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Abstract

In this paper, we introduce the concept of the complete cycle in-
dex and discuss a relation with the complete weight enumerator in
coding theory. This work was motivated by Cameron’s lecture note
“Polynomial aspects of codes, matroids and permutation groups.”
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1 Introduction

In [2, 3], a relationship between the cycle index and the weight enumerator
was given. To state our results, we review this relationship.

Let GG be a permutation group on a set €2, where |2| = n. For each element
h € G, we can decompose the permutation h into a product of disjoint cycles;
let ¢;(h) be the number of i-cycles occurring in this decomposition. Let N
be the set of natural numbers. Now the cycle index of G is the polynomial
Z(G;s; » i € N) in indeterminates {s;};en given by

Z(Gys; i eN) = ZHS?(}E)‘
heG ieN
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Let F, be the finite field of order g. Let C' be a linear [n, k] code over F,,
namely a k-dimensional subspace of Fy. The weight enumerator we(x,y) of
the code C' is the homogeneous polynomial

’LUc(ZE, y) _ an—wt(c)ywt(c) _ Z Ai:v"_iyi,
ceC =0
where A; =t#{i | c = (c1,...,¢,) € C,¢; # 0}.

We construct from C' a permutation group G(C') whose cycle index is es-
sentially the weight enumerator of C'. The group we construct is the additive
group of C. We let it act on the set {1,...,n} x F, in the following way: the
codeword (ay,...,a,) acts as the permutation

(1,2) — (i; + a;)
of the set {1,...,n} x F,. Then we have the following result.
Theorem 1.1 ([3, Proposition 7.2]). We have

wC(:E7 y) = Z(G(C)’ 81 xl/q’ Sp — yp/q)7
where q is a power of the prime number p.

A generalization of the weight enumerator is known as the complete
weight enumerator of genus g:

wPiacE) = 3 [[amtes,

vi,...,vg€C acFy

where n,(vy,...,Vvg) denotes the number of ¢ such that a = (vy;,...,vy).
This gives rise to a natural question: is there a generalization of the cycle
index that relates the complete weight enumerator w(g) (Ta :a € F9)? The
aim of the present paper is to provide a candidate generalization that answers
this. We now present the concept of the complete cycle index.

Definition 1.1. Let G be a permutation group on a set 2, where |Q| = n.
For each element h € G, we can decompose the permutation A into a product
of disjoint cycles; let ¢(h, i) be the number of i-cycles occurring by the action
of h. Now the complete cycle index of G is the polynomial Z(G;s(h,i) : h €
G,i € N) in indeterminates {s(h,i) | h € G,i € N} given by

Z(G7 S(h,i) cheGie N) = ZHS(h’i)C(hyi)'

heG ieN



Remark 1.1. Note that if we let s; = s(h, i), then we obtain the cycle index:
Z(GisiheGieNy) =Y s
heG ieN

The main result of this paper, Theorem 2.1, uses the concept of the
complete cycle index. We also give a generalization of Theorem 1.1.

This paper is organized as follows. In Section 2, we give the concept of
the higher cycle index and the complete cycle index and also give the main
result of this paper and its proof. In Section 3, we give a Z;-code analog of
the main result.

2 Higher cycle index and complete cycle in-
dex

2.1 Definitions and examples

In this section, we give the concept of the higher cycle index and the complete
cycle index, and provide some examples.

Definition 2.1. Let C be a linear [n, k] code over F,. We construct from
C9:=(C x -+ x C apermutation group G(C?). The group we construct is
—_———

g
the additive group of C'9. We denote an element of CY by

ai;y ... QAip
asy ... Qa9pn

)
Qg1 ... Ggn

where (a1, ...,a,) € C. We let it act on the set {1,...,n} x FJ in the
following way:

aip ... QAip
asy ... QAgpn
Qg1 Qgn,



acts as the permutation

T T1 + Qy;
) To . T2 -+ a9;
1, A — 1, 3

Ly Ty + g

of the set {1,...,n} x FJ. We call the cycle index
Z(G(CY),s;:i€N)

the higher cycle index of genus g for code C'. We call the complete cycle
index

Z(G(C?),s(h,i) : h e C%ieN)
the complete cycle index of genus g for code C.

Remark 2.1. Note that let s; = s(h,i). Then we obtain the higher cycle

index: |
Z(G(C%;si:he G = Y [
geG(C9) ieN

We now give some examples.

Example 2.1. Let C' = F2. Then the higher cycle index, the complete cycle



index, and the complete weight enumerator of genus 2 are as follows:

o Z(G(C?);51,89) = 8§ + 6]
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In this section, we present the main result of this paper.
theorem is a generalization of Theorem 1.1.

Theorem 2.1. Let C' be a code over IF, of length n, where q is a prime power

of p. Let w )(xa ra € ) be the complete weight enumerator of genus g and
,i) h € C9,i € N) be the complete cycle index of genus g.
an) € C9 and

Z(G(C): s(h

Let T be a map defined as follows: for each h = (ay, ...,
n}, if a; = 0, then

ied{l,...,

if a3 # 0, then

s(h,1) — x;i/qg

)

s(h,p) — $§i/qg.
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The following

e Ollr—* Ollr—* = e O.




Then we have
W (x4 a € FS) = T(Z(G(C9);s(h,i) : h € C9,i € N)).
Proof. Let h = (ay,...,a,) € CY and
wt'9(n) = t{i | a; # 0}.

If a; = 0, then the ¢¢ points of the form (i,x) € {1,...,n} x FJ are all fixed
by this element; if a; # 0, they are permuted in ¢/p cycles of length p. Thus,
h = (ai,...,a,) € CY contributes

s(h, 1)q9(n—wt<~")(h))3(h7p)qg/pwt(”(h)

to the sum in the formula for the complete cycle index, and

xalxaz DY xa

n

to the sum in the formula for the complete weight enumerator. The result
follows. O

To explain a relation between a higher cycle index and a higher weight
enumerator, we review the concept behind it.

Definition 2.2. Let C be a code over F, of length n. We have

| D] = [supp(D)],

where |supp(D)| = {i | v € D, v; # 0}. In addition,

{ d, = d,(C) = min{| D | D < C,dim(D) = r},
Ar = A3(C) = [{D < C | dim(D) = r, | D|| = i}

Then the higher-weight enumerator is defined as follows:

A E ) R S
D<C,dim(D)=r

= Z AT (C)z" 'y
i=0



Theorem 2.2 ([4, 5]). Let C' be a code over I, of length n. Then

g

wd (ro = 2,20 =y (@ #£0) = Y _[glwi(z,y),

r=0
where
lg], = 1 ifr=0
i = (¢ —1)(¢? —q)---(¢° —¢"") otherwise.

The following theorem gives a relation between the higher cycle index
and the higher weight enumerator.

Theorem 2.3. Let C be a code over IF, of length n, where q is a prime power
of p. Then we have

g
Z(G(C?);s: i €N) =) [glwp(st, sp/7).
r=0
Proof. We claim that
Z(G(C9);s;:1€N) = w(og)(xg =¥ 2, = sgg/p (a#£0)).
Let h = (a;,...,a,) € CY and

wt@ (h) = t{i | a; # 0}.

If a; = 0, then the ¢¢ points of the form (i,x) € {1,...,n} x FJ are all fixed
by this element; if a; # 0, they are permuted in ¢/p cycles of length p. Thus,
h = (ay,...,a,) € CY contributes

a9 (n—wt (9 (h)) q9/pwt(9 (h)
Sq Sp

to the sum in the formula for the complete cycle index, and

xalxaz DY I’a

n

to the sum in the formula for the complete weight enumerator.
The result follows by Theorem 2.2. 0



3 Zi-code analog of the main results

In [1], the authors introduced the concept of the Zj-codes. In this section,
we give a Zg-code analog of Theorem 2.1.

Let Zj be the ring of integers modulo k, where k is a positive integer.
In this paper, we always assume that £ > 2 and we take the set Zj; to be
{0,1,...,k—1}. A Zy-code C of length n (or a code C of length n over Zj)
is a Zg-submodule of Z}.

The complete weight enumerator of genus g:

w(g)(xa ra€Zi) = Z H gha(vive)

Vi, vgeC aGZZ

where n,(v1, ..., vg) denotes the number of 7 such that a = (v, ..., vg).
The following theorem is a Zj-code analog of Theorem 2.1.

Theorem 3.1. Let C' be a code over Zj, of length n. Let w(cg)(a;a ra € Zj)
be the complete weight enumerator of genus g and let Z(G(CY9);s(h,i) : h €
C9,i € N) be the complete cycle index of genus g.

Let T be a map defined as follows: for each h = (a1,...,a,) € C9 and
ie{l,...,n}, ifa; =0, then

s(h,1) — xéi/kg,
if & = (@i, ..., a) # 0, then
s(h,k/ged(ai, ..., a5, k)) — ng/ng(““ """ aig K))/K?
Then we have
w(z, 1 a € Z8) = T(Z(G(C); s(h,i) : h € C%,i € N)).
Proof. Let h = (a1, ...,a,) € CY and
wt@ (h) = g{i | a; # 0}.
If a; = 0, then the k9 points of the form (i,x) € {1,...,n}xZ] are all fixed by
this element; if a; # 0, they are permuted in (k/ ged(as, . . ., aig, k))/k9 cycles

of length k/ged(a;, . .., aig, k). Then the result follows from the argument
of Theorem 2.1. O
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