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1 Introduction

The geometric construction of error correcting codes goes back to Reed-Solomon and Goppa for curves and to
Reed-Muller for affine or projective spaces. In this work, we focus on evaluation codes from algebraic surfaces
whose construction works as follows. Given X an algebraic surface over F; and D a (Cartier) divisor on X, we
denote by X (F,) the set of rational points of X and by H°(X, D) the space of global sections of the divisor D. The
associated evaluation code is the code whose codewords are the evaluations of the functions of H°(X, D) at the
points of X (Fy) (see definition 3.1). The length of such a code is thus #X (F,), the dimension is dim (H°(X, D))
(at least if the evaluation map is injective) and the third invariant, the minimum distance, is more difficult
to control. It is related to the maximum of rational points that can contain a curve in the linear system |D|
(proposition 3.2). The lower this maximum, the better is the minimum distance.

The well known Reed-Muller code of degree d for the projective plane P? over F, is a nice example. Its
codewords are the evaluations of the homogeneous polynomials of degree d at the rational points of P?(F,). In
the geometric setting above, this is the ewvaluation code associated to the algebraic surface P2, the divisor d¢
where £ denotes any line, and the whole set of rational points PQ(Fq). Its parameters are well known when ¢ > d:
the length is the number of rational points #P?(F,) = ¢® + ¢ + 1, the dimension is the dimension of the space of
global section dim (H°(P2,d()) = (*+?), and the minimum distance is ¢(¢ — d + 1). This minimum distance can
be written (¢% + ¢+ 1) — (1 4+ dq) and (1 + dq) is nothing else than the maximal number of rational points of a
curve lying in the linear system |d¢| (i.e. the set of plane curves of degree d). In fact, this is the number of points
of the union of d lines of P? meeting at one point. The existence of this kind of extremely reducible curve over F,
impacts negatively the minimum distance, since they contain too many rational points. Among other things, this
is why evaluation codes associated to more general algebraic surfaces have been considered.



One can distinguish several strategies in the literature to get rid of reducible curves with many components in
the linear system. The idea of Couvreur | ] is to work with sublinear systems of P? by adding constraints
that remove the very reducible sections. In fact by choosing carefully the sublinear system, this kind of sections
is no longer defined over the base field, but only over an extension. The number of rational points of irreducible
curves that are not absolutely irreducible may fail drastically. In the preceding example of the d intersecting lines,
if they are not defined over F, but only conjugate over F,, then one can easily convince ourselves that their union
only contains one rational point, their meeting point. Some other examples can be found in Edoukou | ] or
Couvreur & Duursma | ].

Following Zarzar | ], another fairly repeated strategy is to concentrate on surfaces whose (arithmetic)
Cartier class group is free of rank 1. Indeed, this is a natural way to overcome the difficulty of the existence of
(very) reducible sections in the linear system |D|. Little and Schenck | ] have studied anticanonical codes on
degree 3 and 4 del Pezzo surfaces having rank 1. In our previous work | ], we could say that we fill a
gap in the study of algebraic geometric codes constructed from del Pezzo surfaces of rank 1. Let us remark that,
even if the elements of the linear system |D| are all irreducible, some of them may be absolutely reducible. As in
the example of conjugate lines, it is expected that these configurations do not contain too many points but this
requires a proof.

In this work, we continue the investigation of codes constructed from del Pezzo surfaces. We do not restrict
ourselves to rank one surfaces but above all we consider more general surfaces, that is non ordinary weak del Pezzo
surfaces. As ordinary del Pezzo surfaces, non ordinary weak del Pezzo surfaces admit a blowing-up description; in
the ordinary case, the points that are blown up are in general position but in the non ordinary case, they are only
in almost general position (three points can be colinear and six points can be conconic). The main consequences
of these weaker hypotheses on the configuration of points are twofold. First, the surface contains —2-curves (and
not only —1-curves). Secondly, the anticanonical divisor is not ample anymore but only big and nef and the
anticanonical model is singular with rational double points.

In a concomitant work [ ], we have computed explicit models for all the arithmetic types of weak del
Pezzo surfaces of degree at least 3 over a finite field (these types lead to a classification that is coarser than the
isomorphism one but that permits to distinguish the main arithmetic properties of the weak del Pezzo surfaces).
Taking advantage of this knowledge, we select eight types of (non ordinary) weak del Pezzo that are well suited
for coding applications. More precisely, we consider X a (smooth) weak del Pezzo surface of degree d over F,
and we denote by X its (singular) anticanonical model; this is the image of the surface X by the morphism ¢
associated to —K x the anticanonical divisor of X. Since —Kx is not ample, the surface X is singular with a
finite number of rational double points. We study the evaluation code associated to the (singular) surface X,
the Cartier divisor —Kx_, = ¢.(—Kx) and the whole set of rational points of X, (definition 4.1). Except for
small values of ¢, this code has length n = #X,(F,), dimension £ = d + 1. The last invariant, the minimum
distance dpyin, is much more subtle to control and requires preparatory calculations.

Before going into details, let us discuss the advantages and disadvantages of considering such weak Del Pezzo
surfaces. In the process of construction of a del Pezzo surface, there are blowing-up and blowing-down. The
blowing-up may add rational points and thus may increase the length. The blowing-down permits to contract
some lines and thus decreases the types of reducible configurations. Since the anticanonical model is no longer
smooth, besides the exceptional curves some other curves, in fact the effective roots, can be contracted. If these
curves are components of the most reducible sections of the anticanonical divisor on the weak del Pezzo, the
parameters of the code could be improved. This is the positive aspect of considering anticanonical model of weak
Del Pezzo surfaces. But we should also mention a negative one: because of the singularity of X, the notions of
Cartier and Weil divisors are not equivalent and this makes it difficult to calculate the minimum distance dp;, as
we will see below.

The computation of d,;n reduces to compute the number:

Ny (=Kx,) = max {#C(F) | C € |-Kx,

}.

Since every curve of the linear system |—Kx,| is of arithmetic genus 1 (adjunction formula), all its absolutely
irreducible curves have a number of rational points which is bounded above by the classic:

N,(1) = max {#C(F,) | C absolutely irreducible, smooth, genus 1, curves over F,}.

By the Weil-Serre bound, we know that N,(1) < ¢ + 14 [2,/q]; in fact, except for very special values of ¢, the
Weil-Serre bound turns to be sharp:

N, (1) = q+ (24 if ¢ =p° e>5,eodd and p | [2,/q],
7 1+ 1+ (2yg]  otherwise
(I , Chap 2, Th 6.3]). Anyway, this bound does not permit to control the number of rational points of

reducible or absolutely reducible curves of |[—Kx_|. Due to the singularities of X or more specifically to the
difference between the Cartier or Weil divisors or class groups, the expectation that irreducible, but absolutely



reducible curves in the linear system do not contain too many points is more difficult to verify. Even if the Cartier
class group CaCl(X;) is free of rank 1, generated by —Kx_, this does not mean that the curves of the linear
system |—Kx_| are all irreducible since they can decompose in the Weil class group Cl(Xj;), that is into a sum of
WEeil irreducible divisors that are not Cartier divisors. To overcome this difficulty, we took fall advantage of the
fact that in the context of weak del Pezzo surfaces, explicit models of all the class groups can be computed. This
permits us to accurately measure the difference between the Cartier and the Weil divisors. This step uses some
basic methods on lattices computations. Then to explicitly compute the maximum N, (—Kx,), we list all the
kinds of decompositions into irreducible components that may appear in the linear system |—Kx_|. In general,
this can be a difficult issue but in our context this task is greatly facilitated by the fact that all the considered
surfaces are blowing-up and down of the projective plane: as explained in Hartshorne’s classic [ , Chap V,
beginning of §4 & Remark 4.8.1], we are brought back to the study of some sub-linear systems of plane curves.

We choose examples that illustrate the variety of situations that may occur. In the column CaCl(X,) — Cl(X)
in the tabular below, we see that the Cartier class group CaCl(X) always embeds in the Weil class group Cl(X5),
and via this embedding CaCl(X;) may be equal to C1(Xy), or of finite index into Cl(X;), or of positive co-rank
into C1(X). Note also that the lattice CaCl(Xy) is always free, whereas Cl(X;) may have a torsion subgroup. In
the column N, (—Kx,), one can see that this is not always the absolutely irreducible curves of the linear system
that contains the maximum of rational points. Only a case-by-case proof and a carefully study of all the geometric
properties permits to estimate the three invariants [n, k, dnin] that are contained in the last column.

Deg. | Sing. | CaCl(X;) — CU(X) | Ny (—Kx,) | [n, k, dmin)
§4.2 | 6 Ay |2Z—Z 2¢+1 [* +1,7,¢* — 2q]
§4.3 | 5 2A, |Z®2Z—Z®Z |2¢+2 [ +q+1,6,¢>—q—1]
§4.4 | 4 A, |Z~7Z < N,(1) (> —q+1,5,>¢*>—q+1—Ny(1)]
§4.5 | 4 4A |Z—~ZDZ)2Z < N, (1) (> +1,5,> ¢* +1— Ny(1)]
§4.6 | 4 Ay |Z~17Z < N,(1) [ +1,5,> ¢>+1— N,y(1)]
64.7 | 4 Ds |4Z — Z 2¢+1 [*+q+1,5,¢* — q]
§4.8 |3 A, |Z~7Z < N, (1) [?+1,4,> ¢* +1— Ny(1)]
§4.9 | 3 3A; |Z—Z®Z/3Z < N, (1) (> +q+1,4,> ¢ +q+1— Ny(1)]

In the tabular above, the inequality N, (—Kx,) < N,(1) means that the curves of the linear system |—Kx_| that
contain the maximum number of points are the absolutely irreducible ones. They are all of arithmetic genus 1,
but it may happen that none of these curves is maximal (i.e. has a number of rational points equal to N,(1)).
This is why in these cases, one can only give an upper bound for N, (—Kx,) and thus a lower bound for dpmixn.
It turns out that we recover two examples of Koshelev | ] (§4.5 and 4.9), where he proved that the linear
systems cannot contain a maximal genus one curve for certain finite fields. This permits to increase the lower
bound of the minimum distance by one over these fields.

All the presented codes can be easily constructed using a mathematics software system. On the second author’s
webpage, we put a magma program that permits to construct all our codes.

2 Generalities on weak del Pezzo surfaces

Let k be a finite field (most of the results remain true on any field), k its algebraic closure, I' = Gal(k/k) its
absolute Galois group and let o be the Frobenius automorphism.

In this section, we recall the classical properties of del Pezzo surfaces. In particular, we focus on the specificities
of non ordinary weak del Pezzo surfaces compared to the ordinary ones. The essential references for the content
of this section are the book of Manin [ ] or the more recent one of Dolgachev | , 88].

2.1 Ordinary versus non ordinary weak del Pezzo surfaces

There are several definitions of a del Pezzo surfaces, even in the Dolgachev’s classic | J; let us start with the
definition 8.1.18 of this book.

Definition 2.1. A smooth projective surface X is a weak del Pezzo surface if its anticanonical divisor —K x

(i) big, which means that K2 > 0,

(i) and nef, which means that (—Kx) - D >0 for any effective divisor D on X.



The self-intersection K2 is the degree of the del Pezzo surface X .

Thanks to the Nakai-Moishezon criterion [ , Chap V, Theorem 1.10], these kinds of surfaces are divided
into two cases:

(i) either the inequalities in (i) are all strict ((—Kx)-D > 0): the anticanonical divisor is thus ample and we
say that the del Pezzo surface is an ordinary one;

(ii) or there exists an effective divisor D such that (—Kx)-D = 0: the anticanonical divisor is not ample and
we say that the del Pezzo surface is a non ordinary one.

These properties have consequences on the negative curves on X, those whose self-intersection is negative.
Indeed, let C' be an absolutely irreducible curve on X of arithmetic genus v(C). By adjunction formula, we know
that C2 = 2y(C')—2+C-(—Kx) and since v(C) > 0 and C-(—Kx) > 0, we deduce that C*2 > —2. Thus, negative
curves on X have self-intersection —2 or —1. Moreover C'? = —2 if and only if v(C) = 0 and C - (-Kx) = 0;
this means that only non ordinary del Pezzo surfaces can contain (—2)-curves. We also prove the same way that
(—1)-curves on weak del Pezzo surfaces must have arithmetic genus equal to 0. This motivates the following
definition which deals with negative curves but also divisor classes of curves.

Definition 2.2. Let X be a weak del Pezzo surface over a field k, let X = X ®Fk be its extension to the algebraic
closure k and let C1(X) denote the divisor class group of X.

(i) A divisor class D € C1(X) is an exceptional class if D'?> = D-Kx = —1; an absolutely irreducible curve C
on X whose class is exceptional is an exceptional curve.

(ii) A divisor class D € CI(X) is a root if D? = —2 and D - Kx = 0; a curve C on X whose class is a root is
an effective root and if such a curve is absolutely irreducible then C is called a (—2)-curve.

It is well known that the geometry of weak del Pezzo surfaces depends to a large extent of these negative
curves. For example, if X is a weak ordinary del Pezzo surface then all the exceptional classes are the classes
of a (unique) exceptional curve and no root is effective. On the contrary, if X is weak non ordinary del Pezzo
surface then some exceptional classes may be represented by reducible curves and some roots are effective. These
differences of behaviours appear naturally in the blowup description of the generalized del Pezzo surfaces.

2.2 The blow-up model

Over k, every del Pezzo surface can be obtained by a sequence of blowing ups starting from the projective plane P2.
This description makes most of the invariants of the surface very explicit.

Recall that if 7 : Y — X is the blowing up of a smooth surface X at a point p, with exceptional divisor F,
then C1(Y) = n* C1(X)®ZE, the intersection pairing on Y satisfying E? = —1, 7*D-E = 0 and n*D-7*D’ = D-D’
for all divisors D and D’ of X (the blowing up is an isometry for the intersections pairings). Moreover Ky =
T Kx + FE.

We recall that r < 8 points in P2(k) are said to be

e in general position if and only if no three lie on a line, no six lie on a conic, and there is no cubic through
seven of them having a singular point at the eighth;

e in almost general position if and only if no four lie on a line and no seven lie on a conic.
Del Pezzo surfaces can always be described as follows | , Th 8.1.15].

Theorem 2.3. Let X be a generalized del Pezzo surface over k and let X = X ® k its extension to k. If X is of
degree d, with 3 < d < 6, then X is the blowing up of P2 at r =9 —d points p1,...,p, in almost general position;
more precisely X results in r successive blowups 7y, ..., Tp:

X5 X, — - — Xy =5 X :=P2
where p; € X; are in almost general position.

Let Ep be the class of a line in P2 and let E1, ..., E, be the exceptional curves at each stage. Then the divisor
class group of X with its intersection pairing can be easily described:

Cl(Y) = ZEO D ZE1 D---D ZET Mat (, - (Ez)()fvﬁr) = Dlag(l, 71, ey 71),

where Diag denotes the diagonal matrix. This also gives explicitly the canonical class:

Kx=-3E + Y E;. (1)
i=1
The negative classes can be expressed in terms of the basis Eo, F1, ..., E, | , §8.2].



Name Exceptional classes F Roots R

Conditions E?=-land E-(—Kx)=1 R?=-2and R-Kx =0

Expression E; te{l,...,r} | Rij = E; — Ej, {i,5} cA{L,...,r}

in terms of the Ez Eij :E()—Ei—Ej7 {Z,j} C {17...,7’} Rijk :Eo—Ei—Ej —Ek7 _Rijk
Ejy.iy = 2B — Y0, Ej, {i,5,k} C{1,...,7}

{il,i2,i3, i4,i5} C {1, A ,T’} Rir“ie =2Fy — Z?:l Eij’ 7R7l1---1'6
{i1,12,13,%4,15,%6} C{1,...,r}

We note that, in the notation E;;, the indices are unordered (which leads to (g

are ordered in the notation R;; since Rj; = —R;; (which leads to 2(}) possibilities).

Not all these divisor classes are effective and the effectiveness of certain of these classes differentiate some
types of Del Pezzo surface.

e In the ordinary case, each exceptional class of divisor is represented by a unique irreducible curve. Either it
is one exceptional curve E; for some 1 < i < r or the strict transform of the line of P? passing through p; and p;
for the class E;; or the strict transform of the (unique) conic of P? passing through the p;,, ..., pi. for Ei iyigisis-
Their intersection graph is an important invariant of the ordinary Del Pezzo surfaces; figures of these graphs
for 3 <r <5 can be found in Manin | , §26.9] or in Dolgachev | , §8.6.3, Figure 8.5]. As for the root
classes, no one is effective.

e In the non ordinary cases, where the points are no longer in general position but only in almost general
position, the exceptional divisors are still effective but not necessarily represented by irreducible curves anymore.

For example, if py, po, p3 are collinear then the root Ri23 becomes effective since it is the class of the strict
transform of the line passing through p1, p2, p3 and the four exceptional classes F1s, E13, Fa3, F12345 are represented
by reducible curves since

) possibilities), whereas they

E19 = Rya3 + E3, Ei3 = Ryo3 + Eo, Ey3 = Rio3 + Ey, Ei9345 = Rig3 + Eys.

In this case, all other exceptional divisors are still represented by irreducible curves.

Another simple example: if po is chosen to be on Ey, ps = p1, then the root F; — E5 becomes effective since it
is the strict transform of E;. The exceptional classes £; and Eq; j # 1,2 are no longer represented by irreducible
curves.

In general, a result of Demazure states that exceptional divisors that are represented by irreducible curves are
characterized by the fact that they intersect non negatively (> 0) all the irreducible roots | , Proposition 5.5].

Another general result states that the set of irreducible roots (the effective classes represented by an irreducible
curve) is necessarily a free family in C1(X ®F,) (see loc. cit.). In particular, there are at most r effective irreducible
roots. The lattice generated by the effective roots plays a crucial role.

Definition 2.4. Let X be a generalized del Pezzo surface over k and let X = X ® k be its estension to k.
We denote by % the sub-lattice of C1(X) generated by the effective roots and by % sub-lattice of Cl(X) defined

by%’z@r.

Following Coray and Tsfasman (see loc. cit.), an important invariant of a weak Del Pezzo surface is the graph
of negative curves, which is an analog of the intersection graph of the exceptional divisors/curves introduced above
in the ordinary case. To take into account the fact that the surface may be non ordinary, the set of vertices is
modified: the vertices corresponding to reducible exceptional divisors are cancelled, while vertices corresponding
to effective and irreducible roots are added.

2.3 The anticanonical model X,
2.3.1 The morphism induced by the anticanonical divisor —Kx

Let X be a del Pezzo surface of degree d, with 3 < d < 6 and whose canonical divisor is denoted by Kx. In the
ordinary case, the anticanonical divisor —K x is known to be very ample and it induces a projective embedding
of X into P4 =P(H(X,—Kx)) (see §3.1 for a review about the space of global sections of a divisor) In the non
ordinary case, the anticanonical class —K x is no longer ample but its linear system remains base point free and
gives a morphism from X to a projective space:

Definition 2.5. Let X be a weak del Pezzo surface of degree d, with 3 < d < 6. The image (X)), where ¢ :
X —-P (HO(X, —KX)) = P? is the projective morphism associated to the anticanonical divisor —Kx is called
the anticanonical model of X and is denoted by Xs;. We put Kx, = p.(Kx).

This kind of del Pezzo surface corresponds to the definition 8.1.5 in Dolgachev | ]. The fifth talk of
Demazure | , Exposé V] on del Pezzo surfaces contains all the main properties of this anticanonical model.

Proposition 2.6. The morphism ¢ satisfies:



(i) it is not a projective embedding (since —Kx is not ample) but the image X is a normal surface whose
singularities are rational double points;

(i1) it is the minimal desingularization of X, it contracts all the irreducible effective roots on X into the singular
points and nothing else;

(1ii) the Weil divisor Kx, = v«(Kx) is a Cartier divisor of Xs which satisfies o*(Kx,) = Kx;

For each singularity, the exceptional divisor of its minimal resolution is a sum of irreducible effective roots (R;)
with R; - R; € {0,1} for any 7 # j. As usual in the ADE classification of rational double points, we describe the
type of a singularity by its dual graph: its vertices correspond to the above roots, and there is an edge between
the two vertices when the corresponding roots meet. In the examples below, the types of rational double points
that appear correspond to the graphs:

° P Py Py Py Py Py

A, A, D; J

As mentioned in the last item, since the anticanonical model of a non ordinary weak del Pezzo surface is not
smooth but only normal, a Weil divisor may not be Cartier and the class groups of Cartier or Weil divisor may
differ.

2.3.2 Cartier versus Weil divisors and class groups

Let X be a normal surface; let k(X) be its field of rational functions and Ox its structural sheaf. We need to
review some general facts about divisors in such surfaces (see Liu | , §7.1 & 7.2] for more details).

e A prime Weil divisor X is a prime closed sub-variety of codimension 1 and the group of Weil divi-
sors WDiv(X) is the free abelian group generated by prime Weil divisors. A Weil divisor D can be written ), n;C;
where the C;’s are irreducible curves on X and where the n; are integers of which only a finite number are non
zero. Such a divisor is said effective if n; > 0 for all 7. Since X is normal, it is regular in codimension 1 and
to each rational function f € k(X), one can associate a Weil divisor (f) which is called principal. The set of
principal divisors is a sub-group of WDiv(X).

e A Cartier divisor, or a locally principal divisor D is a global section of the sheaf k(X)*/O%; it consists
in a collection (Uj, f;)icr where (U;);er is an open covering of X and where the f;’s are rational functions such
that the quotients f;/f; have neither zeroes nor poles on U; N Uj, i.e. such that f;/f; € O%(U; NU;). Two
collections (U;, f;)ier and (Vj,g;)jer represent the same Cartier divisor if on U; N'Vj, the functions f; and g;
differ by a multiplicative factor in O% (U; N'V;) for every i,j. The set of Cartier divisors can be turned into an
abelian group which we denote by CDiv(X). A Cartier divisor is called effective if it can be represented by a
collection (U, f;) with f; € Ox(U;) for every i. A principal Cartier divisor is represented by a collection (X, f),
where f € k(X)*. The set of principal divisors is also a sub-group of CDiv(X).

e To each Cartier divisor D one can associate a Weil divisor and this correspondence induces a group ho-
morphism CDiv(X) — WDiv(X); since X is supposed to be normal, this morphism is injective | , Chap 7,
Prop 2.14] and it sends an effective Cartier divisor to an effective Weil one.

e The quotients of the divisor groups CDiv(X) and WDiv(X) by the principal divisors are denoted CaCl(X)
and Cl(X). The previous correspondence induces an injective homorphism CaCl(X) — C1(X).

These are general facts, but in the context of weak del Pezzo surfaces, we are able to be much more explicit.
In particular, one can relate the two groups CaCl(X,) and Cl(Xj) to the group Cl(X) = CaCl(X).

Proposition 2.7. Let X be a weak del Pezzo surface over k and let X, be its anticanonical model. Qver k, one
has the two exact sequences:

0 — Z — CI(X) — CI(X,) — 0 = CI(X,) = CI(X)/Z. (2)

0 — CaCl(X,) — CI(X) — Hom (%, Z) — CaCl(X,) = 7, (3)

where the arrow C1(X) — Hom (%, Z) is given by D — [R + D - R, and where Z = {DeC(X)|D -R=
0, VR € #}. Over k, one has Cl(X) = CaCl(X) = CaCl(X)I' = CI(X)' for X, and for its anticanonical model:

0 —Z%— Cl(X) — Cl(X;) — 0 = Cl(X,) =ClX)/Z, (4)
0 — CaCl(X,) — CI(X) — Hom (%,2)" — CaCl(X,) = #* (5)

Moreover we have an isomorphism Cl(X,) ~ C1(X ).



Proof. Let R be the union of effective roots in X and let U = X \ R be the open complementary. By a result of
Hartshorne | , Chap II, Prop 6.5], we have the exact sequence:

0 — % — Cl(X) — CI(U) — 0.

Let Us be the smooth locus of X,. This open set is of codimension 2 in X, and thus Cl(X;) ~ ClL(Us) (see loc.
cit.). Since the anticanonical map ¢_k, induces an isomorphism from U to Us one has Cl(Us) ~ Cl(U) and the
sequence (4) follows. Sequence (2) also follows by extending scalars to k.

On the other hand, we note that the module Z being induced | , Chap 1V ,§29], we know that H*(T', Z) =
0; thus taking the Galois invariants of (2) leads to:

0—Z— CIX)' — X)) —o0

Now X is smooth and we have Cl(X) = CI(X)! | , Tag 0CDS]J; we deduce the last isomorphism Cl(X) ~
Cl(X )L

The exact sequence (3) comes from Bright | , Prop 1]. We deduce the equality CaCl(Xy) = §L7 and
from | , Tag 0CDS], we deduce that CaCl(Xy) = CaCl(X )l = (@L)F.

Finally, taking the Galois invariants in the sequence (3) gives the exact sequence in (5). Now since the
intersection product is invariant under the Galois action, a divisor in Cl(X) is orthogonal to £ if and only if it is
orthogonal to %, and we get the isomorphism in (5). O

2.3.3 Lattice computations

One of the key step of the study of codes from weak del Pezzo surfaces is the explicit computation of the divisor
class groups as in (2) and (3). Such computations take place in the group CI(X), which is known to be a free Z-
module of finite type endowed with the (non degenerate) intersection bilinear form and involve the root lattices %,

which is given by some explicit generators and which satisfies % N % = {0} (the orthogonal is relative to the
intersection pairing).

This is a general issue and let us consider C' (for the “class group”) a free Z-module of finite rank with a non
degenerate symmetric bilinear form (z,y) — « -y (for the intersection product). Recall that a submodule M of C
is a direct summand (or is complemented) if there exists a submodule N of C such that C' = M @ N; in this case,
the submodules M and N are called complementary submodules of C' | , §3.8,86.1]. Let #Z be a submodule
of C such that #Z N %+ = {0} (for the root lattice).

In the context of modules over a principal ideal domain, contrary to what is happening in vector spaces over
a field, even if Z N %+ = {0}, the orthogonal submodules Z and %+ may not be complementary submodules.
There are at least two different kinds of obstructions for this. Either the submodule Z is not a direct summand
or both submodules % and Z* are direct summands but they are not complementary submodules.

In any case the smallest submodule containing % which is a direct summand is called the hull of #Z and is
denoted Z*. As for the submodule %, since it is the kernel of a morphism of free modules, it is always a direct
summand. In the same way, even though %% and Z+ are direct summand, they may or may not be complementary
submodules. These phenomenes make the description of the exact sequence:

0—%+ —C/%#— C/|RDR — 0

a little bit tricky (ie the comparison between the groups of Weil classes and Cartier classes). The main tool for
the explicit computation of this sequence is the Invariant factor theorem for submodules that will be used twice
(see | , Theorem 6.23]).

e First, we apply this result to the submodule Z C C': there exists a Z-basis e1,...,e, of C and oy | -+ | ar
(r < n) a sequence of positive integers, called invariant factors, such that #Z = Zoaje; @ - -- @ Zaye, and #* =
Zei @ --- @ Ze,. The submodule Z is a direct summand of C' if and only if Z% = %, if and only if the invariant
factors ayq, ..., q, are all equal to 1.

Put M = Ze, 1 @ --- ® Ze, then #* and M are complementary submodules, C' = #* @ M, and the projec-
tions tyors and ¢ onto each factors lead to an isomorphism

C/|# — RIR © M
zmod Z +—— los(z) mod Z + (z)

In other words, the projection tyors gives an isomorphism from the torsion submodule of C/Z to the quotient
module %* /% which is isomorphic to Z/ayZ x --- x Z/a,Z; the projection ¢ gives an isomorphism from the
torsion-free submodule of C'/Z to the submodule M of C.

e Since Z N %+ = {0}, we know that %Z* canonically embeds in the quotient C'/%; being free of torsion it
is a submodule of the torsion-free submodule of C/%. Via ¢ it thus embeds in M. Using the Invariant factor
theorem again, one can choose the basis e,41,...,e, of M, in such a way that there exists 8,41 | -+ | B, such



that o«(Z+) = ZBr 116,11 - ® ZPne,. The cokernel C/Z © Z* is then isomorphic to Z/B,11Z X -+ x Z/BnZ.
In particular, the canonical embedding of %Z* inside M induces an isomorphism if and only if 8,41,..., [, are
all equal to 1.

In the sequel, we do not give names to the projection morphisms tiors, ¢-

3 Codes from surfaces: construction and tools for their study

In this section k is a finite field F,.

3.1 Evaluation codes from surfaces

Cartier divisors, their spaces of global sections, and the associated complete linear systems are the main ingredients
to define and to characterize the parameters of the evaluation codes from an algebraic surfaces. Let us recall the
definitions and the basic facts concerning these objects. We consider X a (not necessarily smooth, but in fact
at least normal here) irreducible surface over k. We denote by k(X) its function field and by Ox its structural
sheaf. Let D = (Uj, f;)ier be a Cartier divisor on this surface X.

A global section of D is a function s € k(X) such that for every ¢ € I, the product sf; is regular on U;, that
is sf; € Ox(U;) for all i € I. We denote by H°(X, D) the set of these sections; this is a vector space which is
known to have finite dimension.

By definition, if s € H°(X, D) is a global section of D then the Cartier divisor (Uy, sf;)icr is effective. It can
be shown that two global sections of D lead to the same effective Cartier divisor if and only if they differ by a non
zero constant. This means that there is a one-to-one correspondence between the projective space P(H?(X, D))
and the set of effective Cartier divisors linearly equivalent to D. This last set is called the complete linear system
associated to the divisor D and is currently denoted by |D|, so we have |D| = P(H"(X,D)). An important
invariant of the divisor (or linear system) for our purpose is the maximum of rational points that can contain a
curve of |D|; we put:

No(D) = max{#C(F,) | C € |D|}. (6)

Definition 3.1. Let X be a (not necessarily smooth) irreducible surface over k, let D be a Cartier divisor of X
and let P = {p1,...,pn} be a set of rational points of X. The evaluation code Cx(D,P) is the image of the
evaluation map
H(X,D) — k™
s (s5,)0)

where for each point p, the index iy, is chosen in such a way that p € U,.

In the preceding definition, the choice of i, may be not unique but different choices iy, j, of these indices lead
to homothetic codes since the quotients f;, /f;, are non vanishing regular functions on U;, N Uj, .
The usual parameters of the evaluation code are related with some invariants of the surface.

Proposition 3.2. If the evaluation map is injective, a Cx (D, X (F,)) has
(i) length equal to #X (F,) the number of rational points of X,
(ii) dimension equal to the dimension of the space H°(X, D) of global sections,
(111) minimum distance bounded below by n — Ny(D), where Ny (D) is defined in (6).

Thanks to this proposition, it is worth noticing that bounding below the minimum distance of an evaluation
code Cx (D, X (k)) from a surface X reduces to bounding above N, (D) the number of points of the curves of the
linear system |D| associated to the divisor D. The fewer the number of rational points of the curves in the linear
system | D|, the higher the minimum distance.

3.2 Blowing up, divisors and (non) complete linear systems

One of the key tools of the construction of the codes from Del Pezzo surfaces are the blowing-up or the blowing
down depending on the sense of the arrows.

Let 7 : Y — X be a sequence of blowing ups where all the surfaces involved are supposed to be smooth,
except the last one X which is only supposed to be normal. Such a morphism leads to two natural maps involving
different kinds of divisors and divisor class groups.

e First, starting from a Cartier divisor of X, the pullback 7*D is the Cartier divisor on Y defined locally
by (m~1Uj, f; o 7). This lead to a morphism 7* : CDiv(X) — CDiv(Y).

e Secondly, it can be shown that if C' irreducible effective Weil divisor of Y, then 7(C) is either a point or an
irreducible effective Weil divisor of X. Then the map 7, : WDiv(Y) — WDiv(X) defined by m.(C) = 0 if n(C)
is a point and 7, (C) = 7(C') otherwise extends to a group homorphism | , Chap 9, Lem 2.10].



e Moreover, for every Cartier divisor D of X, one has 7, (7*D) = D | , Chap 9, Prop 2.11] where m, is
applied to the Weil divisor of Y associated to the Cartier divisor 7*D.

e These two maps induce two homomorphisms 7* : CaCl(X) — CaCl(Y) | , Chap 7, Def 1.34] and 7, :
CI(Y) — CI(X) [F119%, Chap 1, Th 1.4].
e At the level of global sections and linear systems, the map 7* also induces isomorphisms:
H°(X,D) — HO(Y,n*D) |D|y — |7*Dly
S — soT c — 7C
where D is a Cartier divisor on X (][ , Exposé V, Cor 2]). Since 7, (7*C) = C, the inverse of the right

isomorphism is nothing else than =, |7*D|,, — |D| .

We will need to describe the one-to-one correspondence |D|y — |7*D|y,, when the right divisor is replaced
by a divisor of the form 7*D — E. Some natural sublinear systems appear. Let us go step by step.

e Let m: Y — X be the blowing-up of a smooth surface X at a point p € X and let E be its exceptional divisor
on Y. Since the surfaces are supposed to be smooth, we do not have to distinguish Cartier and Weil divisors.
We mainly focus on effective divisors and we call them curves. Given C a curve on X, then the pullback 7*C' is
called the total transform of C, the closure in Y of 7= 1(C \ {p}), denoted C, is called the strict transform of C.
These two curves on Y are related by the relation:

™C=C+ my,(C)E,

where m,(C) denote the multiplicity of C' at the point p. In particular, for any n > 0, the divisor 7*C — nE is
effective if and only if m,(C) > n.

This permits to relate the complete linear system |7*D—nE| on Y to an uncomplete one on X, that is |D —np|
the space of curves of | D| which pass through p with multiplicity at least n. In fact this shows that the map C' —
7*C —nE leads to a one-to-one correspondence from |D — np| to |7*D — nE| (the other way around, it says that
the blowing-up permits to turn uncomplete linear systems into complete ones).

e The same is true if we blow up several points. Let 7 : ¥ — X be the blowing-up of a smooth sur-
face X at some points pi,...,p,, and let Eq,...,E, be the exceptional divisors. For D a divisor on X.
Let |D — nip; — - - - — n-p,| denotes the sub-linear system of the complete linear system |D| consisting of curves
of |D| which pass through pi,...,p, with multiplicities at least ny,...,n,. The blowing-up permits to turn this
incomplete linear system into a complete one: there is a one-to-one correspondence between (| , loc. cit.],

[CA00]),

D —mpy — - —nppy| — 7D —mE; — - —n.E,|

c L ct where Ot % 0 — mFEy—-—n.E.. (7)

This curve C* is sometime called the wirtual transform of C. The total, strict and virtual transforms are thus
related by:

mC=C+> my (C)E; =C*+ Y nE; — C*=C+)Y (m,(C) —ni) E;.
=1 i=1

i=1

In particular the virtual and the strict transforms coincide when m,,, (C') = n; for all 7.

e This one-to-one correspondence is still true if some points in the sequence of blowing ups are infinitely near
points, that is when some p; lies on the exceptional divisor of the blow up of another point p;. In order to describe
this, we need to carefully define the sub-linear system associated to a family of infinitely near points. Let us start
with only two points: if p; < po, that is if py lies on the exceptional curve F; above pi, then for ni,ns > 0, the
sub-linear system of curves passing through p; and ps with multiplicities at least n; and ns is defined by:

|D — nip1 — nap| o {C €D —nip1],mp, (7" (C) —n1Ey) > na} = {C € |D —nip| ,mPQ(Cﬁ) > 712}-

In particular the sub-system | D — p; — p2| contains all the curves of | D| that pass through p; with tangent line at py
equal to py union all the curves of | D| singular at p;; indeed, in the last case C* = 7*(C)—E; = 5+(mp1 (C)-1)E;
has F; as a component and thus passes through ps (one can check that the conditions p; € C and ps € C are not
linear, which is why we choose py € C* instead).

In the same way, if p; < p2 < -+ < p,-, one can define recursively, the sub-linear system |D — nip; — - -+ — n,p,|.

With this definition, the one-to-one correspondence (7) is still true.

Let us end by an example: the case X = P2. If ¢ denotes the class a line, and if Ey is the pullback of £in Y, then
the curves of the complete linear |dEg—n1Eq —---—n,.E.|y on'Y corresponds bijectively to |dl —nip; —- - —n.p,|
the (projective) vector space consisting of plane curves of degree d passing through py, ..., p, with multiplicities
at least nq,...,n,. For small degrees, it turns out that the irreducible decompositions of such curves can be easily
described.



3.3 Blowing up and evaluation codes

Let us return to codes and compare the evaluation codes Cx (D, X (k)) and Cy (7*D,Y (k)).

Proposition 3.3. Let X be a normal surface, let p be a point of X and let w : Y — X be the blowing-up of X
at p. We denote by € the divisor sum of the exceptional curves.

(i) Ifp is of degree > 1, then the codes Cx (D, X (k)) and Cy (7*D,Y (k)) are equivalent; moreover the code Cy (n*D—
n&, Y (k)) can be identified with the sub-code of Cx (D, X (k)) where only the global section having multiplicity
at least n at p are evaluated.

(i) If p is rational, then the code Cy (7*D — n&,Y (k)) can be identified with the sub-code of Cx (D, X (k) \ {p})
where only the global sections having multiplicity at least n at p are evaluated and to which we add the
following (q + 1) coordinates: the evaluations at rational points of P! of the homogeneous component of
degree n of the local equation at p of the section.

Proof. (i) The map s — so is a one-to-one correspondence from the spaces of functions H%(X, D) to H°(Y, 7* D).
Since the blown points are not rational, the map 7 induces a one-to-one correspondence from Y (k) to X (k). Thus
the codes Cx (D, X (k)) and Cy (7*D, Y (k)) must be equivalent. By the previous correspondence the global sections
of HO(Y,7*D — n€) are in bijection with the global sections of H°(X, D) that pass through p with multiplicity
at least n and the last statement follows.

(ii) The set Y (k) is in one-to-one correspondence with (X (k) \ {p}) U £(k) and we only have to compute
the evaluations at the points of E(k). We choose an open neighbourhood U C A(ng) of p in which p = (0,0)
and D has local equation f(z,y) = 0. Then 7= *(U) C U x P} .
charts, 7=1(U) = V; U Vs, with Vi C A?ym) (resp. V5 C A?:v,v)) with m(y,u) = (yu,y) (resp. w(x,v) = (x,av)).
On V4, the divisor 7* D — n& has local equation ];O—f = % Let somr € HY(Y,7*D —n&) then sf € Ox(U) has
multiplicity at least n at p, that is sf(x,y) = pn(z,y) + Pna1(z,y) + - - -, where p,, is homogeneous of degree n.
Thus Sz);# = p”L(yu’y)+p;’j1(yu’y)+"' = pn(u, 1) + yq(u, y). Evaluating at the point (0,u) € £ NV, the section- has
value py (u,1). The same is true on Va. O

) with equation xv = yu; there are two affine

The examples below provide many examples of this blowing-up operation, especially the one in section 4.7.

4 Anticanonical codes from weak del Pezzo surfaces

In this section we describe some evaluation codes from weak del Pezzo surfaces, we compute their parameters
and for some of them a generator matrix. The base field is a finite field Fy without any other hypothesis excepts
sporadically not being too small (Fy or F3).

In the first subsection, the general construction is given. We also fix many notations that will be used until
the end of the paper.

4.1 General description of the codes and of the main steps of their studies

The evaluation codes (definition 3.1) studied in the sequel are the ones corresponding to the following choices.

Definition 4.1. Let X be a weak del Pezzo surface over Fy. We call anticanonical code associated to X
the evaluation code Cx, (—Kx,, Xs(Fy)), where X, is the anticanonical model of X, —Kx, is the anticanonical
(Cartier) divisor on X,, and where X;(F,) denotes the set of rational points of X.

Note that we could have considered the evaluation codes Cx(—Kx, X (F,)) with the same del Pezzo surfaces,
but this leads to worth codes.

In a concomitant work | ], we have computed explicit models for all the arithmetic types of del Pezzo
surfaces over a finite field (these types lead to a classification that is coarser than the isomorphism one but that
permit to distinguish the main arithmetic properties of the weak del Pezzo surfaces). Taking advantage of this
knowledge, we select eight types of weak del Pezzo that are well suited for coding applications. For each example,
our starting point is a blowing-up model of the weak del Pezzo surface, then we study the parameters length,
dimension, minimum distance ([n, k, dmin]q) of the associated anticanonical code and last we give a generator
matrix (or a program to compute it).

Configuration to blow-up. — The explicit description of the surfaces X and X, always starts from the
projective plane P?: we first blow up a family of (possibly infinitely near) points pi,...,p, to obtain a smooth
surface Y'; then we may blow down a family of (non intersecting) exceptional curves on Y to obtain the smooth
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surface X. Last X is mapped to a projective space corresponding to the anticanoncial divisor to lead to the
singular surface Xs. To sum up, we have the following diagram:

m is a sequence of blowing ups at points p1,...,p,,
\>i X is a sequence of contractions of
- (=1)-curves Fi,..., Fy, (8)
) ¢ is the morphism ¢_k associated to
\ the anticanonical divisor —Kx of X,
P2-------- - X, C Pdes(X) deg(X) is the degree of the del Pezzo surface X, i.e. K32,

All the surfaces and maps are defined over the base field F,. The solid arrows m, x, ¢ denote maps that are
morphisms whereas the dashed arrow e denotes a map which is a rational one. The need to introduce the
auxiliary surface Y is due to the fact that some times, the surface X we want to work with cannot be constructed
directly by blowing up the plane at some points. Some contractions may be necessary in order to work with
applications that are defined over F, (and not only over F,); however this detour is not always useful and in some
examples, one has X =Y and the map x is only the identity.

Two of the parameters [n, k, dmin]q of the associated anticanonical code are easy to compute.

e The length is nothing else than #X(F,). Following the process of blowing ups and down above, it is not
difficult to compute this number since blowing up a point adds ¢ rational points or does not change the
number of rational points depending on whether the point is rational or not.

e The dimension is nothing else than d + 1, where d is the degree of the del Pezzo surface X, unless the
evaluation map is not injective. This can only occur if #X(F,) < N, (—Kx,) and we compute last number
to estimate the minimum distance. It turns out that the evaluation map is always injective except if the
base field is F5 or F3 in some cases that are excluded.

As usual, the last parameter, the minimum distance, requires much more preparatory works.

Computation of the divisor class groups. — For these computations, the general ambient space is the
geometric divisor class group of Y, which is known to be equal to CI(Y) = ZEy © ZE, @ --- ® ZE,, where, as
usual, E; denotes the exceptional curve above p; in the sequence of blowing ups m. In this lattice, one can easily
identify the effective roots in Y, but also in X and we are able to give a basis of the sub-lattice Z generated by

the effective roots of X over F,. The other (geometric) Cartier and Weil divisor class groups are then given by:

QX)) = (ZF, & - ® ZF,)*, CaCl(X,) =7, CI(X,) = CI(X)/Z.

(the left orthogonal is computed in the whole CI(Y), the middle one in the sub-lattice C1(X)). Using tools of
section 2.3.3, explicit bases and canonical embeddings of these geometric divisor class groups can be computed.
Taking into account the Galois action, one can also give bases and explicit canonical embedding bases of all the
arithmetic divisor class groups. Depending on the examples, the computations are carried out in the geometric
groups Cl(X) and the Galois invariants are taken in the last step to return in Cl(X) or we start to compute the
Galois invariants and then perform all the computations in C1(X). Thanks to Proposition 2.7, these two ways
lead to the same results.

Types of decomposition into irreducible components in |—Kx . — The minimum distance is related
to the maximum number of rational points that can contain a (effective) curve in the linear system |—Kx_|. To
bound above this number of rational points, one way is to study how the curves in this linear system decompose
into irreducible components and use the exact number of points if known or the Weil bound if not on each
components. Thanks to section 3.2, and since p*Kx_, = Kx, we have the following one-to-one correspondences:

|*X*KX|Y o |*KX|X = |*KXS X,
c o x=(C) = o (X (0))

The first arrow consists in contracting the family of non-meeting exceptional curves F;, 1 <14 < s, the second in
contracting the effective roots of X. Thus we are reduced to study the types of decompositions into irreducible
components on the smooth surface Y, which is easier. Indeed, we know that —x*Kx = dEy — Z§=1 n; E; for
some explicit d and n;’s; in fact, in all examples, d € {3,4} and n; € {1,2}. Since Y is the blowing up of P? at a
family of points, thanks to section 3.2, curves of |- Ky | are in one-to-one correspondence to the plane curves of
a well specified (non complete) linear system of P2:

|d€—n1P1 - "'_nrpr| i> |_X*KX|
C — ct
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We are thus reduced to list all the types of decompositions into irreducible components of the plane curves of
degree d passing through p; with multiplicity n;. Since d < 4, these absolutely irreducible components must be
plane lines, conics, cubics or quartics and an enumeration case by case can be done. More specifically, we follow
the steps:

e degree by degree, we list all the possible absolutely irreducible curves that pass through some of the points p;;

e we compute their Galois-orbits since if an absolutely irreducible component not defined over F, appears in
the decomposition with multiplicity m, then the same holds for all its conjugates (this permits to get rid of
many curves because of their too high degree);

e we combine all these irreducible curves to obtain plane curves in the expected sub-linear system.

In order to make easier this step, we adopt the following notations and conventions. The letters ¢, q, ¢, t respectively
denote plane lines, quadrics (or conics), cubics and quartics. The indices below these letters are the numbers
of the points through which the curve passes. For example, ¢; denotes a line that passes through p; (but not
through any other point), #1235 a line that passes through p1, po, ps (if it exists), gi23456 a conic passing through
the six points p1,...,ps and £ or ¢ a line or quadric that do not pass through any p;. The goal is then to combine
all these irreducible plane curves to obtain a curve in the expected linear system.

At the end of this step, we are able to compute the maximum N, (—Kx,) to which the minimum distance is
related (proposition 3.2). Comparing with the number #X,(F,), this also permits us to exclude some too small
values of ¢ for which the evaluation map may fail to be injective.

Computation of the global sections from P2. — Last, if we want to explicitly compute a generator matrix
of the code, we need to exhibit a basis of the sub linear system |d¢ — nip; — -+ — n,.p.|. Then, by construction
we know to which points of P2 these functions have to be evaluated; in some cases we also need to add some
extra evaluation points corresponding to points on some exceptional curves. In any cases, one can compute a
generator matrix. This last (concrete) description turns the code into a code close to a Reed-Muller one: the
space of polynomials to be evaluated has been restricted, some of the evaluation points have been deleted, some
others have been added.

If some readers want to use our code, we put on the second author’s webpage, a magma program that permits
to construct all the codes presented below.

4.2 Degree 6, singularity of type A,

This example corresponds to the type number 3 in degree 6 | ]

Configuration to blow-up. — We blow up P? at three collinear points that are conjugate over F,.

2
° Py P2 :p?a P3 :p?
P1 b2 P3

L123

The resulting surface is a weak del Pezzo surface X whose anticanonical model is denoted X;. It has a unique
singular point of type A; which is necessarily rational.

Computation of the divisor class groups. — Over Fq, one has

CI(X):ZEo@ZEl@ZEQ@ZEg and —KX:3E0—E1—E2—E3.

There is a unique effective root, the strict transform of the line /193 passing through the three points py, po, p3,
and its class is £y — F1 — E5 — E5. Then

— —1
%:Z(E()*EleQ*Eg) % :{a0E0+a1E1+a2Eg+a3E3|a0+a1 +CL2+(13:0}
=Z(Ey — E1) @ Z(Ey — E2) & Z(Ey — E3)

Both # and ?;L are direct summand but # and ?L are not complementary submodules since Z @ % is of
index 2 in Cl(X). For a submodule complement to #, one can choose:

ClX) = Z © (ZE,®ZE,® ZE;)
aoBo + a1 E1 + asEs +a3sE3 = ag(Ey— E1 — Ey— E3) + (a1 +ao)E1 + (a2 + ao)Ea + (a3 + ao) Es

This leads to the following isomorphism:

ClX)/

= ZE\ ®ZE, ® ZF;
agly + a1 E1 + asEs + azEs mod —

%
@ (0,0 + al)El + (CLO + ag)Eg + (ao + CL3)E3.
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Via this isomorphism, the submodule CaCl(X ) = %" identifies with Z(Ey + E2) ®Z(Ey + Es) @ Z(Ey + E3) of
invariant factors 1,1,2 in ZE; ® ZFE> ® ZF;.

Over F, to recover the class groups Cl(X;) and CaCl(X,), we only need to take the invariants under the
Galois action (Ep)(FE1E2E3), what is easy here. One has

_ S T
CaCl(X,) = CaCl(X,)F = (%’l) ~ Z(3Ey — By — By — Ey) = Z(—Kx),

CI(X,) = CUX.)" = (CUX)/Z)" ~ Z(Ey + Es + E).

With these identifications, the canonical embedding of CaCl(X;) into C1(X,) becomes:

0 — CaCl(X;) — Cl(Xs)
—KX — Q(El + EQ + Eg)

Thus both CaCl(X,) and Cl(X,) are free of rank 1, but CaCl(X,) is of index 2 into Cl(X,). This index has the
following consequence: even if CaCl(Xj) is free of rank one generated by —Kx_, a Cartier divisor may decompose
into a sum of equivalent Weil irreducible divisors. This explains why we need to investigate how elements of |- K x|
can decompose into irreducible components and how the non ordinary weak del Pezzo surfaces we consider here
differ from ordinary ones (compare with | -

Types of decomposition into irreducible components in |—Kx, |. — In this example, there is no need
to introduce an auxiliary surface Y (one has Y = X and x is the identity with the notation of the beginning of
this section). Since —Kx = 3Fy — E1 — E5 — Ej3, the virtual transform composed with the push forward lead to
a one-to-one correspondence:

|3¢ —p1 —ps —ps| — [3Eg— Ey, — Ey— Es| — |—Kx.
¢ — Ct — (0

(the left linear system is on P2, the middle one on X and the right one on X,). Then we are reduced to list all the
types of decompositions into irreducible components of the curves of |[3¢ — p; — py — p3|, the sub linear system of
cubics passing through the points pi, p2, ps. The orbits of lines, conics, cubics which have degree at most 3 and
pass through some of the points p;’s are

b Ul UL, l123, 123,

(of course, implicitly o = £], {5 = 5‘1’2 where o is a generator of Gal(F,/F,)). Indeed an absolutely irreducible
conic ¢; or ¢;; cannot be defined over F, and they have at least three conjugates; combining these curves with their
conjugates lead to plane curves of degree greater than 6 and thus they cannot appear in our case. A conic gi23
cannot be absolutely irreducible otherwise it would have three intersection points with the line ¢123. Let us
combine these rational irreducible decompositions in order to construct plane curves in the expected sub-linear
system.

First suppose that the decomposition contains a line.

e If this line is ¢1, then its conjugates {5, £3 must also be geometric components; the only possibility is £1 Uf3Ul3
(line 1 in the tabular below) which is an element of |3¢ — p; — pa — ps|.

e A component ¢ cannot be completed by a conic passing through the three points and thus if there is a line
in the geometric decomposition, ¢123 must be one of them. Since {123 already passes through pi, ps, p3 it
can be completed by any conic (irreducible or not); this leads to the decompositions of the lines 3 to 7 in
the tabular below.

Last, if the decomposition does not contain any line, it must be an irreducible cubic which passes through the
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three points; this cubic can be smooth or not and we recover the two last lines of the tabular.

3¢ — p1 — p2 — ps| |-Kx| |-Kx. Max
on P2 on X on X, nb. of pts
1|6 UbyUly 01Uy ULy U2, 0. (6) 1
2| lio3Uq, liasNq ¢ P2(F,) | a3 UG ©(q) q+2
3| lizs Ug, l12sNg C P3(Fy) (a3 UG ©+(q) q
4| Lyg3 ULUL, lios NNl £ 0 | G0l U0 0. (0) U, (0) 2+ 1
5| l1ag ULUL, LigsNENL =0 | l1p3ULU L 0. (0) U, () 2
6| 20123 U¢ 2193 ULUUS Ei | ou(O) U, 0u(BE) || g+ 1
7| 30123 30 U, 2B | U2, 20.(E) 1
8 | c123, singular C123 ©«(C123) q+2
9 | ¢123, smooth C123 ©«(C123) Ny (1)

Some comments about the three first columns of the previous tabular. The unique irreducible effective root of X
is nothing else than the strict transform f123 and this explains why this curve disappears in the third column:
this line on X is mapped by ¢, to the unique singular point s € X. Note also that except in the cases 6 and 7,
all the curves have exactly multiplicities 1 at the p; and thus their strict or virtual transforms are equal. On
the contrary, in the remaining cases, the curves on X are the virtual transforms of the ones on P2. Last, in
the decomposition ¢, (£) U p.(¢'), it is worth noticing that irreducible components involves divisors that are not
Cartier divisors but only Weil ones on X,. Indeed the class of {in Cl(X) is Ey, which is mapped to E; + F5 + F3
in CI(X,), which is not an element of CaCl(X,) (equivalently Fy ¢ %#1).

Now we make some comments on the numbers of rational points.

Case 1. Since the lines /1, /5, {3 are conjugate a rational point on their union must be at their intersection
which contains at most one point. On X the strict transforms ¢, /5,3 do not meet the root f123 and the
contraction does not add any point. B

Cases 2,3,4 & 5. If the two points of ¢ N £123 are not rational then they are still unrational on ¢ N ¢123 and
they are contracted to the singular point s in X and thus the image . (q) has one more rational point; otherwise,
if the two points of ¢ N {123 are rational then they are contracted in X and thus the image ¢.(q) looses a rational
point. The same is true on lines 4 and 5.

Cases 6 & 7. The line £153 is contracted by ¢, and there are no rational points on the lines F;.

Cases 8 & 9. The starting cubic c123 has (¢ + 1) or less than Ny (1) rational points depending on whether it
is singular or smooth. On X the number of rational points of (. (¢123) is increased by 1 since the line #1535 meets
the cubic at three conjugate points. The multiplicity of intersection of ¢125 and f193 at each point p; is one (since
otherwise, these two curves would have too many intersection points counting with multiplicities). Therefore, the
blowing ups at p1, pa, p3 separate the strict transforms 2123 and ¢1a3. Thus ¢193 and . (¢123) are isomorphic and
have the same number of rational points. Finally, we remark that for every ¢, one has ¢ + 1+ [2,/q] < 2¢+1
(with equality if and only if ¢ € {2,3,4}) and thus:

Ny (—Kx,) =2¢+1.

Last we note that, except for the cases 1 and 9, all the maximum numbers of points are in fact exact numbers of
points. Thus we are not far from having the distribution of weights if the code.

Since p1, p2, p3 are not rational, the three blowing ups do not add any rational point and #X (F,) = ¢*>+q+1.
Then, the root £123 is contracted via the anticanonical morphism and thus #X(F,) = ¢*> + 1. Except if ¢ = 2,

one has #X,(F,;) > Ny,(—Kx,) and the evaluation map is injective. With this choice of weak del Pezzo surface,
the code of definition 4.1 satisfies the following proposition.

Proposition 4.2. Let py,p2, p3 be conjugate collinear point in P%q, with ¢ # 2. The anticanonical code associated
to the weak del Pezzo surface obtained by blowing up these points has parameters [¢*> +1,7,q% — 2q|.

Computation of the global sections from P2?. — To construct this kind of codes, one can choose ¢35 to
be the line of equation Y = 0 in P?. For any ¢ € F,s \ Fy, the point p; = (¢ : 0: 1) € P? is a degree 3 point
whose conjugates pp = (€7 : 0: 1) and ps = (¢°° : 0: 1) are also in f13. Let X3 + a3 X% + a1 X + ag € Fy[X] be
the minimal polynomial of ¢ over F,. Then, we easily verify that

3¢ —p1—p2 —ps| = (Y2, Y?X,Y?Z YX? YZ* YXZ, X + a2 X*Z + a1 X 2% + a0Z3>Fq )
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Last, the evaluation points are nothing else than the points of P2(F,) \ £123(F,), plus one point of ¢153(F,) since
the strict transform of ¢103 is contracted via the anticanonical morphism. Let us denote (x; : 1: z), 1 <14 < 7,
the first ¢ points, and let us choose (0: 0 : 1) € £123(F,), then the corresponding generator matrix of the code is:

1 1 0
T Ty2 0
21 242 0
2 2 w3 2 2 3
Ty T o 01, PX,)Y,Z)=X"4+ aX*Z+a1 XZ° +apZ”.
2 2
Zl Zq2 O
T121 Iq2zq2 0
P(x1,1,2) P(xgpe,1,242) ag

We recover the classical Reed-Muller code on A? of degree 2, augmented by one point.

4.3 Degree 5, singularity of type 2A;

This example corresponds to the type number 5 in degree 5 | ].

Configuration to blow-up. — We blow up p; < p2 and ps < py, where p1, p3 and ps, p4 are conjugate points
of degree 2.

, pQ/ \p4 P3 i pg
13 A/p'1 p—s\x P4 = p3.

612 634

Since the points p2, py are infinitely near the points p1, p3, they are represented by tangent lines or directions on
the picture above. The anticanonical model X, has two singular points of type A that are conjugate points.

Computation of the divisor class groups. — Over F,, one has:

CI(X):ZEQ@ZEl@ZEg@ZEQ@ZE4 and —Kx =3Ey— FE1 — Ey — E35 — Ej4.

There are two conjugate effective roots, the strict transforms of F; and E3 in the sequence of blowing ups; their
classes are F; — Es and F3 — F, in such a way that:

— —1
X =17(E, — E3) ® Z(E3 — Ey), # - ={apEy + a1Ey + asEs + azEs + asFEy | a1 = as, a3 = as}
=ZFEy D Z(E, + Eo) ® Z(Es + Ey).

The sub-module Z is a direct summand, and as a complementary sub-module one can choose:

aX) - 7
Z?:o a;E; = a1(Er— E3)+a3(Es — Ey)

+ aoEy + (a1 + a2)Ea + (a3 + as) Ey.
We deduce the isomorphism:

CUX,)~CUX)/%# — ZEy®ZFE,®ZE,
Z?:O a;E; mod R —> apFEy + (a1 + Clg)EQ + (a3 + Cl4)E4 '

Since CaCl(X ) ~ QL, this class group is a rank 3 free sub-group of C1(X). Via the previous isomorphism it is
mapped to the sub-group ZEy ® Z2FEs ® Z2FE,, of invariant factors 1,2, 2.

The arithmetic groups CaCl(X,) and C1(X;) can be computed by taking the invariants under the Galois action
which is (Eo)(E1E3)(E2Ey4). Via the previous isomorphism, if we set £ := Fy + Ejy, the canonical embedding 0 —
CaCl(X,) — Cl(X;) is only:

ZE, ® 72 C ZE, & ZE .
—_——— ——

~CaCl(X,) ~C1(X,)

In other terms, CaCl(X,) and C1(X,) are both free of rank 2 and via the canonical embedding, the first one has
invariant factors 1,2 inside the second one.
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Types of decomposition into irreducible components in |-Kx_|. — Since the two class groups are
not rank one, one expects to find a wide variety of possible decompositions into irreducible components for the
curves in the linear system |—Kx_|. In order to list all these types, we start form P? and use the one-to-one
correspondences:

|3¢ —p1 —p3 —p2—ps| — |[3Ey—E1—E3—Ey—E4 — |-Kx,
C — Ct — 90*(Cﬁ).

The curves of the left linear system are nothing else than the plane cubics over F, passing through p,, p3 that are
either smooth at p1, ps with tangent lines po, p4 respectively or singular at these points.

Our notations are the same: (13 is the line (p;ps) which is rational, ¢15 and ¢34 are the lines (p1p2) respec-
tively (p3p4) (that is the lines of P? passing through p;, respectively ps, whose strict transform pass through po,
respectively p4); these last two lines are conjugate The orbits of lines, conics, cubics having degree less than 3
and passing through some of the points p;’s are

0 Uls, U3, l1o U l3y, q13, q1234, 13, C1234

(of course, implicitly 3 = €7, ¢34 = £J5). We have just to combine these rational irreducible decompositions in
order to construct plane curves in the expected sub-linear system.
Suppose that there is at least one line in the absolute irreducible decomposition.

e If this line is #15, then by rationality, ¢34 is also an absolute irreducible component. Since {15 U {34 already
passes through p1, ps, ps3, ps, one can complete by any rational line ¢ or by the line ¢13 (see cases 1 and 2 in
the tabular below).

e If this line is £13, then the two incidence conditions at p; and ps3 are satisfied. The complement component
must be a (maybe reducible) conic whose strict transform passes through py and pg; this conic must neces-
sarily pass through p1, ps. This conditions suffice since the union of ¢;3 with any conic passing through p1, p3
is singular. The complement can be the union ¢15 U ¢34 (same as case 2), or £1 U¥3 = £, or {13 itself union
any other line, or twice £13, or q13, Or ¢1234-

e If this line is £ a line that does not pass through the p;’s, then the complement conic must be either £15 U /¢34
as in first case, or a conic passing through the four points.

Last, if there is not any line in the absolute irreducible decomposition, then the cubic must be absolutely irreducible
and it has to pass through the four points.
That being, the possible cubics are listed below. The irreducible effective roots of X are the (conjugate) strict

transforms F7 and Fj3; since they do not meet, their contraction lead to two (conjugate) singular points s and s
on X,.

30-5hm| | I-Kx| - Max

on P2 on X on X, nb. of pts
1] boUlsq Ul | laUlsy UL 04 (012) U 0, (€34) U 0. (0) q+2
2| b1 Ulsy Ulys | b3 Ulsy Ulis UE, UEs U By UEy | ¢.(f12) Ups(U34) Uy (fr3) Uy (Ea) U, (Ey) || g+ 2
3|30l Ul; | G500 Ul UE, UE; ©x(£13) U 0, (£1) U 0, (£3) q+2
4| 204500 2015 ULU Ey U Es 20, (£13) U . () 2+ 1
5| 3013 3013 U2F U2E3 U By U By 30+ (f13) U 04 (B2) U ¢, (Es) qg+1
6| lisUqis li3UGi3 UE UE; s (013) U 04 (@13) 2q +2
7| 13U qi234 013U 1234 UE; UE3 U B, U By 0+ (£13) U 94 (G1234) U 9 (Eo) U 9 (Ey) 2q+2
8 | LU qi234 (U Grasa 0+ (0) U 0. (G1234) 2q +2
9 | c1234 C1234 ¢ (C1234) Ny (1)

We draw all the preceding decompositions in order to illustrate what is going on. The blowing up 7 : X — P?
is decomposed into two blowing ups m = m o 7, where m; : X; — P2 is the blowing up at p; and ps, and
where 7y : X — X is the blowing up at ps and ps. The left column is the drawing of the starting configuration
in P2, the middle one the configuration after having blowing up p; and ps, the right one the configuration in X.
The operation from a column to the next one is the virtual transform. Curves drawn in gray are not part of
virtual transform, curves drawn in red are the effective roots; these curves are contracted in X, (but we do not
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draw this step). In brackets, to the right of the name of a curve, we put its self-intersection. We draw all the
cases of the preceding tabular, except the cubic case.

In any case, one can verify that the union of the black curves passes through py, ps, p2, ps and that the divisor
class is equal to —Kx = 3Fg — F1 — E3 — E5 — Fjy.

634(0) 612(0) B 634(71) 612(71)
534(1) 812(1) Z(]_) @(1)
((1) Ei(-1 S(-1)  Ei(-2) Es(-2)
D2 2
b2 P4
P1 P3 EQ(_l) E4(—1)
534(0) 512(0) 234(71) 2712(71)
taal1) ts(1) Ey(—1 3(—1) By (—2) E3(—2)
p2 P4
P2 P4 Ey(-1) Ey(-1)
) N A1) | 11— !
3 (0) 0(0) 3(0) 4(0)
~1 5(—1) Ei (-2 3(—2)
P2 P4 Ba(=1) —— T B0
bl /pl p3\£13 | Zl?)(_l)
E(l) Ez(* ) E4(—1) Z(l)
£(1) Tm p4T‘
P WD 2015(—1) | B 2013(~1) — ]
203(1) = 5> Ev(-1)  By(-1) Ei(-2)  By(-2)
Ey(-1) Ey(-1)
Tm p4T \I\ \I\
P Wb )T el |
3h3(1) —e- s 2B (~1)  2Es(-1) 28, (=2)  2E4(—2)
Ey(—1) E3(—1) Ei(-2) E3(—2)
l13(-1) | | 213(—1)
Ey(—1) — — Ey(—1)
m ) 4 P
p2 /7 O\ P4
813(1) P1 D3
q13(4 | q13(2 q13(2
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Ey(-1) E3(-1) | |
Tis(—1) — | l13(-1)

— Ey(—1) Ea(—1)

l13(1
Q1234U q1234(2) q1234(0)
E1(—2) E3(—2)
Ei(-1) E3(—1)
Pz Es(—1) Ey4(—1)
‘ P1 Pa
q1234(4) q1234(2 q1234(0)
(1) (1) £(1)

Some comments about the number of points.

Cases 1, 2, & 3. The unions of lines £15 U 34, or £1 Ul3 (recall that £3 = £9), contain a unique rational point,
the intersection point of the two lines. Except £ (cases 1 and 2) or ¢33 (case 3), all the lines in the decomposition
are not defined over F; and di not contain any rational points. Thus to the previous single point we have to add
the (¢ + 1) rational points of the line £ or {13.

Case 4. The two (black) components have (¢+ 1) rational points but they meet at a rational point, thus their
union contains 2q + 1 rational points. _

Case 5. The only component that contains rational points is . (¢13).

Cases 6, 7, & 8. In these cases, they are two disjoint components that contain (¢ + 1) rational points.

Finally:

Ng(=Kx,)=2q+2.

Since none of the points p; is rational, the surfaces X and X, still have ¢? + g + 1 points. For every ¢, one
has #X;(Fy) > N, (—Kx,) and the evaluation map is always injective. The parameters of the code are thus
given by:

Proposition 4.3. Let p; < p2 and p3 < ps be such that p1,ps and p2,ps are conjugate points of degree 2. The
anticanonical code of the weak del Pezzo surface obtained by blowing up these points has parameters [¢> + q +
1,6,(]2 _q_l]

Computation of the global sections from P2. — Let d € F,, be a non-square and put ¢ = Vd e Fp. We
choose p1 = (¢ : 0: 1) and po = (¢ : 1). Then p3 = (—¢ : 0 : 1), the line {13 = (p1ps) has equation ¥ = 0,
the line ¢12 = (p1p2) corresponds to the zeros of the linear form L = X — {(Y 4+ Z) and the line ¢34 = (psp4)
corresponds to the zeros of the linear form L7 = X +{(Y 4+ Z) = 0. The linear forms Y, L, L7 generate the global
sections of ¢ and we easily prove that

3¢ —p1 —ps —pa —pa| = (Y*,Y2L,Y?L?, YLL? , L*L°, L(L°)*)&
=(Y*,Y*(L+L?),Y*¢((L—L°),YLL?, LL° (L + L%), LL°¢(L — L%)),
q
= (Y°,Y?X,Y*(Y + 2),YIL XIL (Y + Z)IT), ,

where Il = LL? = X2 — d(Y + Z)2. The evaluation points are nothing else than all the points of P?(F,).

4.4 Degree 4, singularity of type A,

This example corresponds to the type number 8 in degree 4 | ]

Configuration to blow-up and down. — We blow up six points on a conic, the first two p; and ps being
conjugate (or rational), the last four ps,p4,ps,ps being conjugate. This leads to a degree 3 weak Del Pezzo
surface Y — P2 as in (8). In this surface, the strict transform of the line ¢15 passing through p; and ps is a
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rational (—1)-curve that can be contracted: the codomain of the contraction ¥ =% X is the degree 4 weak Del
Pezzo surface we want to work with in this section.

Lo
b3
b2 yz s
P2 =P
Py = p§2
4123456 ps =g
US
Pe = D3
b1 D5
Ps

The anticanonical model of this weak del Pezzo surface X has a unique singular point.

Computation of the divisor class groups. — On Y, one has CI(Y) = @?:0 ZFE; and 27 exceptional classes
of divisor, namely the 6 exceptional lines F;, 1 < ¢ < 6, the 15 strict transforms of the lines passing through two
of the six points, F;; = Fyp — E; — Ej, 1 <1 < j <6, and the 6 strict transforms of the quadrics passing through
five of the six points, Q; = 2Ey — > ot E;, 1 < 6. Due to weaknesses, among these classes, the quadric ones

are not represented by irreducible curves. Indeed 2Ey — > s B =Ei + (2E0 - Z?:l Ej) and the last class is
nothing else than the class of the unique effective root, the strict transform of the quadric g123456 passing through
all the six points.

The group CI(X) can be identified with Z(Eq — E; — FE»)* via the orthogonal projection onto this space. This

projection is given by:

cy) = Z(Ey—E1—Ey) @© (Z(Ey—E1)®Z(Ey— E2) ®ZE3s & --- & ZEg)
Z?:o a; By = (—ap—ar—a2)(Ey— By — Ez) + [(ao + a2)(Eo — E1) + (a0 + a1)(Eo — Es) + 2?23 a; ;|
and thus
Cl(Y) = ZL1 D ZL2 (&) ZE3 DD ZE@, where Li = EO - EZ‘, 1= 1, 2.

In particular, the anticanonical divisors are related by

6 6
~Ky =3Ey— Y Ei=—(Ey— By — By) +2L1 + 2Ly — Y E;

i=1 =3

—Kx

Only the exceptional classes of Y that do not meet Ey — E; — E, are mapped to exceptional classes on X;
for 3 < i < 6, this leaves the classes:

Ei’—>Ei7 EliP—>L1—Ej, Egil—)Lg—Ej7 Qil—)Ll—f—Lg— Z Ej.
JE{3,.. .63\ {4}

As for the unique effective root of Y, it is mapped to the root Ly + Ly — E3 — E4 — E5 — Eg and the last four
exceptional classes are not represented by irreducible curves. Thus one has
o . 6 6
%:Z(L1+L27E37~"7E6), % {(11L1+0,2L2+ZE1|(11+CL2+20J¢0}~
i=3 i=3

In order to take into account the Galois action, which acts via (L1 Le)(F3E4E5Eg), we put L = Ly + Ly and € =
Z?:s E;. We easily verify that

Cl(X) =CaCl(X) =ZLDZE = Z(L — &) © ZE, R=17(L-E), R+ =702L - E)=7ZKx.
This leads to the following isomorphism:

CI(X,)~CUX)/ % —  ZE
al+bf modZ +—— (a+DbE

Via this isomorphism, the sub-module CaCl(X,) = #+ = Z(2L &) = ZK x is mapped to Z¢ itself. In conclusion
both CaCl(X;) and Cl(X;) are free Z-module of rank 1 and the canonical embedding turns to be an isomorphism.
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Types of decomposition into irreducible components in |—Kx, |. — Recall that
6 6
—Kx =2L; + 2L, —ZEi = 4F, — 2F; — 2F, —ZE
=3 1=3

Global sections of —Kx are thus related to quartics of P2. More precisely, one has the following one-to-one
correspondences:

40 — 2py — 2py — Z?:s Di

— ‘4E0 —2F, — 2F5 — Z?:S Ez‘ — |_KX5 X.

e Y- (CF) — e (x. (C),
and we need to list all the quadrics of P? having multiplicity at least 2 at p; and p, and passing through the p;
for 3 < ¢ < 6. Note that in the correspondences above, we skip the surface Y. Recall that, as in (8), we
have P2 < Y X5 X and the morphism y here is the contraction of the strict transform of the line passing
through p; and ps.

The orbits of lines, respectively conics, having degree less than 4 and passing through some of the points p;’s
are

0 ULy, £y ULy Uls UL, b2, U35 U Lye, l13 U lag U ly5 U Lo, l14 U las U Ly U Las,
respectively:
a1 Y q2, q12, 435 U q4s, 43456, q1235 U q1246, q123456-

The only orbits of cubics or quartics having degree less than 4 that pass through the points p; are cia3456
and t123456. We now combine the rational irreducible decompositions in order to construct plane curves in the
expected sub-linear system.

First, suppose that the decomposition into absolute irreducible components contains a line

e If this line joins one of the first two points to one of the last four points, i.e. a line ¢;; with i € {1,2}
and j € {3,4,5,6}, then this line has degree 4 and it turns out that its orbit under the Galois action lies in
the linear system; (cases 1 and 2 in the tabular below).

e If this line is £15, which is rational, then this line appears with multiplicity at most 2. If 2¢15 is a part of the
decomposition then the complementary conic must be rational and pass through the last four points: the
conic must be f35 U €46 Or 3456 OF G123456 (cases 3,4,5). If £15 has multiplicity 1, then the complementary
cubic passes through the six points. Since, except ¢12, all the lines passing through some p; have even degree,
this cubic cannot be a union of three lines. The remaining cases are thus gi23456U¢ or ¢123456 (cases 6 and 7).

e If the line is ¢; for ¢ > 3, then it has degree (at least) 4 and its orbit under Galois has degree 4 (or greater)
without passing through p; and ps. It does not work.

o If the line is ¢; then its conjugate ¢ passes through ps; the complement is a conic passing through the six
points, and it must be gi23456 (case 8).

e Last if this line is £ a line passing through none of the six points then the complementary cubic passes
through the six points with multiplicity 2 at p; and ps. Since an irreducible plane cubic has at most one
singular point, this cubic must be reducible and it is the union of a line and a conic, whose meeting points
are the singular points, that is p; and ps. Thus the line must be £12, and the conic is g123456 and we recover
case 6.

Secondly, suppose that there are only two absolutely irreducible conics in the decomposition. For the union
of these two conics to be singular at p; and ps, they must pass through p; and ps. Taking into account the
rationality, there are only three possibilities, cases 9, 10, 11.

Last if the quartic is absolutely irreducible, then it must pass through the six points with multiplicity 2 at p;
and ps.

In the tabular below, we summarize all the possibilities. As noted below, the strict transform Zlg inY is
contracted in X via the morphism ¥ —» X this explains why the curve disappears in the middle column.
Then from X to Xg, it is the irreducible effective root ¢i23456 that is contracted by the morphism X 25 X,
Thus on X, there are two specific rational points, p the image of the contraction of 12 and s the image of the
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contraction of ¢123456.

40 — 2p1 — 2pg — 2?23 pil | |—Kx]| |-Kx, Max
on P2 on X on X, nb. of pts
1| 13 Ulag Ulys U log (15U lag U 15 U bag | s (f13) U @ (fag) U s (15) U s (fg) || O
2| l1a Ulos U lyg U lag 014U los U L1 U bz | 9u(P14) U s (f25) U ¢ (F16) U @ (£oz) || 0
3| 2012 U 35 U lyg U35 U la u(ls5) U pu(lag) 2
4 | 2012 U g3456 3456 ©+(q3456) q+2
5| 2612 U q123456 Q123456 U E1 U By | {p,s} U . (E1) Up.(E2) 2
6 | 12 U q123456 UL 23456 UL . (0) q+2
7| 12 U c123456 C123456 ¢« (C123456) N, (1)
8 | 41 UL U qi23a56 1 U3 U Giazase @u(01) U g () 2
91 12 U q123456 q12 U 123456 ©«(q12) q+2
10 | q1235 U q1246 Q1235 U G1246 ©+(q1235) U 04 (q1246) 2
11 | 2q123456 Gi2356 U Sy B {s} UUi_; ¢+ (E:) 1
12 | 123456 singular at py,po t123456 @ (t123456) N, (1)

Some comments about the numbers of points are in order.

Cases 1 & 2. The four lines 13,024, f15, {26 are conjugate, they do not meet and thus their union in P2
does not contain any rational point. In the blowing-up of P2 at the six points, the strict transforms of the
lines £13, {24, {15, {26 no longer meet the strict transform of ¢15. Thus the contraction of this line does not add any
rational point. Since none of the lines f13, fa4, 15, f26 can be a tangent line to ¢i23456 at some p; (otherwise the
line and the quadric would have too many intersection points by Bezout), blowing-up the p;, 1 < i < 6, separates
the strict transforms of the lines and the strict transform of the quadric. The contraction of this quadric neither
add rational points. This proves that these configurations do not contain any rational point.

Case 3. The lines £35 and {46 are conjugate to each other. Their intersection point is the unique rational
point of their union in P2, This point is still on ¢, (f35) U ¢«(f46). The added point is p which comes from the
contraction of 1712. Note that the contraction of qi23456 does not add any point since the lines f35 and f46 are
separated from 123456 in the blow-ups. This is because none of these lines can be a tangent to qi23456 at one of
the six points (otherwise the line and the quadric would have too many intersection points by Bezout).

Case 4. The conics q123456 and g3456 are separated by the blowing up of the last four points and thus the
point s does not belong to the final section. The strict transforms of £15 and of g3456 meet at two points that are
mapped to p by the contraction of £15. If these two points are not rational, p is an added rational point of the
final section.

Case 5 & 11. The resulting sections contain some exceptional curves F; in their supports since the multi-
plicities at some points p; are strictly greater than the ones expected. Since the points p; are not rational, none
of the E; contain rational points and the only rational points are {p, s} or {s}.

Case 6. The point p lies on ¢, (Z) but it comes from the intersection point between ¢ and ¢15 (which cannot
be one of the p; since it is a rational point) so no points are added in the contraction of £15. As for the point s,
it lies also on @*(Z) and it could add one more point if £ meet g123456 at two conjugate points.

Case 7. The cubic must be smooth at p; and po; indeed if it would be singular at one of these points, by
Galois conjugation, it would be singular at both of them and it would have too many singular points. Thus, to
make the multiplicity greater than 2 at p;,p2, the complementary line must be £15. This line meets the cubic
at p1 and p2 and a third point which must be rational and not on gi23456. Therefore, the contraction of £15 pass
through p but does not add any rational points to p.(f12). As for the contraction of the strict transform of ¢123456,
it does not add points either since blowing up the six points separates the cubic and q123456.

Case 8. The meeting point of the curves ¢; and ¢ is necessarily rational and it is the unique rational point
of their union in P2. The strict transforms Zl and Z‘l’ do not meet 212 and thus the point p does belong to the
final section. The contraction of the root gi23456 add the point s except if the meeting of the curves ¢; and ¢
already belongs to ¢123456-

Case 9. The conics g2 and g123456 are separated by the blowing ups. If the conic g;2 is chosen in such a way
that the tangent line at p; equals £12, then q12 and f1o meet at two unrational points in Y and the contraction
of /15 adds the rational point p to ¢12 in X. This explains why the final number of points is (¢ + 1) + 1.

Case 10. The two conics are conjugate. Besides p; and po, they meet at two other points (Bezout) that can
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be rational. If so these points are the only points of PQ(Fq) that belong to the union of the two conics. Blowing
up the six points disconnect the two conics from the strict transforms of £12 and g123456. So no points are added.

Case 12. Since the quartic has at least two singular points, it geometric genus must be at most 1.

As predicted by the class group computations, all the curves on X in the linear system are irreducible; they
are not necessarily absolutely irreducible but it turns out that curves that are not absolutely irreducible never
contain too many rational points.

In any case, one has

Nq (*KXS) < Nq(1)~

Since none of the points p; is rational, the surface Y has g% + ¢ + 1 rational points. Since X is obtained by
contracting /,,, it contains ¢? + 1 rational points. In the same way, after contracting §i2a4se, the surface X,
has ¢* — ¢ + 1 rational points. Since ¢*> — ¢+ 1 < N, (1) for g € {2, 3}, the evaluation map may be non injective
and we do not consider the codes with these two values.

Proposition 4.4. Suppose that q # 2,3. Letpy,...,ps € P% be siz conconic points, such that p1,ps and ps, pa, ps, Pe
are conjugate. The anticanonical code of the weak del Pezzo surface obtained by blowing up these siz points and
then blowing down the strict transform of the line (p1p2) has parameters [¢> —q+1,5,> ¢* —q+ 1 — N, (1)].

Computation of the global sections from P2. — Let Q be a quadratic polynomial that defines ¢i23456
and L;; a linear form that defines the line ¢;;. Then

6

40— 2py = 2py = Y pi| = (QL12X,QL12Y, QL12Z, L35 Lss Lug, L13LaaL15 Lag),
i=3

The three first sections are clearly linearly independent. The fourth one cannot be a linear combination of the
three first ones since otherwise Q would be reducible. Last, the fifth one cannot be a linear combination of the
four first ones since otherwise L1, would divide Li3L94L15L26.

4.5 Degree 4, singularity of type 4A;

This example corresponds to the type number 48 in degree 4 | ]. We recover an example already studied by
Koshelev | , §1.2]. Our point of view slightly differs from Koshelev’s one, so even if this example appears in
the literature, we choose to go into details.

Configuration to blow-up and down. — The context is still the one described in (8) with a non trivial
map Y XX,

Let p1,p2 = p7,p3 = p‘l’Q,p4 = p‘l’s € P2 be four conjugate points in general position (no three of them
are collinear) and, as usual, let £19, £a3, {34, {14 denote the lines (p1p2), (p2p3), (P3pa), (P1p4); they are conjugate.
Let ps be the intersection point of /15 and ¢34 and pg be the intersection point of ¢33 and ¢14. They are also
conjugate and we denote by 56 the rational line passing through ps, ps.

p2 = pJ

2
p3 = pi’s
ps = pJ
D6 = DP§

We blow up these six points to obtain a degree 3 weak del Pezzo surface Y. The strict transform of the line #5g,
of class Ey — B — Eg, is an exceptional curve that can be contracted to obtain the degree four weak del Pezzo
surface X we consider here. The anticanonical model of this surface has four singular points of type A; (since
the four irreducible effective roots do not intersect, see below).

Computation of the divisor class groups. — Over F,, we know that C1(Y) = @?:0 ZFE; and that —Ky =

3E0—Z?:1 E;. Moreover the surface Y has four irreducible effective roots, the strict transforms of the lines £125, £236, £345, {146
whose conjugate classes in C1(Y) are:

Ey— By — By — Ej, Ly — Ey — E3 — Eg, Ey—E3s —Ey— Es, Ey—FE| — E;y — FEg.
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The group C1(X) identifies with Z(Ey — E5 — Fg)* inside C1(Y). Since

_ L
CI(Y) Z(Ey— s — Bs) & |Z(Fo— Fs5) @ Z(Eo — Be) © i, ZFi]
> aiB; = (—ag—as—ag)(Eg— Es — Eg) + (ao+as)(Eo— Es) + (ag + as)(Eo — o) + Y i, a; Ei
(9)

one has o
ClX)=Z(Ey— E5) ®Z(Ey — Eg) DZE, ® ZE, & ZE; ® ZE,.

In particular,
—Kx =2(Ey— E5)+2(FEy— E¢) — E1 —Ey — Es — Ey =4Fy —2E5; —2FEg — By — Ey — E5 — Ey.
On X, there are still four effective roots, the image by the contraction of the effective roots on Y
R=1Z(Ey—E, —Ey—E35)®Z(Ey— Ey — E3 — Es) @Z(Ey — Es — By — E5) © Z(Ey — E1 — E, — E).
On X there are 16 exceptional classes,
(Eo — E;) — Ej, i € {5,6}, j € {1,2,3,4}, (Eo— E5) + (Eo — E¢) — Ei, — Ei, — Eiy, {i1,12,i3} C {1,2,3,4},

and Fi, Fs, E3, Fy. Only these last four classes are represented by irreducible exceptional curves. We recover the
graph number 9 of the Proposition 6.1 of Coray & Tsfasman | ].

The Galois group acts as as a 4-cycle on the roots and as (EyFE2FE3Fy4) on the (—1)-curves. Let us put F =
(Eg — E5) + (Eg — Eg) and € = Ey + Fy + E3 + Ey, in such a way that 72 =2, €2 = —4 and F-& = 0. Then
one has:

{% = Z2(F - €) ClUX,) =CUX)/%# =  Z]RL(F-€) & Z&
|_>

=
CiX)=Z(F-&) @ ZE aF + b€ a(F—& modZ + (a+b)E

As for the Cartier class group, we find CaCl(X;) = #+ = Z(2F — £) = Z(—Kx) which embeds in CI(Xj)
via —Kx +— &. Thus, via the canonical embedding, CaCl(X;) and the free part of C1(X) are isomorphic.

Types of decomposition into irreducible components in |-Kx_|. — The situation looks like the preceding
one except that the multiplicity is at points ps, pg here. One has:

40 — Z;lzl Di — 2])5 — 2p6‘Y — ‘4E0 — 2E5 — 2E6 — Z?:l Ez — ‘_KXS X,
— x- (CF) — @ (- (C%)) -
Thus we are reduced to list all the types of irreducible decompositions of quadrics passing through the six points,

the last two with multiplicities at least 2.
The orbits of lines of degree less than 4 that involve the six points are

U5 U (g, 0 ULl Ul Uy, s, l13 U Loy, and l125 U Loz U laa5 U L1g6.

There are only two ways (cases 1 and 2 below) to combine these configurations in order to obtain a curve in the
expected linear system.

The orbits of conics of degree less than 4 that involve the six points are q1234, ¢s6 and q1356 U g2456- Lhere are
only two ways (cases 3 and 4 below) to combine the configurations of lines and conics in order to obtain a curve
in the expected linear system.

If the decomposition contains a cubic, it must be smooth at ps and pg and the complement must be #56; this
is case 5. This leads to the list below. Let us note that on X the curve /56 in Y is contracted by x. On X, this
contraction is mapped to a smooth rational point p. This surface contains also four singular points s;, 1 < i < 4,
coming from the contraction of the four roots; they are conjugate and of degree 4.

40— pi—2ps — 2p6| | |- Kx| |—Kx. Max
on P2 on X on X, nb. of pts
1| 2056 Ul13 U loy (13U loy 0u(l13) U @ (fas) 2
2 | 125 U lage U l345 U £146 {195 U oz U lag5 U f146 U U?:1 E; | {si} U Ule o« (Es) 0
3| 2056 U q1234 q1234 ©x(q1234) q+2
4 | q1356 U q2456 71356 U G2456 ©x(q1356) U 0« (qaas6) || 2
5 | c123456 U 56 123456 ¢+ (C123456) N, (1)
6 | t123456 singular at ps, pe t193456 ©u(t123456) N, (1)
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Some comments on the number of rational points.

Case 1. The lines ¢13 and £34 are conjugate, their meeting point is the unique rational point of their union.
After the contraction of £56, these two lines have one more rational point in common, the point p.

Case 3. If 1234 meets 56 at two conjugate points, the contraction of /55 adds the point p to the other rational
points.

Case 4. Blowing up ps and pg separates the strict transforms ¢35 and gogs6 from £56. So the contraction of
this curve do not add any point. On P? the union of conics ¢1356 and gass6 has at most two rational points: their
meeting points that differ from ps, pg if they are rational.

Case 5. Necessarily the cubic is smooth at ps, pg and the tangent lines at these points cannot be equal to £5e.
Therefore blowing up ps, ps separates the curves 56 and ci23456 above ps and pg. Besides ps,ps the curves 56
and c123456 meet at a third point (Bezout) which is necessarily rational. Via the contraction of ¢5g, this line
concentrates at this third point and no points are added on ¢123456. _

Case 6. Necessarily blowing up ps and pg disconnects the strict transforms ?123456 and f56. Moreover, it
desingularizes the quartic ¢ since the singularities at ps; and pg must be ordinary. Blowing up pi,...,ps also
disconnects ¢ from all the effective roots. Finally ¢, (t123456) turns to be an elliptic curve.

Finally Ny(—Kx,) < Ng(1).

Since none of the points p; is rational, #X (F,) = #P?(F;) = ¢ +¢+ 1. Then contracting the rational line Us6
decreases the number by ¢ and #X(F,) = ¢®> + 1. Except for ¢ = 2, this number is stricly greater that N,(1)
and the evaluation map is injective.

Proposition 4.5. Suppose q # 2. Let p1,p2 = pJ,ps = p‘l’Q,p4 = pfs € P%q be four conjugate points in general
position (no three of them are collinear) and let ps (resp. pg) be the point of intersection of the lines (p1p2)
and (psps) (resp. (paps) and (p1p4)). The anticanonical code of the weak del Pezzo surface obtained by blowing
up these six points and then blowing down the strict transform of the line (psps) has parameters [¢* + 1,5,>
@ +1-N, (1)].

As proved by Koshelev | , §1.2], for some values of ¢, the minimum distance can be improved by one.
Since the argument is very nice, we choose to briefly sketch it below. The idea is to prove that all the elliptic
curves in our linear system must have a rational 2-torsion point and thus an even number of points. Since for
some ¢, the maximum N, (1) is odd, this means that N, (—Kx_) < N,(1) and our bound for the minimum distance
can be improved by 1. Let ¢ be a cubic passing through the six points. Then, for any choice of the origin, the
alignments of points permit to show that:

P11+ p2 +ps p1—Dp3
= D1 +Dp1+Dps = D2—D4
— — 2 - :0,
= p2+p3+ps = Dpa—D2 (p2 = p4)
= p3+pst+ps = P —D5

and these points must be rational since ps — ps = ps — ps with ps, pg conjugate. The case of the quartics in the
linear system works in the same way but it is a little bit more technical since we need to know the group law on
this kind of curve.

Computation of the global sections from P?. — In this example, we do not find a nice explicit basis for
the global sections. Instead, we choose to present a magma code that permits to construct the generator matrix.

clear ;

q = 7 3

Fq<xi> := FiniteField (q) ;

P2<X,Y,Z> := ProjectiveSpace (Fq, 2) ; XYZ<X,Y,Z> := CoordinateRing (P2) ;
phi := map < P2 —> P2 | [X"q,Y"q,Z7q] > ;

// Some basic routines such as verifying if some points are in general position
load ” Utilities .magma” ;

// Choose randomly a degree 4 point in general position .

repeat
pl := Random(P2(ext< Fq | 4>)) ;
p2 := phi(pl) ; p3 := phi(p2) ; p4 := phi(p3) ;

C11234 := Cluster (pl) ;
until EnPositionGenerale ([pl,p2,p3,p4]) ;

//// To compute the points p5, p6 we need the extend the scalars to Fq4

P2_Fq4 := BaseChange (P2, ext < Fq | 4 >) ;

pl_Fq4 := P2_Fq4!ElementToSequence(pl) ; p2.Fq4 := P2_Fq4!ElementToSequence(p2) ;

p3_Fq4 := P2_Fq4!ElementToSequence(p3) ; p4_Fq4 := P2_Fq4!ElementToSequence(pd) ;

L12 := Scheme(P2_Fq4, Sections(LinearSystem (LinearSystem (P2_.Fq4, 1), [pl_Fq4,p2_.Fqd]))[1]) ;
L34 := Scheme(P2_Fq4, Sections(LinearSystem (LinearSystem (P2_.Fq4, 1), [p3.Fq4,p4_Fqd]))[1])
p5-Fq4 := Points(L12 meet L34)[1]

p5 := P2(ext < Fq | 2 >)!ElementToSequence(p5-Fq4) ;

//// End of the computation over Fq4

p6 := phi(p5) ;

C156 := Cluster (p5) ;

Cl156_square := Cluster (P2, Ideal (C156)°2) ;
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41

46

L := LinearSystem (LinearSystem (P2, 4), Cl1234) ;

L := LinearSystem (L, Cl56_square) ;
TheSections := Sections (L) ;
L56 := Scheme(P2, Sections(LinearSystem (LinearSystem (P2, 1), C156))[1]) ;
S := (Points(P2) diff Points(L56)) join {@ Points(L56)[1]@} ;
G := Matrix(Fq,5,14q"2, &cat [[Evaluate(f,ElementToSequence(p)) : p in S] : f in TheSections]) ;
TheCode := LinearCode (G) ;
printf " Generator matrix G =\n%o\n”, G ;
lg := Length(TheCode) ; dim := Dimension(TheCode) ; d-min := MinimumWeight(TheCode) ;
printf "q = %o,\n[n,k,d] = [%o, %o, %o]\n”, q, lg, dim, d-min ;
printf ”What was provided (not taking into account Kashelev remark) = [%o, 5, %o]”,
q°2+1, q"2 — q — Floor (2«Sqrt(q)) ;
4.6 Degree 4, singularity of type A,
This example corresponds to the type number 30 in degree 4 | ]. This type works almost as the one described
in section 4.5.
. 2 3 . .
Configuration to blow-up and down. — Let p1,p2 = p,p3 = p ,ps = p{ € P? be four conjugate points

in general position (no three of them are collinear). The two lines (p1ps) and (pap4) are conjugate. We choose a
degree 2 point ps on (p1ps) and we let pg = pZ which lies on (pap4).

e
U35
J— ag
Y =
b1 P2 p _pll,z
¢ b3 = p13
90 pa =
Py 3 p6 =D
loye
K

The surfaces of the diagram (8) are the following: we blow up the six points to obtain the degree 3 weak del Pezzo
surface Y. On this surface, the strict transform of the line /54, of class Fy — E5 — Eg, is an exceptional curve that
can be contracted to obtain the weak degree four weak del Pezzo surface X defined over F,. The anticanonical
model has a unique singular point of type Ay (since there are only two irreducible effective root that meet, see
below).

Computation of the divisor class groups. — Over F,, we know that C1(Y) = @?:0 ZE; and that —Ky =
3Ey— Z?:l E;. There are only two irreducible effective roots on Y, the strict transforms of the lines ¢135 and fo4¢
whose conjugate classes in C1(Y) are Eg — By — E3 — E5 and Ey — Ey — E4 — Fg.

The group C1(X) identifies with Z(Ey— E5— Eg)* inside C1(Y'). We recover the same orthogonal decomposition
as in (9). In particular, we still have —Kx = 4Ey — Z?Zl E; — 2E5 — 2Eg. On X there are still two (conjugate)
irreducible effective roots, of classes Fy — F1 — F3 — E5 and Fyg — E5 — B4 — Fg.

We follow the same computation as in section 4.5 and we still put € = (Ey — E5) + (Fg — Eg) and F =
Ey + E5 + E5 + E4. Then, for X we have:

— Ky =2F - &, R =TF-E), and CI(X) = Z(F — §) & Z€,

and for X, we deduce that:

Cl(X,) — Z& CaCl(X,) = CI(X,)
CaCl(X,) =ZQ2F - &) =4(—K s s s
aCl(X,) = Z( ) = Z(-Kx) aF +b0E — (a+Db)E ~Kx = &

The canonical embedding induces an isomorphism between the two class groups.

Types of decomposition into irreducible components in |—-Kx|. — Since the two class groups are

isomorphic and free of rank one, all the sections are necessarily irreducible. However, they can be absolutely
reducible and we need to review all the possibilities.

As in section 4.5, we are reduced to list all the types of irreducible decompositions of quartics passing through
the six points, the last two with multiplicities at least 2. We follow the same line.

The orbits of lines of degree less than 4 that involve the six points are

s Uls, L1 ULlULl3ULy, lss, Li1pUlazUlzg ULy,  ligUlas Ulsg Ulys, and  fi35 U foge.
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There are five ways (cases 1 to 5 below) to combine these configurations in order to obtain a curve in the expected
linear system.

The orbits of conics of degree less than 4 that involve the six points are ¢i234 and ¢s6. Note that compared
to the example of section 4.5, the orbit ¢1356 U g2456 does not appear since a conic ¢i356 cannot be irreducible
otherwise it would have three intersection points with the line ¢135. There are only two ways (cases 6 and 7 below)
to combine the configurations of lines and conics in order to obtain a curve in the expected linear system.

If the decomposition contains a cubic, it must be smooth at ps and pg and the complement must be £54; this
is case 8. _ _ _

This leads to the list below. In Y, the strict transforms #4135 and £o4¢6 are separated from the strict transform £xg.
In X this last curve is contracted to a smooth rational point p. Last, another difference from the example of
section 4.5: the two effective roots of X meet and they are thus contracted by the anticanonical morphism ¢,
onto the same point s. This point is the unique singular point of X and it is necessarily a rational point.

40— pi — 25 — 2ps| | |- Kx| |-Kx.| Max
on P? on X on X, nb. of pts
1| 2056 U li35 U loge Us6 U 135 U fogs U E5 U Eg @«(E5) Ups(Es) U {s,p} 2
2 |l U ly35 U lage UL l135 U lagg UL . (0) q+2
3| b1 U las Ulze U lys 016U a5 U 36 U Ly @4 (£16) U @u(la5) U i (036) U s (fas) || O
4| €5 Ulg U lyz5 U lagg U5 Ulg U l135 U logg . (ls) U g (05) U {5} 2
5 | 26135 U 20246 135 Ulogs UE) U By UE3 UEy | 0. (E1) U pu(B2) Upu(Es) U (Ey) |1
6 | l135 U f216 U gs6 l135 U laag U G ©x(gs6) U {s} q+2
7| 2056 U qi234 1234 U {p} @+ (qr23a) U px({p}) q+2
8 | c123456 U ls6 123456 ¢«(C123456) Ny (1)
9 | t123456 singular at ps, ps t193456 0. (t123436) N, (1)

Some comments about the numbers of points.

Case 1 & 5. The exceptional curves E5 and Eg do not contain any rational points. The other components
are all contracted to the points p or s. The same is true in case 5, without the point p.

Case 2. The ending curve passes through p but the contraction of /54 does not add any rational point since #5¢
and ¢ meet at a rational point. The ending curve passes through s and the contraction of the roots add a point
if £ meet {135 and {246 outside the meeting point of these two curves.

Case 3. All theses lines and {135, {246 and f5¢ are separated by the blowing ups. Since the four lines cannot
contain any rational point, neither does their image in Xj.

Case 4. The conjugate lines /5 and ¢4 contain a unique rational point, their intersection point, to which is
added the point s. o _

Case 6. The curve ¢sg no longer meets 135, £246 and £56. The ending curve contains the rational points of ¢sg
plus the point s. _

Case 7. If gi234 meets f56 at two conjugate points then in X, after f54 being contracted, the strict trans-
form qi234 passes through p which is an additional rational point. Necessarily the blowing ups of pi,...,ps
separate the strict transforms qi234, £135 and 246 and the roots contraction does not add any point.

Cases 8 & 9. Same as §4.5.

Finally N, (—Kx,) < Ny(1).

As in the previous example, one has #X,(F,) = ¢*>+1, and for ¢ = 2, the evaluation map may not be injective.

Proposition 4.6. Suppose ¢ # 2. Let p1,p2 = p7,ps = p‘l’z,p4 = p‘{g € P2 be four conjugate points in general
position (no three of them are collinear), let ps be a point of the line (p1p3) inside P*(F2) and let ps = pg in such
a way that pe lies on (paps). The anticanonical code of the weak del Pezzo surface obtained by blowing up these six
points and then blowing down the strict transform of the line (psps) has parameters [¢* +1,5,> ¢* + 1 — Ny (1)].

Computation of the global sections from P2. — This example looks like the previous one and we do not
find a nice explicit basis for the global sections. A slightly modification of the code given for the previous example
leads to a program which permits to compute a generator matrix.

4.7 Degree 4, singularity of type Dj;
This example corresponds to the type number 58 in degree 4 | ]
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Configuration to blow-up. — In this example, the surfaces Y and X of diagram (8) are equal and we obtain
directly the surface X by blowing up P? at five rational points p; < ps < --- < ps, with py, p2, p3 collinear. Let

us denote by 71, ..., 75 these five blowups at pi, ..., ps respectively:
m
2% - < « -
P - X, 71-2 X5 = X3 o X, 7T5X

The fact that p1, p2, p3 are collinear means that there is a line 193 of P2 whose strict transform by m; passes
through p, and whose strict transform by 7o o w1 passes through ps. The anticanonical model of this weak
del Pezzo surface has a unique singular point of type Dj (since there are five irreducible effective roots whose
intersection graph is Dj, see the picture at the end of this example).

Computation of the divisor class groups. — Since all the blown-up points are rational, there is no need
to work with the base change X. The irreducible effective classes of roots are the strict transform of 103 and
of E1, Es, E3, E4, whose classes in Cl(X) are:

Ey— Ey — E; — E3, E, — E», Es; — E3, Es — Ey, and Ey — Es.

The submodule Z, generated by these classes, is a direct summand and for example CI(X) = Z @ ZEs; the
projection onto the factor ZEs5 leads to an isomorphism C1(X)/% — ZEs. As for the submodule #+, it is defined
by the equations a; = as = --- = a5 and ag + a1 + as + a3 = 0 and thus Z+ = ZKx. Since

—Kx =3(Ey—FE1—E; —E3)+2(E1— E;)+4(E2— E3) +6(E3 — Es) +5(Ey — E5) +4FE5,

via the preceding isomorphism, the module %+ embeds via —Kx — 4Es.

In brief, both divisor class groups CaCl(X;) and Cl(X;) are free rank one Z-modules, the first one being of
index 4 in the latter via the canonical embedding.

For this example, it makes sense to reverse the order of the paragraphs and we start to compute a basis of the
global sections.

Computation of the global sections from P2?. — We need to compute a basis of the sublinear system
on P2

3¢ —p1 — - —ps].

So we consider a cubic of P%(,Y,Z whose restriction to the affine space A2 =~ (z1 = 2,y =% and Z #0) is
defined by the equation:

Ci(z1,y1) = a30$§ + a21x§y1 + CLQOJZ? + a12$1y% + a1121Y1 + a10T1 + 00311? + GOny + ap1y1 + apo =0

We choose p; = (0,0) € Ail’yl. The cubic passes through the point p; if and only if agg = 0.
Let z9,y> be the coordinates of the affine chart of the blowing up of Ail,yl at p; defined by z1 = z9
and y; = x2y2. In this chart, the exceptional divisor F; has equation x5 = 0 and the strict transform of Cy is

defined by:
1

Ca(2,y2) = ;01@2, Tayz) = 303 + A2125Y2 + A20T2 + A12T5Y3 + A11T2Y2 + a10 + A03TFY3 + A02T2Y3 + ao1y2 = 0.
2

We choose py = (0,0) € A2,
in P%(,Y,Z’ The cubic passes through the point ps if and only if a;9 = 0.

Let x3,y3 be the coordinates of the affine chart of the blowing up of Ai%w at po defined by zo = x3
and yo = x3ys. In this chart, the exceptional divisor Fy has equation z3 = 0 and the strict transform of Cy is

defined by:

. . . . _ . 2 _
which corresponds to the line £33 with affine equation y; =0in A7 orY.=0

1
C3(z3,y3) = ;02(553, T3Y3) = a30T3 + A21T3Y3 + G20 + A12T3Y5 + a1123Y3 + A03T3YS + A0223Y3 + aoiys = 0.
3
Since p1, p2, p3 are colinear, we have to choose p3 = (0,0) € A§37y3. The cubic passes through the point p3 if and
only if agg = 0.
Let z4,y4 be the coordinates of the affine chart of the blowing up of Aisys at p3 defined by z3 = x4
and ys = x4y4. In this chart, the exceptional divisor F3 has equation x4 = 0 and the strict transform of Cj is
defined by:

1
Cy(xa,ys) = ;02(1‘4, T4ys) = azo + ag1T3ys + alﬂiyi + a4y + ao3r§ys + aoeaiyi + ao1ys = 0.
4
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Since ps € Es5, we have to choose py = (0,«a) € Ai4 4, and since p1, p2, p3, ps are not colinear, necessarily a # 0.
The cubic passes through the point p4 if and only if agg + cag; = 0.

Last, let 5,5 be the coordinates of the affine chart of the blowing up of A2 +ys &b pa defined by z4 = x5
and y; = a + z5ys. In this chart, the exceptional divisor E4 has equation x5 = 0 and the strict transform of Cy

is defined by:

1
Cs(zs,ys5) = ;SC2($5,9€5Z/5)

1 .
= [aso + a3 (a + ws5ys) + a1o2 (o + 25y5)* + anas(a + wsys) + apsal(a + wsys)® (10)

—|—a023}g(0z + a:5y5)2 + agl(a + 3353/5”

_ 2
= aai1 + aa21 x5 + ao1ys + anesys mod xEF g [zs, ys).

Since ps € Ej4, one can choose p; = (0,5) € AiS ys- Lhe cubic passes through the point p; if and only if caq; +
Baor = 0.

To sum up, the global sections are defined by
ago = aip = azo = 0, asy = —aao1, and a1 = —_do1.

The fact that o # 0 is important here. In the projective setting, this leads to the basis

30 —p1 — -+ —ps| = (@Y Z° = BXY Z — o* X Y?, X?Y, XY? Y Z), . (11)

q

Types of decomposition into irreducible components in |-Kx|. — Since CaCl(Xj) if of index 4 in-
side Cl(Xj;), even if these two groups are free of rank 1, an irreducible Cartier divisor may decompose into Weil
irreducible components. In order to lower bound the minimum distance, we need to review all these kinds of
decompositions into irreducible components for the curves of the anticanonical linear system on X,. As usual, we
start form P? and use the one-to-one correspondences:

B0 —p1—- —pslp: — [-Kxl|y — [-Kxlx,
C — Ct — @(Cﬁ)

where C* denotes the virtual transform of C' in the composition of the five blowups.
Thanks to the preceding computation, for every curve in |3 —p; — - -+ — ps|p2 there exists a,...,a5 € Fy
such this curves is defined by

o1 (aYZ? — BXY Z — & X?) + aoY? + a3 X?Y + au XY? + a5Y?Z = 0.
We deduce that such a curve can decompose in six different ways, as listed in the tabular below:
e either a cubic c¢1a345 for which p; is a smooth flex point with tangent line equal to 123, if ag # 0 (case 1);

e or a cubic singular at p; which contains {153 as a component, if @; = 0, the complementary component, of
discriminant aza? (up to a constant), being either
— a quadric g12 smooth at p; with tangent line ¢103, if ag # 0 and a5 # 0 (case 2),

— or the union of two lines, if ag # 0 and a5 = 0, a3 = 0 and a5 # 0, a3 = a5 = 0 and a4 # 0,
ag = ay = ay = 0 (cases 3,4, 5,6 respectively).

30— pi| | |-Kx] |—Kx, | Max
on P2 on X on X, nb. of pts
1| c12345 C12345 ¢ (C12345) Ny (1)
2 | L123U qi2 (123U G1a U Ey U2E, U2E3 U Ey 0. (q12) q+1
3| lios Ul UL, | f105 U2E1 U2E, U2E5s U B, U UL, 0 (L) U (f)) |l 29+1
4] 295U 2193 UE, U2E, U3Es U2E,UFEs UL 0. (Bs) U () | 2¢+1
5| 20105 Ul 20153 U2E, U3Ey U4E; U3E, U2Es Ul | 20, (Es) U, (f1) || 2¢+1
6 | 30103 30193 U2E, U4Fy UG6Es USE, UA4Fs 40, (E5) q+1
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Let us give details for the computation of the virtual transform 7#(C) if, for example, C' = £193 U f; U #}:

Oy =78 (C) = lhas + b + 0, + 2, b1 € bios N6 N E, = my, (C) = 3]
( 1) = Cras + b +€/1 +2F, 4 2B, {Pz €lhosNE = my, (C1) = 3}
= 7k(Cy) = los + & + 0, + 2B, + 2E, + 2E4 [pg € lipsN By = my,(Cy) = 3}
Cy=mh(C3) = lrog + 6 + 0} + 2E1 + 2E5 + 23 + E4 [pa € B3 = my, (C3) =2
Ct = 78(Cy) = lrog + 01 + € + 2E1 + 2B, + 2E3 + E4 [ps € By = my, (Ca) =1].

This leads to the following decomposition of the canonical class into a sum of effective classes
—Kx = (Eg — E1 — B2 — E3) + (Eo — E1) + (Eo — Ev) + 2(By — E2) + 2(E2 — E3) + 2(E3 — Eu) + (Es — Es)

The intersection graph of the irreducible effective roots in X is connected (see figure below) and all these curves
are contracted by the morphism ¢ to a single rational singular pointy s (of singularity type Dj).

E5(—1) SO*(E5>
on X,
] E1(72) 4% S
on X N
—— l123(—2)
Eo(-2) —
E3(—2)
Eq1(-2)

We comment on the numbers of points.

Cases 2 & 6. All the components in X are roots that are contracted, except ¢i2 and Fs respectively. These
two strict transforms meet the tree of roots at only one point and by ¢, they are mapped to isomorphic curves
that pass through s. _ _

Case 3. Except ¢; and ¢}, all the components on X are irreducible effective roots and they are mapped to
the point s by the morphism ¢,. After the contraction, the curves <p*(171) and <p*(l7’1) meet at this singular point,
thus their union contains 2¢ + 1 rational points. L

Cases 4 & 5. The line E5 does not_intersect the lines £ or £; in X. However, since £ and /123 meet at some
point of P? (not equal to py), the lines £ and /153 intersect in X; in the same way since ¢; passes through py, the
lines ¢, and E; intersect in X. Therefore, ¢, (Fs) and ¢, (f) or ¢,(Es) and ¢, (f1) both intersect at s. Thus the
two unions has 2q + 1 rational points.

Finally N, (—Kx,) =2q + 1.

The surface X, has a unique singular point s. All the irreducible effective roots of X, that is Zlgg, El, cee Ey
are contracted to this single point. The last exceptional curve F5 meets E; and thus ¢(FE5) passes through s.
In conclusion the rational points of X (F,) are in one-to-one correspondence with (P2(Fg) \ £123(F,)) U E5(Fy),
which counts ¢? + ¢ + 1 elements. This number is always strictly greater that 2¢ + 1 and the evaluation map is
always injective.

Proposition 4.7. Let p1 < p2 < p3 < pa < ps be infinitely near rational points. Suppose that the first three
ones are collinear. The anticanonical code of the weak del Pezzo surface obtained by blowing up these points has
parameters [¢*> + g+ 1,5,¢% — q|.

The construction of a generator matrix of this code is a nice application of proposition 3.3. It consists of
two blocks, the left one, of size 5 x ¢2, contains the evaluations of the five global sections of (11) at every point
of P%(F,)\ £123(F,), the right one, of size 5 x (g+1) contains the evaluations of the homogeneous parts of degree 1
of the five global sections of (11) at every point of P(F,). Letting y5s = 3+ 25 in (10), this homogeneous part of
degree 1 equals (was1 + Bai1)xs + ag125. Finally, we get the explicit matrix:

ayz? — Bryz — o’x® : —B2%u+ aw
y? : 0 :
2y (0:y:2) €PAE) |y £0| au  (uiv)ePUF,) |,
x> 0 :
Y2z : 0

where o € F and 3 € Fy.
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4.8 Degree 3, singularity of type A,

This example corresponds to the type number 11 in degree 3 | ]

Configuration to blow-up and down. — We blow up six conjugate points pi,...,ps € P? on a smooth
CONIC §123456-

b2

D1 D3 p2 = pTQ
b3 = pi:
4123456 P4 = p[f4
ps = P[f%
P6 P pe = py
b5

The resulting surface X is a weak del Pezzo of degree 3, whose anticanonical model X, has a unique singular
point of type A;.

Computation of the divisor class groups. — We have:
6 6
CUX) =) ZE; and Cl(X) = ZE, & Z&, where £ = E;.
i=0 i=1

There is a unique irreducible effective root, the strict transform of the conic q123456, whose class is 2Ey — £. The
root module #, generated this class, is a direct summand, C1(X) = Z @ ZEy. The projection onto the second
factor leads to an isomorphism

FEy mod R +— Ey

€ mod # — 2E0

As for the module %+, inside CI(X) it is defined by the single equation 2ag + a; + --- + ag = 0; after taking
the Galois invariants, we obtain CaCl(X,) = ZKx, whose image by the previous isomorphism is also ZFj.
Therefore CaCl(X;) ~ Cl(X,) and both of them are free of rank one.

Types of decomposition into irreducible components in |-Kx|. — This proves that all the sections of
the anticanonical divisor are irreducible. As in our previous work | ], we expect that the curves of the
associated linear system can contain at most N, (1) rational points. However we need to investigate the types of
irreducible decompositions. Here this is easy since one can check that the only Galois orbits of lines or conics or
cubics that pass through at least one point p; are 14 Ul25Uls6 Or 123456 O C123456 (all the others lead to Fy-curves
of degree strictly greater than 3). Combining them in order to construct a curve in the expected sub-linear system
leads to very few decompositions:

30—y pi| | |I-Kx| |-Kx.| Max
on P2 on X on X, nb. of pts

1| £14 U fas U L3g f14U 2725 U Z36 90*(?14) U tp*(zzs) U @*(236) 1

2 | LU q123456 U q123456 ROEY q+2

3 | c123456 C123456 ©+(C123456) Ng (1)

The number of rational point in case 1 is at most 1 if the three lines meet. In case 2, during the process, if the two
meeting points of ¢ and g123456 are not rational, then the singular point s is an additional rational point on @, (¢).
We deduce that N, (—Kx,) < N, (1).

Since the blown up points are not rational, the blowing ups do not add point on the surface and #X(F,) =
¢®> + ¢ + 1. Then, the irreducible effective root is contracted and thus # X, (Fy) = ¢*> + 1. If ¢ = 2, the evaluation
map may fail to be injective.

Proposition 4.8. Suppose q¢ # 2. Let p1,...,ps € P? be siz conjugate points lying on a smooth conic. The

anticanonical code of the weak del Pezzo surface obtained by blowing up these points has parameters [¢> + 1,4, >
2

¢ +1-Ng(1)].
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Computation of the global sections from P2. — Let @ denote the conic passing through pi,...,ps and
let L14, Los, L3g be the linear forms whose zeros are the lines £14, o5, £36. Then

H (P2,30— X0, pi) = (XQ,YQ, ZQ, LuaLas Lao)y,

4.9 Degree 3, singularity of type 3A,

This example corresponds to the type number 76 in degree 6 [ ]. As in section 4.5, this example appears in
Koshelev’s work [ , §1.1] but with another point of view.
Configuration to blow-up. — First we blow up three non-collinear conjugate points pi1,ps,p3. This leads

to a degree 6 del Pezzo surface with three exceptional conjugate curves F, E5, F3, the other exceptional curves
being the strict transforms £y, £13, f23 of the lines joining two of the three points. Then we blow up three other
points p4, ps, pe with p; 3 > p;, and more precisely py is the intersection point of E; and #12, ps is the intersection
point of Fs and 223 and pg is the intersection point of F3 and 213. These points are also conjugate and the
resulting surface X is a weak degree three del Pezzo surface, with three new exceptional curves Ey, E5, Eg. The
anticanonical model X has three conjugate singular points of type As.

Ps
D2
p2=p] D5=D]
2 2

) o o
% DPe p3=n Pe =Dy -

b1 b3

The point py lies on the strict transform of the line (p1p2), which we denote by £124. In the same way we introduce
the lines 6235 and 6136.

Computation of the divisor class groups. — There are six irreducible effective roots, the strict transforms
of F1, E», F5 and the strict transforms of {124, £235, £136; their classes are:

Ry = Ey — By, Ry = Ey — B, R3 = E3 — kg,
R, = Ey— E\ — Es — Eu, R, = Ey— By — E3 — E, R, = E, — E, — E3 — Es.

The absolute Galois group acts on this six root classes as (R R2R3) (R} R5R%) and also on the exceptional curves
as (F1FE2F3)(Ey EsFEg) (the first three exceptional curves are the total transforms of the exceptional curves on
the degree 6 del Pezzo surface, they are no longer irreducible).

We have

Cl(X) = é ZE; R = é ZR; & ZR, and F* =17Kx.
i=0 i=1
Let us put:
E=E1+FEy+E;, & =FE;+E;+FE;, R=Ri+Re+R3=E-E, R=R|+Ry+R;,=3E,—25-¢".
One easily verify that
CUX)' =ZE, @ ZED ZE', # % =ZIRGIR = Z(E-EYBDLBEy -2 -&'), and #+ =7ZKx.
It turns out that the submodule & is not a direct summand in Cl(X); indeed
R=ZE-E)VDLIEy—E)CZLE-ENVBL(Ey—E)®ZE = Cl(X)

(we have just replaced 3Ey —2E — &' by (3Eg —2E — &') — (€ — £’) in the initial basis). Therefore the projection
onto the two last factors leads to an isomorphism:

Cl(Xs) ~ CUX) /% — Z/3Z(Ey—-&) & Z&
agFo+a€ + a8 mod Z +—— (agmod3)(Ey—E&) + (ap+a+a)&’

Via this isomorphism the group CaCl(X,) = #+ = ZKx embeds via —Kx + &’; this means that CaCl(X,) is
isomorphic to the free part of C1(X,) and these two groups are free of rank one.
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Types of decomposition into irreducible components in |-Kx|. — As in the previous case, the global
sections of the divisor |—Kx, | are irreducible but not necessarily absolutely irreducible. As usual, we list the
Galois orbits of lines or conics or cubics of degree less than 3 that pass through at least one of the six points. The
only possibilities are

0 Ul U ls, L1924 U lazs U £y36, q123, 123, C123456-

(it is important to keep in mind that a curve which passes through p, necessarily passes through p;). There are
only two combinations that lead to a cubic which passes through the six points:

30—Yiim| |I-Ex| ~Kx.| Max
on P2 on X on X, nb. of pts

1| £124 U logs Ulysg | L14 U lags Ulysg UEy UEyUEsUE,UE;s U Eg 0 (E1) U@y (Es) Uy (Eg) || 0

2 | c123456 €123456 ¢4 (C123456) N, (1)

The roots of X are Z124, Eg (mapped to a singular point s € Xy), 272357 E3 (mapped to a singular point s7 € X),
and 2136, Ey (mapped to a singular point 57 € Xs). The curves E;, i = 4,5,6, are not defined over F, and do
not contain any rational point. In conclusion Ny (—Kx,) < Ny(1).

Since the points pi,...,ps are not rational the blowing ups do not add any rational point, and since the
singular points are not rational the contractions do not add any rational point also. Thus #X(F,) =¢*+q+1,
this number is always strictly greater than N, (1) and we deduce the parameters given below.

Proposition 4.9. The weak del Pezzo surface of degree 3 associated to the configuration specified at the beginning
of this section has parameters [¢*> + q+1,4,> ¢* + ¢+ 1 — N, (1)].

Koshelev | , §1.1] proves that the minimum distance can be improved by 1 for some ¢ since he shows
that cubics of the considered linear system must have a 3-torsion point.

Computation of the global sections from P2. — Let Ly, Los, L1z be the three conjugate linear forms that
respectively define the lines £194, fa35, f136 in P2. ‘The family Lio, Los, L13 is a Fy-basis of H°(P2,¢), while the
family of degree 3 monomials in Lq2, L23, L13 is a F4-basis of HO(P2,3¢). A cubic in this space can be written:

alLi’Q + (l2L§3 + G3L?3 + b1L12L§3 + 01L13L33 + b2L12L§3 + 02L23L§3 + b3L13L§2 + 03L23L%2 + dL12L23L13

Such a cubic pass through p; if and only if as = 0 (since p; is a common zero of Lis and Lj3). In the same way
it passes through po and pj3 if and only if a3 = 0 and a; = 0. Now passing through p, means that if this cubic
is not singular at p; then its tangent line at this point must be ¢12. After deshomogenizing by putting Lag = 1
(this is possible since Log does not vanish at p;) this means that the linear component by Lis + ¢1L13 should
be proportional to Lis; necessarily ¢; = 0. In the same way passing through ps (resp. pg) means that by = 0
(resp. ¢ = 0). Finally, one has

H° (P2,3€ -3, Pi) = (L12L35, La3 L3, L13L3,, L12L23L13>§q

In order to deduce a F,-base, we consider ¢ any primitive element of F ;s over F;. The linear independence of
homomorphisms permits to prove that the matrix (¢%(6?))1<; j<3 is invertible. Let us put:

Cy = L12L35 + Los L35 + L13L3,
Cy = 0L13L%; + 0(0) Loz L3 + 0% (0) L1313,
092 = 92L12L%3 + 0'(02)[/23[4%3 + 0’2(92)[/13[4%2
then C, Cy, Cy2 are defined over F, as the product LipL23L,3 and one has:
H (P%,30— 0, pi) = (C1,Cp, Cor, LiaLas Lus),

The birational morphism

P2 --3 P4
(X 1Y Z) — (Cl : C@ : 092 : L12L23L13)

has X, as image in P*. Thus, if r1,. .. ,Tq24+q+1 denote the rational points of P2, one of the generating matrix of
this code is nothing else than:

Cy (Tl) T Gy (Tq2+q+1)

Co(r1) T Co(rg2+q+1)

092 (7‘1) e ng (’I“q2+q+1)

LioLosLig(r1) -+ LiaLosLis(regeqq41)
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