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MODIFIED QUADRATIC RESIDUE CONSTRUCTIONS AND NEW
EXTREMAL BINARY SELF-DUAL CODES OF LENGTHS 64, 66 AND 68

JOE GILDEA, HOLLY HAMILTON, ABIDIN KAYA AND BAHATTIN YILDIZ

ABSTRACT. In this work we consider modified versions of quadratic double circulant and quadratic
bordered double circulant constructions over the binary field and the rings F2 + uF2 and F4q 4 uF4
for different prime values of p. Using these constructions with extensions and neighbors we are able
to construct a number of extremal binary self-dual codes of different lengths with new parameters
in their weight enumerators. In particular we construct 2 new codes of length 64, 4 new codes
of length 66 and 14 new codes of length 68. The binary generator matrices of the new codes are
available online at [8].

1. INTRODUCTION

Self-dual codes are a special class of codes that have algebraic and combinatorial properties, which
connect them to many different structures such as lattices, invariant theory, designs, cryptography
and recently with quantum codes ([11]). There are many different approaches of constructing self-
dual codes in the literature. One particular construction makes use of quadratic residues modulo a
prime p.

Let R be a finite commutative Frobenius ring of characteristic 2 and p be prime. Let v; € R,
A be a p x p circulant matrix, @,(a,b,c) be the p x p circulant matrix with three free variables,
obtained through the quadratic residues and non-residues modulo p. Thus, the first row of 7 =

T0,T1y+-+,Tp—1) O a, b, c) 1s determined by the following rule:
» f Qp(a,b,c)is d ined by the followi 1
a ifi=0
r; = < b if i is a quadratic residue modulo p

¢ if i is a quadratic non-residue modulo p.

This type of quadratic circulant matrix and a bordered version were first introduced by Gaborit in [7]
to construct self-dual codes over fields and later were extended over rings in [13] and [16] to construct
self-dual codes over different alphabets. The main construction used in the works mentioned was to
take a matrix of the form [I|A] where A is either Q,(a,b,c) or its bordered version. Note that the
quadratic circulant matrix is a special case of a double circulant matrix which produces self-dual
quasi-cyclic codes ([20]).

In this work, we modify this construction by replacing I, with an arbitrary circulant matrix in
the double circulant case, and we do a similar replacement in the bordered case. More precisely, we
consider the following type of matrices:

M = (Qp(a7 bv C)|A) )
where A is a p X p circulant matrix and

7 | 72 Yl |v 0 m
72 V4
M - . . 9
: Qp(a,b,c) : A
Y2 Y4

where A is a p X p circulant matrix.
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We consider these constructions for different prime values p and over the binary field as well as
the ring extensions Fo + ulFy and F4 + ulF4. This is a novel construction method for self-dual codes,
that combines several approaches in the literature. The strength and novelty of the constructions
are demonstrated by the numerous new extremal self-dual codes that we are able to obtain using
these methods. In particular, we are able to construct 14 new extremal binary self-dual codes of
length 68, 4 new extremal binary self-dual codes of length 66 and 2 new extremal binary self-dual
codes of length 64. The new beta values and the weight enumerator classes of the codes are given
in section 4.

The rest of the work is organized as follows. In section 2, we give some background on self-dual
codes, and the different alphabets that we use. In section 3 we give the constructions. In section
4, we give the numerical results obtained from the constructions. We finish by recapitulating the
results and pointing out possible directions for future research.

2. PRELIMINARIES

Let R be a commutative Frobenius ring of characteristic 2. A code C of length n over R is an
R-submodule of R"™. Elements of the code C' are called codewords of C. Let z = (z1,22,...,2y)
and y = (y1, Y2, - - -, Yn) be two elements of R"™. The duality is understood in terms of the Euclidean
inner product; (z,y); = > z;y;. The dual C* of the code C is defined as

Ct={zeR"|(z,y)p=0forallyecC}.

We say that C is self-dual if C = C+. Two self-dual binary codes of dimension k are said to
be neighbors if their intersection has dimension k — 1. A binary self-dual code is called Type II (or
doubly even) if the weights of all codewords are divisible by 4, otherwise it is called Type I (or singly
even). The best upper bound on the minimum Hamming distance of a binary self-dual code was
proved in [19].

Theorem 2.1. ([19]) Let dr(n) and drr(n) be the minimum distance of a Type I and Type II binary
code of length n, respectively. Then

dir(n) <457 +4

and
48] +4 ifn£22 d 24
dl(n)<{ 4%J+6 ifn =22 Eﬁgd 243.

Self-dual codes meeting these bounds are called extremal.

2.1. The ambient rings. While all of the theoretical results we obtain throughout the paper are
valid for all Frobenius rings of characteristic 2, we will be focusing mainly on the binary field Fy
and the rings Fy + ulFy, F4 + ulF4 for computational purposes. Similar rings have been considered in
coding theory in many different works, e.g. [21] and [22].

Let Fy = Fy (w) be the quadratic field extension of the binary field Fo = {0, 1}, where w? 4+ w+1 =
0. The ring F, + uF, defined via ©? = 0 is a commutative binary ring of size 16. We may easily
observe that it is isomorphic to Fy [w, u] / <u2,w2 4w+ 1>. The ring has a unique non-trivial ideal
(u) = {0, u, uw,u + uw}. Note that Fy + uF4 can be viewed as an extension of Fy + ulFy and so we
can describe any element of F4 + ulF4 in the form wa 4 @b uniquely, where a,b € Fo 4 ulFs.

n 2n
(Fy + ulFy) VR, +uly (Fy + ulFy)
\L 2‘:0]1“4 +ulFy ir 49011“2 4 ulFso
IF‘4n 1/)IF4 ]an
_—>

Let us recall the following Gray Maps from [7,18] and [6];
Yp, : aw+bw— (a,b), a,beFy
CFytuf, : a+bur— (bya+b), a,beFy
Ypyrur, ¢ aw+bw — (a,b), a,b€ (Fy + uF)"
OF,4uF, @ a+bu— (ba+b), a,beFy
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Note that these Gray maps preserve orthogonality in the respective alphabets, for the details we
refer to [18]. The binary codes @p,+ur, © ¥r,+ur, (C) and g, o @r,+ur, (C) are equivalent to each
other. The Lee weight of an element in Fy4 + ulF4 is defined to be the Hamming weight of its binary
image under any of the previously mentioned compositions of the maps. A self-dual code is said to
be of Type II if the Lee weights of all codewords are multiples of 4, otherwise it is said to be of Type
I

Proposition 2.2. ([18]) Let C be a code over Fy + ulFy. If C is self-orthogonal, so are g, +ur, (C)
and pp,+ur, (C). C is a Type I (resp. Type II) code over Fy + uFy if and only if ¢r,+ur, (C) is a
Type I (resp. Type II) Fy-code, if and only if Yr, +ur, (C) is a Type I (resp. Type II) Fy 4+ uFs-code.
Furthermore, the minimum Lee weight of C is the same as the minimum Lee weight of Yr,+ur, (C)
and @i, s, (C).
Corollary 2.3. Suppose that C is a self-dual code over Fy + ulFy of length n and minimum Lee
distance d. Then @p,tur, © Yr,+ur, (C) is a binary [4n,2n,d] self-dual code. Moreover, C and
OFytuls © YF,+uF, (C) have the same weight enumerator. If C is Type I (Type II), then so is
OFs+uF; © YFy+ur, (C

In subsequent sections we will be writing tables in which vectors with elements from the rings
Fy + ulFo and Fy + ulF4 will appear. In order to avoid writing long vectors with elements that
can be confused with other elements, we will be describing the elements of this ring in a short-

hand way, which will make the tables more compact. For the elements of Fy 4+ ulFo we will use
0—-0,1=-1u—wuvand 1+u— 3.

For the elements of Fy + uF4, we use the ordered basis {uw,w,u,1} to express the elements of
F4+ ulF, as binary strings of length 4. Then we will use the hexadecimal number system to describe
each element:

0« 0000, 1 <+ 0001, 2 <+ 0010, 3 <+ 0011, 4 <+ 0100, 5 + 0101, 6 « 0110, 7 « 0111, 8 < 1000,
9 <> 1001, A +» 1010, B < 1011, C <> 1100, D <> 1101, FE < 1110, F' <> 1111.

For example 1+ uw corresponds to 1001, which is represented by the hexadecimal 9, while w + uw
corresponds to 1100, which is represented by C.

3. THE CONSTRUCTIONS

We will discuss the constructions in two classes. The first will be the pure double circulant and
the second will be the bordered one.

3.1. Generalized quadratic double circulant. Define the matrix M = (Qp(a,b, c)| A) where A
is a p X p circulant matrix. Let C be the linear code of length 2p, generated by the matrix M. Then

(1) MM" = Qp(a,b,c)Qp(a,b,c)" + AAT.

Note that Qp(a,b,c)Qp(a,b,c)” has previously been calculated in [7] where Q,(a,b,c) is a p x p
circulant over a finite field. When Qp(a,b,c) is a p x p circulant over a ring of characterisitc 2, we
can see that

(2)

r_ [Qpa® b* + k(b+ ), ® + k(b+ c)?) if p

@p(a,b,c)@p(a,b, )" = {Qp(a2 + b2 + % ab + ac + k(b? + %) + be, ab + ac + k(b* + ¢?) +be) ifp
Combining this with (1), and considering the characteristic we get the following main result:

Theorem 3.1. If C is a linear code generated by M over a ring of characteristic 2, then C is a
self-orthogonal code if and only if:
AT — [ Qp(a® 02 + k(b + )%, + k(b + 0)?) ifp =4k +1
T Qp(a® + 0%+ 2 ab+ ac+ k(b + ¢*) + be,ab + ac + k(b + ) + be)  ifp=4k+ 3"

=4k +1
=4k +3
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3.2. Generalized bordered quadratic residue construction. We will now define a bordered
version of the construction. Define the following matrix:

Y| e Y2 3| va - a4
V2 Y4
M = . . 9
: Qp(a,b,c) : A
72 Y4

where ~; are some elements from the ambient ring R, which we assume to be a ring of characteristic
2 (including the binary field).
Let C be a code that is generated by the matrix M over R. Then, the code C has length 2p + 2.

To make the computations easier, we let M = gql« By B% B4) where By = (11), By =
2 Q@ By A

(v2,---,72), Bs = (73), B4 = (74, ...,74) and Q = Qp(a,b,c). Then,

MMT = B1Bir + BQB;‘F + Bng + B4BZ BB + B2QT + B3By + B,AT
“ \BIBY +QB] + B{Bf + AB] BIB>+QQ" + B] By + AAT

where

e B\B{ + ByB] + B3Bi + BaB{ = + (v25---,72) (025, v2) T 93 + (s ooy va) (-, va) T
=i +p1+7 +p7i

()

e B1By + BoQT 4+ BsBy 4+ ByAT =51 (2, ov2) 4+ (2, - 72) QT +3(Yas - - va) + (s -, ya) AT
= (m72,---s7172) + (2@ + by +cAp), ..., y2(a+ bA, +cAyp))
+ (374, - ¥3Y4) + (Vaps, - Yap)
= (mv2 +v2(a + 0y + eAp) + v3va + Yapts -

Y172 + Y2(a 4 bAp + cAp) + v374 + Yapt)
1

where p is the sum of the elements in the first row of A and )\, = 5~.

Y2 V2 Y4 V4
eByBl +QBy +B{Bf +AB{ = | : | +Q| : |+[:|wn+A4
V2 V2 V4 Y4
Y172 Ya(a + bA, 4 cXp) Y374 s
= S I : 1
Y172 Ya(a +bA, + cXp) Y37Y4 M4
Y172 + Y2(a + bAp + eAp) + 374 + s

T17v2 + Y2(a 4+ bAp 4+ eAp) + Y374 + pa
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Y2 Y4
¢ BBy +QQ" + BBy + AAT = | 1 | (y2,-..,72) +QQT + | 1 | (vay..., ) + AAT
V2 V4
1 -+ 1
=2+’ . | +QQT +AAT.
1 -+ 1

Using (2) for QQT, we see that

Qp((v2 +72)” + 0, (72 +74)* + 0% + k(b +0)*, (72 + 74)?

+c2 + k(b+c)?) + AAT if p=d4k+1
Qp((y2 +70)* + 0 + b + 2, (32 +74)* + ab + ac

+k(b% + ) + be, (y2 4+ 74)? + ab+ ac + k(b? + %) + be) + AAT ifp=4k+3
Combining all these results and factoring in the characteristic of the ambient ring, we arrive at the

following results:

Theorem 3.2. Assume that p = 4k+1. Then, C is a self-orthogonal code if and only if the following
conditions hold:

4
(1) Y w=0,
=1
(2) 72 + 720+ 7371 +7ap =0,
(3) AAT = Qp((2 +74)* +a? (72 +72)> + 0% + k(b + ¢)?, (72 +72)* + & + k(b +¢)?).

Theorem 3.3. Assume that p = 4k+3. Then, C is a self-orthogonal code if and only if the following
conditions hold:

(1) Z%‘ =0,

(2) &_172 +v2(a+b+c)+ v3v4 + pys =0,
(3) AAT = Qu((y2 +74)? +a? + 0% + %, (v2 +74)2 + ab+ ac + k(b? + %) + be, (y2 +74)* + ab+
ac + k(b? + ¢?) + be).

BIB,+QQT + B B, +AAT =

4. NUMERICAL RESULTS

We will apply the construction methods described in section 3 to obtain extremal binary self-dual
codes of various lengths. We need to point out that the theorems in section 3 provide us with
necessary and sufficient conditions for when the codes generated are self-orthogonal. This is one of
the points of distinction that our constructions have from those introduced in [7]. Using a random
circulant matrix A instead of I,, means that the rank of the codes might not always be that of a
self-dual code. However, we believe using a random circulant matrix brings more variety and helps
us find more self-dual codes as has been demonstrated by our computations. All the computations
are run on Magma ([2]).

4.1. New Codes of lengths 64. The possible weight enumerators for a self-dual Type I [64, 32, 12]-
code is given in [4,5] as:

Wes1 = 1+ (13124 168)y"% 4 (22016 — 648) y** +--- |14 < B < 284,

Weso = 14 (13124 168)y"% 4 (23040 — 648) y** +--- ,0 < B < 277.

With the most updated information, [1], extremal singly even self-dual codes with weight enu-
merator Wegy 1 are known

14,16, 18, 20, 22, 24, 25, 26, 28, 29, 30, 32,
s { 34, 35, 36, 38, 39, 44, 46, 53, 59, 60, 64, 74 }
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and extremal singly even self-dual codes with weight enumerator We4 2 are known for

0,1,...,42,44, 45,48, 50, 51, 52, 56, 58, 64, 65,
B { 75,3755.96, 104, 108, 112, 114, 115, 120,184 } \ {31,39}.
In this section, we obtain the codes with weight enumerators for 8 = 48 and 50 in Ws4,;. We
apply Theorem 3.3 for p = 7 over Fy + uF4 and obtain Type I codes of length 64 as binary images.

TABLE 1. Self-dual codes over Fy + ulF4 when p =7

Ci (11,72,73,74)  (a,b,¢) ra [Aut(C)]  Wea
1 (0,1,B,A) (B,4,F) (A,4,6,5E,7F) 22.7 pB=18
2 (0,1,B,A) (1,6,7) (A,4,6,F,E,57) 22.7 B=232
3 (0,1,B, A) (1,6,7) (A,4,6,7,E,F.5) 22.7 B =46
4 (0,1,B,A) (1,6,7) (A,4,6,5,E,7,F) 227  [3=60

Self dual binary codes C and D of length n are said to be neighbors if dim (C N D) =n/2—1. In
order to consider some neighbors of a code C' we pick a vector x € Fy —C and let D = <<x>L nc, 1:>

We use the standard form of the generator matrix of C, which lets us to fix first n/2 entries of x
without loss of generality. We set the first 32 entries of « to be 0. We consider the neighbours of the
binary images of the codes in Table 1 and obtain new codes of length 64 which are listed in Table 2.

TABLE 2. New codes of length 64 (Ws4,1) as neighbours of codes in Table 1

Dess C; (w33, T34, .., Tea) B [Aut(Dea,)]
1 4 (00001100111100110111000000001110) 48 2
2 4 (01110111100100101111100100110111) 50 2

4.2. New extremal self-dual codes of lengths 66. The weight enumerator of an extremal self-
dual code of length 66 is given in [5] as follows:

Weer = 1+ (858+83)y'2 + (18678 — 243)y'* + --- where 0 < 8 < 778,

s

Weeo = 14 1690y'2 + 7990y +--- and
Wee,s 14 (858 + 88)y'% + (18166 — 248)y™ + - - - where 14 < 8 < 756.

)

Together with the codes recently obtained in [1] and the ones from [12], [14], [15] and [16], extremal
singly even self-dual codes with weight enumerator Wsg 1 are known for
8€{0,1,2,3,5,6,...,94,100,101, 115}
and extremal singly even self-dual codes with weight enumerator Weg 3 are known for
B €{22,23,...,92} \ {65,68,69,72,89,91}.

In this section, we construct the codes with weigth enumerators for =65, 68,69 and 72 in W 3
as extensions of codes in Section 4.1.

We recall the following extension theorem that helps us construct self-dual codes of length 2n 4 2
from self-dual codes of length 2n:

Theorem 4.1. ([17]) Let C be a binary self-dual code of length 2n, G = (r;) be an n x 2n generator
matriz for C, where r; is the i-th row of G, 1 <i < n. Let X be a vector in F3" with (X, X) = 1.
Let y; = (r;, X) for 1 <i <n. Then the following matriz
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generates a binary self-dual code of length 2n + 2.

We apply Theorem 4.1 to the codes of length 64 tabulated in Table 1 and 2 to find extremal
self-dual codes of length 66, with X = (032|x), where 032 denotes that the first 32 bits of X are 0’s.
The new codes of length 66 that we obtain are tabulated in the following table:

TABLE 3. Extremal Self-dual code of length 66 from binary extensions of codes of

length 64
N66’1; Code T Wee,3 ‘Aut(/\/’ﬁ@,iﬂ
1 C3 (10101101111000010010011001101101) B = 65 1
2 Deso (11010111011111000001101111100100) [ = 68 1
3 Cs (00011111011010110011100110110000) 3 = 69 1
4 Cy (00001111111011001101011110101001) 5 =72 1

4.3. New extremal self-dual codes of length 68. The possible weight enumerator of an extremal
binary self-dual code of length 68 (of parameters [68, 34, 12]) is in one of the following forms by [3,10]:

Wes1 = 1+ (4424+48)y" + (10864 — 88) y™* + -+ ,104 < B < 1358,
Weso = 1+ (442 +4B)y'? + (14960 — 88 — 256) y'* + - -

where 0 < v < 9. Recently, Yankov et al. constructed the first examples of codes with a weight
enumerator for v = 7 in Wgg 2. The new codes we have constructeed all have v = 0,1 or 2 in Wsg o.
So, in order to save space we only give the list of known values for y =0, vy =1 and 7 = 2 in Wegg».
For a full list of known codes we refer to [9].

No= 0, B=0,7, 11, 14, 17, 21, 22, 28, 33, 35, 42, 44, ..., 158,159, 161, 163, 165,
175, 187, 189, 203, 209, 221, 231, 255, 303 or
B € {2m|m =17, 20, 102, 110, 119, 136, 165 or 80 < m < 99} ;
v = 1, B=49,51,53,55, 57, 59, ...,160,161,163,165,167,169,171 or
B e {2mlm=2224,...,29,81,...,90,92,...,96};
v = 2, B=58,65,69,71,73,75,77,79,81,157,159, 206, 208 or B € {2m|30 < m < 100} or
B e {2m+1]41 <m <77}

In the following table, we list self-dual codes of length 68 as Gray images of codes over Fs + ulFy via
Theorem 3.1 for p = 17.

TABLE 4. Self-dual codes of length 68 via Fy + ulFy when p = 17 (Wss 2)

D; (a,b,c) TA [Aut(D;)] « B

1 (L,u,u) (0,0,0,u,u,1,3,3,0,u,1,3,u,3,3,1,3) 27.7 0 B=204
2 (1,u,u) (u,u,u,0,0,3,3,3,0,u,1,3,0,3,3,1,1) 22.7 0 B=238
3 (1,u,u) (0,u4,0,0,0,1,3,1,0,4,3,3,0,1,1,3,3) 22.7 0 [=272

By considering the neighbours of codes in Table 4 we construct 14 new codes of length 68, which
are listed in Table 5. The generator matrix of D; is used in standard form. Therefore, we assume
the first 34 entries to be 0 without loss of generality.
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TABLE 5. New codes of length 68 (Wss 2) as neighbours of codes in Table 4

Nes,i Dj (735,736, .-, Teg) v B [Aut(Nes.i)]
1 1 (1110111011010001001101010001000010) 0 167 2
2 3 (1010111000110100000100110101100110) 0 169 2
3 2 (1111001010000110011001100100001000) 0 171 1
4 3 (0010001101101100001011101001111110) 0 173 1
5 2 (1101000110101100010001001011110111) 0 177 1
6 2 (1001000000100110010011100110010011) 0 179 1
7 3 (0001100001110011001101010011001110) 0 181 2
8 3 (1001101101101001110101000100111100) 0 202 2
9 3 (1001011000110010011010011010110010) 0 217 2
10 1 (1110110110110001110001000000001101) 1 183 2
11 3 (0110011100110101010110111101011111) 1 199 2
12 3 (0100001000110111001011000001100000) 1 207 1
13 3 (1100111101100001111011110011110000) 1 214 2
14 2 (1011101010010000110010110000100111) 2 216 2

5. CONCLUSION

In this work, we introduced modified versions of quadratic double circulant and bordered qua-
dratic double circulant constructions for self-dual codes. We demonstrated the relevance of this new
construction by constructing many binary self-dual codes, including new extremal binary self-dual
codes of length 64,66 and 68.

e Codes of length 64: We were able to construct the following extremal binary self-dual
codes with new weight enumerators in Wey4 1:

B = {48,50}.

e Codes of length 66: We were able to construct the following extremal binary self-dual
codes with new weight enumerators in Wee 3:

B = {65,68,69, 72}.

e Codes of length 68: We were able to construct the following extremal binary self-dual
codes with new weight enumerators in Weg o:

(y=0, B={167,169,171,173,177,179,181,202,217}).
(v=1, B={183,199,207,214}).
(v=2, B={216}).

A possible direction for future research could be considering different primes p and dif-
ferent alphabets that could result in self-dual codes of different lengths.

Acknowledgment: The authors would like to thank the anonymous referees and the editor for
their valuable remarks that improved the presentation of this paper.
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