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ON LCD CODES OVER FINITE CHAIN RINGS

YiLMAz DURGUN

ABSTRACT. Linear complementary dual (LCD) codes are linear codes
that intersect with their dual trivially. LCD cyclic codes have been known
as reversible cyclic codes that had applications in data storage. Due to a
newly discovered application in cryptography, interest in LCD codes has
increased again. Although LCD codes over finite fields have been exten-
sively studied so far, little work has been done on LCD codes over chain
rings. In this paper, we are interested in structure of LCD codes over
chain rings. We show that LCD codes over chain rings are free codes. We
provide some necessary and sufficient conditions for an LCD code C over
finite chain rings in terms of projections of linear codes. We also showed
the existence of asymptotically good LCD codes over finite chain rings.

1. Introduction

A linear code with a complementary dual (an LCD) is defined to be a lin-
ear code C satisfying C N C*+ = {0}. The LCD code which is also known
as reversible code was first introduced by Massey in [13]. Following his first
study, Massey also showed the existence of asymptotically good LCD codes
in [14]. The LCD codes were later shown to meet the asymptotic Gilbert-
Varshamov bound using the hull dimension spectra of linear codes by Sendrier
in [19]. Furthermore, Yang and Massey in [22] provided a necessary and suf-
ficient condition under which a cyclic code to have a complementary dual.
Quasi-cyclic LCD codes were then analyzed by Esmaeili and Yari in [5] and
their asymptotic behaviors were explored by Giineri et al. in [7]. Recently,
several constructions of LCD codes were presented together with their applica-
tions against side-channel attacks (SCA) by Carlet and Guilley [2]. Following,
Mesnager et al. [16] investigated the construction of algebraic geometry LCD
codes which could be resistant against SCA. In [10], Jin constructed some fam-
ilies of Maximum Distance Separable (MDS) codes with complementary duals,
through generalized Reed-Solomon codes. Dougherty et al. [4] provided a linear
programming bound on the largest size of an LCD code of given length and
minimum distance. In [3], Carlet et al. completely determined all LCD codes
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over finite fields F, for ¢ > 3. There are many recent studies on LCD codes
over finite fields [11,20,23].

All the mentioned studies above have investigated the LCD codes over finite
fields. LCD codes over chain rings, instead, were examined by Liu and Liu
n [12]. Their study, which inspired our paper, provided a necessary condition
for an LCD code over finite chain rings, see [12, Theorem 3.4]. We improved
this result by giving necessary and sufficient conditions for an LCD code over
finite chain rings. Besides, in terms of a generator matrix, they provided a
sufficient condition for a linear code C over a chain ring to be LCD code, see
[12, Theorem 3.5]. Following this result, they gave an example to show that the
given sufficient condition is not necessary, see [12, Example 2]. We showed that
the given example is incorrect and the provided sufficient condition is, indeed,
necessary. Furthermore, the authors introduced a new condition, in addition
to the existing one, to show the converse of [12, Theorem 3.9]. However, we
showed that the new condition itself is already necessary and sufficient for a
linear code to be LCD.

This paper is organized as follows. Section 2 provides a background knowl-
edge on finite chain rings. In Section 3, we generalize some results for linear
codes given in [18]. The depicted results in Section 3 are then applied to give
sufficient and necessary conditions for LCD code linear codes over a finite chain
ring in Section 4. Our results provided in Section 4 are as follows. An LCD
code over a finite chain ring is a free code (Proposition 4.1). A linear code
C with generator matrix G in standard form is LCD code if and only if the
k x k matrix GG is invertible, where k is the number of rows of G (Corol-
lary 4.2). For a linear code C over a chain ring R with 7 a fixed generator of
the maximal ideal of R and v the nilpotency index of «, C' is an LCD code
over R if and only if 1;(C) is an LCD code and 1;(C) = ¥,((C : v*~t)) over
R/~4'R for some 1 <t < v, 1; being the canonical projections R — R/~'R and
(C :7) = {e € R"|re € C}, if and only if v/~ v does not belong to C N C* for
any nonzero v = (vi,...,v,) € F', where I is the residue field of R (Theorem
4.5, Theorem 4.8).

2. Preliminaries

2.1. Finite chain rings

We begin with the definition and some properties of finite chain rings, based
on mainly [15].

Definition. A finite commutative ring with identity 1 # 0 is called a finite
chain ring if its ideals are linearly ordered by inclusion.

A chain ring has a unique maximal ideal, i.e., that is a local ring. While not
all chain rings are commutative, we shall assume that all rings in this paper
are commutative. It is well known, and not difficult to prove, that a ring is a
finite chain ring if and only if it is a finite local principal ideal ring. A simple
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example of a finite chain ring is the ring Z,. of integers modulo p?, for some
prime p and a > 1.

Let R be a finite chain ring, m the unique maximal ideal of R, and let ~
be a generator of the unique maximal ideal m. Then m = (v) = R~, where
Ry = ({y) ={Bv|B € R}. We have

Sl S chh ) =R
It is well known that there exists i such that (y?) = 0. Let v be the minimal
number such that (7)) = 0. We will call v the nilpotency index of ~.

Let F, % R/m = R/~R be the residue field with characteristic p, where p
is a prime number. This implies that there exist integers ¢ and r such that
|Fy| = ¢ =p". The cardinality of R is |R| = |F,|"; see for example [18, Lemma
2.4]. Throughout this paper, R denotes a finite chain ring with 1 # 0, v a
fized generator of the mazximal ideal of R, v the nilpotency index of v. We set
a=v""1

The proof of the following lemma is illustrated in [15, p. 340].

Lemma 2.1. For any 0 # a € R there is a unique integer i; 0 < i < v such
that a = uvy*, with u a unit. The unit u is unique modulo v*~* only.

Corollary 2.2. If1 <i< j <vand~'c € YR, thenc € ¥ 'R. In particular,
if Y'c =0, then c € v*7'R.

There is a canonical projection homomorphism from R onto F; = R/vR.
Denote by 7 the image of an element r € R under this projection. In [18],
Norton and Saldgean proved the following lemma.

Lemma 2.3. LetV C R be a set of representatives for the equivalence classes of
R under congruence modulo . (Equivalently, we can define V' to be a maximal
subset of R with the property that 71 # 75 for all r1,79 € R, 11 # ra.) Then,
(1) for any v € R there exist unique rq,...,r,—1 € V such that v =
Z;/;()l 'r'i'yi;
(2) [VI=|R/yR| = |Fgl;
B3) [R/A R = [(y")| = [Fy|”™7 for 0 <j <w—1.

For any two elements a and b of a ring, we will write a | b for a divides b. For
any constant r € R and any ¢ € R™ we denote by rc the usual multiplication of
a vector by a scalar. Also, for a set C' C R™ we write rC for the set {rc|c € C'}.
We will say that a vector ¢ € R" is divisible by a constant r € R, and write
r | ¢, if all entries of ¢ are divisible by r. Lemma 2.1 implies that for any ¢ € R"
there is a unique i such that ¢ = v%e, 0 < i < v —1,e € R" and vt e. The
R-module aR™ also has the structure of Fj-vector space, with multiplication
of a vector ac € aR" by b € F|;, defined as usual to be aac where a € R is an
element for which a = b.

Lemma 2.4 ([18, Lemma_2.9]). Let 0 <@ <v—1. The map p; : v_iR” —
(R/A"*R)™ given by p;(v'c) = (1 + ¥ *Ryca + v 'R, ...,cn + ¥''R) for
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any ¢ = (c1,¢a,...,¢,) € R™ is an isomorphism of R and of R/v"~* R-modules.
In particular  : aR™ — FJ' given by p(ac) = ¢ is an isomorphism of I -vector
spaces.

2.2. Linear algebra over R

The set of all m x [ matrices over R will be represented by M,,x;(R). For
A € M,,«1(R), we denote the transpose of the matrix A by A'". Given matrices
A of size m x | and B of size m x [, we use (A B) to denote the matrix of
size m x (I 4 1) formed by concatenating A and B. If C' is another matrix of
size m x [, the (m +m) x | matrix (4) is similarly defined (by concatenating
vertically). We also let 0 denote the zero matrix, where the size will either be
obvious from the context or specified whenever necessary. Similarly, we denote
the m x m identity matrix by I,,, or simply I if the size is clear from the

context.

Definition ([6]). For any integer ¢ > 1, let a; = (a1, ..., ain) € R™, where

i =1,...,t. The vectors ay,...,a; are said to be linearly dependent if there
exists (b1,...,b;) in the set difference R'\ {0} such that byay + - - + biay = 0;
otherwise, ay,...,a; are said to be linearly independent.

Definition ([6]). Let A = (a;j)mxi be in My, x;(R).
(1) If the rows of A are linearly independent, then we say that A is a
full-row-rank (FRR) matrix.
(2) If there is an I x m matrix B over R such that AB = I, then we say
that A is right-invertible and B is a right inverse of A.
(3) If m =1 and the determinant det A is a unit of R, then we say that A
is non-singular.

The following corollary follows from a typical linear algebra argument.

Corollary 2.5 ([6, Corollary 2.8]). Let A = (ai;)mxi be in My« (R). Then,
A is invertible if and only if A is non-singular if and only if A is FRR.

2.3. Codes over R

Let n > 1 be a fixed natural number. By a (block) code of length n over R,
we will mean a nonempty subset of R],. We will only consider codes that are
different from 0, and n will always denote the length of the code. The code is
called linear if it is an R, -submodule of R}'. From now on, by “code” we mean
“linear code”.

For a code C, we define the rank of C, denoted by rank(C), to be the
minimum number of generators of C' and the free rank of C', denoted by free
rank(C), to be the maximum of the ranks of free R-submodules of C. Codes
where the rank is equal to the free rank are called free codes. For any vector over
R, , we define the Hamming weight to be the number of non-zero coordinates.
We denote by d the minimum Hamming weight of the code, which is the smallest
of all the Hamming weights of all non-zero vectors in the code. We attach
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to the ambient space the following inner product: for v = (vy,...,v,) and
w = (wi,...,w,) in R, let [v,w] = >, v;w;. The dual (orthogonal) of the
code, denoted by C*, is defined by

C+ ={we R"|[v,w] =0,Yv € C}.

It is evident that C is linear. We know from [21] that |C||C*| = |R|" if R
is a Frobenius ring, where |R| denotes the cardinality of R. We also know that
any chain ring is Frobenius.

The structure of codes for R = Z,,a, is described in [1, p. 22]. The following
structural results for codes over finite chain rings can be found in [18].

Definition (Generator matrix). Let C be a code over R. A matrix G is called
a generator matrix for C' if the rows of G span C' and none of them can be
written as a linear combination of the other rows of G.

G is called a generator matrix for C' in standard form if after a suitable
permutation of the coordinates,

Iy, Ao1 Aoz Aoz ... Ao Aoy
0 Iy, ~vAi2 YAz ... YA VA1,
1) a=| 0 0 L, Az ... A0 YA, ,
0 0 0 0 e YT L, o AL
where the columns are grouped into blocks of sizes ko, k1, ..., k,_1,n— Z;:Ol k;

with k; > 0. Note that all the entries in v*4;; (0 <i<v-1,1<j <)
are in (y%). A code with generator matrix of this form is said to be have type
{kOa k17 RS kufl}~

The generator matrix in standard form G is associated to the matrix A,
where

Iy, Aon Aoz Aos ... Aow—1  Aop Ao

0 Iy, Aip Az ... A A, Ay

(2) A= 0 0 IkQ A273 ce A2,1/—1 A27,, — AQ
0 0 0 0 .. Ly, A_., Ay s

Note that any rows in A can not be divided by ~.
For the following results, see [18].

Theorem 2.6. Any linear code C has a generator matrix in standard form.
All generator matrices in standard form for a linear code C have the same
parameters ko, k1, ..., k,—1 and |C| = |Fq|25:_01(”*i)ki,

This theorem justifies the following notation.

Definition. Let C be a linear code. We denote by k(C) the number of rows
of a generating matrix G in standard form for C, and for i = 0,...,v — 1 we
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denote by k;(C) the number of rows of G that are divisible by +* but not by
~HHL Clearly, k(C) = S04 ki(C).

We define k, =n — Z;:Ol k;. The following lemma is immediate, see [9] or
[18].

Lemma 2.7. Let C be a code of type {ko,ki,...,k,_1}. Then C+ is a code of
type {ky, ky_1,...,k1}.

A linear code is called free if it is a free R-submodule.

Corollary 2.8 ([18]). Let C' be a linear code. The following assertions are
equivalent:

(1) C is a free code.
(2) Any generator matriz in standard form for C is of the form (Ijcy|M)
for some matriz M.

(3) k(C) = ko(C).
3. Projections and lifts of codes over R

In this section, some results for linear codes over a finite chain ring given in
[18] are generalized. Recall that R stands for a finite chain ring with 1 # 0,
a fixed generator of the maximal ideal of R, v the nilpotency index of v and
F,=2R/yR. Let T*(R) :=={b€ R:b# 0,b? = b}. Theset T(R) = T*(R)U{0}
is called Teichmiiller set of R. For every element a € R, there exists unique
(ag,ai,...,a,—1) € T(R)*~! such that a = ag + ayy+ -+ +a,_17"~* (see [8]).
The operations over R are presented as

v—1 v—1 v—1

Sart + ) bt =D (a+ b)),

=0 =0 =0

v—1 v—1 v—1

Z al’yl. Z bl/"}/l/ = Z( Z albl/)’)/s.
=0 '=0 s=0 I+l'=s

For a positive integers ¢ < v, we define a map as follows:
7/}15 R — R/’YtRa

v—1 t—1
Z alfyl — Z al’yl +'R.
1=0 1=0

In this case, it can be seen that

Yi(a +b) = vi(a) +e(b), Yi(ab) = ¢i(a)ii(b)
for any a,b € R. The map 1 is said to be a canonical projection from R
to R/~'R. Note that the map 1; can also be extended naturally from R" to
(R/y'R)".
For any code C and any r € R, (C : r) is the submodule quotient (C :r) =
{e€ R"|re e C}.
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Definition. To any code C over R, we associate the tower of codes
C=(C:7")C(C:y)C---C(C:yY
over R and its projection to R/v'R for 1 <t < j < o0,
$e(C) = e((C:9%) S e((C:91)) S - Ce((C 29 7h).

For a particular case, t = 1, the projection of the towers were introduced in
[18] and denoted as 11 ((C : 7})) = (C : 41).
The following result appears in [18, Lemma 3.4] for the particular case t = 1.

Lemma 3.1. Let C be a code over R with generator matriz G in standard form
and let A be as in (2). Then for 1 <t <v < oo, 0 <i<v—t, Y ((C:~Y)
has a generator matriz

Y1 (Ao)
Vi (A1)

Py (.Ai)
Ve (vAiy1)

wt('yt_l'AtflJri)
over R/%'R and k(1 ((C : ")) = ko(C) 4+ k1(C) + -+ - + kr_144(C).

Proof. For completeness, we give a proof which is similar to the one given for
Lemma 3.4 in [18].

It is easy to check that 1;((C : 4%)) contains the module spanned by the
rows of the given matrix. Let e € ¢;((C : 4%)) and let g € (C : 4*) be such that
Yi(g) = e. As yig € C and G is a generating matrix for C, there are v; € R
such that

7'g = (vo,v0Ao1 + Y15+ v0A0 -1+ V1VAL 1+ + 7 T o,
UOAO,V +---+ ’yy_lvuflAufl,l/)-

Here, 7'g is divisible by 4, therefore vg = v*wq for some wy € R*. The second
block of entries of g becomes y'woAg 1 + yv1, hence v; = "~ tw; for some
w; € R*. By following the same steps, we get v = v ~Iw; for some w; € Rk
for j = 0, 1,.. ..,v — 1. Accordingly, ~'g = Z;:O YwjA; + Z;;-lﬂ YivjA;
and g = Y75 jw;A; + Z;:il—s-l yi~t;A; (mod 4*~%) by Corollary 2.2, thus
e =1u(9) = 2o Yelwi)¥e(A47) + X225 vi(v)ve (v T A )+ R, e, i ((C
~")) is generated by the required matrix. Since k(1¢(A;)) = ki(C) for each | €
{0,...,i} and k(i (v A1) = ki (C) for each 1 € {1,...,t — 1}, k(¢ ((C :
7)) = ko(C) + k1(C) + -+ - + kr—144(C). O

The following result also appears in [18, Theorem 3.10] for the particular
case t = 1.
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Lemma 3.2. Let C be a code over R with generator matriz G in standard form
as in (1). Then for 1 <t <v < o0, 0<i<v—t, v((Ct:q)) = (s ((C
YO over R/YR.

Proof. We will first prove that ¢,((C+ : 7)) L ¢((C : v¥7t7%). Let b €
(C* : 4%) and let e € (C : 4¥~t~%). In this case, 7'b € C+ and v*~*~le €
C, thus 7" ~tbe!™ = 0, i.e., ¥y (be!”) = 0. Then ¥;((C+ : 4%)) C (Y:((C

A 7t=1)))L. Note that ko(Ct) = n — k(C) and k;(C+) = k,_;(C) for all
0 <i <wv—1,[18, Theorem 3.10]. ¥;((C : 4*~t7%)) is a code of type {ko +
kv+ - 4+ ky—t—iskp—t—it1,...,ku—1-;} by Lemma 3.1 thus implying (¢;((C

v*~t=9)))L is a code of type {n—(z;/;é_z ki), ky—1—i,...,ky_t—iy1} by Lemma
2.7. Applying the similar procedure, we obtain that 1;((C*+ : 4%)) is a code
of type {n — (Z;;éfi kj)yky—i—1, ... ky_ty1-:}. Because ¥;((C* : 4%)) and
(e ((C : 4*717%)))+ are codes of same type and ¥ ((C+ : 4%)) C (¥ ((C

VI e((CF 1 97) = (i((C 177 F77)))+ over R/4'R by [18, Corollary
3.7]. O

Example 3.3. Let R = Z3s. By [8, p. 227], T(R) = {0,1,—1}. Let C be a
020

gg%g). Then Ag= (1 0 2 0),
A = (0 1 2 5), Ay = (0 0 1 2). The code (C : 3) is generated by
20

8): Fort =2, a(15) = a(6) = =3, Yal15) = va(9) = va(0) =0

Po(5) = —4, Po(1) = 1, ¥2(2) = 2. The codes 12((C : 3%)) and o ((C

are generated over R/3%R respectively by (§9 % %) = (1/1}"22((3‘2)» and

0 Y2(Ao)
- ) = < P2 (A1) ) Moreover, k(2((C : 3%))) = 2 = ko + k; and
- ¥2(342)
(Vo ((C - 31))) =3=ko+ k1 + ko.

In particular, the code C* is generated by (%0? go % é), and o (C*) is gen-
erated by (3221%) by the fact that ¥2(25) = —2, 12(20) = 2, ¥»(21) = 3.
Clearly 15 (C+) L 1(C : 3), as indicated in Lemma 3.2.

[~}

Let C be a code with generator matrix G as in (1). The following matrix H

By, Bo,-1 . Boa I ko) By
vB1,v YBiy-1 o Yg,_i(0) 0 vB1
(3) : : : : = .
’)/VilBV_Ly ’}/V*lfkl(c) 0 0 ’yyilBufl

is a generator matrix for C+ and a parity check matrix for C, where B;; =
Zk —iv1 Bin Al j—k — AlT for 0 <i < j <w, (see [18, Theorem 3.10]).

v—j,v—1i
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We associate the following matrix B to H, where B is defined as
By
By
(4) :
vil

Corollary 3.4. Let C be a code over R with generator matriz G as in (1),
parity check matriz H as in (3) and let A, B be associated to G, H as in (2)
and (4). Then, for 1 <t <v < oo, ¥:(C) has a generator matriz and a parity
check matriz

Yy (Bo)

(B,

e v (: :
vOA B

: B,_¢
?/)t(vt*lAtq) 1/%(7 ! f+1)

wt (7t_1BV—1)
over R/Y'R, respectively.

We close this section with the following result.

Corollary 3.5. Let C be a code over R, with generator matriz G as in (1).
The following assertions are equivalent:

(1) C is a free code;

(2) ¥e(C) = ¢e((C : %) = e((C = 7)) = -+ = ((C : y77")) over
R/Y'R for all 1 <t <v < oo;
(3) Yu(C) = ¥u((C : 1%) = h((C : 4Y) = -+ = »((C = v77")) over

R/~'R for some 1 <t <v < oo.

Proof. (1) = (2) follows by Lemma 3.1 and Corollary 2.8, (2) = (3) is clear.
For (3) = (1), pick an arbitrary ¢t € {1,...,v —1} and assume ¢,(C) = ¢, ((C :

7)) = e ((C i qt)) = -+ = ((C : 4¥7Y)) over R/+'R. Then, by Lemma 3.1,
ki =+ =k,—_1 = 0. Now, we will show that k; =0 for all ¢ € {1,...,¢t —1}.
By Lemma 3.1, ¢;(C) and 9;((C : v')) have generator matrices
¥ (Ao)
¥i(Ao) Yi(Ar)
Yi(vA1) Vi (7A2)
PYe(y T A) Pe(v 2 A1)
Pe(v' 1 Ay)

over R/+'R, respectively. Then now, v;(C) and ;((C : v')) are codes of types
{ko,k1,...,ki—1} and {ko + k1,ka,...,ki—1, k}, respectively. However, since
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by our assumption ¢ (C) = ¥y ((C : 1)), ko = ko + k1, k1 = ko, ..., k—1 = ky,
so that k; = 0for alli € {1,...,t}. k(C) must then be equal to ko(C') implying
C is a free code by Corollary 2.8. ]

Example 3.6. Let R be as in Example 3.3. Let C be a code over R with gen-
erator matrix G = (1 0 2). Then the codes (C : 3), (C : 3%), C*, (C*+ : 3)

and (C* : 3%) are generated respectively by (é % §) ) (é g §)a (59%) (é g 83)
(é%%’) The codes 1((C)) = ¥((C : 31)) and 12 ((CL)) = 1 ((C* : 31)) are
generated over R/32R respectively by (1 0 2), (§9¢ Moreover, 1 (C+ :
3%) = (¥2((C : 3"))*, ¥2((C 2 3)) = (¥a2((C : 3°)))

For the other characterizations of free codes over a finite chain ring, we refer
the reader to [17, Corollary 3.12] and [18, Proposition 3.13].

)
0)-

4. LCD codes over R

In this section, we will examine LCD codes over a finite chain ring R. Using
the results mentioned in the preceding section, we proceed with providing some
necessary and sufficient conditions for an LCD code C over a finite chain ring.
We will start with showing LCD codes over a finite chain ring are free codes.
The following proposition will be used in the sequel.

Proposition 4.1. LCD codes over a finite chain ring are free codes.

Proof. First, let us point out that (A1)t = A and (AN B)* = AL + B+ for
any linear codes A, B over R, see [9, Theorem 3.1]. Assume that C is an LCD
code with length n over a chain ring R. It follows from our assumptions that
C+C+ =(CnCH)*t =0t = R". We obtain C @ C+ = R" using the property
CNC+ = 0. Therefore, C is a direct summand of the free code R™ which yields
the conclusion that C' is a free code. O

In terms of the generator matrix, we now give a sufficient and necessary
condition for a linear code C over R to be LCD code by Proposition 4.1 and
[12, Theorem 3.5, Corollary 3.6].

Corollary 4.2. Let C be a code over R with generator matriz G in standard
form as in (1). Then C is an LCD code if and only if the k x k matriz GG'"
is invertible, where k is the number of rows of G.

Corollary 4.3. A linear code C over R with generator matrix G in standard
form as in (1) is free if the k x k matriz GG'" is invertible, where k is the
number of rows of G.

The following example was given in [12] to show that the k x k matrix GG is
not invertible for some linear LCD code C with generator matrix G in standard
form. However, the given code C is not an LCD code, hence the corresponding
example is not correct.
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Example 4.4. Let C' be a code over Z, with generator matrix in standard
form as follows

100 0 10
01 00 01
G= 002020
0 00 2 2 2

This code is not LCD code, since (2,0,0,0,2,0) € C N C+ # 0.

Using the results provided in the preceding section, we now give some nec-
essary and sufficient conditions for an LCD code C over a finite chain ring,
through Proposition 4.1.

Theorem 4.5. Let C be a code over R for 1 < v < co. The following assertions
are equivalent:

(1) C is an LCD code over R;

(2) 4(C) is an LCD code and (C) = ¢ ((C : v*71)) over R/y'R for all
1<t <

(3) ¥ (C) is an LCD code and 1¢(C) = ¢ ((C : v¥1)) over R/Y'R for
some 1 <t<w.

Proof. (1) = (2) C is a free code by Proposition 4.1. Therefore, 1:(C) =
((C 247~ ) over R/¥'R for all 1 <t < v < oo, through Corollary 3.5. The
remaining part is an immediate consequence of [12, Theorem 3.9]. (2) = (3) is
obvious.

(3) = (1) Assume that ¢;(C) is an LCD code and 1;(C) = ¢ ((C : 4*71))
over R/y'R for fix t, t € {1,...,v — 1}. Suppose, contrarily, that C' is not an
LCD code over R. Take ¢ € C N C* with ¢ # 0. There exists © € R™ such
that ¢ = y'u, vy fu and i € {0,1,...,v — 1}. Then u € (C : 4*) N (C* : 4P).
Consider two cases for ¢, either 0 < <v—torv—t<i<v-—1.

In the former case, 1;(u) € ¥ ((C : v)) N ((C* : 4%)). Notice that 1 (u) #
0 in R/4'R, because otherwise, by Lemma 2.4, v*“'u = 0 in R implying
7' | w which contradicts with v { u. Now, since by our assumption ¢;(C) =
Pi((C 2 A7), e(C) = Ye((C = +Y)), hence ¥ (u) € (C). Notice that
the assumption ¢;(C) = ¢;((C : v¥~")) for an arbitrary ¢, t € {1,...,v — 1}
is necessary and sufficient for C' to be free by Corollary 3.5. Then now, by
[18, Proposition 3.13], C* is a free code, so that 1, (C+) = 9,((C+ : 4%)) for all
0 < i < v—t by Corollary 3.5, hence 1;(u) € 1;(C*). Since 1,(C*) = (((C :
=)t by Lemma 3.2, we have ¢;(C+) = (:(C))* by our assumption,
whence 1 (u) € (¢:(C))*. However, 1;(C) is an LCD code which contradicts
with 0 # ¥ (u) € ¥:(C) N (¥(C))*L. So, this case is not possible.

In the latter case, i = (v—t)+k for some 1 < k <t—1. Then now ¢ = y'u =
Y=t (y*u), so that vFu € (C : 4*~H) N (C* : 4¥71), hence ¥y (vFu) € 1 ((C :
7)) N b ((CF - 4v~t)). Before we proceed, let us note that v (v*¥u) # 0 in
R/~'R, which otherwise yields, by Lemma 2.4, v/~ *(v*u) = y'u = 0 in R. This
contradicts with ¢ # 0. In the same vein as the former case, one can obtain
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e (vRu) € 9 (C) N (Y(C))+. However, 1;(C) is an LCD code which implies
¥y (v*u) = 0, a contradiction. So, this case is also not possible.
Thus, either case leads to a contradiction, yielding the conclusion. O

In the following example, we show that the condition ¢ (C') = ¢ ((C' : v* 1))
over R/’th for some 1 <t < v in Theorem 4.5 is necessary.

Example 4.6. Let C be a linear code over the finite chain ring R = Z, with
generator matrix in standard form as follows

1 2 2
G= <O 0 2> '
Obviously, C is not free, therefore it is not an LCD code by Proposition 4.1.

Y2(C) and ¥3(C : v), by Corollary 4.2, are LCD codes over R; with generator
matrix (1 0 0) and (§99). Clearly, $3(C) # 3 (C : 7).

Example 4.7. Let R be as in Example 3.3. Let C be a code over R/9R with
generator matrix G = (1 0 8). GG'™ = (2) is invertible, and hence C' is
an LCD code. Note that (1) = 92(1.3° + 0.3 4 0.3%) = »(1.3° + 0.3! +
(—1).3%) = 15(1.3° + 0.31 + 1.3%) = 1. Similarly, 12(18) = 12(9) = 19(0) =
0 and 92(26) = 12(17) = 12(8) = 8. There are 27 possible LCD code C’
over R such that ¢2(C") = C. For example, the codes which are generated
by (1 9 8), (1 18 17), (1 9 26) are LCD codes over R, and whose
projections on R/9R are C.

Now, we will provide another necessary and sufficient condition for a linear
code C to be an LCD code.

Theorem 4.8. Let C be a code over R for 1 <v < co. Cis an LCD code if and
only if v*~tv does not belong to CNCL for any nonzero v = (vy,...,v,) € F7.

Proof. The necessity is obvious. For sufficiency, let us assume that v*~lv

does not belong to C N C* for any nonzero v = (vq,...,v,) € Fp. Also, let
u € CNC* with u # 0. There exists v € R" such that u = y'v, v { v
and i € {0,1,...,v —1}. We have v = (v1,...,v,) = (V10 + V117 + -+

vl,,,_lfy”*l, coyUno FUpY o vnyu_l’y’kl) where v, € Fy for 1 <s<n
and 0 <[ < v —1. Since 71 v, at least one of v19,..., vy, should be nonzero.
Now, consider the element v*~*~'u. Note that v~ is not zero, which oth-
erwise yields 0 = ¥ ~#~ 1y = 4*~1y. This implies v | v, which is a contradiction

since y{v. ¥* """ lu € CNC* as u € CNCE. However, v/~ 1y =41y =

Yo F vy o F U1y T U0 F VY o U1 =
¥ (v1,0y...,0n0), where (vig,...,0n0) € F7\ {0}, contradicting our hy-
pothesis. Therefore, we cannot have such a nonzero element as u above. (Il

In [12, Theorem 3.10], Liu and Liu showed that a linear code C of length n
over R; for 1 < j < oo is an LCD code if 'yj*Iv does not belong to C' N C+ for
any nonzero v = (vy,...,v,) € Fy and ¢ (C) is an LCD code over Ry for all
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1 <k < j. In the previous theorem, we showed that the former condition itself
in [12, Theorem 3.10] is sufficient and necessary for a linear code C' to be LCD
code over a chain ring. Therefore, the latter condition in [12, Theorem 3.10] is
unnecessary.

Now, we will give a subclass of LCD codes over chain ring R. Every free code
C over R is equivalent (up to a permutation of the coordinates of the codewords)
to a code having a generator matrix in the standard form G' = (Ijy|M) for
some M (Corollary 2.8). A square matrix B is called nilpotent if B¥ = 0
for some positive integer k. Note that I + B is an invertible matrix if B is a
nillpotent matrix.

Proposition 4.9. Let G = (I}cy|M) be a generator matriz in standard form
for a free code C over chain ring R. If MM?'" is nilpotent, then C is an LCD
code.

Proof. As we mentioned in the preceding paragraph, I + M M is invertible.
Then, C is an LCD code by Corollary 4.2. O

Corollary 4.10. Let G = (Iyicy|y'M) be a generator matriz in standard form
for a code C' over chain ring R. Then, C is an LCD code for each i > 1.

v

The preceding result also appears in [12] for ¢ > [%], where [] denotes the
ceiling function.

Theorem 4.11. Let C' be a linear code of length n over R. There exists a
corresponding LCD code C' of length 2n — k(C) over R with d(C") > d(C).

Proof. By [17, Corollary 4.7], there is a free code D of length n such that
k(C) = k(D) and d(C) = d(D). Let G = (Ixcy|M) be an associated matrix
in standard form for D. Then, since ¥2MM?*" is a nilpotent matrix, G’ =
(In(c)| M |(y — 1) M) is the generator matrix of an LCD code C” of length 2n —
k(C) over R with d(C") > d(C). O

The asymptotic goodness of LCD codes now follows trivially from that of
general linear codes.
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