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Abstract

We study the k-Galois linear complementary dual (LCD) codes over the finite chain ring R = F, + ulF,
with u? = 0, where ¢ = p® and p is a prime number. We give a sufficient condition on the generator matrix
for the existence of k-Galois LCD codes over R. Finally, we show that a linear code over R (for k = 0,4 > 3)
is equivalent to a Euclidean LCD code, and a linear code over R (for 0 < k < e, @P*+ 1) (p°=1) and
(p¢ = D/(p* + 1) > 1) is equivalent to a k-Galois LCD code.

2020 Mathematics subject classification: primary 94B05; secondary 94B15.
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1. Introduction

Linear complementary dual (LCD) codes over finite fields are linear codes satisfying
C N C* = {0}. These codes were first proposed by Massey [10] and shown to provide
an optimum linear coding solution for a two-user adder channel in the binary
case. Massey also obtained the asymptotic property for binary LCD codes. Later,
a necessary and sufficient condition for a cyclic code to be an LCD code over a
finite field was derived in [15]. The asymptotic property for LCD codes over a finite
field was generalised by Sendrier (by using hull dimension spectra) [13]. The linear
programming bound on the largest size of an LCD code of given length and minimum
distance was presented in [3]. Giineri et al. [5] characterised LCD quasi-cyclic codes
by using their concatenated structure and showed that Hermitian LCD codes were
asymptotically good. Zhu and Shi [16] showed that LCD four circulant codes satisfy a
modified Gilbert—Varshamov bound. Constructing LCD codes with good parameters
has important applications in both theory and practice. Many good LCD codes, such
as generalised Reed—Solomon codes, were constructed from classical linear codes (see

This research is supported by the National Natural Science Foundation of China (12071001, 61672036),
the Excellent Youth Foundation of Natural Science Foundation of Anhui Province (1808085J20), the
Academic Fund for Outstanding Talents in Universities (gxbjZD03) and the Natural Science Foundation
of Anhui Provence (2008085QA04).

© 2020 Australian Mathematical Publishing Association Inc.

154

https://doi.org/10.1017/5S0004972720001331 Published online by Cambridge University Press ® CrossMark


http://dx.doi.org/10.1017/S0004972720001331
https://orcid.org/0000-0002-2361-5126
https://orcid.org/0000-0002-4990-6271
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0004972720001331&domain=pdf
https://doi.org/10.1017/S0004972720001331

2] A note on k-Galois LCD codes over the ring F, + ulF, 155

[2, 6, 12, 14]). Mesnager et al. [11] provided a construction of algebraic geometry LCD
codes which could be resistant against side channel attack.

Recently, k-Galois dual codes were introduced in [4] for studying Galois consta-
cyclic codes (a generalisation of Euclidean constacyclic and Hermitian constacyclic
codes). The k-Galois LCD codes over finite fields have been studied in [8]. A necessary
and sufficient condition for linear codes to be k-Galois LCD was obtained and
several classes of k-Galois LCD maximum distance separable codes were exhibited.
A remarkable result for LCD codes was established by Carlet et al. [1], showing that
any linear code over F, is equivalent to a Euclidean LCD code for g > 4, and any
linear code over Fp. is equivalent to a Hermitian LCD code for g > 3. Later, these
results were generalised to k-Galois codes over finite fields by using Grobner bases
[8]. A natural question arises as to how to characterise k-Galois LCD codes over a
finite chain ring R. Another interesting problem is to study the connection between
k-Galois LCD codes over finite fields and linear codes in the context of finite chain
rings.

In this paper we answer both questions positively for the chain ring R = F, + ulF,
with u? = 0. Section 2 gathers together the notation and definitions needed in the rest
of the paper. In Section 3 we obtain a sufficient condition for a code C to be a k-Galois
LCD code with g even. In Section 4 we show that any linear code over R is equivalent
to a Euclidean LCD code with ¢ > 3, and any linear code over R is equivalent to a
k-Galois LCD code with (p¢™* + 1) | (p* = 1) and (p¢ = 1)/(p*~* + 1) > 1.

2. Preliminaries

2.1. Gray map. Throughout this paper, g = p° is a positive power of a prime p and
[, denotes the finite field with g elements. Let F be the set of all g-ary vectors of
length n. The ring R = F, + ulF,, with u? = 0, is a local ring and its only maximal ideal
is (u) = {au : a € F,}. The residue field R/(u) is isomorphic to [F,. The group of units,
R*, of the ring R is R* = R\(«) and it is isomorphic to the product of a cyclic group of
order g — 1 by an elementary abelian group of order q.

The Gray map ¢ from R to F, is defined by ¢(a + bu) = (b,a +b), for a,b € F,.
The Lee weight is defined as wy(a + bu) = wy(b) + wy(a + b), where wy denotes the
Hamming weight. It is a bijective map which can be extended into a map (denoted by
@) from R" to ]Ff]". The Lee distance of X,y € R" is defined by wy(x —y). The Gray
map is a linear isometry from (R",d;) to (Fé”, dy), where d; and dy denote the Lee
distance and Hamming distance in R" and ]Fz”, respectively.

A code C over R is a nonempty subset of R". The code is linear if it is an
R-submodule of R". It is well known that an R-linear code C is permutation equivalent
to an R-linear code with a generator matrix of the form

G

_ Ik] A By + uB> ) (2 1)

0 uly, uC
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where [, and I, denote the k; X k; and k; X k, identity matrices, respectively, and A,
C, B and B, are matrices over F,. If C is a linear code over R with generator matrix G
defined in (2.1) and minimum Lee distance d, we say that C is of type (n; k1, kp, d).

2.2. k-Galois dual codes. Let k and e be integers with 0 < k < e. Let F be the
Frobenius operator over R defined by F(a + ub) = a” + ub”. Let X = (x1,X2,...,X,)
andy = (y1,¥2,..., Yy, be two elements of R". Define the k-Galois form

XYk = 1 FX 1) + 02 F () + -+ + 5, FF ().
For a linear code C over R, let C** denote its k-Galois dual, that is,
CH*={xeR"|{(x,y)x =0forally € C}.

In particular, if e = 0, C* (denoted C* for convenience) is just the Euclidean dual
code of C; if e is even and k = e/2, C** (denoted C** for convenience) is just the
Hermitian dual code of C. It is easy to check that C** is also a linear code over R. A
code C is called k-Galois LCD if it satisfies C N C** = {0}.

For an m X m matrix M = (m;)uxm, let MT denote the transposed matrix of M. If
the determinant det(M) is a unit in R, we say that M is nonsingular. In addition, we

" k . Kk k
denote M?) = (ml’; Imxam- Let CP) = {(cV b ..., ch ) | (cr.ea,...,ca) € C.

LEMMA 2.1 [7, Proposition 2.2]. Let C be a linear code over R. Then the k-Galois
dual C** is equal to the Euclidean dual (C?™)* of CP™™).

The following theorem gives a partial characterisation of k-Galois LCD codes, and
it is analogous to the result over finite fields [8, Theorem 2.4].

THEOREM 2.2. Let C # {0} be a linear code over R of type (n;ky, ks, d) with the
generator matrix G. If G(G”’H))T is nonsingular, then C is a k-Galois LCD code
over R.

PROOF. For any codeword ¢ € C, there exists an element v € R\* such that ¢ =
vG. Since G(G? )T is nonsingular, ¢(G? ) G(G? )Y 'G = vG = ¢. If ¢ € C,
then ¢(G?™) = 0 from Lemma 2.1, which gives ¢ = 0. The result follows from the
definition of LCD codes. O

2.3. Equivalence. Recall that a monomial matrix M over R of order n is an n X n
matrix with exactly one unit element in each row and column. In other words, a
monomial matrix M can be written in the form PD, where P is a permutation matrix
and D = diag,[w], w = (W, wy,...,w,) € (R*)" and diag,[w] denotes the diagonal
matrix whose elements on the diagonal are wi, wy, ..., w,.

We are now ready to define equivalence. Let C; and C; be linear codes over R of the
same length and let G| be a generator matrix C;. The codes C; and C; are equivalent if
there is a monomial matrix M such that G;M is a generator matrix of C,. In particular,
if D is an identity matrix, then C; and C, are called permutation equivalent.
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PROPOSITION 2.3. Let C be a k-Galois LCD code over R. If C| is permutation
equivalent to C, then C\ is also k-Galois LCD.

3. k-Galois LCD codes over R
LEMMA 3.1. Let C be a linear code over R (with p = 2) of type (n; ky, k2, d). Then
D(CH) = (DO ),

PROOF. Let x=a+bue C and y=c+due C**, where a,b,c,d€ Fy. Thus,
(X, y)r = 0 implies (a, ¢); + u({b, ¢); + (a,d);) = 0. Utilising the Gray map,

(DY), D(X))e—r = (d, D)oy + (€, @) +(d, 2)o—k + (€, D)ok +(d, D)o = 0.

Therefore, d(y) € (D(C)P)* and D(CH) C (D(C)P )L,
On the other hand, from the definition of the Gray map and the generator matrix
G+, it is easy to check that the codes ®(C+*) and (®(C)*P" )+ have the same size. O

LEMMA 3.2. Let C be a linear code over R of type (n; ki, ky,d). Then
O(C N CH) = DO(C) N D(CH).

PROOF. Let ®(x) € ®(C N C**). Since the Gray map @ is bijective, x € C N C** and
$0 ®(C N CH) C O(C) N O(CH).

On the other hand, letting y € ®(C) N ®(CH), there exists a unique u € C N C**
such that ®(u) = y. This implies ®(C) N ®(C*+) C ®(C N CH). O

The next theorem gives a connection between k-Galois LCD codes over R and their
image codes.

THEOREM 3.3. Let C be a linear code over R (with p = 2) of type (n; ky, ko, d). Then
C is k-Galois LCD if and only if ®(C) is g-ary k-Galois LCD with parameters
[2n, 2k + ky, d].

PROOE. If C is a k-Galois LCD code over R, then from Lemmas 3.1 and 3.2,
D(C N CH) = DC) N DCH) = O(C) N (DC)P ) = {0}

In other words, ®(C) is k-Galois LCD by [8, Lemma 2.3]. If ®(C) is k-Galois LCD
over [, a similar argument can be made to prove that C is k-Galois LCD over R. O

4. k-Galois LCD codes from the linear codes over R

For I = {i,i,...,i;} € {1,2,...,m} and a square matrix N, define N; to be the
submatrix of N obtained by deleting the i;th, isth, ..., ith rows and columns of N.
Set Ny =1if I ={1,2,...,m} and Ny = N for convenience. The support S of a vector
X € R" is defined as the set of indices where it is nonzero.
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LEMMA 4.1. Let N be an m X m matrix over R. For every u = (uy,uy,...,u,) € R"
with support S,
det(N + diag,,[u]) = det(N) + " u;det(Nyy)
ieS
+ Z(uiuj) det(N{iJ}) +--+ ( 1_[ ui)det(NS)~
i<j €S

ijes
PROOF. The proof is by induction on the size, s = |S|, of S. For the initial case s = 1,
let u be a vector in R™ with nonzero component i;. Then

det(N + diag,,[u]) = det(N) + u;, det(Ny;,)),

showing that the claim holds for s = 1.

By induction, we may assume that the statement holds for s = 1,2,...,t <m— 1.
Firstly, denote by u a codeword with support S = {iy,3,...,i1}. Let u’ be the word
obtained from u by changing u;_, into O and @ the word obtained by deleting the i
component of u. Let S1 = S\{i;;}. Therefore,

det(N + diag,, [u]) = det(N + diag,,(n")) + u;,, det(Ny;,,,; + diag,,_,[@])
= det(N) + > uydet(Nyg) + -+ + ( [ ui) det(Ns,)

iESl iESl
+ uiH](det(N{iM}) + Z U; det(N{iy,-M}) + .-
€S
+ ( l_[ l/t,') det(N{Sl,,-m}))
€S
= det(N) + > uydet(Nyg) + -+ + ( [ ui)det(Ns),
€S €S
yielding the result. O

4.1. Case I: £k =0. Let C be a linear code over R with the generator matrix G of
type (n; ki, kp,d) and let S = {iy,iz,...,i;} €{1,2,...,k}. Consider an element a =
(a,as,...,a,) €R", where a; € R\{-1+bu,1 +bu:beF,}ifi€S, and g; € {-1, 1}
otherwise. Define

C. ={(aic1,arca, . ..,a,cy) | (c1,¢0,...,cy) € Ch.

The generator matrix G, of C, is obtained from G by multiplying its jth column by q;
forje{l,2,...,n}. Let N = GG' and N’ = G,GL. Then

N’ = G,G] = N + diag, ,, [ul,
where u = (@? - 1,43 — 1,...,a£l -1,0,...,0).

THEOREM 4.2. Keep the notation as above. Let t be a nonnegative integer less
than ki + ky. Suppose that det(Ny) € (u) for any I C{1,2,..., ki +ky} withO < #I < t.
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Suppose there exists a subset S of {1,2, ..., k;} with size t + 1 such that det(Ns) € R\(u).
Then C, is a Euclidean LCD code of length n over R. In particular, if a; ¢ (u) for
1 <j < n, then C, is a Euclidean LCD code over R of type (n; ki, ky, d).

PROOF. From the discussion above and Lemma 4.1,

det(N’) = det(GaGy) = det(N + diag;,,;, [u])
= detN) + ) uydet(Nyg) + -+ + ( I ui) det(N)

ieS ieS
=Z+U,
where U = ([];es #;) det(Ns) is a unit in R and Z = det(N’) — U is a zero divisor in
R since every component of Z is a zero divisor from the assumption of the theorem.
Thus, det(N’) € R* and C, is a Euclidean LCD code over R from [9, Lemma 2.3] and

Theorem 2.2. In particular, if a; ¢ (u) for j € {1,2,...,n}, then C, is equivalent to the
code C by the definition. O

THEOREM 4.3. Let C be a linear code of type (n; ki, ky, d) over R with q a prime power
(q > 3). Then there exists a Euclidean LCD code C’ which is equivalent to C over R.

PROOF. It is sufficient to consider the case when the code C is not Euclidean LCD.
Let C be a linear code over R with the generator matrix G of type (n; k1, k», d). Then
det(GGT) is a zero divisor in R from [9, Lemma 2.3] and Theorem 2.2.

Let N = GG'. There exists a nonnegative integer ¢ less than k; + k> such that
det(N;) € (u) for any 1 C {1,2,...,k; + kp} with O < #I < ¢, and det(Ng) € R\(u) with
Sc{l,2,...,k; +ko} of size t+ 1. Since g > 3, the set R*\{1 + bu,—1+bu} +#0
with b € F,. Let C" = C,, choosing a; € R*\{~1 + bu, 1 + bu} if j € S and a; € {-1, 1}
otherwise. The desired result follows from Theorem 4.2. O

COROLLARY 4.4. Let g be a prime power with g > 3. A Euclidean LCD code over R of
type (n; ki, ky, d) exists if there is a linear code over R of type (n; ki, ky, d). In particular,
if p =2, then a g-ary Euclidean LCD code with parameters [2n,2k| + ky, d] exists if
there is a linear code over R of type (n; ki, ky, d).

4.2. Casell: 0 <k <eand (p°* +1)| (p° —1). Again, let C be a linear code over
R with the generator matrix G of type (n; k1, k2, d), where g = p° is a positive power of
a prime number p. Let S = {i}, ip,...,i;} € {1,2,...,k}. To simplify the notation we
set @ = (p° = 1)/(p* ¥ + 1). Consider the element a = (a;,as,...,a,) € R" with a; €
R\{b+du:be (]F;)", deF,ifieSanda; € (P;"I)“ otherwise. Define

Ca = {(aici,a200, ... ,ancy) | (c1, €2, ..., ) € C)

and define the generator matrix G, of C, as before. Let N = G(GP™)T and N’ =
e—k
Ga(GP )T Then

N ek ~ . ,
N = Gu(GY ) = N + diag, i, W],
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k1 ek i1 k1
where ' = (af - Laj —1,...,a£l -1,0,...,0).

THEOREM 4.5. Keep the notation as above. Let t be a nonnegative integer less
than ki + ky. Suppose that det(N,) €W forany I C{1,2,...., k1 +ko} withO < #I < 1t.
Suppose there exists a subset S of {1,2, ..., ki } with size t + 1 such that det(Ny) € R\(w).
Then C, is a k-Galois LCD code of length n over R. In particular, if a; ¢ (u) for
1 <j < n, then C, is a k-Galois LCD code over R of type (n; ki, ky, d).

PROOF. Again from Lemma 4.1,
det(V') = det(Ga(GY ™)) = det(N + diag,, ., [0'])
= det¥) + )y det(Vig) + - + ( I u,-)det(NS).

i€S ieS
It is easy to check that det(ﬁ’ ") € R* from the assumption of the theorem. Thus, C, is
a k-Galois LCD code over R from [9, Lemma 2.3] and Theorem 2.2. In particular, if
a; ¢ (u) forj € {1,2,...,n}, then C, is equivalent to the code C by the definition. O

THEOREM 4.6. Let C be a linear code of type (n; ki, ky,d) over R (a > 1). Then there
exists a k-Galois LCD code C" which is equivalent to C over R.

PROOF. It is sufficient to consider the case when the code C is not k-Galois LCD.
Let C be a linear code over R with the generator matrix G of type (n; ki, k>, d). Then
det(G(GP )T is a zero divisor in R from [9, Lemma 2.3] and Theorem 2.2.

Let N = G(G%™)T. There exists a nonnegative integer less than k; + k» such that
det(N)) € (u) for any I € {1,2,...,k; + ky} with 0 < #I <, and det(Ns) € R\(u) with
Sc{l,2,...,k; +ko}of sizet + 1. Since a > 1, the set

R\{b+du|be (F)" deF,} #0.

Thus, let C" = C, by choosing a; € R*\{b+du: b€ (]P‘;)“,d eF,JifieSand q; €
(F)" otherwise. The desired result follows from Theorem 4.5. |

COROLLARY 4.7. Let @ > 1. A k-Galois LCD code over R of type (n; k1, ko, d) exists if
there is a linear code over R of type (n; ki, ko, d). In particular, if p = 2, then a g-ary
k-Galois LCD code with parameters [2n, 2k, + ky, d] exists if there is a linear code
over R of type (n; ki, ko, d).

REMARK 4.8. Suppose e is even and k = e/2. Then for a linear code C of type
(n; k1, kp,d) over R with pk > 2, there exists a Hermitian LCD code C’ which is
equivalent to C over R.

In other words, Theorems 4.3 and 4.6 generalise the results of [1, Corollaries 13,
18], concerning the constructions of Euclidean and Hermitian LCD codes over I, to
the k-Galois LCD codes over the chain ring R. Furthermore, Theorems 4.3 and 4.6
also generalise the results of [7, Theorem 4.8] introduced in [1].

It could be interesting to explore the possible connection between k-Galois LCD
codes and linear codes over different rings, such as R = F,[u]/ (). The hull of the
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k-Galois linear codes, an extension of k-Galois LCD codes, over R or a finite chain
ring is also a topic of interest.
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