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Abstract

In this paper we introduce the notion of orbit matrices of Hadamard matrices
with respect to their permutation automorphism groups and show that under certain
conditions these orbit matrices yield self-orthogonal codes. As a case study, we con-
struct codes from orbit matrices of some Paley type I and Paley type II Hadamard
matrices. In addition, we construct four new symmetric (100,45,20) designs which
correspond to regular Hadamard matrices, and construct codes from their orbit
matrices. The codes constructed include optimal, near-optimal self-orthogonal and
self-dual codes, over finite fields and over Zj4.
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1 Introduction

A Hadamard matriz of order n is a n xn {1} matrix H such that HH " = nl,. It is well
known that a Hadamard matrix of order n can exist only if n =1, 2 or n =0 mod 4.
The Hadamard conjecture states that these necessary conditions are also sufficient. Since
the discovery of a Hadamard matrix of order 428, the smallest open case is n = 668 [23].

A code C of length n over the alphabet @ is a subset C' C Q". Elements of a code are
called codewords. A code C' is called a g-ary linear code of dimension m if () = F,, for a
prime power ¢, and C' is an m-dimensional subspace of a vector space (F,)". For ) = Iy
a code is called binary.

Let = (21,...,7,) and y = (y1,...,¥n) € Fy. The Hamming distance between words
x and y is the number d(x,y) = [{i:z; # v;}|. The minimum distance of the code
C' is defined by d = min{d(z,y) : =,y € C, x # y}. The weight of a codeword z is



w(z) = d(z,0) = [{i : x; # 0}|. For a linear code the minimum distance equals the
minimum weight: d = min{w(x) : x € C,z # 0}.

A g-ary linear code of length n, dimension k, and distance d is called a [n, k, d], code.
A linear [n, k, d] code can detect at most d — 1 errors in one codeword and correct at most
t = |%1] errors. An [n, k] linear code C' is said to be a best known linear [n, k] code if
C' has the highest minimum weight among all known [n, k| linear codes. An [n, k] linear
code C'is said to be an optimal linear [n, k] code if the minimum weight of C' achieves the
theoretical upper bound on the minimum weight of [n, k] linear codes, and near-optimal
if its minimum distance is at most 1 less than the largest possible value.

The dual code C* is the orthogonal complement under the standard inner product
(-,9),ie. C+t={ve F"(v,c) =0 for all c € C}. A code C' is self-orthogonal if C C C+
and self-dual if equality is attained. Two linear codes are isomorphic if one can be
obtained from the other by permuting the coordinate positions. An automorphism of the
code C' is an isomorphism from C' to C. Two codes are equivalent if one of the codes
can be obtained from the other by permuting the coordinates and permuting the symbols
within one or more coordinate positions.

In this paper we introduce the notion of an orbit matrix of a Hadamard matrix with
respect to a permutation automorphism group of the matrix. We use these orbit matrices
to construct self-orthogonal codes. The orbit matrix of a Hadamard matrix H is defined in
a way that the entry at the position (i, j) denotes the row (or column) sum of a submatrix
of H determined by the i*" row orbit and the j"* column orbit. This definition of an orbit
matrix of a Hadamard matrix is a generalization of the definition of an orbit matrix of
an incidence structure. For a Hadamard matrix [, the matrix B = %(H + J), where J
denotes the all-one matrix, is called the binary Hadamard matrix associated to H. In
comparison to the usual orbit matrices of the binary Hadamard matrix B associated to
a Hadamard matrix H (i.e. orbit matrices obtained by considering B as the incidence
matrix of an incidence structure), with this approach we have a wider range of choices
for an automorphism group G in the construction of orbit matrices of H from which we
obtain self-orthogonal codes. Another advantage of this generalization of the definition
of orbit matrices is that it can be applied to a wider range of matrices, not just to {0, 1}
matrices (incidence matrices of incidence structures). This allows us to construct orbit
matrices of the matrices H + kI in Section 3, where H is a Hadamard matrix, and obtain
the corresponding self-dual codes.

The codes constructed in this paper have been constructed and examined using Magma
[2]. Minimum distances are compared to known codes and bounds at [12].

2 Orbit matrices of Hadamard matrices

P. Dembowski introduced the notion of a tactical decomposition of an incidence structure
and showed that the orbits of an automorphism group acting on an incidence structure
7 induce a tactical decomposition of Z (see [9]). Tactical decompositions induced by the
action of an automorphism group leads us to orbit matrices of incidence structures, which
have been successfully used for a construction of block designs since the 1980s (see [5, 18]).
Construction of self-orthogonal codes from orbit matrices of block designs was introduced



in [15] and further developed in [4]. In this paper we define orbit matrices of Hadamard
matrices and show that under certain conditions these orbit matrices yield self-orthogonal
codes.

M. Hall defined an automorphism of a Hadamard matrix H of order n as a pair (P, Q)
of n x n monomial matrices such that PHQ = H (see [13]). A permutation automorphism
of a {£1}-matrix H is defined to be a permutation g of rows and columns of H that maps
H to itself, i.e. Hg = H. The permutations g can be considered as an ordered pair
g = (o, B), where « is a permutation of rows of H and 3 is a permutation of columns
of H. To these permutations o and S we can associate a pair of permutation matrices
(P, Q) such that PHQ" = H. We transpose the righthand component so that the product
(P,Q)(R,S) = (PR,QS) of automorphisms (P, Q) and (R, S) is an automorphism.

The next three theorems follow from Theorems 3.1, 3.2 and 3.3 of [21] on orbits of
points and blocks of a symmetric design under the action of an automorphism. For
completeness we include proofs specific to Hadamard matrices.

Theorem 2.1. A permutation automorphism g of a Hadamard matrix fizes an equal
number of rows and columns.

Proof. If g is an automorphism of a Hadamard matrix H, then there exist permutation
matrices P and @ such that PHQ' = H. Since the matrix H is regular and since the
inverse of a permutation matrix is its transpose, then HQH ' = P. Thus the matrices
() and P are similar and tr(P) = tr(Q).

Since the number of fixed points of a permutation is equal to the trace of the associated
permutation matrix, it follows that g fixes an equal number of rows and columns. O

The Mobius function g is defined by

0, tf n has one or more repeated prime factors,

pln) =< 1, if n=1,
(=1)*, if nis a product of k distinct primes,

for a positive integer n. So p(n) # 0 if and only if n is squarefree. The Mobius inversion
formula states that if f and g are functions that map positive integers to complex numbers,

satisfying
g(n) =) f(d),

dln
for every positive integer n, then
n
fln) =2 n(d)g (),
dln
where p is the Mobius function and the sums run over all positive divisors d of n.

Theorem 2.2. Let g = (o, 5) be a permutation automorphism of a Hadamard matrix
H, where o is a permutation of rows and B is a permutation of columns of H. Then the
permutations o and [ have the same cycle structure.



Proof. Let f,(d) and fs(d) be the number of cycles of length d in the cycle decompo-
sition of o and [, respectively. For every positive integer m the number of fixed points of
a™ i 32y, fa(d), and the number of fixed points of 8™ is 3, . fs(d). By Theorem 2.1

Y fald) =) f5(d)

dlm dlm

for all positive integers m. By applying the Mobius inversion formula we get f,(d) = fs(d)
for all d. O

The set of all permutation automorphisms of a Hadamard matrix H form the full per-
mutation automorphism group of H under the obvious multiplication, denoted PAut(H).
Any subgroup of PAut(H) is called a permutation automorphism group of H.

Theorem 2.3. Any subgroup G < PAut(H) has equally as many orbits on rows as on
columns of H.

Proof. By the Cauchy-Frobenius Lemma (sometimes called Burnside’s Lemma) the
number t of orbits of the group G is given by

|G| Z|Fm

geG

where Fix(g) is the set of fixed points of g. The statement follows from Theorem 2.1. O

Let G be a permutation automorphism group of a Hadamard matrix H = [h;;], acting
in ¢ orbits on the set of rows and the set of columns of H. Let us denote the G-orbits on
rows and columns of H by Ry,..., Ry and Cy, ..., C;, respectively, and put |R;| = Q; and
ICi| =w;, i=1,...,t.

Let H;; be the submatrix of H consisting of the rows belonging to the row orbit R;
and the column belonging to C;. We denote by I';; and ;; the sum of a row and column
of H;;, respectively. The numbers I';; and ;; are well-defined, i.e. they do not depend
on the choice of the row and the column, because the sums of entries of any two rows (or
columns) of H;; are equal. The ¢ x t matrix R = [I';;] is called a row orbit matriz of H
with respect to G. The t x t matrix C' = [y;;] is called a column orbit matriz of H with
respect to G.

Lemma 2.4. Let G be a permutation automorphism group of a Hadamard matric H =
[hij] of ordern, and let Rq,...,R; and Cy, ... ,C; be the G-orbits on the rows and columns
of the matriz H, respectively. Further, let I';; and ~;; be defined as above. Then

t
Z Fz’j%j = 0is,
j=1

where 0;5 is the Kronecker delta.



Proof. Let x be a row from the row orbit R;, and y be a column from the column
orbit C;. Then

t

ilfmsj = (D ha) (D hay) = Z SN hpshuy = Z >3 hasha:

j=1 zeCj wWER s j=1 z€Cj weRs Jj=1 2€C; weRs

= i DD tashue= ) i > hashus = > ihmhwz.

j=1 weR;s z€C; weRs j=1 z€C; wERs z=1
If 7 # s, then
n
hazhy: = Y _ 0=0.
wWERs z=1 wWER s
If 1 = s, then
n
S hpshe. = (2 - 1)0+n=n,
weERs z=1

where () is the length of the orbit R,. O

Theorem 2.5. Let G be a permutation automorphism group of a Hadamard matriz H,
and let Ry,..., Ry and Cq,...,C; be the G-orbits on the rows and columns of the matrix
H, respectively. Further, let ;, w;, I';; and 7,;; be defined as above. Then

t
Q
Ty = Bian,

j=1 "7
where 0,5 1s the Kronecker delta.

Proof. The sum of entries of the submatrix Hy; is {2,I';;. On the other hand, this
sum is equal to w;7vs;, so

In Theorems 2.6 and 2.7 we show that under some conditions orbit matrices of
Hadamard matrices, or their submatrices, span self-orthogonal codes.

Theorem 2.6. Let H be a Hadamard matriz of order n and G be a permutation auto-
morphism group of H acting with all orbits of the same length w. Further, let R be the
row orbit matriz of H with respect to G. If p is a prime dividing n, and ¢ = p™ is a prime
power, then the linear code spanned by the matriz R over the field F, is a self-orthogonal
code of length t.

Proof. By Theorem 2.5 we have

t t t

Qs
Z Zrijrsj = Z %Fijrsj = Z [iilsj = disn.

j=1 j=1 j=1



Theorem 2.7. Let H be a Hadamard matriz of order n, G be a permutation automor-
phism group of H, and R the corresponding row orbit matriz. Further, let w;, j =1,...,t,
be the lengths of the G-orbits on columns of H, and w € {w;| j=1,...,t}. Let ¢ =p™ be
a prime power, where p is a prime dividing n, and let the lengths of the column G-orbits
of H have a property that pw;|lw if w; < w, and pw|w; if w < w;. Then the submatriz of
R corresponding to row orbits and column orbits of length w span a self-orthogonal code
over .

Proof. Let the i*" and the s'* row orbit have length w, i.e. €; = Q, = w. Then

t

Qs
Z Zrijrsj = Z FZ]FS] + Z FZ]FSJ + Z

j=1 J 7, UJ]'<’LU 7 j_w 7 wj>w
w ’LU
= _Fzrs + - s +
W, s w J
7, wi<w J 7, wj=w 7, wj >w
y Wi EadV) [

Therefore,

t
Q,
>0 Tuly=3 —Tyly— > —T,ly— > =Dyl

J, wj=w 7=1 J J, wi<w J J, wi>w J
w w
Js wj <w J Js wj>w J

If wj < w then p|&. If w < wj, then 2T;I; = wﬂ%y~—%3 and p|=2. Hence,
J J

1] w

J, wj=w

The submatrix of an orbit matrix R corresponding to the fixed rows and fixed columns
is called the fixed part of the orbit matrix R. The submatrix of R corresponding to the
orbits of rows and columns of lengths greater than 1 is called the non-fixed part of the
orbit matrix R. As a direct consequence of Theorem 2.7 we have the following corollary.

Corollary 2.8. Let H be a Hadamard matriz, G be a permutation automorphism group
of H, and R the corresponding row orbit matriz. Further, let w;, 7 = 1,...,t, be the
lengths of the G-orbits on columns of H, and p be a prime that divides w; if w; > 1. Then
the rows of the fized part of R span a self-orthogonal code over the field F,, where g = p™.

3 Codes from orbit matrices of Paley type Hadamard
matrices

The full automorphism groups of the Paley type I and Paley type II Hadamard matrices
were determined by Kantor [22], and de Launey and Stafford [8] respectively. The full
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automorphism group of a Hadamard matrix is preserved up to isomorphism by Hadamard
equivalence. That is, if H; ~ Hs, then Aut(H,) = Aut(H,). However it is not necessarily
true that PAut(H;) = PAut(H;), unless the matrices H; and Hy are also permutation
equivalent.

1 1 1 1 1 1 1 -1
1 -1 1 -1 1 1 -1 1
Example 3.1. Let H; = 1 1 -1 -1 and Hy = 1 -1 1 1
1 -1 -1 1 -1 1 1 1

Then PAut(H;) = Sym(3) and PAut(H) = Sym(4).

As permutation automorphism groups are a key component of our method, it is
pertinent to explicitly describe our construction of the Paley type matrices, and their
permutation automorphism groups. Let [ = [, be the finite field of order ¢ and let
X : FF—{0,1, —1} be the quadratic character where x(0) = 0, x(z) = 1 if z is a quadratic

residue, and y(z) = —1 otherwise. Let A = [x(y — %)]syer and S = 01 ], where

1T —A
1 is a row of 1s.

e When ¢ = 3 mod 4 the Paley type I matrix Pi(q) of order ¢ + 1 is of the form
1 —1

|17 A+, }

e When ¢ =1 mod 4 the Paley type II matrix Ps(q) of order 2(¢ + 1) is of the form

—S+[q+1 S_[qﬂ}
| S —Iyn =S —Iya |

Note that by this construction P;(q) is skew, with all 1s on the main diagonal. This
implies that for any integer k,

(P1(q) + k1) (Pi(q) + klgsa) " = (K + 2k + g + 1) Ig41. (1)

3.1 Automorphisms of P;(q)

Let ¢ = p™ for a prime p and positive integer m. The full automorphism group of P;(q)
is described in the paper by Hall [13] and later verified to be complete by Kantor [22];
from this description we determine PAut(P;(q)). Label the rows and columns of P;(q)
by 00,0,21,...,24,-1. In particular, let oo label the first row and column which has a
different row sum and column sum respectively to all others. Any element of PAut(P;(q))
fixes this row and column. For any element s € F and square t? such that t € F, let
as(r) = r+ s and Be(x) = xt® for all z € F. Further let a,(00) = f2(00) = oo for all
choices of s and ¢*. Then a; and (3,2 are permutations of the symbols 0o, 0, z1, . .., 241, t0
which we associate the permutation matrices P(a;) and P(f;2). Finally, let 8 € Aut(F)
be the Frobenius automorphism of order m that generates Aut(F), i.e., 8(x) = z? for all
x € F. Under the added assumption that §(co) = oo we associate to 6 the permutation
matrix P(6).

Lemma 3.2. Adhering to the notation above:
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e for cach s € F, (P(as)", P(a,)") € PAut(Pi(q));
o for each t> € F, (P(By2)", P(B2)") € PAut(P1(q));
o foreach 1 <i<m, (P()",P(0)") € PAut(Pi(q)).
Proof. See [13, Section 2]. O
Corollary 3.3. There is a subgroup G < PAut(Pi(q)) of order mq(q —1)/2.

Let G be the group described in Corollary 3.3. It is easily verified that PAut(P;(3)) =
Sym(3), which is of order twice that of G. We further check when ¢ € {7,11}, that
G = PAut(Pi(q)). For all ¢ > 11, the result of Kantor [22, Theorem 6] proves that
G = PAut(P1(q)).

Theorem 3.4. For all ¢ = p™ = 3 mod 4 with ¢ # 3 and p a prime, PAut(P1(q)) is
a group of order mq(q — 1)/2, generated by the pairs of permutation matrices of Lemma
3.2.

The first and second component of the automorphisms described above are equal, and
so permute the entries on the main diagonal of P;(q) amongst themselves. In particular,
we have the following.

Corollary 3.5. For any integer k, PAut(Pi(q) + kI +1) = PAut(Pi(q)).

3.2 Examples from Pi(q)

In the tables presenting codes over fields * denotes that the code is best known, and SO
denotes that the code is self-orthogonal.

In this section we list the [, codes constructed from orbit matrices of Paley type I
Hadamard matrix, up to order 200 (¢+1 = 200). Here p is a prime not dividing ¢. Among
the examined Hadamard matrices there are no examples of matrices and their permutation
automorphism groups satisfying Theorem 2.7. For the examples given in Table 1, p divides
n(= g+ 1) but the divisibility conditions for orbit lengths are not satisfied. The codes
spanned by the non-fixed parts of the orbit matrices are not self-orthogonal. However,
the dual codes of the obtained codes are self-orthogonal.

[¢+1] G <PAut(Pi(q)) | C [ Dual(C) [ [Aut(CO)] |
72 Zs (14,8, 4]3 [14,6,6]3 * SO 672
72 7 [10,6,4]5 * | [10,4,6]3 * SO 2830
80 73 [26, 14,75 [26,12,9]5 SO 104
132 s [26,14,7]5 % | [26,12,9]5 * SO 52
140 Zs [46,24,12]5 | [46,22,12]5 SO 184
192 Zs (38,20, 8]3 38,18, 9]3 SO 76
200 Zn [18,10,4]5 [18,8,4]5 SO 5184
200 Zo (22,12, 6]5 22,10, 6]5 SO 88

Table 1: Codes constructed from non-fixed parts of orbit matrices



Remark 3.6. Some of the best known codes listed in Table 1 are optimal and some of
them are near-optimal. The optimal codes are [14, 6, 6]3, [10,6,4]3 and [10, 4, 6]3, and the
near-optimal codes are [14, 8,4]3, [26, 14, 7]3 and [26, 12, 9]s.

A Hadamard matrix H is called skew-Hadamard if H + HT = 2I. A Paley type I
Hadamard matrix of order n is a skew-Hadamard matrix. In [14] Harada and Munemasa
used skew-Hadamard matrices of order 20 to classify self-dual [20, 10, 9]; codes. They
used the following lemma that can be found in [14], which is based on Munemasa’s results
presented in [24].

Lemma 3.7. Let F be a square matriz all of whose entries are integers. If FFT = kI
and p is a prime divisor of k such that p* fk, then F generates a self-dual code over F,,.

Combining the idea from Lemma 3.7 with the result from Theorem 2.7 we constructed
self-orthogonal codes presented in Table 2. Moreover, the constructed codes are self-dual.
We take a Paley type I Hadamard matrix H, which is skew-Hadamard, and construct
the orbit matrix of H' = H + I with respect to the cyclic group of order five. The codes
generated by the rows of the non-fixed parts of the orbit matrices are self-dual. In Table
2 we give the list of self-dual codes constructed from non-fixed parts of orbit matrices of
H' = H + I, corresponding to the Paley type I matrix for orders up to 332.

Remark 3.8. The constructed [14,7,6]5 code is optimal.

[¢+1] G<PAut(H) | C [ [Aut(O)] |
32 Zs [6,3,2] 3072
72 Zs [14,7,6] * 56
132 Zs [26, 13, 8] 104
152 Zs (30, 15, 8] 120
192 Zs (38,19, 10] 152
212 Zs [42,21,12] 168
252 Zs 50, 25, 10] 200
272 Zs (54,27, 14] 216
312 Zs (62,31, 14] 248
332 Zs (66, 33, 16] 264

Table 2: Self-dual codes over F5 constructed from non-fixed parts of orbit matrices of H' = H + I

3.3 Automorphisms of Py(q)

Assume now that ¢ = p™ = 1 mod 4, and let the permutation matrices P(ay), P(B2)
and P(f) be constructed as in the Section 3.1. Applying the same system of labeling of
rows and columns of P;(¢) to the matrix S + 1,41, Hall’s proof that the automorphisms
of Lemma 3.2 are contained in PAut(P;(¢)) holds for the matrix S + I,4;. Therefore
by applying Corollary 3.5 we have that (P(p)", P(p)") € PAut(S + I,41) for any p €
{as, B2,0}. The same applies to the matrices S — I,41 and —S — Iy, and for the
remainder of this section we note that we can make the same inferences about S — I,
and —S — I,y that are made for S + I,41. By construction we get the following.
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Lemma 3.9. Let P(ay), P(B:2) and P(0") be defined as in Section 3.1 with g =1 mod 4.
Then

o for each s € F, (I, ® P(as)", Iy ® P(as)") € PAut(Pa(q));
o forecacht> € F, (I, ® P(B2)", I, ® P(B2)") € PAut(P2(q));
e for each 1 <i<m, (I, @ P(6))", [, @ P(6))7) € PAut(P(q)).

Lemma 3.10. The group PAut(Ps(q)) divides the rows/columns of Po(q) into four orbits;
two of length 1, and two of length q. In particular PAut(P2(q)) = PAut(—A + 1,).

Proof. The automorphisms given in Lemma 3.9, by construction, fix the first ¢ + 1
and second g + 1 rows and columns setwise. Now observe that the row sum in Py(q) is
equal to 2(q+ 1) for the first row, equal to 2 for the following ¢ rows, and equal to —2 for
the remaining ¢ + 1 rows. As such any permutation automorphism of Py(g) must fix the
first ¢+ 1 and second g+ 1 rows setwise. We further observe that the (¢+2)™ row is fixed
by any permutation automorphism, as the sum of the first ¢ + 1 entries is ¢ — 1, which is
different to that of any other row. We make the same observations for columns as Ps(q)
is symmetric. The final claim follows from the fact that each automorphism fixes the four
q X q submatrices of each quadrant obtained by removing the first rows and columns. O

Let T'L(2, q) = GL(2, ¢) x Aut(F') denote the general semilinear group, and let () denote
the subgroup of GL(2, ¢) comprised of scalar maps z — A%z where A € F'*. De Launey and
Stafford [7] prove that Aut(S + I,41) = T'L(2,q)/Q, see also [6, Theorem 17.2.1]. Further
observe that Aut(—A + 1,) is isomorphic to the subgroup of Aut(S + I,41) comprised of
elements such that the left and right components fix the first row and column respectively
of S+ I41.

: : : : H —-H

The expanded design of a {£1}-matrix H is the block matrix Fy = [ H o }
We will require the following, which is a special case of [7, Theorem 2.6].

Theorem 3.11. Let Esy,,, be the expanded design of S + I,11. Then Aut(S + Ip4q) =
PAut(ES+[q+l>.

In particular, elements of Aut(S+ 1,41) with left component fixing the first row of S+
Io11, correspond to elements of PAut(Esyy,,,) with left component fixing the first row of
Esy1,,,- De Launey and Stafford [8, Section 2] show that PAut(Fsy;,.,) acts transitively
on rows of Eg.r ,,, and so the stabilizer of the first row of Eg, ., in PAut(Es,g, ) is of
index at least 2(¢+1), by the Orbit-Stabilizer Theorem. Thus Aut(—A+1,) is isomorphic
to a subgroup of index at least 2(¢ + 1) in Aut(S + I,41).

Finally, we prove the following.

Theorem 3.12. For all ¢ = p™ = 1 mod 4 with p a prime, PAut(Ps(q)) is a group of
order mq(q — 1)/2, generated by the pairs of permutation matrices of Lemma 3.9.

Proof. It remains only to show that the group generated by the pairs of permutation
matrices of Lemma 3.9 is in fact all of PAut(P2(g)). Lemma 3.10 gives that PAut(P(q)) =
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PAut(-A+1,) < Aut(—A+1,) = G < Aut(S + I,411) = I'L(2,¢)/Q, where G is the
subgroup of Aut(S + I,41) stabilizing the first row and column. The group I'L(2,¢)/Q
is of order 2mq(¢*> — 1). As G is of index least 2(q + 1) in Aut(S + I,11), we know that
|Aut(—A + I,)] < mg(q — 1). Finally, since PAut(—A + I,) is of index at least 2 in
Aut(—A+ 1,), we get that |PAut(—A+1,)| <mg(q—1)/2. O

3.4 Examples from Py(q)

Here we list the codes ), constructed from orbit matrices of Paley type II Hadamard
matrix, up to order 2(q + 1) = 228. As before, here p is a prime not dividing g.

The examined Hadamard matrices and their permutation automorphism groups do
not satisfy conditions from Theorem 2.7. For the examples from Table 3, p divides n(=
2(q¢ + 1)) but the divisibility conditions for orbit lengths are not satisfied. The codes
spanned by the non-fixed parts of the orbit matrices are not self-orthogonal, but their
dual codes are self-orthogonal.

Remark 3.13. Some of the best known codes from Table 3 are optimal and some of
them are near-optimal. The optimal codes are [8,6,2]5, [8,6,2]s, [8,2,6]s, [16,10,4]s
and [20, 8,9]3, and the near-optimal codes are [16, 10, 4], [16, 6, 6]3, [28, 16, 7|3, [20, 12, 5]3
and [44, 20, 15]3. Additionally, the constructed linear codes with parameters [8,2, 6|3 and
[8,2,4]5 are quasi-cyclic of degree 4, and the code with parameters [14,6,4]5 is a quasi-
cyclic code of degree 2.

[2(¢+ 1) [ G < PAwt(Pa(q)) | C [ Dual(C) [ TAwt(C)] |
36 74 [8,6,2]3 [8,2,6]5 = SO 768
36 Zs (16,10, 4]5 [16,6,6]5 SO 1024
60 Zy [8,6,2]5 * 8,2,4]5 SO 18432
60 Zs [28,16,7]5 * | [28,12,9]5 SO 112
60 Zs 28,16, 7]5 [28,12,10]5 SO 224
84 Z [20,12, 5] [20,8,9]5 * SO 160
84 Zs 40,22,9]5 = | [40,18,12]3 SO 320
100 Zs 42, 28, 6] 42,14, 6]5 SO 2688
100 A 48, 26, 6]5 48,22, 8]5 SO 768
100 A 32,18, 4]5 32,14, 8]5 SO 1024
100 Zr [14,8,2]5 [14,6,4]5 SO 213.32.51.71
100 Z4 (24,14, 4]5 [24,10,4]5 SO 12288
100 Ze 16,10, 2]5 [16,6,4]5 SO 219 . 32
108 Zs (52,28, 10]3 [52,24,12]3 SO 208
180 7, [44,24,11]5 * | [44,20,15]3 * SO 176
180 7 [44,24,10]5 | [44,20,14]5 SO 352
180 71 16,10, 4]5 [16,6,7]5 SO 256
204 Zs 40, 22, 85 [40, 18,125 SO 160
220 Zo (24,14, 6]5 24,10,8]5 SO 768
220 Ze 36, 20,95 36, 16, 10]5 SO 288
228 Zs 28, 16, 65 [28,12,9]5 SO 672
228 Zq 32,18, 7]s 32,14, 9]5 SO 128
228 Z4 [56,30,12]5 | [56,26,12]5 SO 224

Table 3: Codes constructed from non-fixed parts of orbit matrices
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4 Codes from orbit matrices of regular Hadamard
matrices

In this section we construct codes from orbit matrices of regular Hadamard matrices of
order 100. A regular Hadamard matrix of order 100 corresponds to a symmetric design
with parameters (100,45,20), and vice versa (see [21]). We construct four symmetric
(100,45,20) designs that are not isomorphic to any of the previously known designs with
these parameters, and then use the associated regular Hadamard matrices to obtain self-
orthogonal codes. The designs are constructed using orbit matrices of symmetric designs.
We briefly describe the construction of the designs. For further details on this construction
the reader is referred to [3, 5, 18].

All known symmetric (100,45,20) designs are the design given in [17], the designs cor-
responding to Bush-type Hadamard matrices of order 100 presented in [3, 11, 19], and
the designs corresponding to strongly regular graphs with parameters (100,45,20,20) and
(100,44,18,20) (see [20]). We construct four symmetric (100,45,20) designs admitting an
automorphism group isomorphic to the dihedral group D,g = Z5 : Z, acting with ten
fixed points (and blocks) and 18 orbits of length 5, with the orbit matrix given below
(first ten columns and rows correspond to the fixed points and blocks, respectively).

OO0 OO0 00000 R EFEFREPREFREFREFEFRPOOODOODODODODOODOO
O OFR OO PP OFROFRFOOFRFFPFOODODODODODOoOOoOOoO oo
_H O OOORRMFEMEFMEFEFEF OOOORMFEFOFHR OOODOOODODOOoOOoO
OO OHOFHR PR PFRPOOROH,OORRPROODODOODODODOoODOOO
R OO RrR PP ORFROROOREFPFOOHROOODODOOoOOoOOoOOoOOoOOo
OO FFEFFRFPFRPOOOORFRFPFORFRFPFPFOODODODODODODODODODoOoOOoO oo
OR O HFMHFOOFROROOHFHROOFROOODODODODODOOO
H =P, OFROFRFR OO, PP OOFRFOFRFOODOODODODOoODOoOoOooOooo o
P, P OO0, PR OFRPFPFOODOOHROOODOoOOoOoOooo oo
=000 RO OO FPFOOFHROFHFOODODODOoOOoOoOooo oo
RWN WNNWWONNDNNDNDNDNDNDDNDERONO GtO ottt OO O ot
WD WWOODWNNDNDNNDNNDNNDNDNDEREDNDOUIOLOLOLO OO O ot
DN WRN WNODWWNNDNNDNDNDNEAREDNNOIIOLO OO oto O O ot
WO WWONWNNNNNNNNDNDEAENDNDDNDO ULt OO TtO ot ot
NWNOWWNRNNWNDNNDNNENDNNDNDNDNOITO OO O O Ototo ot
W WO WNWNNNNNEAENDNNDNNDNDDNDDNDO OO UTO OtO ottt
WO W WNDNDNNNDWNRNENDNNDNDNDDNDNDDNDO OOO oLt oto ot
DNDNNDNDNNNNNEAE WD WN WWNDNOODIUCTO OO OtotOo O oto
DNDDNDNDNNNNEAEDNDNDNWWWWNDNONODODOLOLOLOLO O oo O
RN NDDNDNDNEAEDNDDWWNDWN WONDNOLOLO OO Ottt OO
NN NNNEAENNDNNDDNDWWNDNOWN WOl Ootorto oo
DNDNDNNRARERNNNNDNNWWNDNDONDDN WWIUTIUlO Ooto O ototo
DNDDNDNEREDNNNNNDN WD WONDDNDWWNITTO ULl Oototo O
RN EDNNNNDNNDNNDNDDNDOWN WNWWOOoToto oto Ototo
DR NDNNDNDNNDNDNDNDDND ONDDNDWWWWNDO U OOttt oto O
AN DNDNNNNNNDNNONDDNDWWN WNWITO OOUtoto oo oto

NN WWOWWNNNDNNNNEAEDNNDNDNOOITOLO OO O O ototu
O W WNNWNWNEAENNDNNDNNDNNDNDNDNDNDOOOOLOLO OtO Ot ot

Note that the above given orbit matrix is an orbit matrix of a 2-design, i.e. an orbit
matrix in the sense of the definition that can be found in [5]. To construct symmetric

12



(100,45,20) designs from the orbit matrix we have to determine exactly which points from
each point orbit are incident with a chosen representative of a block orbit, having in mind
the action of the group Dj on the point and block orbits (see [3, 5, 18]). This step of the
construction is usually called indexing. Since the indexing of the part of an orbit matrix
corresponding to fixed blocks or fixed points is a trivial task, for each representative B; of
a block orbit B; of length 5 we have to determine set of points from point orbits of length
5 belonging to the representative B;. This set of points is called an index set. We can
assume that the generators of Dy act on the set of 5 points as permutations (0,1, 2,3,4)
and (0)(1,4)(2,3). Further, as representatives of the block orbits of order 5 we chose
blocks fixed by the permutation which acts as (0)(1,4)(2,3) on each point orbit of length
5. Therefore, the index sets — numbered from 0 to 5 — which could occur in the designs
are among the following:

0=0, 1={1,4}, 2={2,3}, 3={0,1,4}, 4=1{0,2,3} 5=1{0,1,2,3,4}.

Indexing of the given orbit matrix with the presumed automorphism group Do lead
to exactly four mutually non-isomorphic designs, which we denote by Dy, Dy, D3, and D;y.
The design D, is the dual design of Dy, and Dj is the dual of Dy. The full automorphism
group of any of these designs is isomorphic to Z5 : Z4.

We write down parts of the base blocks for the designs D; and D, in terms of the index
sets defined above, corresponding to the 18 x 18 lower-right part of the orbit matrix. The
other blocks of designs can be obtained by acting on the representatives by the group
generated by the cyclic permutation that on each orbit of length 5 act as (0,1,2,3,4).

Dl Dg
511112222012332414 511112222012342314
252111221201143342 251212121201243341
215122121120413243 225111122120414233
222511112423012431 212522111413012432
221252111432201134 222151211332201144
121215122144120323 112125221143120423
112222511341324012 122211512441323012
111221252233441201 111221252234431201
122121215314234120 121222115324134120
034114232522221111 034124132522221111
403321124151222112 403421123152121212
340231421125211212 340232411115222211
241034213111522221 231034214121511222
214403312112151222 114403322111252122
322340141212125211 321340241221215112
123142034221111522 223141034211122521
411223403222112151 412213403222112151
132412340211212125 142312340212111225

These four symmetric (100,45,20) designs are not isomorphic to the previously known
designs with the same parameters. From these four symmetric designs we produce four
regular Hadamard matrices, build the corresponding orbit matrices and construct codes
from the orbit matrices. The results are presented in Tables 4 and 5. The self-orthogonal
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code with parameters [18,8,8]; is constructed from the orbit matrix that satisfies the
conditions of Theorem 2.7.

Remark 4.1. One of the obtained codes is optimal and some of them are near-optimal.
The optimal code is [18,9,6]3, and the codes [18,8,8]5, [18,10,6]5; and [28,25,2]5 are
near-optimal.

’ D \ G < Aut(D) \ C \ Dual(C) \ |[Aut(C)] ‘
D, Zs 36,25, 6] 36,11, 15); 16
D, Zs (36,25, 6]5 36,11,12] 16
D, Zs 36,28,4]; | [36,8,19]; SO | 12
D, Zs 18,9, 6] * 18,9, 6] * 288
D, Zs 18,8,8]5 SO | [18,10,6]5 * 1152
D, Zs 18,9, 6], 18,9, 6]; 864

Table 4: Codes constructed from non-fixed parts of orbit matrices

Design | H < AutD | C | Dual(C) | |Aut(C)| ‘
Dy Zs [28,25,2]5 [28,3,10]5 224,318 . 53,73
D Zo [28,20,1]7 | [28,8,12]; SO 15552

Table 5: Codes constructed from fixed parts of orbit matrices

5 Codes over Z,

In the same way that linear codes are defined over finite fields they can be defined over
finite rings. In this case, codes are modules instead of vector spaces. The most notable
codes over rings are codes over Z4. For more information on codes over rings we refer the
reader to [10, 16].

Theorems 2.6 and 2.7 and Corollary 2.8 hold true if we replace the prime power ¢ with
a non-negative integer m > 2, and the field F, by the ring Z,,. In this section we give
information on Z, linear codes constructed from orbit matrices of the Hadamard matrices
that we take into consideration in this paper.

According to [1], a quaternary linear code C' (Z4-code) with parameters [n, 4512%2 d]
(where d is the Lee weight) is called good if d > d’, where d' is the minimum distance of the
best known binary linear code of length 2n, and dimension 2k, + ks, i.e., if the Gray image
of C has a larger minimum distance than the comparable binary linear code. Similarly,
a quaternary code will be called decent if its Gray image has the same parameters as the
best known binary code (i.e., if d = d’). In tables in this section % denotes that the Z,-
code is decent, and MW, MLW and MEW stand for the minimum weight, minimum Lee
weight and minimum Euclidean weight, respectively. The Gray images of the constructed
codes are denoted by C.
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In Table 6 we list codes over Z, constructed from orbit matrices of Paley type I
Hadamard matrices. The quaternary code ((26,4'2%9)) is a cyclic code whose dual code
is self-orthogonal.

y C | MW, MEW, MLW | C’ | Dual (C) [ MW, MEW, MLW [ Dual(C’) |
((14,4127)) 2,8,4 [28,9,4]2 | ((14,4527)) 2,4,4 [28,19,4]2
((10,4'2%)) 2,8,4 [20,7,4]> | ((10,412%)) x 2,4,4 20,13, 4]2
((26,41213)) 5,20,10 [52,15,17]2 | ((26,4'2213)) 2,8,4 (52,37, 62
((26,4%22%%)) 1,4,2 [52,27,2]2 | ((26,4°22%)) 2,8,4 (52,25, 4]
((38,4%219)) 6,24,12 [76,21,12]5 | ((38,418219)) 2,4,4 [76,55,4]2
((18,4129)) 4,16,8 [36,11,8]2 | ((18,4%2%)) 2,4,4 (36,25, 5]>
((22,4'21)) 6,22,12 [44,13,12]5 | ((22,4'9211)) 2,8,4 [44,31, 4],

Table 6: Codes over Z4 constructed from non-fixed parts of orbit matrices of Paley type I Hadamard
matrices

In Table 7 we list codes over Z, constructed from orbit matrices of Paley type II
Hadamard matrices. All these Z4-codes are self-dual. The Gray image of a Z4-code can
be linear or non-linear and self-dual or not self-dual (see [10]). The corresponding Gray
images of self-dual Z,-codes presented in Table 7 are self-dual linear codes. Moreover, all
Z4-codes presented in Table 7 are cyclic. A self-dual Z,-code is of type I if the Euclidean
weight of every codeword is a multiple of 8. A self-dual Z, linear code is of type I if the
Euclidean weight of some codeword is not a multiple of 8. The Z,-codes ((8,4'2°)) and
((16,4'2')) presented in Table 7 are extremal type II Z,-codes. We refer the reader to
[16] for more information.

y C | MW, MEW, MLW [ Type | C’ \
((8,492%)) 1,4,2 I (16,8, 2],
((16,49216)) 1,42 I [32, 16, 2]2
((28,4922%)) 1,4,2 I [56, 28, 2]2
((8,4125)) 2,84 II (16,8, 4]5
((20,49220)) 1,4,2 I [40, 20, 2]2
((40,49240)) 1,4,2 I [80, 40, 2],
((52,49252)) 1,4,2 I (104, 52, 2],
((44,4924)) 1,4,2 I [88, 44, 2],
((16,412)) 2,84 II (32,16, 4]2
((40,41238)) 2,84 11 [80, 40, 4]2

((100,492100Y) 1,4,2 II | [200,100,2]
((24,412%2)) 2,8,4 II (48,24, 4]5
((36,4923%)) 1,4,2 I [72,36,2],
((32,41230)) 2,84 II (64, 32, 4]5
((56,492°%)) 1,4,2 I (112,56, 2]

Table 7: Self-dual codes over Z, constructed from non-fixed parts of orbit matrices of Paley type II
Hadamard matrices

In Table 8 we list codes over Z, constructed from orbit matrices of the regular
Hadamard matrices corresponding to the four symmetric (100,45, 20) designs constructed
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from Section 4. The codes ((36,4°23%)) and ((28,4'2%%)) are self-dual type I cyclic codes
over Z, whose Gray images are self-dual codes. The Gray image of the ((18,4'2%)) Z,-code
is self-orthogonal code. The dual code of this self-orthogonal code is optimal.

y C | MW, MEW, MLW | C’ | Dual (C) [ MW, MEW, MLW | C’ \
((36,4923%)) 1,4,2 (72,36, 2] ((36,4923%)) 1,4,2 (72,36, 2]
((18,4128)) 4,16,8 [36,10,8]2 SO | ((18,4928)) * 2,4.4 (36,26, 4]
((28,412%6)) [56, 28, 4]2 2,8,4 ((28,412%6)) 2,8,4 [56, 28, 4]2

Table 8: Codes over Z4 constructed from orbit matrices of regular Hadamard matrices
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