2, a
contradiction. Hence G is not a Frobenius group.

Assume that G is a 2-Frobenius group. By Lemma 2.2, we have that G has a normal
series | <H <K <G suchthat n(K/H) = {p} = m2(G), n(H) Un(G/K) = m1(G),
and |G/K|| (p — 1). Then we have that K/H is of order p and 7 (p + 1) C n(H).

(a) Assume p is not a Mersenne number. Then there exists an odd prime r € 7 (p +
1) such that |H,| < p. By Lemma 2.6, (p, |Aut(H,)|) = 1, which implies that an
element of order p of G can trivially act on H,. In other words, » can be connected to
p in the prime graph of G, a contradiction.

(b) Let p be a Mersenne number and p = 2° — 1,5 > 2. Then s is a prime and (p — 1)/2
is an odd number. Recall that |G/K|| (p — 1).

If|G/K|=p—1,then |H| = p+1=2°.If H is not an elementary abelian 2-group,
then(p, |Aut(H)|) = 1 by Lemma 2.6, a contradiction. If H is an elementary abelian 2-
group, then, by Lemma 2.4, |G/K| = (2° — 2) | s. It follows that s = 2, and thus p = 3,
a contradiction.
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If |G/K| = (p —1)/2, then |H| = 2(p + 1) = 25*! and so p| (2**' — 1). Hence
s = 1, a contradiction.

About other cases of |G/K|, we can always find an odd prime » € 7w (H) and r | pT_l
such that (p, |Aut(H,)|) = 1, which implies that G has an element of order pr, a
contradiction. Therefore G is not a 2-Frobenius group either.

Now, G has a normal series | € H € K < G, where H is a nilpotent 7{-group,
K/H is a simple group, G/K is a mi-group such that |G/K| divides the order of the
outer automorphism group of K/H, and p is a connected component of prime graph of
K/H,and also K/H < G/H < Aut(K/H). It follows that p | |[K/H|| |G/H|| |G| =
p(p? — 1). Therefore p > |K/H|%, and thus by Theorem 1.1, we obtain that K/H is
isomorphic to La(p), p > 3,0r Lo(p — 1), p > 3 and p is a Fermat prime. Assume that
K /H is isomorphic to the latter. Then the order of K/H is p(p — 1)(p — 2) and divides
p(p? — 1), which implies that p = 5. Hence K/H = Ly(4) = L»(5). Therefore, K /H
must be isomorphic to L>(p), p > 3. Recall that K/H < G/H < Aut(K/H), we have
that Lr(p) < G/H < PGL(2, p),and thus G/H = Ly(p) or PGL(2, p).If G/H =
L>(p), then H is a normal subgroup of order 2 of G, and then H C Z(G), contradicting
Z(G) = 1.If G/H = PGL(2, p),then H = 1 by |G| = |PGL(2, p)| = p(p> — 1),
andso G = PGL(2, p), as desired. (I

Remark . In [12], the authors characterized L, (p) by its order and one special class size.
But the proof of Theorem 3.2 of [12] is unpleasant. It is because the proof invokes the
classification theorem of finite simple groups and needs to eliminate potential counterex-
amples by a tedious case by case verification. In fact, using Theorem 1.1, the proof of the
theorem can be simplified greatly and we can also avoid using the classification theorem
of finite simple groups.
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