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Abstract Motivated by a research on self-dual extended group codes, we consider per-
mutation codes obtained from submodules of a permutation module of a finite group of odd
order over a finite field, and demonstrate that the condition “the extension degree of the finite
field extended by n’th roots of unity is odd” is sufficient but not necessary for the existence
of self-dual extended transitive permutation codes of length n + 1. It exhibits that the per-
mutation code is a proper generalization of the group code, and has more delicate structure
than the group code.
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1 Introduction

Let F be a finite field of order ¢ which is a power of a prime integer, and let X be a finite
set with cardinality n. By F X we denote the F-vector space with the basis X, and with the
usual scalar product as its standard inner product. Any subspace C of F X is just the usual
linear code over F of length n, and the orthogonal subspace C L of C is called the dual code
of C. A linear code C is said to be self-orthogonal if C € C*, and C is said to be self-dual
ifC =ct.
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20 Y. Fan, G. Zhang

Further, if X is a multiplicative group, then F X is an algebra with multiplication induced
by the multiplication of the group X, and any left ideal C of the algebra FX, i.e. any
F X-submodule of the regular F X-module, is called a group code of the group X over the
field F. The study on group codes has been there since many years, e.g. [2]. In recent years it
has attracted attentions to explore the conditions for the existence of self-dual group codes.

In [9], finite abelian groups were considered and some results on the non-existence of
self-dual group codes were shown. For the direct product of a finite 2-group and a finite
2/-group, reference [5] showed a condition for the nonexistence of self-dual group codes.
With the help of the representation theory of finite groups, Willems in [10] gave a necessary
and sufficient condition for the existence of self-dual group codes; in particular, it follows that
there are no self-dual group codes for finite groups of odd order. One obvious obstruction for
the existence of the self-dual group codes of the finite groups of odd order is that the length
of the codes is odd.

Thus, Martinez-Pérez and Willems in [7] considered the so-called extended group codes.
Assume that X is a finite group of odd order, and extend the set X to X which is the union
set of X and a single point set, then the vector space F X is a module over the algebra F X
with the additional single point corresponding to a trivial submodule of dimension 1, and any
submodule C of FX is called an extended group code of the group X. When the characteristic
of F is even, Martinez-Pérez and Willems in [7] showed that any one of the following two
conditions is necessary and sufficient for the existence of self-dual extended group codes.

(C1). Every self-dual (in module-theoretical sense) composition factor of the F' X-module
F X has even multiplicity.
(C2). The extension field of F generated by n’th roots of unity has odd degree over F.

Further, they in [8] demonstrated that, for odd characteristic, the existence of self-dual
extended group codes is equivalent to the condition (C2) with an additional condition “—n
is a square element in F”.

Extending group codes, Y. Fan and Y. Yuan in [3] discussed the so-called permutation
codes of finite groups. Let G be any finite group and X be any finite G-set. Then F X is an
F G-module, called a permutation module; any F G-submodule C of F X is said to be a per-
mutation code of the G-set X over F.If X is a transitive G-set, then the permutation codes are
said to be transitive. Group codes are obviously permutation codes since the base set of the
group G is a left regular G-set. Some important codes, for example multiple-cyclic code, are
permutation codes in a natural way but may not be group codes; see [3] for details. Moreover,
the research of permutation codes is interesting in a perspective to automorphism groups of
linear codes, for: any permutation automorphism of a linear code is just a permutation of the
standard basis of the linear code. In [3] some conditions were obtained for the non-existence
of the self-dual transitive permutation codes. And, it is also an easy consequence that, for a
transitive G-set X with odd length, there is no self-dual transitive permutation codes. Thus,
similar to what did in [7], it is reasonable to consider the extended transitive permutation
codes of X, i.e. the permutation codes of the extended G-set X which is the union set of X
and a single point set.

Motivated by the research in [7], we are interested in the performance of the two condi-
tions (C1) and (C2) mentioned above for the permutation codes. In an early version of this
work we obtained that, when ¢ is even, there exists a self-dual permutation code C of a G-set
X over F if and only if every self-dual composition factor of the permutation F G-module
F X has even multiplicity. Thanks are given to an anonymous reviewer who suggested that
this result has been published in [4, Theorem 2.1], and also suggested us to pay attention to
the reference [8].
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On the existence of self-dual permutation codes 21

The performance of the condition (C2) for permutation codes is not so straightforward.
In this paper we exhibit its peculiar role for the existence of self-dual extended transitive
permutation codes. The outline is as follows.

In Sect. 2 we explain our notation precisely and state some related known results as our
preliminaries.

The main purpose of Sect. 3 is to prove that, for a group G of odd order and a transitive
G-set X with length n coprime to the order g of F', the condition (C2), and with the additional
condition “—n is a square element of F” if ¢ is odd, is sufficient for the existence of self-dual
extended transitive permutation codes. This is a generalization of the sufficiency part of the
corresponding result for group codes in the references [7,8], but our argument is different
from that in [7,8]. An analysis of idempotents takes an important part in [7,8], but it is not
applicable to our case.

In Sect. 4 we present some examples to show that the condition (C2) is not necessary for
the existence of self-dual extended transitive permutation codes.

The peculiar behavior of the condition (C2) for permutation codes exhibits that the notion
of permutation codes is a deeply extensive generalization of the group codes, and the structure
of permutation codes is more delicate than that of group codes.

2 Preliminaries

In this section we explain the necessary notation and state some related known results as a
preparation.

Let X be a finite set and n := | X|, the cardinality of the set X. Let F X be the vector space
over F with basis X. Any vector w = > _y wy x with w, € F of FX is also called a word
of length n over F. The standard inner product on F X with respect to the basis X is defined
as follows:

(w, w’):waw;, Vw:wax, w’:Zw;xeFX.

xeX xeX xeX

In the following we assume that G is a finite group and there is a group homomorphism
G — Sym(X), where Sym(X) denotes the group consisting of all permutations of X; in
that case, X is called a G-set. Then any g € G is mapped to a permutation of X, denoted
by g again in short. With the linear extension of the G-action on X, the F-vector space F' X
becomes an F G-module, called a permutation F G-module with permutation basis X; see
[1, §12].

We say that C is a permutation code of the G-set X over F, or a permutation code of
FX in short, if C is an FG-submodule of the permutation FG-module F'X; in that case
we denote C < FX. Further, if X is a transitive G-set, then any C < FX is said to be a
transitive permutation code.

Moreover, the standard inner product on the vector space F X is G-invariant, since it is
easy to check that

(gw), gW)) = (w, W), VgeG, Yw,w eFX;
or equivalently,
(gw), W)= (w, g7'(W)), VgeG, Yw,w eFX.
As a consequence, the dual code Ct:={weFX|({c,w)=0,VceC}ofthe permutation

code C is G-invariant hence a permutation code too.
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Remark 2.1 As adiversion, we recall some notation from the module theory over the algebra
F G, and emphasize that the words “dual”, “self-dual” have different explanations in module
theory.

(i) Abilinear form f(u, v) onan FG-module V is said to be G-invariant if f(gu, gv) =
fu,v),Yu,v e V,Vg € G. Any pair (V, ) of an FG-module V and a G-invariant
non-degenerate bilinear form f on V is called a metric F G-module; turther, (V, f)
is called a symmetric F G-module if f is symmetric. A map o between two metric
FG-modules (V, f)and (V’, f') is said to be an isometry if « is an F G-isomorphism
and f'(au,av) = f(u,v),Yu,v € V.

(i) For any FG-module V, the dual space V* := Hompg(V, F), which denotes the
F-space of all linear forms on V, becomes an F'G-module in a natural way: for
g€ GandX e V* the gk € V* is defined by (gA)(v) = A(g~'v) forall v € V; the
FG-module V* is called the dual module of V. If the FG-module V is isomorphic
to its dual module V*, then we say that V is a self-dual module. It is known that an
FG-module V is self-dual if and only if V can become a metric F G-module (V, f);
see [6, Chap. VII, §8] for details.

@iii) Let (V, f) be a symmetric FG-module and U be a submodule of V. From the
G-invariance of f, it follows that the orthogonal subspace UL := {v € V | f(u, v) =
0,V u € U} is a submodule too. f U N U+ =0 (equivalently, the restriction of f
on U is non-degenerate) then we say that U is a non-degenerate submodule; in that
case we have an orthogonal directsum V = U @ U L. On the other hand, if U € U+
(equivalently, the restriction of f on U is zero) then we say that U is an isotropic
submodule. If U = U~ then we say that U is a hyperbolic submodule. If V has a
hyperbolic submodule then we say that V is a hyperbolic F G-module. We mention
two related known conclusions.

Proposition 2.1 Let (V, f) be a symmetric F G-module.

(i) If any composition factor of V is not self-dual, then V is hyperbolic.
(ii) Assume that g = |F| is even. Then V is hyperbolic if and only if any self-dual com-
position factor of V has even multiplicity.

A key idea for the proof is that for any submodule W of V we have the following exact
sequence of F'G-homomorphisms

0— Wt — VvV — w*—0o,

where the third arrow maps v € V to the linear form f(—, v) in W*. The above conclusion
(i) follows from it by taking W to be an irreducible submodule of V and by induction on the
composition length. The conclusion (ii) is proved as the same as [4, Theorem 2.1], i.e. it can
be shown that an isotropic irreducible submodule W exists, and then the same argument for
(i) works well.

Return to the permutation codes of the G-set X over F. The following is just [4, Theo-
rem 2.1].

Corollary 2.1 Assume that g = |F| is even. Then there exists a self-dual permutation code
of FX if and only if any self-dual composition factor of the F G-module F X has even mul-
tiplicity.

Next, we always denote &, a primitive »n’th root of unity, and denote F(&,) the extension

over F generated by &,. We restate [8, Theorem 3.9] (which covers the even characteristic
version [7, Theorem 3.3]) as follows.
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On the existence of self-dual permutation codes 23

Proposition 2.2 Assume that the order n := |G| is odd and coprime to ¢ = |F|. Then there
exists a self-dual extended group code of G over F if and only if the degree |F (&) : F| is
odd and —n is a square element in F.

Remark 2.2 (i) When the integer n is odd and coprime to ¢, the extension degree | F'(§,,) :
F| is just the order of ¢ in (Z/nZ)*, which denotes the multiplicative group con-
sisting of the reduced residue classes of the integer ring Z modulo n; from Chinese
Remainder Theorem it is easy to check that |F(§,) : F| is odd if and only if for any
prime factor p of n the order of q in (Z/pZ)* is odd. There are related discussions
in [7].

(i)  Assume that r is the prime such that ¢ = !, i.e. the integer residual ring Z/rZ mod-
ulo r is the unique minimal subfield of F. It follows from Galois theory that —n is a
square element in F if and only if either —n is a square residue in Z/rZ or the degree
|F : (Z/rZ)] is even. See [8, Lemma 3.6]. In particular, this condition is trivial (i.e.
always holds) if r = 2.

We will cite two special conclusions for group codes.

Lemma 2.1 Let G be an abelian p-group where p is a prime coprime to q.

(i) If|F(§p) : F|is even, then any irreducible F G-module is self-dual.
(ii)) If|F(&p) : F|is odd, then any non-trivial irreducible F G-module is not self-dual.

Proof The conclusions are essentially included in [8]. One can also check them straightfor-
wardly from the following two points:

e Any non-trivial irreducible representation of G over F' can be realized as a homomor-
phism from a cyclic quotient group G/H = (gH) to an extension field F (&), where
¢ = |G/H|, by mapping the generator g H of the cyclic quotient group to &,.

e This representation is self-dual if and only if | F (/) : F|is even; in that case, the unique
Galois transformation of order 2 of F (&) over F' induces the isomorphism between the
representation and its dual representation. O

3 Self-dual extended transitive permutation codes

In this section we show a sufficient condition for the existence of self-dual extended transitive
permutation codes. We need a general elementary result on induced permutation codes.

Let G be any finite group and H be a subgroup of G, and let Y be a finite H-set. Then
FY is a permutation F H-module. We have the induced F G-module

Indf(FY) =FG QR FY =Pt & FY,
FH teT

where T is a representative set of the left cosets of G over H, and Indf,(F Y) is a vector
space with basis

X:=Indj)=|Jrey=Jteylyer)

teT teT

which is a G-set with G-action as follows:

gt®y) =t ®t;'gty, VgeG teT yeV,
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where t, is the representative of the unique left coset #, H such that gt € t, H, or equivalently
Iy lgt € H. We say that Indg (FY) is the induced permutation FG-module with the induced

G-set Ind%, (V).

Lemma 3.1 Notation as above, and let D be any permutation code of the F H -permutation
module FY. Then

nd% (D)* = Ind (D).

Proof 1Tt is obvious that the induced module C := Indf, (D) is a submodule of Indf, (FY) =
@D, st ® FY, and we have a direct decomposition of F-spaces:

Indf; (D) = Pt ® D,
teT
with each t ® D being an F-subspace of t @ FY. Each t ® FY is an F-space with bases
t ® Y, hence with the standard inner product:

<Zay(t ®y). D byt ® y)> = > ayby,

yeY yeYy yey

and

FY — tQ®FY, > ayyr— > a,(t®y),
yeY yeYy

is an isometric F-isomorphism. With respect to the isometries, it is clear that (f @ D)* =
t ® DL hence

nd$ (D)t = P © Dt = P @ DL = md§ (D).
teT teT
]

Remark 3.1 By the same argument, we can get that, if (U, f) is a metric F H-module, then
V.= Indg(U) is ametric F G-module with the “induced metric” f(rQu, ¢’ ®u’) = f(u, u’)
if t = ¢/, and = 0 otherwise. In particular, the induced module of a self-dual module is self-
dual too.

Next, we convert the question on self-dual extended transitive permutation codes into a
question on transitive permutation codes itself.

Let G be any finite group, and let X be a transitive G-set with length n := | X| coprime
to g. In the permutation module FX, the element ex := >, _y x is G-fixed and non-isotro-
pic, hence the subspace Feyx is a non-degenerate trivial F'G-submodule; so the orthogonal
subspace (Fex)~ is a non-degenerate F G-submodule, and we have an orthogonal direct sum
FX = (Fex) ® (Fex)™.

Remark 3.2 For any transitive G-set X, it is known that
Hompg(FX,F) = F, (1)

where F denotes the trivial FG-module and Homrg (F X, F) denotes the F-space of all
F G-homomorphisms from F X to F. Noting that F X may be not semisimple, we sketch a
proof for reference. Let H be the stabilizer in G of x; € X; then the permutation module
FXZFG®ppg F and

Hompg (FG ®Fg F, F) =Homppy (F, Hompg (FG, F));
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further, Hompg (F G, F) = F since F appears in FG/J(FG) exactly once, where J(FG)
denotes the radical of FG; thus we get the formula (1).
Return to our case where n := | X| is coprime to ¢, we have that

Hompg ((Fex){ F) —0. )

Further, let X=XU {xo} be the extended G-set, where xo ¢ X and xq is G-fixed. At these
contexts, F'X is a non-degenerate submodule of F X, and the above notation (Fex)* should
be replaced by Annrx (Fex), which denotes the subspace of all the vectors in F X (with the
vectors outside F' X excluded) which are orthogonal to Fey.

Lemma 3.2 Let notation be as above. The following two are equivalent:

(i) There is a permutation code C of FX such that C* = C & Fex and —n is a square
element of F. . .
(ii)  There is a self-dual permutation code C of FX.

Proof Note that we have an orthogonal direct sum:
FX = Anngpyx(Fex) @ Fex & Fxo.

(1) = (i) Itis clear that C € Annpx(Fex). By [8, Lemma 3.5] there is an isotropic
element ey € Fex @ Fxg, hence C @ Fey is a self-dual permutation code of F X ; cf. the
proof in [8, Theorem 3.9].

(i) = (1) Set C = cn Anngy(Fey). By the formula (2) we have

¢ = € N (Annpy(Fex) ® (Fex ® Fxp)) = C @ (C N (Fex @ Fxo)).

§o C is a hyperbolic submodule of Anngx(Feyx), hence Anngx(C) = C @ Fey; and
C N (Fex @ Fxp) is a hyperbolic submodule of Fey @ Fxg, hence —n is a square element
of F (see [8, Lemma 3.5]). O

As mentioned in Introduction, the permutation code C is called an extended permutation
code of X over F.
We come to the main result of this section.

Theorem 3.1 Let G be a finite group of odd order, and let X be a transitive G-set with
length n coprime to q = |F|. If the extension degree |F (&,) : F| is odd, then there exists a
permutation code C of FX such that C+ = C @ Fey.

Proof We prove it by induction on the order of G. It is trivial for |G| = 1. Assume |G| > 1.
Let x; € X and H be the stabilizer of x; in G. Then H is a subgroup and FX = Indg(F).
Since G is solvable by Feit-Thompson Odd Order Theorem, a minimal normal subgroup A
of G is an elementary abelian p-group, where p is a prime. Since A is normal, the product
AH is a subgroup of G. There are three cases.

Case 1: AH = H. Then A C H, and hence A is contained in every conjugate of H.
Thus A acts trivially on X, and X is a G/A-set and F X is a permutation module over G/A.
Since |G/A| < |G|, the conclusion follows by induction.

Case 2: AH = G. Since AN H is both normal in H and in A, we have that A N H is normal
in AH = G;but A is a minimal normal subgroup of G,soeither ANH = AorANH = 1.
IfANH =A,then HC Aand FX = F(A/H) is a regular module of the group algebra
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F(A/H), the conclusion is known in [8] (one can also deduce it by Lemma 2.1 directly).
Thus we assume that A N H = 1. Then we have a bijection

B:A— X, ar— a(xy).

Let A act on A by left translation, and let H act on A by conjugation, hence G = AH 1is
mapped into the group Sym(A) of all permutations of A:

(bh)(a) = bhah™', Va,be A, h e H.
Noting that H stabilizes x1, we have that
B ((bh)(a)) = (bhah™")(x1) = bha(x1) = (bh)B(a).

Thus, mapping bk € G to the permutation a — bhah~! of A is an action of G on A, and 8 is
an isomorphism of G-sets. Thenn = |A| hence p|n, so p is coprime to g. By Lemma 2.1(ii),
the regular F'A-module

FA=FOW @ ---® Wy,

where Wy, ..., Wy, are non-self-dual irreducible F*A-modules. Then taking dual W; > WJ’.“
is a permutation of Wy, ..., W,,. The action of H on FA permutes the irreducible sum-
mands of FA, and any H-orbit {W;,, ..., W, } forms exactly an irreducible F G-submodule
Wi, + - - + W, which is self-dual if and only if {Wl.’:, L Wﬁ;} ={W;,..., W}, in par-
ticular, k is even. However, H has odd order, hence the length k of the H-orbit is odd. In
conclusion, F X is a direct sum of irreducible F G-submodules and any irreducible F G-sum-
mand other than F is not self-dual; hence, by Proposition 2.1(i), there is an F G-submodule
Cof FX suchthat Ct =C @ F.

Case3: HS AH < G. In this case,

FX = nd% (F) = Ind§ , Ind4" (F).

LetY = {gx1 | ¢ € AH}, then Y is an AH-set and the permutation F (A H)-module
FY = Ind4¥ (F). By induction, there is a code D < FY such that D+ = D @ Fey where
ey = Z),EY y. Turn to the permutation module F X = IndgH (FY),by Lemma 3.1, we have

Ind$,, (D)t = nd§,, (DY) = Ind§, (D ® Fey) = Ind§,, (D) ® Ind§,; (Fey).

Noting that Fey is a trivial F(AH)-module, by induction again, there is a code E <
Ind$,, (Fey) such that

AnNyg6 pey)(E) = E @ Fex,
where ex = D" .y x. So we can write IndgH(Fey) =E ®E® Fey and

nd§, (D)* = Ind§, (D) ® Ind§, (Fey) = Ind§ (D) ® E' @ E @ Fex.
Let

C =Mnd§,(D)DE.
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Then C is a permutation code of F'X and
¢t = nd§,(Dy* () E* = Annpy (IndgH(D)) () Annpx(E)
= (04§, (D) ® E' @ E @ Fex) () Amye (pyoparore (E)

= (d§4 (D) S E' @ E @ Fex) ) (IndgH(D) ®E® Fex)

=Ind$, (D) ® E & Fex
=C® Fey.

As a consequence of Theorem 3.1 and Lemma 3.2, we have the following at once.

Corollary 3.1 Let notation be as in Theorem 3.1. If |F (§,) : F| is odd and —n is a square
element of F, then there is a self-dual extended transitive permutation code of X over F. OO

Taking X to be the regular G-set, we get the sufficiency part of [8, Theorem 3.9] again.
If ¢ = | F| is even, by Remark 2.2(ii) we have the following consequence.

Corollary 3.2 Let notation be as in Theorem 3.1; further assume that ¢ = |F| is even.
If |F(&,) : F| is odd, then there is a self-dual extended transitive permutation code of X
over F. O

Taking X to be the regular G-set, we get the sufficiency part of [7, Theorem 3.3] again.

4 Examples

In this section, we present some examples to show that the condition “|F(§,) : F|is odd” in
Theorem 3.1 is not necessary for the existence of self-dual extended transitive permutation
codes. It exhibits that the notion of permutation codes is a deeply extensive generalization of
the group codes, and the structure of permutation codes is more delicate than that of group
codes.

Example 4.1 Let F = F, := Z,/2Z be the binary field and P be the elementary abelian
5-group of order 53, hence P can be viewed as a 3-dimensional vector space over Fs := Z/5Z.
(the finite field of order 5). Since 5° — 1 = 124 = 4 - 31, the extension Fs (&31) generated
by a primitive 31’st root of unity has degree 3 over Fs; hence Fs5(&31) = P as Fs-vector
spaces. Multiplying by &31, we get an Fs-linear automorphism of order 31 of the Fs-vector
space F5(&31); correspondingly, we have an automorphism o of order 31 of the elementary
5-group P, and there is no proper subspace which is o -invariant; cf. the proof of Lemma 2.1.
Let S = (o) be the cyclic group generated by o, and let G = P x S be the semidirect
product. Take a subgroup H of order 5 of P, and let X be the set of all left cosets of G over
H. Then we have that || = 31, |G| = 5° - 31 and X is a transitive G-set of length 52.31.
Consider permutation codes of the transitive G-set X over the binary field F>. It is clear that
|F>(&5) : F2| = 4 is even, consequently, |[>(£52.31) : F>| is even (see Remark 2.2); but we
have the orthogonal direct sum F> X = (Frex)t @ Frey, where ey = erx x as before,
and we can show that

(¥)  any self-dual composition factor of (Faex)™ has even multiplicity.

@ Springer
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By Proposition 2.1 and Lemma 3.2, this implies that there is a self-dual extended transitive
permutation code of X over F».

Proof of the conclusion (x) Since the number of maximal subgroups (i.e. the subgroups of
order 5%) of P is (5° — 1) /(5 — 1) = 31 and the stabilizer in S of any maximal subgroup of
P is trivial, we see that all the maximal subgroups form exactly one S-orbit. For the given
subgroup H of order 5, the number of the maximal subgroups of P which contain H is
(52 —1)/(5§—1)=6;by M;, 1 <i <6, we denote the 6 maximal subgroups. Then for any
1 < i, j < 6 there is an element of § which permutes M; by conjugation to M.

Note that F> X is isomorphic to the induced module:

F>X = Ind% (Fy) = Ind§ (IndZ(Fz)),

and Indf, (F>) is just the regular module of the algebra F>(P/H);hence each M;, 1 <i <6,
contributes to Indf,(Fz) the direct summand F>(P/M;) = F> @ W; with W; being a self-dual
irreducible factor (recall that | F»(&s) : F>| = 4 is even and W; is corresponding to the repre-
sentation by mapping a generator of the cyclic group P/ W; of order 5 to the 5’th root &5 of
unity in F>(£s), see Lemma 2.1 and its proof). So we get Ind%, (F>) = F, P (@?:1 W;),and

6
FX = Indf(F,) P (@ Indg(Wi)).

i=1

Since the stabilizer in S of W; is trivial, Indg(Wi) is an irreducible F>G-module. Since W;
is self-dual (see Lemma 2.1(i)), Indg (W;) is self-dual (see Remark 3.1). And, since M; for
1 < i < 6 are conjugate to each other by S, we conclude that Indg(Wi) forl <i <6
are isomorphic to each other. Finally, Indg(Fz) is isomorphic to the regular module of the
algebra F2(G/P) = F,S, and the degree |F>(&31) : F2| = 5 is odd, by Lemma 2.1 (ii),
Indg (F>) = F> & U and any composition factor of U is not self-dual. ]

In fact, by a similar argument we can obtain a collection of examples, including the odd
characteristic case. We state it and sketch a proof.

Example 4.2 Take three positive integers g, p, k satisfying the following three conditions:

(i) g is a power of a prime, and p is an odd prime coprime to ¢;
(i) s:=(p*—=1)/(p—1)isanodd prime coprime to g (so k must be odd);
(iii) ¢ has even order modulo p, while has odd order modulo s.

Let F' = F, be the finite field with g elements, P be an elementary abelian p-group of order
p¥, and S be a Sylow s-subgroup of the automorphism group of P. Let G = P x S be the
semidirect product of P by S, let H be a subgroup of P of order p, and let X be the set of
all left cosets of G over H. Then G is a finite group of odd order, X is a transitive G-set with
length | X| = pk‘ls which is odd, and |F'(§),) : F|is even (while |F (&) : F|is odd); but we
have that

(xx)  any non-trivial self-dual composition factor of the permutation F G-module F X has
even multiplicity.

Proof of the conclusion (sx) Since s is aprime, s does not divide p/ — 1 forany j < k; hence
S = (o) is a cyclic group of order s, where o is constructed similarly to that in Example 4.1;
and S acts on P irreducibly and permutes all maximal subgroups of P transitively.
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The number of the maximal subgroups of P which contain H ism = 74 kl;ll_l ;by M, 1 <
i < m, we denote the m maximal subgroups. Since k — 1 is even, m is even too. Since
|F (&) : F|iseven, F(P/M)) = F@ (ealj=1 W1;) with any W;; being a self-dual irre-
ducible module, see Lemma 2.1(i). For any M; with 1 < i < m there is a o; € S such that
M; = 0;(M)), thus the module F(P/M;) = F @ (@', Wij) with Wi; = 0;(Wy).

l
Therefore Indf; (F) = F @ (DL, @;—, Wij), and

I m

FX = Indfj(F) = Ind%(F) @ | P P nd§ (Wij)

j=1i=1

Similar to Example 4.1, any non-trivial composition factor of Indg (F) is not self-dual, while
any Indg (W;j) is a self-dual irreducible module; and for any j, the factors Indg(Wl s
Ind(,f (W) are isomorphic to each other.

However, Wy is not S-conjugate to Wy; for 1 < j' # j <; otherwise o/(WU/) = Wy
for a non-identity o’ € § and, considering the kernel of ¢'(W, ;) which is ¢’ (M), we get
an impossible equality o’(M|) = M. Thus, Indg(Wi ;) 1s not isomorphic to Indg(Wi i)
provided j’ # j (this is the only key point which does not appear in Example 4.1).

To sum up, any non-trivial self-dual composition factor of the permutation F G-module
F X has multiplicity m which is even. O

Example 4.1 is just one member of the collection of Example 4.2 forqg =2, p =5,k =3
(hence s = 31). Also, we can take ¢ = 53, p = 3, k = 3 (hence s = 13), that is an example
for odd characteristic.
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