J. Aust. Math. Soc. 74 (2003), 287-294

ON PERMUTATION GROUPS WITH CONSTANT MOVEMENT

MEHDI ALAEIYAN (KHAYATY)
(Received 8 August 2000; revised 12 March 2002)

Communicated by R. B. Howlett

Abstract

Let G be a permutation group on a set  with no fixed point in Q. If for each subset I" of  the size
|T8 —T'| is bounded, for g € G, we define the movement of g as the max|I'8 — I'| over all subsets I" of Q.
In particular, if all non-identity elements of G have the same movement, then we say that G has constant
movement. In this paper we will first give some families of groups with constant movement. We then
classify all transitive permutation groups with a given constant movement m on a set of maximum size.

2000 Mathematics subject classification: primary 20BXX.

1. Introduction

Let G be a permutation group on a set  with no fixed points in §2 and let m be a
positive integer. If for each subset I" of Q2 and each element g € G, the size [['8 —T} is
bounded, we define the movement of I' as move(I')=max,¢|I"¥ —T'|. If move(I') < m
forall T C Q, then G is said to have bounded movement and the movement of G is
defined as the maximum of move(I") over all subsets I". This notion was introduced in
[6]. Similarly, for each 1 # g € G, we define the movement of g as the max|I"8 —I'|
over all subsets I of Q. If all non-identity elements of G have the same movement,
then we say that G has constant movement.

Clearly every permutation group with constant movement has bounded movement.
By [6, Theorem 1], if G has bounded movement equal to m, then S is finite, and its
size is bounded by a function of m.

For transitive groups of movement m, the following bounds on 2 were obtained

in [6].
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LEMMA 1.1. Let G be a transitive permutation group on a set Q2 such that G has
movement m.
(@) If Gis a2-group then || < 2m.
(b) If G is not a 2-group and p is the least odd prime dividing |G|, Then |2| <
[2mp/(p — 1)]. (Forx € R, |x] denotes the integer part of x.)

There are various types of permutation groups with constant movement for which
the bounds in Lemma 1.1 may be attained. For example, let G be either a p-group
of exponent p or a 2-group. If we consider G as a permutation group in its regular
representation, then we see that all non-identity elements have the same movement.

The purpose of this paper is to classify all transitive permutation groups G of
maximum degree n with constant movement m, (where n = 2m if G is a 2-group and
otherwise n = |2mp /(p — 1)] if p is the least odd prime dividing | G| and by [6] these
are the maximum sizes of n).

THEOREM 1.2. Let m be a positive integer, and let G be a transitive permutation
group on a set 2 of maximum size n with constant movement m. Then either G is
a 2-group in its regular representation, or for an odd prime p one of the following
holds:

(1) 12| =p, m = (p —1)/2 and G is the semi-directed product of Z, Z., where
2°|(p — 1) for some a = 1;

(2) G:=A4 A5, |Q|=6andm =12;

(3) G is a p-group of exponent p in its regular representation.

Moreover, all permutation groups listed above have constant movement.

All the groups in Theorem 1.2 are examples (see Section 2). In Section 3, we prove
the above theorem, which is a classification theorem for the transitive permutation
groups of maximal degree with constant movement.

2. Attaining the bounds: examples

Let G be atransitive permutation group on a finite set 2. Then by [9, Theorem 3.26],
which we shall refer to as Burnside’s Lemma, the average number of fixed points in
Q of elements of G is equal to the number of G-orbits in £2, namely 1, and since 14
fixes |S2] points and |2] > 1, it follows that there is some element of G which has no
fixed points in £2. We shall say that such elements are fixed point free on 2.

Let 1 # g € G andsuppose that g in its disjoint cycle representation has ¢ nontrivial
cycles of lengths Iy, ... , I, say. We might represent g as

g= (alaz. . 'alg)(blbl . b‘z) e (ZIZZ . .le).
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Let I'(g) denote a subset of Q consisting of |I;/2] points from i** cycle, for each i,
chosen in such away that I'(g)* N I"'(g) = @.

For example we could choose I'(g) = {az, a4, ... , b2, b4, ... , 22,24, ...}. Note
that I"(g) is not uniquely determined as it depends on the way each cycle is written
down. For any set I'(g) of this kind, we say that I'(g) consists of every second point
of every cycle of g. From the definition of I"(g) we see that

t
IF(@)* —-T(®l=Ir'@l= ZLli/ZJ-
i=1

In {3] we have shown that this quantity is an upper bound for |I'® — I'| for an
arbitrary subset I'. Thus the movement of g is [T (g)].

Now we will show that there certainly are some families of examples of transitive
groups with constant movement for which the bound of Lemma 1.1 holds, for any
prime p. First we look at groups of exponent p.

LEMMA 2.1. (a) Let m := p*'(p — 1)/2 for some a > 1, where p is an odd
prime and suppose that G is a regular permutation group of exponent p on a set 2 of
size p® =2mp /(p — 1). Then G has constant movement m.

(b) Let m be a power of 2, and suppose that G is a 2-group of order 2m. Then the
regular representation of G is a permutation group of constant movement m.

PROOF. Letl # g € GandletI" C Q. By [3,Lemma 2.1}, |['¢ —T"| < m. Since G
is regular, g is fixed point free on 2. Suppose that I'(g) consists of every second point
of every cycle of g. Then by definition I'(g)¢ N I"'(g) = @. If p is an odd prime, then
IT(g) —T(®l=IT@l=Q/p)p -1)/2=p" ' (p - 1)/2=m.

Thus G has constant movement m. Also with the same argument it can be shown that
every 2-group of degree 2m in its regular representation has constant movementm. [J

In what follows we will see that the regularity condition for each transitive p-group
is a necessary condition. Let H be a core-free subgroup of a p-group G and consider
the permutation representation by right multiplication on the right cosets of H. If
H # 1, then G is not regular in this action and does not have constant movement. An
example of such a core-free subgroup H in a p-group G of exponent p is the cyclic
group generated by any non-central element. Such elements exist provided that G is
non-abelian.

LetH = (h) = Z,,and let K = (k) = Z,, be such that K is a subgroup of Aut(H).
Then h* = h" for some positive integer r such that 7" = 1 (mod n). Let G = HK be
the natural semi-direct product of H by K. Then G is given by the defining relations:
h"=1,k" =1,k 'hk = h", with r" = 1 (mod n).

Here every element of G is uniquely expressible as h'k/, where 0 < i < n — 1,
0 <j < m — 1. Certain semi-direct products of this type also provide examples of
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groups with constant movement where the bound in Lemma 1.1 holds. (We note that, if
n = p, a prime, then this group G is a subgroup of the group AGL(1,p) =Z,Z,_,.)

LEMMA 2.2. Let G := Z,Z;. denote a group defined as above of order p .2°, where
2°l(p — 1) for some a > 1. Then G acts transitively on a set Q of size p and in this
action G has constant movement (p — 1)/2.

PROOF. The group G is a Frobenius group and has up to permutational isomorphism
a unique transitive representation of degree p, on a set €2, say. Let g € G be such that
o(g) = p. Thenby [3,Lemma 2.1}, [T’ —T'| < m = (p — 1)/2 for all subsets I, and
if I"'(g) consists of every second point of the unique cycle of g , then |I'(g)% — I'(g)|
has size equal to m. Suppose now that g € G has order o(g) a power of 2. Then g
has one fixed point and (p — 1)/o(g) cycles of length o(g) in Q. ForeachT" € €,
T8 — I'| consists of at most o(g)/2 points from each cycle of g of length o(g) ,and
hence has size at most m. Since each non-identity element of G is either a 2-element
or has order p, it follows that G has constant movement equal to m. O

LEMMA 2.3. The groups Ay, and As acting transitively on a set of size 6 have
constant movement equal to 2.

PROOF. By [2, 4, 5] the groups A, and As have bounded movement equal to 2.
Using similar argument as in [3, Lemma 3.3], we will show that they also have
constant movement 2. Let 1 # g € A,. Then g has order 2 or 3. If g has order 2
then g has two cycles of length 2 and hence |I'(g)¢ — I'(g)| = 2. Similarly, if g has
order 3 then g has two cycles of length 3 and again |T'(g)% — I'(g)| = 2. As for A,
since every non-identity element of As has order 2, 3 or 5, as above it is easy to see
that every element of A s has movement equal to 2. Hence both of them have constant
movement 2. a

3. Proof of Theorem 1.2

Let m be a positive integer. Suppose that G is a transitive permutation group on
a set Q of size n with constant movement m, which have maximal degree. (Where
n = 2m if G is a 2-group and otherwise n = |2mp /(p — 1)] where p is the least odd
prime dividing |G|.) By [1, Theorem 1], for some prime q dividing |G|, there exists
a g-element g of order ¢ (for some positive integer a) in G which is fixed point free
on Q. Then g has b; cycles of length ¢/ fori = 1,... ,a, where Y ;_, big' = n and
b, > 0. Now we consider two cases:
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Case 1: Suppose that ¢q is odd. Then by the definition of I"(g) we have,

a

q -1
= = b——.
m = (gl ; >
Suppose that @ > 2, and consider h = g9"", say. Then h has b,q°~! cycles of length
g, so by the definition of every second point of every cycles of A we have,

a-1 :
a9-1 qg -1 q°—1
m=HMN=m¢“——=§bf + b,
2 = 2 2

2 2
—1 1
=bg ot b= @ g+ D)
191 g° '~ 1 19— 1
= Dy ba ba ’
T 5t 2 7

which is a contradiction. Hence a = 1 and therefore b, = by = n/q, and m =
(n/q)(q — 1)/2. Suppose there exists an odd prime r dividing |G| such that r < ¢,
and letx € G, o(x) = r. Then

=1  2mqr-1
2 g—1 2r "

m=F@) < ==
-

So (g — I)r < g(r — 1) and hence g < r which is a contradiction. Hence q is the
least odd prime dividing | G|, that is, we have proved that g = p.
Case 2: Now we suppose that ¢ = 2, so as above we can assume that o(g) = 2° for
some positive integer a, and g is a fixed point free element on 2. Then g has b; cycles
of length 2" fori =1,...,a,wheren =3, b2, b, >0, and

m=C(g) =) b27".
i=1

Suppose that a > 2, and consider g¥~ = h, say. Then h has b,2°"' cycles of
length 2, so

a—1
b2 = [T =m =) _ b2 +b2*"".

i=l

The above equality is true if b; = 0 for each i < a. So all g-cycles have length 2°,
and hence 2°%|n.
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We first suppose that G is a transitive permutation group on a set of size n = 2m
and G is a 2-group. As each 1 # g € G has constant movement m, | supp(g)}| = 2m,
where supp(g) = {« € Q|a? # a). Thus g is a fixed point free element on €2, that is,
G, = 1 for each a € Q. Hence G is a regular 2-group.

Now suppose that p is an odd prime. Then G is not a 2-group. Since G is a
transitive permutation group with maximal degree, by {7, Theorem 6.4]

|Q|=[2mpJ= 2mp ,

p—-1] p-1

where p is the least odd prime dividing |G| . (Since 2m < 2mp/(p — 1),s0if Gis
not a 2-group with maximal degree then |2| # 2m.) Then by [2, 3, 4, 5], one of the
following holds:

(1) 12| = p,m = (p—1)/2and Gis the semi-direct product Z, Z,. where 2°|(p —1)
forsomea > 1.

(2) G is the semi-direct product K P with K a 2-group and P = Z, is fixed point
free on Q; || = 2°p, m = 2°"}(p ~ 1), and 2° < p, where K has p-orbits of
length 2°, and each element of K moves at most 2°(p — 1) points of Q. (We note
that Ay = (Z,)?Z, is a transitive permutation group of degree 6 which has constant
movement 2, this occur in this case where p =3 and m = 2.)

(3) Gisa p-group.

4) p=3,m=2,and G = As.

All groups in part (1) are examples for Theorem 1.2. In parts (2) and (4), except for
the groups A, and A;s acting on a set of size 6, the other groups have some elements
whose movements are less than m, which contradicts the fact that G has constant
movement, (since G = K P has constant movement m, each non-identity element
k € K has (p — 1) cycles of length 2°. We consider the element kk® of K. This
element is fixed point free on §2 and so has movement p2°~!, which is a contradiction).
In part (3), by Bumside’s lemma, G has a fixed point free element, say g, on a set
of size p? for some positive integer a. Since every fixed point free element has
order p with movement p?(p — 1)/2 (see [3, Proposition 4]), o(g) = p and hence
move(g) = p®~!(p — 1)/2. But, by our assumption, G has constant movement m and
som = p°~'(p — 1)/2. Therefore, each non-identity element g of G is a fixed point
free element, so that G is a regular p-group of exponent p. This completes the proof
of Theorem 1.2. O

4. Intransitive examples

In this section we show that there certainly are families of examples of intransitive
permutation groups with constant movement, for any prime p. First for p = 2, we
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have the following example.

EXAMPLE4.1. Letm = 2~' > l and let G := Zj. Then Ghas 2" — 1 =2m — 1
subgroups of index 2, say H,, ..., Hy,_,. Fori =1,...,2m — 1, let Q; denote the
set of two cosets of H; in G, and set '

2m~1
Q= U Q,’.
i=1
Then G acts faithfully on §2 by right multiplication with 2m — 1 orbits Qy, ..., Q_1,
each of length 2. Each nontrivial element g € G lies inexactly 2! =1 =m — 1

of the subgroups H; and permutes nontrivially the remaining m = 2"~ points of ;.
Thus each nontrivial element of G has m = 27! cycles of length 2 in Q. For any
subset I' € Q and any 1 # g € G, the set (I'® — I") consists of at most 1 point from
each of the G-orbits on which g acts nontrivially, and hence max|I'® —T'| = m. It
follows that G has constant movement m.

The following example shows that intransitive p-groups, p odd, with constant
movement do exist.

EXAMPLE 4.2. Let d be a positive integer, let G := ZJ, let t := (p? — 1)/(p — 1),
and let Hy, ..., H, be an enumeration of the subgroups of index p in G. Define ;
to be the coset space of H;in Gand Q = ,U--- U Q,. If g € G — {1}, then g lies
in (p?' — 1)/(p — 1) of the groups H; and therefore acts on £2 as a permutation with
p(p9'—1)/(p—1) fixed points and p“~! orbits of length p. Taking every second point
from each of these p-cycles to forma set I" we see that move(g) = m > p4~'(p—1)/2,
and it is not hard to prove that in fact move (g) = m = p“~'(p — 1)/2. Since g is
non-trivial, G has constant movement p4~'(p — 1)/2.

The last example for p = 3, inclined to the following example not only are examples
of permutation groups with constant movement equal to 3~ and 2 respectively, but
also gives some positive answer to the Question 1.5 in [8].

EXAMPLE 4.3. Let Q = Q, U £, be a set of size 7, such that , = (1,2, 3}
and Q, = {1, 2/, 3/, 4'}. Moreover, suppose that Z2 = ((1'2')(3'4"), (1'3')(2'4)) and
Zy = ((123)(1'2'37))

Then the semi-direct product G := Z2Z; with normal subgroup Z2 is a permutation
group on a set 2 with 2-orbits which has constant movement 2, since each non-identity
element of G has two cycle of length 2 or two cycle of length 3.

Finally, one may ask whether there exist further examples of intransitive groups,
which have constant movement.
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