The Metric Structure of Linear Codes™

Diego Ruano'

Abstract

The bilinear form with associated identity matrix is used in coding
theory to define the dual code of a linear code, also it endows linear
codes with a metric space structure. This metric structure was studied for
generalized toric codes and a characteristic decomposition was obtained,
which led to several applications as the construction of stabilizer quantum
codes and LCD codes. In this work, we use the study of bilinear forms over
a finite field to give a decomposition of an arbitrary linear code similar
to the one obtained for generalized toric codes. Such a decomposition,
called the geometric decomposition of a linear code, can be obtained in a
constructive way; it allows us to express easily the dual code of a linear
code and provides a method to construct stabilizer quantum codes, LCD
codes and in some cases, a method to estimate their minimum distance.
The proofs for characteristic 2 are different, but they are developed in
parallel.

1 Introduction

Error-correcting codes are used in digital communications in order to re-
cover the information sent through a channel that may corrupt some of
the information. The most studied, and in practice used, codes are lin-
ear codes [22]. A linear code is a vector subspace of Fy, where Fy is the
finite field with ¢ elements. The dual code C* C Fy, of a linear code
C C Fy, is the orthogonal space to C with respect to the bilinear form
B : Fy xFy — Fy, B(z,y) = Y xsys. This bilinear form allows us to
consider Fy as a metric space.

Generalized toric codes are an extension of toric codes [17], they are
obtained by evaluating polynomials at the algebraic torus (Fy)". Their
metric structure was studied in [27], providing a direct method to compute
the dual code of a generalized toric code and deduce that there exist no
self-dual generalized toric codes. Moreover, J-affine variety codes [15],
which include generalized toric codes as a particular case, have a similar

metric structure. Stabilizer quantum codes with good parameters [12, 13,
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14, 15] and new binary and ternary LCD codes [16] were constructed using
this characteristic metric structure of J-affine variety codes.

Quantum error-correcting codes are essential for quantum computing
since they protect quantum information from decoherence and quantum
noise [29]. Although quantum information cannot be cloned, one can
construct stabilizer quantum codes from self-orthogonal classical codes
[4, 5, 6, 20]. A linear code C is self-orthogonal if C C C*.

A linear code C is called an LCD code (complementary dual code)
if CNnc*t = {0} [23]. LCD codes are used in cryptography [7], they
play an important role in counter-measures to passive and active side-
channel analyses on embedded cryptosystems. LCD codes are also useful
for obtaining lattices [19] and in network coding [3]. It has been proved
in [8] that g-ary LCD codes are as good as linear codes for ¢ > 3. Hence
the study of LCD codes is mainly open for binary and ternary fields.

In this paper we give an affirmative answer to the natural question:
May the metric structure and its applications for gemeralized toric codes
or J-affine variety codes be extended for an arbitrary linear code? To
answer this question the classification of bilinear forms on a vector space
over a finite field is used [1, 9, 10, 11, 18]. We reproduce this classification
in Section 3 providing constructive proofs. The classification of bilinear
forms on vector spaces over finite fields has been already used in coding
theory for self-dual and self-orthogonal codes, originally by V. Pless [24,
25, 26] and subsequent papers.

For an arbitrary linear code, in Section 4, we compute a structure
similar to the one of generalized toric codes, called the geometric de-
composition of a linear code. The results and their proofs are different for
characteristic 2, but they are developed in parallel. The geometric decom-
position of a linear code allows us to extend, in Section 5, the applications
for generalized toric codes: it expresses the dual code of a linear code eas-
ily and gives a method to estimate their minimum distance (extending
the method in [21]). Moreover, we provide a method for constructing
stabilizer quantum codes and LCD codes.

2 Metric structure of generalized toric
codes

Let us introduce generalized toric codes and their metric structure in
this section (see [27]), this family of codes motivated this work, as we
mentioned in the previous section. They are an extension of toric codes,
which are algebraic geometric codes over toric varieties [17]. Let U C
H = ({0,...,q—2})", T = (F;)" and the vector space Fy[U] = (Y" =

Y Y | u = (u,...,ur) € U) C Fg[Ya,...,Yr]. The generalized
toric code Cy is the image of the Fy-linear map

ev:F U] — Fy
f = (f(t))eer

where n = #T = (¢g—1)".



Let B(z,y) = Y xiy: with z,y € Fy. The following result considers
the metric structure of a generalized toric code Cy C Fy and computes its
dual code.

Theorem 1. [2, 27] With notations as above, if u,v € H, then

B(ev(Y™"),ev(Y")) = { ((),1)T i %i 8:

where uw =T+ by, withw € H and b, € ((¢q—1)Z)". Let U C H, v’ = —u
and U' = {u' | w € U}. Then, #U = #U’ and the dual code of Cu is
Cys, where U = H\U' = (H\U)'.

Moreover we can order the elements of H in such a way that the matrix
of B in the basis {ev(Y") | u € H} of Fy has a characteristic form. We
consider first in H the pairs of elements u and u’, with v # u’, such that
u+uw =0 (u+ v is an involution). Finally, we consider the elements
u € H such that u = «’. The matrix N of B in such a basis verifies

1

1

The number of 1’s in the main diagonal of the matrix is 2" if ¢ is odd
and 1 if ¢ is even. Therefore, there are no self-dual generalized toric codes.
The previous basis and the characteristic matrix /N allowed us to obtain
stabilizer quantum codes and LCD codes.

3 Bilinear forms on vector spaces over
finite fields

In this section, we present an introduction to bilinear forms on vector
spaces over finite fields. We refer the reader to [1, 9, 10, 11, 18] for a
deeper discussion of the definitions and results in this section. All proofs
provided are constructive.

A bilinear form over Fy is a bilinear map B : Fy x Fy — Fg. It is said
to be symmetric if B(z,y) = B(y,z) Vz,y € Fy and non-degenerate if

B(z,y) =0Vy e Fy =2 =0,
B(z,y) =0Vz € F; =y =0.

Let B = {z1,...,2n} be a basis of Fy; the associated matrix to B in
the basis B is
B(z1,21) -+ B(z1,zn)
N= : :
B(zn,z1) -+ B(wn,zn)



Namely, if = (1,...,2Zn), Yy = (Y1,...,Yn) in the basis B, one has that
B(z,y) = Ny", where y' is the transpose of y.

From now on, we will consider the metric structure given by the bilin-
ear form B(z,y) = Y., «:ys, which is used to define the dual code of a
linear code. Here and subsequently, Fy will be the vector space over F,
with the non-degenerate symmetric bilinear form B whose associated ma-
trix is the identity matrix. Therefore, B is symmetric and non-degenerate.

Let z,y € Fy, « and y are said to be orthogonal if B(z,y) = 0 and we
denote it xLy. Let U, W be two vector subspaces of Fy, U and W are
said to be orthogonal if Ly for all x € U, y € W. Let U C Fy be a vec-
tor subspace which is direct sum of pairwise orthogonal vector subspaces
Ui,...,Ur, then we say that Fy is the orthogonal sum of Uy,...,U, and
will denote it by Fg = Uy L --- LU,. Let U C Fy be a vector subspace, the
radical of U consists in the vectors of U that are orthogonal to U, that is
rad(U) = UNU*. Let z,y in Fg, they are orthonormal if they are orthogo-
nal and B(z1,21) = 1, B(z2,22) = 1. A vector x € Fy is called isotropic if
B(z,x) = 0, that is, if () C rad({(x)). A vector subspace U C Fy is called
isotropic if B(z,y) = 0 for all z,y € U, that is, if U C rad(U). Every
isotropic space U satisfies dim(U) < L%J An isotropic subspace U C Fy
is called maximal when it is not strictly contained in any other isotropic
subspace. The dimension of all of the maximal isotropic subspaces of a
non-singular space U is the same, it is called index of U.

A vector subspace U C Fy is said to be non-singular if rad(U) = (0),
and singular otherwise. One has that U is non-singular if and only if the
bilinear form restricted to U is non-degenerate. If U C [y is non-singular,
then Fj = ULU" and U™ is non-singular.

Let H C F be a two-dimensional vector subspace, H is said to be a
hyperbolic plane if there exist x1, 2 generating H such that

B(l’l,i‘l) = 0,
B($2,$2) = 0,
B(ah,.rg) =1.

hence, H is non-singular. Both ordered generators x1, x2 are called geo-
metric generators or geometric basis of H.

Lemma 2. Let F; have odd characteristic. Then any two-dimensional
non-singular subspace of Fg which contains an isotropic vector is a hyper-
bolic plane.

Proof. Let x1 be a non-zero isotropic vector. Let y be a vector of the
considered two-dimensional subspace linearly independent to z; and let
T2 = Mx1 + A2y, for A1, A2 € Fq. One has that B(z1,z2) = A2 B(z1,y),
moreover, B(z1,y) # 0 since a plane is non-singular. Therefore, for Ay =
B(z1,y)” ! # 0, one has that B(zy,z2) = 1.

Moreover, B(x2,x2) = 0 if and only if 2\1 A2 B(z1,y) + A3B(y, y) = 0.
Since A2 # 0 and B(z1,y) # 0 one has that if

A = 2By _ —Blyy)
2B(z1,y)  2B(x1,y)?

then z2 is an isotropic vector. O O



Note that the previous result does not hold in characteristic 2 as the
next example shows.

Example 1. Let Fy be a field of characteristic 2. Let x = (z1,x2) €
Fi, x is an isotropic vector if and only if x3 + x5 = 0, that is, if and
only if (xza/x1)? = 1. Hence, (1,1) is an isotropic vector, moreover, only
the vectors generated by (1,1) are isotropic, since we have the Frobenius
isomorphism. Therefore, Fg contains an isotropic vector but it is not a
hyperbolic plane.

We say that a non-singular two-dimensional subvector space E C Fy
is an elliptic plane if it is not a hyperbolic plane and there exist x1, x2
generating E and such that

B(:cl,xl) = 0,
B(xg,am) = 1,
B(JH,.%‘Q) =1.

We call z1, z2 the geometric generators or geometric basis of E.
For instance {(1,1),(0,1)} is a geometric basis of the elliptic plane Fg,
with ¢ even.

3.1 Characteristic different from 2

One has that —1 is a square element in the field F, if and only if ¢ =1
mod 4. A non-zero vector x = (x1,x2) € ]Fg is an isotropic vector if and
only if % 4+ x3 = 0, that is, if and only if (z2/z1)> = —1. If —1 is a square
element in the field, the previous equation has at least one solution and
therefore there exist isotropic vectors. If —1 is non-square element in F,
there is no isotropic vector and therefore ]F§ is not a hyperbolic plane
(neither an elliptic).

In Fy there exist orthonormal bases for the bilinear form B, for in-
stance the canonical basis. For x € Fy one can only obtain a linearly
dependent vector y of z, with B(y,y) = 1, just by multiplying = with the
square root of B(z,x), if B(x,z) is a square element in F,. Therefore, for
a linear variety L = (z) one has that B(z,z) is equal to a® or a®g where
g is a fixed non-square element in F,, moreover, multiplying z by ™' we
can assume that B(x,z) = 1 or B(z,z) = g and then we say that x is
a geometric basis of L. From now on we regard g as a fixed non-square
element in F,.

The following result [28, Section 1.7] is used in Proposition 4 and in
Lemma 5.

Lemma 3. Let a,b,c € Fy be different from zero. Then the following
equation has at least one solution over Fy

aX?+bYi=c¢c

The following result shows whether a non-singular plane is a hyperbolic
plane, that is, whether it contains isotropic elements. And, moreover,
whether it can be generated by two orthonormal elements, when it is not
a hyperbolic plane.



Proposition 4. Let P = (x1,x2) C Fy be a non-singular plane with
B(z1,22) =0, B(z1,z1) = a and B(x2,x2) =b. Ifa =0 or b =0 then P
is a hyperbolic plane. If a # 0 and b # 0, then

e For ¢ = 1 mod 4, P is a hyperbolic plane if and only if b/a is
a square element. When P is not a hyperbolic plane it cannot be
generated by two orthonormal vectors but can be generated by y1,y2 €
Fg such that B(yz,y2) = 0, B(y1,y1) = 1, B(yz,y2) = g, where g is
a non-square element in IFy.

e For ¢ = 3 mod 4, P is a hyperbolic plane if and only if b/a is a
non-square element. When P is not a hyperbolic plane it can be
generated by two orthonormal vectors.

Proof. If a =0 or b =0 then P is a hyperbolic plane by Lemma 2.

Let a 7& 0 and b 7& 0. Let A1, A2 € Fq, B()\1x1 + Aox2, AMix1 + )\sz) =
Ma + A3b = 0 if and only if (A1/X2)? = —b/a. Therefore, there are
isotropic vector in P (and hence P is a hyperbolic plane by lemma 2) if
and only if —b/a is a square element.

For ¢ =1 mod 4, one has that ¢ € F is a square element in F, if and
only if —c is a square element in Fy, since —1 is a square element in F,. Let
Y1 = Aix1 + Aex2, B(yi,y1) = A2a+ A2b. By lemma 3 there exist A\, Ao €
Fy such that B(y1,y1) = 1, since a # 0, b # 0. Let z € P be non-zero and
orthogonal to y1. One has that B(A1y1 + A2z) = A2 4 A%B(z,z). Since
there exist no isotropic vectors in P, —B(z,z) is a non-square element
in F, or, equivalently, B(z,z) is a non-square element in Fy. Therefore,
B(X2z,A22z) # 1, but for a fixed non-square element g in Fq, there exists
A2 € Fy such that for y2 = A2z, and one has that B(y2,y2) = g.

For ¢ = 3 mod 4, one has that ¢ € F; is a square element in F, if
and only if —c is a non-square element in F; since —1 is a non-square
element in Fy. Let y1 = Aiz1 + Aex2, B(y1,y1) = A2a + A2b. By Lemma
3, there exist A1, A2 € Fy such that B(y1,y1) = 1, since a # 0, b # 0. Let
z € P be non-zero and orthogonal to y1. One has that B(Aiy1 + A2z) =
A} 4+ A3B(z, z). Since there exist no isotropic vectors in P, —B(z,z) is a
non-square element in Fy, or equivalently B(z,z) is a square element in
Fq. Therefore, there exists A2 € Fy such that for y» = A2z, one has that
B(y27 y2) =1 O ™

The following result computes an isotropic vector in a non-singular
space of dimension greater than or equal to 3.

Lemma 5. Let U C Fy be non-singular with dimension greater than or
equal to 3, then there exists at least one isotropic non-zero vector in U.

Proof. Let P be a non-singular plane of U and xz; € P, assume that
B(z1,z1) # 0 (in other case 1 is isotropic). By lemma 3 one has that
there exists x2 € P such that B(z2,r2) = —B(z1,x1). Therefore z1+xz2 #
0, B(x1 + z2,21 + z2) = 0 and the result holds. O O

Using the previous results one can prove the following proposition.

Proposition 6. Let U C Fy be a non-singular m-dimensional vector
space. If q is odd, then one can decompose U in the following way:
If m is odd, then



(1) U = HiL---1LHg,_1)2LL, where each H; is a hyperbolic plane
and L is linear subspace of dimension 1.

If m is even, then

the indez o ism/2: U=H;L--- m/2, where each H; is a
2) If the index of U 1 2:U=Hil---1Hy,, h h H; i@
hyperbolic plane.

(8) If the index of U is m/2 —1: U = HiLl--- LH(y_3)/2LL11 Lo,
where each H; is a hyperbolic plane and L1 and L2 are two linear
subspaces of dimension 1.

Proof. Let m be odd. Then one can apply Lemmas 2 and 5 to obtain a
hyperbolic plane H; and therefore one has that U = HlL(Hf‘ NU). In the
same way for H{- N U, one obtains another orthogonal hyperbolic planes.
Iterating this process, one writes U as the orthogonal sum of (m — 1)/2
hyperbolic planes and a linear variety of dimension 1.

In the same way, when m is even, we can apply Lemmas 2 and 5
successively until we compute (m — 2)/2 pairwise orthogonal hyperbolic
planes and a linear variety W of dimension 2. By lemma 4, we may check
whether W contains isotropic vectors and therefore it is a hyperbolic plane
and U is decomposed as the orthogonal sum of m/2 hyperbolic planes,
or on the contrary, it does not contain isotropic vectors and therefore it
may be generated by two orthogonal elements and U is decomposed as
the orthogonal sum of m/2 — 1 hyperbolic planes and two linear varieties
of dimension 1. O |

Note that as a corollary of the previous result, one has that the index
of an m-dimensional vector subspace is equal to (m — 1)/2, if m is odd,
and m/2 or m/2 — 1, if m is even.

3.2 Characteristic 2

In characteristic different from 2, whenever there exists an isotropic vector
in a plane, one has a hyperbolic plane. However, as we have seen in
Example 1, if ¢ is a power of 2, then Fz is a non-singular plane which
contains an isotropic vector but it cannot be generated by two isotropic
vectors.

Another important difference between even and odd characteristic is
that every element of F, is a square element in characteristic 2 (by the
Frobenius isomorphism), while this is not the case in odd characteristic.
Hence, if z is a non-isotropic vector, then one can always find y € (z) such
that B(y,y) = 1 since every element in [} is a square element. Thus, we
may say that y is a geometric basis of L = ().

The following result allows us to compute a basis of the isotropic vec-

tors in [Fy.
Proposition 7. A vector x € Fy, x is isotropic if and only if 31, x; = 0.
The n — 1 wvectors y1» = (1,1,0,...,0), y2 = (0,1,1,0,...,0),..., Yn—1 =
(0,...,0,1,1) form a basis of the vector space S of isotropic vectors in Fy.
Furthermore, S is non-singular if n is odd and singular if n is even.



Proof. One has that x is isotropic if and only if B(x,z) = 0. That is,
Sor 27 =0ifand only if (3, #:)* = 0 or, equivalently, if -7 | z; = 0.
The isotropic vectors of Fy form a vector space. Trivially, one has that

y; is isotropic Vi and that yi,...,yn—1 are linearly independent. Let us
check that {y1,...,yn—1} generates the vector space of isotropic vectors.
Let x = (x1,...,2n) be isotropic, we define then the coefficients of the

linear combination

Al =,
A2 = 1 + 22,

A1 =21+ X2+ + Tp_1.

The last equality follows from z, = > | @i, since x is isotropic. One
has that S* = ((1,...,1)) and the result holds because (1,...,1) € S if
and only if n is even. (] (I

One has that Z:‘__ll Aiyi = (1, 0y Tn—1, Z?:_ll i) = (1, Tn-1,Tn).

As a corollary of this result, we have that Fy with n even, cannot
be decomposed as an orthogonal sum of n/2 hyperbolic planes. Note
the difference between this case and the one when F, is of characteristic
different from 2.

Another consequence of the previous result is that, when n is even, z =
(1,...,1) € Fy is orthogonal to every isotropic vector in Fy. Therefore,
no plane containing z can be a hyperbolic plane and we will have to
consider an elliptic plane for this element. This explains the phenomenum
of Example 1.

Although the following result follows from the previous proposition,
we present a constructive proof that will allow us to compute a geometric
basis.

Lemma 8. If P C Fy is a vector subspace of dimension greater than or
equal to 2, then there exists at least one isotropic vector in P.

Proof. Let z1, x2 be two linearly independent vectors of P that are
non-isotropic. Let y = Aiz1 + A2z, with A1, A2 € Fy. One has that
B(y,y) = MB(x1,21) + \3B(22,72) = 0, if and only if (A1/X2)? =
B(zz,2z2)/B(z1,21). Since in a field of characteristic 2 every element
is a square, one has that for A1 = \/B(z2,z2) and A2 = /B(x1,21), ¥ is
isotropic. O O

The following result shows that any non-singular vector space of di-
mension 2 is either a hyperbolic plane or an elliptic plane.

Proposition 9. Let P C Fy be a two-dimensional non-singular vector
subspace. Then P is a hyperbolic plane if and only if > x; = 0 for all
x € P. If P is not a hyperbolic plane then it is an elliptic plane and it
may be generated by two orthonormal elements.

Proof. Let S C Fy be the vector space of isotropic vectors, there exist
two independent isotropic vectors in P if and only if P C S. One has that
P cC S ifand only if > x; =0, Vx € P by Proposition 7.



Let P C S, then there exist 1, 2 € P isotropic and linearly in-
dependent, therefore A\ = B(z1,x2) is not equal to zero (because B is
non-degenerate). Let y1 = 21, y2 = /\71:c2, one has that yi, y2 are the ge-
ometric generators of a hyperbolic plane, that is, B(y1,y1) = B(y2,y2) =0
and B(yl,yg) =1.

Let P ¢ S, then there exist x1, x2 € P isotropic and linearly inde-
pendent, with z; isotropic and z2 non-isotropic. Let A = B(x1,x2) and
p = B(x2,x2) # 0. One has that y1 = (A" \/R)z1 and y2 = \/p~ 'z, are
the geometric generators of an elliptic plane, that is, B(yi,y1) = 0 and
B(y1,y2) = B(y2,y2) = 1.

Let y1, y2 be the two generators of the elliptic plane P, then 3] =
y1 + Y2, y» = y2 . One has that yi,y5 form a basis of P, since they
are linearly independent. Moreover, B(yi,y1) = 1 and B(yi,y3) = 0,
therefore P can be generated by two orthonormal elements. O O

The following lemma decomposes a non-singular vector space of di-
mension greater than or equal to 3 as the orthogonal sum of a hyperbolic
plane and its orthogonal subspace.

Lemma 10. Let U C Fy be a non-singular vector subspace of dimension
greater than or equal to 8. Then there exists a hyperbolic plane H such
that U = H1U’' where U’ is a non-singular vector subspace.

Proof. By Lemma 8, we can find an isotropic vector x € U and one has
that U = (x) LUy, where U; = (z)> NU. Since U; is a non-singular vector
subspace of dimension greater than or equal to 2, by Lemma 8, there exists
an isotropic vector y € U. Therefore, by Proposition 9, {z,y} generates
a hyperbolic plane H, and U = H1U’, where U' = H- NU. O O

The following result decomposes a non-singular subspace of dimension
greater than or equal to 3 as an orthogonal sum of hyperbolic planes and
a linear subspace of dimension lower than or equal to 2

Proposition 11. Let U C Fy be an m-dimensional non-singular vector
subspace with characteristic of Fq equal to 2. One can decompose U in the
following way:

If m is odd

(1) U = HyLl---LHq,_1y/2LL, where each H; is a hyperbolic plane
and L is a one-dimensional linear subspace.

If m is even
(2) U=HLl---1H,, o, where each H; is a hyperbolic plane.

(8) U=HiL--- LHp, o 11 L11Ls, where each H; is a hyperbolic plane
and L1, L2 are one-dimensional linear subspaces.

Proof. Let m be odd, we can apply lemma Lemma 10 to obtain a hy-
perbolic plane H; and therefore one has that U = H1J_(H1l NU). In
the same way, we can make further computations in Hi" N U to obtain
more hyperbolic planes pairwise orthogonal. Thus, repeating the process,
we write U as the orthogonal sum of (m — 1)/2 hyperbolic planes and a
one-dimensional linear variety.



In the same way, when m is even, we can apply Lemma 10 successively

in order to obtain m/2 — 1 pairwise orthogonal hyperbolic planes and a
two-dimensional linear variety. By Proposition 9, this two-dimensional
linear variety is a hyperbolic plane when every element x in it verifies
>~ x; = 0. Otherwise it can be generated by two orthonormal vectors. [
O

Let U = Fy with n even, then U can only have a decomposition of
type (3), because in Fy there are just n — 1 linearly independent isotropic
vectors (Proposition 7).

4 Geometric decompositions of linear codes

For an arbitrary linear code, in this section we compute a structure similar
to the one of generalized toric codes, called the geometric decomposition
of a linear code.

4.1 Characteristic different from 2

Let Fq be a finite field of characteristic different from 2. Using the previous
results we can write F; as the orthogonal sum of hyperbolic planes and
linear varieties of dimension 1.

We say that Fy has a geometric decomposition of type r,s,t if

Fy=Hil---1H. 1Ll - - 1Lsy

where Hy, ..., H, are hyperbolic planes and L1, ..., Ls+: are one-dimensional
linear varieties, such that each hyperbolic plane is generated by two ge-
ometric generators H; = (z2i—1,%2:), ¢+ = 1,...,7, each linear variety
of dimension 1 is generated by L; = (z2r4i), with B(Z2r4i, Tarys) = 1,
i = 1,...,s, and the other varieties of dimension 1 are generated by
L; = (xorqsti), with B(zarysti, Tartsti) = g, ¢ = 1,...,t, where g is a
fixed non-square element in F,;. One has that {z1,...,2z,} is a basis of
Fy and we say that it is a basis of the geometric decomposition.

Let M be the matrix whose rows are the elements of the basis of the
geometric decomposition, then one has that MM* = J,. s ;. That is, J, s+
is the matrix of B in such a basis, then we have

—_

J’r,s,t = 1

10



where g is a fixed non-square element in F}.

A basis {z1,...,z,} of Fy is said to be a compatible basis with
respect to a decomposition of type r, s,t if each {z2i—_1,x2:}, with
i =1,...,7r, is a geometric basis of a hyperbolic plane, and each x2,i,
with ¢ = 1,...s 4 t, generates a one-dimensional linear variety in such a
way that all of these subspaces are pairwise orthogonal. Or equivalently,
if the matrix of B in such a basis is equal to Jr s ¢.

Let C C Fy be a linear code, we say that C is compatible with a geo-
metric decomposition of type r, s, t if there exists a basis {z1,...,zn}
of Fy compatible with such a decomposition, in such a way that there ex-
ists I C {1,...,n} such that {z; | ¢ € I} is a basis of C.

The following results allows us to compute a geometric decomposition
compatible with a given code in characteristic different from 2.

Theorem 12. Let the characteristic of Fq be different from 2. Any lin-
ear code C C Fy is compatible with at least one geometric decomposition.
Furthermore, there is a computable geometric basis, called standard, com-
patible with C, of type r,s,t with s+t < 4 and t < 2.

Proof. Let C =rad(C)LCi, where rad(C) = (z1,...,21).
We claim that we can compute z1, ..., z; € Fj such that z;, z; are the
geometric generators of a hyperbolic plane and, moreover, the hyperbolic

planes H; = (x;, z;) and C; are pairwise orthogonal. That is, one has that

C'=H Ll - LHLGC,

where C’ contains C and is non-singular. We prove the construction of C’
by induction on [ (this is Theorem 3.8 in [1]).

For | = 0 there is nothing to prove. The subspace Co = (x1,...,21-1)LC1
is orthogonal to x; but does not contain it. One has that z; € Cd‘
but z; ¢ rad(Cy) = rad(Co), therefore there exists y € Ci such that
B(x1,y) # 0. The plane generated by {z;,y} is non-singular, is contained
in C3 and by lemma 2 is generated by a geometric basis H; = (x1, x]).
Since H; C Cy, then CoLH; and Co C Hj*. As the radical of Cy has di-
mension [ — 1, by inductive hypothesis we can find geometric bases {z;, =} }
of H; in Hi*, for i = 1,...,1 — 1 such that they are pairwise orthogonal
and also to Ci, and since they are orthogonal to H; and H; is orthogonal
to C1, the construction of C’ holds.

Therefore, we have C' = Hy L --- LH; 1Cy, where H; = {(x;, z;), with
x} ¢ C. Moreover, C’ is non-singular and one has that Fjj = Hy L -+ LH,; 1C; LC'*.

Since C; is non-singular, by Proposition 6, we can write C; as a sum
of hyperbolic planes and a one or two-dimensional linear space W (if
the dimension of C; is lower than 3 we do not consider any hyperbolic
plane and C; = W). Hence, we have C1 = Hyjy1 Ll - LHy LW, where
Hiyi = (T144,%74).

By Proposition 6, we have 3 different geometries for W

(a) If dim(W) = 1, we write W = (z). Moreover, z is non-isotropic
since B is non-degenerate. We can consider x,,+1 € W such that
B(Zm+1, Tm+1) is equal to 1 (if (B(m+1, Tm+1) is a square element)
or g, where g is a fixed non-square element and W = L1 = (Zm+1).-
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(b) If dim(W) = 2 and W contains some isotropic vector, then W is a
hyperbolic plane and W = Hy,41 = (Tm+1, Tinq1), by Lemma 2.

(¢) If dim(W) =2 and W does not contain any isotropic vector, then
W can be generated by two orthogonal vectors L1 = (Tm41), L2 =
(Tm+2), where W = L1 1 Lo, by Proposition 4.

We decompose C'* in the same way as C; (using Proposition 6) to
obtain
Ct=H|L - 1H ,1W’

Therefore, with notations as above, we have the geometric decompo-
sition of Fy

(a) FP=HyL - LHy L LH{1 - LH,, LW and
C= <m17'"axlaxl-‘rhx;«kh'"axm71’.i’n7$m+1>

(b) F=HyL - LHp Hyy LH{ L LH,, LW’ and
C={(T1,. ., Tl TI41, Ty 15 - Tt ls Trng1)

c =H{l.-- ™ 1 2 , an

() F'=Hyl - LHpnlLy Lo H|1 - LH', LW’ and
C= <$1,...,$l,$l+1,x2+1,...,$m,xin,xm+1,wm+2>

From the construction of the previous basis of Fj and Proposition 4, it
follows that a linear code can be written as the linear subspace generated
by a part of a geometric basis of type r,s,t with s + ¢t < 4, because we
have generated hyperbolic planes until their complement (W and W)
is a linear subspace of dimension lower than or equal to two. We also
have that ¢t < 2 because in the bases of W and W’ there is at most one
element z such that B(x,z) = g. Note that for ¢ =3 mod 4 one has that
t=0. O O

We say that a linear code C given by the generators C = (z1,...,zx) is
given in the standard geometric form if the matrix of B restricted to
Z1,...,Zk is the same matrix as the one of B restricted to the generators
of C of the basis obtained in Theorem 12.

Next example shows a geometric decomposition of Fi? compatible with
the Golay code Gi2 [22], which is a self-dual code.

Example 2. The Golay code Gi2 is a self-dual code over Fs with generator
matriz [22]:

100000 1 1 1 1 1 0
00100000 1 2 2 1 2
g_l0o 1000101222
“fo oo 100210 1 2 2
0000010 2 2 10 1 2
00000 T1 12 2 1 0 2

One has that for Gio C F3?, the standard decomposition of FA* com-
patible with Gi2 is the orthogonal sum of 6 hyperbolic planes, where the
first geometric generator of each one belongs to the code and the second
one does not. The matrix M of a standard geometric decomposition is

12
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A basis of the code are the rows 1,8,5,7,9,11. One has that

Jeoo=MM" =

[ecNeoBeoNeoNoloBoBeoNoRel =
SO OO OO OO OO O
OO OO OO OO, OO0
[eoNeBeleololoBoBoNol S =]
[eoNeNeNoeNoNell S oNoNoNo ol
ol elaBeoloNaoBal = =N iiw]
OO OO OOOOOo OO0
SO O OO OO0 OO
OO OO0 OOoOOo o oo
QOO OO0 O OO0
H O OO0 OoOOoOOoOoOooOo
O OO OO OO0 O oo

4.2 Characteristic 2

Now let Iy be a field of characteristic two. By the results in Section 3 we
can write Fy as an orthogonal sum of hyperbolic planes, one-dimensional
linear varieties and, at most, one elliptic plane.

We say that Fy has a geometric decomposition of type r,s,t if

F' = HyL--- LH 1L 1. LL,, witht=0, or

Fy=HLl---LH 1Ll ---1L,1FE, witht=1

where Hi, ..., H, are hyperbolic planes, L1, ..., Ls are non-isotropic one-
dimensional linear varieties and E is an elliptic plane. Each hyperbolic
plane is generated by two geometric generators H; = (x2i—1,%2:), i =
1,...,r, each one-dimensional linear variety is generated by a geometric
generator L; = (x2,44), ¢ = 1,...,s and the elliptic plane is generated
by two geometric generators, E = (Zn—1,%n) if ¢ = 1. One has that
{z1,...,zn} is a basis of Fy, called basis of the geometric decompo-
sition.

Let M be the matrix whose rows are the elements of the the geometric
decomposition, then one has that MM* = J,s;. That is, J.s; is the
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matrix of B in such a basis.

0 1
1 0
0 1
Jr,s,O - 1 0
1
1
0 1
1
0 1
1 0
J’r,s,l = 1
1
0 1
1 1
A basis {z1,...,z,} of Fy is said to be a compatible basis with
respect to a decomposition of type r, s,t if each {z2i—1,x2:}, with
i=1,...,r, is a geometric basis of a hyperbolic plane; each x2,4+,, with
i =1,...s, generates a one-dimensional linear variety; {Zar+s+1, Tor4st2}

is a geometric basis of an elliptic plane (if ¢ = 1) in such a way that all of
these subspaces are pairwise orthogonal. Or equivalently, if the matrix of
B in such a basis is equal to Jys¢.

Let C C Fy be alinear code, we say that C is compatible with a geo-
metric decomposition of type r, s, ¢ if there exists a basis {z1,...,2,}
of Fy compatible with such a decomposition, in such a way that there ex-
ists I C {1,...,n} such that {z; | i € I} is a basis of C.

The next results allows us to compute a geometric decomposition com-
patible with a given code in characteristic 2.

Theorem 13. Let Fy be of characteristic 2. Any linear code C C Fy is
compatible with at least one geometric decomposition. Furthermore, there
is a computable geometric basis, called standard, compatible with C, of
type r,s,t with s < 4 andt = 0, or, s < 2 and t = 1. A geometric
decomposition with an elliptic plane (s < 2, t = 1) is only possible when
(1,...,1) € rad(C), that is, when (1,...,1) € C and all the elements of C
are isotropic.

Proof. One has that C = rad(C)_LC;. We shall consider two cases, z =
(1,...,1) € rad(C) with n even, and the general case. In this particular
case (z € rad(C) with n even) we consider an elliptic plane because z
cannot belong to a hyperbolic plane, since, as we proved in proposition 7,
there exists no isotropic vector in Fy; orthogonal to z.
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Let z € C, one has that z € rad(C) if and only if all the elements of C are
isotropic, that is, if C C S. For instance, for a self-dual code we consider
an elliptic plane: let C be a self-dual code, one has that z € C = rad(C)
because otherwise the direct sum of C and (z) would be a vector subspace
of index n/2 + 1.

First, we prove the general case and, then, the case (1,...,1) € rad(C)
with n even. Let C = rad(C)LC1, where rad(C) = (z1,...,7;). Let S’ be
equal to S for n odd and to (y1, ... yn—2) for n even, where {y1,...,yn—2,(1,...,1)}
is a basis of S. One has that S’ is non-singular, has dimension greater
than or equal to n — 2 and that rad(C) C S’ (by Proposition 7).

We claim that we can compute 1, ..., z; € Fy such that z;, z; are the
geometric generators of a hyperbolic plane and, moreover, the hyperbolic
planes H; = (x;, z;) and C; are pairwise orthogonal. That is, one has that

C'=Hl---1H1C

where C’ contains C and is non-singular. We prove the construction of C’
by induction on I.

For | = 0 there is nothing to prove. The subspace Co = (x1,...,21-1)LC1
is orthogonal to x; but does not contain it. One has that z; € Cé‘ but
x; € rad(Cq) = rad(Co). Let Cg = (z1,...,2—1) LU. One has that UNS’
is a non-singular vector space that contains x;. Therefore there exists
y € UN S’ such that B(z;,y) # 0, since x; is isotropic. The plane gen-
erated by z;,y is non-singular and is contained in Cg-, so by Proposition
9 it is generated by a geometric basis H; = (x;,x]). Since H; C Cy, then
ColH; and Cy C HZJ‘. As the radical of Cp has dimension [ — 1, by in-
ductive hypothesis we can compute geometric bases {x;,z;} of H; in H i+
for ¢ = 1,...,1 — 1 such that they are pairwise orthogonal and also to
C1, and since they are orthogonal to H; and H; is orthogonal to Ci, the
construction of C’ holds.

Therefore, we have C' = Hy L --- L H; 1Cy, where H; = {(x;,z;), with
x; ¢ C. Moreover, C’ is non-singular and one has that Fj = Hy L -+ LH; 1C 1o+,

Since C; is non-singular, by Proposition 11 we can consider C; as a
sum of hyperbolic planes and a vector subspace W of dimension 1 or 2
(if the dimension of C; is lower than 3 we do not consider any hyperbolic
plane and C; = W). Hence, we have C1 = Hj411l--- LH, LW, where
Hiyi = (T4, Tlyq)-

By Proposition 11 we can have three different geometries for W:

(a) If dim(W) = 1, we write W = (x). Moreover, x is non-isotropic
since B is non-degenerate. We consider zm+1 € W such that B(Zm+1, Tm+1)
isequal to 1 and W = L1 = (zpm41)-

(b) If dim(W) = 2 and W contains two linearly independent isotropic
vectors (or equivalently > x; = 0, for all z € W) then W is a
hyperbolic plane, W = Hy,41 = (Tm+1, Trni1), Dy proposition 9.

(¢) Ifdim(W) = 2 and W does not contain two lines of isotropic vectors
(or equivalently, there exists x € W with > x; # 0) then, by Propo-
sition 9, W is an elliptic plane and it can be generated by two or-
thonormal vectors L1 = (Tm+1), L2 = (Tm+2), where W = L1 1 Lo.
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We decompose C'* in an analogous way to C1 (using Proposition 11)
and we obtain
Ct=H|L .. .1H AW’
With notations as above, we have the following geometric decomposi-
tion of Fy

(a) FZ = H1J_~~~J_HmJ_L1J_H{J_~~-J_H;n/J_WI and
C=(T1,. ., Tl TI41, Ty 15 - - Tmy Ty Tomgl)

(b) FZZL = H1L~--LHmLHm+1LH{L~~~LH;n,LW/ and
C={T1,. Tl TU41, TPy 1s - - Tt s Tog 1)

(¢) Fy =Hil--- 1Hy, 1Ly LLolHL--- LH ,1W’ and
C=(T1, s Tl TI415 Tl 15 - Ty Tomy Tt 15 Tnt2)

From the construction of the previous basis of Fy, it follows that a
linear code C, such that (1,...,1) € rad(C) with n even, can be written as
the linear subspace generated by a part of a geometric basis of type 7, s, t
with s < 4 and t = 0, because we have generated hyperbolic planes until
their complement (W and W') is a linear subspace of dimension lower

than or equal to two which may be decomposed using Proposition 9.

Let us consider z € rad(C), when n is even. Let rad(C) = (z1, ..., 2, 2)
and R = (z1,...,2;). Let Cr = RLCy, since z € rad(Cr) = R, as in the
general case, we can compute zi,...,z; € Fy such that x;, ] are the

geometric generators of a hyperbolic plane and, moreover, the hyperbolic
planes H; = (z;,7;), and C1 are pairwise orthogonal. That is, one has
that

Ch=H1l --1H1C

where Cj contains Cgr and is non-singular.

Since C; is non-singular, by Proposition 11 we can consider C; as a
sum of hyperbolic planes, that is, we have the geometry (b) of the general
case since all the elements of C1 are isotropic. Therefore, we have C; =
Hi1l - LHpy, where Hiy; = (@igi, T144)-

Hence, since all the elements of Cr are isotropic, one has that U,
the direct sum of C;. and (z) can be written in the following way U =
Hil --1Hy,l1l(z). We claim that in Ut there exists a non-isotropic
vector 2’ such that 2’ is orthogonal to Cy and B(z,2') = 1. Let E = (2, 2'),
we have that E is an elliptic plane. Such vector z’ is one solution of the
following linear system with at most n equations and n variables

B(z1,2") =0,
B(z},2") =0,
B(zm,2') =0,
B(z),,2") =0,
B(z7zl) =54
B(Z,7)=1

Therefore, one has that U’ = Hy; 1l --- 1H,,LE is non-singular and
contains C. We decompose U’ using proposition 11 and obtain

Ut=H1...1LH W
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With notations as above, we have the following geometric decomposi-
tion of Fy:

(d Fyp=Hyl---1H,lELH{1---1H ,1W' and
C= <x17' o axl7xl+17$2+17' o ,.’L’m+17$fm+172>

From the construction of the previous basis of Fy, it follows that a
linear code C, such that (1,...,1) € rad(C) with n even, can be written
as the linear subspace generated by a part of a geometric basis of type
r,s,t with s <2 and ¢t = 1, because we have generated hyperbolic planes
in Ut until W’ is a linear subspace of dimension lower than or equal to

two that may be decomposed using Proposition 9. O O

We say that a linear code C given by the generators C = (z1,...,xx) is
given in the standard geometric form if the matrix of B restricted to
r1,...,%k is the same matrix as the one of B restricted to the generators
of C of the basis obtained in Theorem 13.

From Theorem 13 it follows that the standard geometric decomposition
of C =y is of type n/2 —1,2,0 for n even, and (n —1)/2,1,0 for n odd.
The following example shows the geometric decomposition of a self-dual
code in characteristic 2.

Example 3. Let C C FS be the code with generator matriz

1 1.0 0 0 O
G = 11 1 0 1 O
11 1 1 1 1

One has that C is a self-dual code because it has dimension n/2 and
the sum of the coordinates of the generators of the code, that is, the rows
of the generator matriz, are 0 (Proposition 7).

Hence, the standard decomposition is given by 2 hyperbolic planes and
an elliptic plane. In particular, one has that the matric M of a standard
geometric decomposition is

1 1 0 0 0 O
0 1 1 0 0 O
1 1 1 0 1 O
M= 1 1 1 1 0 O
11 1 1 1 1
0 0 0 0 0 1

A basis of the code are the rows 1, 8 and 5 of the matriz M, which in
this case form the same basis as we have previously considered. The geo-
metric decomposition obtained is FS = Hi LHo L E. That is, a geometric
decomposition of type 2,0,1, hence

Jo2,01 =

N eNeBell =
[N eNoloNoll S
oo = O OO
oo o~ OO
O OO oo
== 0 00O
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The following example illustrates how to deal with an elliptic plane
when (1,...,1) € rad(C).

Example 4. Let C be the linear code over Fo with generator matriz

1 1 0 O
G= ( 0 0 0 1 )

Letx1 = (1,1,0,0) and 2 = (0,0,0,1). One has that x1 is an isotropic
vector and that x2 is mon-isotropic. Let 7 = (0,1,1,0), one has that
x1,T) are a geometric basis of an hyperbolic plane Hy = (x1,x) which is
orthogonal to x2. An orthogonal vector to H1 and linearly independent to
z2isy = (1,1,1,1). One has thaty is isotropic and y, x2 form a geometric
basis of an elliptic plane. However, we can consider rs = T2 +y =
(1,1,1,0) in such a way that Ly = (x2) and Ls = (xz3) are two non-
isotropic linear varieties. Therefore, one has a geometric decomposition
of F3 compatible with C of type 1,2,0, given by Fa = Hy L L1 1 Lo.

5 Linear codes and bilinear algebra

Since we have proved that a linear code is compatible with a geometric
decomposition for arbitrary characteristic, from now on, we will work over
an arbitrary positive characteristic.

Let {z1,...,2n} be a geometric basis of a geometric decomposition of
type r,s,t. Let i € {1,...,n}. We define i’ as

e i+ 1if x; is the first generator of a hyperbolic plane H,
e i — 1if z; is the second generator of a hyperbolic plane H,
e i if x; generates a one-dimensional linear space L,

e i+ 1if x; is the first generator of an elliptic plane E.

We do not define i when z; is the second geometric generator of an
elliptic plane, because we only consider geometric decompositions with at
most one elliptic plane E and where only the first generator of £ belongs
to the code. In the case where both geometric generators of the elliptic
plane E belong to the code, by Proposition 9, we consider two orthonormal
generators of linear subspaces L (as in Example 4).

For I Cc {1,...,n} wedefine I’ ={i' |i€ I} and I+ = {1,...,n}\ I’
In this way we can compute the dual code of a linear code using the
following result. Note that this result extends Theorem 1 for an arbitrary
linear code.

Theorem 14. Let C be a linear code with geometric decomposition of type
r,s,t given by the basis {x1,...,xn} of Fy. Let I C {1,...,n} such that
C={x; |i€I). Then the dual code of C is C* = (x; | i € I*).

Proof. From the matrix J.,: of the bilinear form B in the geometric

basis it follows that (x;)" = (z; | j # 4'). Therefore, C* = (z; | j ¢ I') =
(zi | i€I). O O
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Let C be a linear code of dimension k with a geometric decomposition
of type r,s,t given by the basis {z1,...,z,} of Fy and I C {1,...,n}
such that C = (x; | ¢ € I). Furthermore, let M be the n x n-matrix
whose rows are the elements of the basis {x1, cey mn}, then one has that
MM" = J. s+ Let M(I) be the k x n-matrix consisting of the k rows
given by I, then M (I) is a generator matrix of C. In the same way, M(I')
is a control matrix of C, that is, M (I*) is a generator matrix of the dual
code C*+ of C.

Example 5. Consider the Matrizc M given in Example 8 and the geo-
metric decomposition of type 2,0,1 given by the rows of the matriz M,
{z1,...,26}. One has that F$ = Hy L H> L E.

Let I ={1,2,3} andC = (z; | i € I). By Theorem 14, the dual code of
Cis (x; | i € I, where I' = {2,1,4} and I = {1,...,6}\I' = {3,5,6}.

We have only considered an elliptic plane at the geometric decom-
position when the first geometric generator of the elliptic plane belongs
to the code and the second one does not. Its motivation rests on the
following fact: if z; is the second generator of an elliptic plane, then
()" = (x; | j #4,i—1) + (xi + xi_1), but 2; + x;_; is not an element
of the basis of Fy; considered.

5.1 Stabilizer quantum codes

Stabilizer codes can be constructed from self-orthogonal classical linear
codes using the CSS construction (due to Calderbank, Shor and Steane
[6, 29]).

Theorem 15. [6, 20] Let C be a linear [n, k, d]q error-correcting code such
that C C C*. Then, there exists an [[n,n — 2k, > d*]], stabilizer quantum
code, where d+ denotes the minimum distance of C*.

If we have a geometric decomposition, we can easily check whether
a linear code is self-orthogonal and construct a quantum code using the
CSS construction.

Theorem 16. Let C be a linear [n,k,d] code with geometric decompo-
sition of type r,s,t given by the basis {x1,...,xn} of Fy. Consider
Ic{l,....,n} such that C = (x; | i € I). Let I C I, then there ex-
ists an [[n,n — 2k, > d*]], stabilizer quantum code.

Proof. By Theorem 14, the dual code of C is C* = (z; | ¢ € I*). Thus
if I C I, the code C is self-orthogonal and, by Theorem 15, the result
holds. O O

Example 6. Consider the Matriz M given in Ezample 3 and the geo-
metric decomposition of type 2,0,1 given by the rows of the matriz M,
{z1,...,x6}. One has that FS=H,1H,1E.

Let I = {1,3} and C = (x; | i € I). Then I' = {2,4} and I+ =
{1,...,6}\I' ={1,3,5,6}. By Theorem 16, we can construct a stabilizer
quantum code from C since I C I™.
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The technique given in the previous result was used in [12, 13, 14, 15]
to compute stabilizer quantum codes of J-affine variety codes (and toric
codes). Theorem 16 shows which codes, with a geometric decomposition
as in section 4, can provide stabilizer quantum codes. That is, one can
extend the method in [12, 13, 14, 15] for an arbitrary family of codes.
Algebraic-geometric codes will be considered in future works. Moreover,
an analogous CSS construction also holds for Hermitian duality when the
classical code C is defined over F 2. The Hermitian metric structure will
be studied in future works as well.

5.2 LCD codes

LCD codes are linear codes whose radical is equal to zero [23], that is, C
is LCD if C N C*t = {0}. If we have a geometric decomposition, we can
easily check whether a linear code is LCD.

Theorem 17. Let C be a linear code with geometric decomposition of type
r,s,t given by the basis {x1,...,xn} of Fy. Let I C {1,...,n} such that
C={x; | i €1I). One has that C is LCD if and only if IN T+ = 0.

Proof. By Theorem 14, the dual code of C is C* = (x; | i € I"). Thus,
INI*+ =0 if and only if C N C*t = {0}. O O

Example 7. Consider the Matriz M given in Example 3 and the geo-
metric decomposition of type 2,0,1 given by the rows of the matriz M,
{z1,...,26}. One has that F§ = Hy L H> | E.

Let I ={1,2,3,4} and C = {(z; | i € I). We have that I' = {2,1,4,3}
and I ={1,...,6}\I' = {5,6}. By Theorem 17, C is an LCD code since
Inr-=4g.

The tecnique given in the previous result was used in [16] to compute
new LCD codes from J-affine variety codes (and toric codes). Theorem
17 shows which codes, with a geometric decomposition as in section 4, are
LCD. In the same way as for quantum codes, one can extend the method
in [16] for an arbitrary family of codes. LCD codes coming from affine
variety codes will be considered in future works.

5.3 Minimum distance of a linear code

The following result extends [21, Proposition 1] and [27, Proposition 8] of
generalized toric codes for arbitrary linear codes.

Theorem 18. Let C be a linear code of dimension k with geometric
decomposition of type r,s,t given by the basis {x1,...,zn} of Fy and
ICA{l,...,n} such thatC = (x; | i € I). Let M be the n X n-matriz such
that MM"' = J, s, where a generator matriz of C is M(I) and M(I,J)
is the submatriz of M corresponding to the rows of I and columns of J,
i.€. M(I, J) = (mi’j)ie[’jej.

(a) Let d be the lowest positive integer such that for every set J C
{1,...,n} with #J = n —d + 1 there exists some K C J with
#K =k such that det M (I, K) # 0. Then the minimum distance of
C is d.
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(b) Let d be the largest positive integer such that for all J C {1,...,n}
with #J = d — 1 there emists D C I+ with #D = d — 1 such that
det(D, J) # 0. Then the minimum distance of C is d.

Besides, both previous ways of computing the minimum distance are
equivalent.

Proof. (a) One has that the minimum distance of a linear code is d if
for any n — d + 1 columns of a generator matrix there exist k linearly
independent columns and there are n — d columns that do not contain &
linearly independent columns. A generator matrix of C is M (I), hence
the minimum distance of C is the greatest positive integer d such that any
n —d+ 1 columns of M(I) contain k linearly independent columns, and
the result holds.

(b) One has that the minimum distance of a linear code is d if any
d—1 columns of a control matrix are linearly independent and there exist
d linearly independent columns. A control matrix of C is M (I*), hence
the minimum distance of C is the largest positive integer d such that any
d — 1 columns of M (I*) are linearly independent, which is equivalent to
the fact that for every J C {1,...,n}, #J = d — 1, there exists one minor
M(I*,J) of size d — 1 whose determinant is different from 0, and the
result holds.

The equivalence between these two results is clear because both com-
pute the minimum distance of a linear code C and, moreover, both ways
of computing the minimum distance are dual. In order to prove it we use
Pliicker geometry.

Let M be the matrix whose rows are the elements of the basis {x1,...,2n}
of Fg, that is, the matrix of the linear transformation from the canonical
basis {e1,...,en} into {x1,...,2n}, N = {1,...,n} and M* the matrix
of the linear transformation from the canonical basis {e],...,ey} into
{z1,..., 25} Therefore, za A -Awp =37, det(M(L, K))ej, A---Nejy,
where K = j1,...,jk. Since MM" = J, s+, one has that M* = J, s M.

Let ((x1 A+ Azk) =xp 1 A+ Az, Then

rnnm)= 3 det(M (NN LN\ K)e A A e,
Ji €EN\K

but since ( is linear, one has that {(x1 A -+ Axg) =

> det(M(I,K))C(ejy A Aey) = Y det(M(I,K))ej, A+ Nej,

Ji€K Ji€eK

Hence one has that det(M (I, K)) = det(M*(N\I,N\ K)) =
det(Jy s e M(N\ I, N\ K)) = det(M(I'\ I',N \ K)) = det(M(I*,N \
K)). O O

In [21, Proposition 1], which is extended by the previous result, the
structure of Vandermonde matrix in several variables of the generator
matrix of the generalized toric code is used to compute explicitly the
minimum distance of two families of codes. For an arbitrary linear code we
do not have such an structure and the previous result is not a priori useful.
However, the geometric decomposition of a linear code may give rise to

21



the explicit computation of the minimum distance of certain families of
linear codes. This will be studied in future works.
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