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Abstract

Uno dei principali problemi della geometria algebrica ¢ la classificazione delle varieta
algebriche a meno di isomorfismi o di equivalenza birazionale. Mentre il problema
della classificazione di curve algebriche e essenzialmente risolto, il problema della clas-
sificazione di superfici presenta ancora qualche area sconosciuta.

L’argomento di ricerca discusso in questa tesi rientra in quello della classificazione
di superfici proiettive complesse con sezioni iperpiane Prym-canoniche. I soli esempi
conosciuti di questo tipo di superficie sono la superficie di Enriques ed una superficie
in P° di grado 10 ottenuta come immersione dello scoppiamento di P? nei 10 nodi di
una curva piana razionale irriducibile di grado 6.

Noi diciamo che una superficie X ha sezioni iperpiane Prym-canoniche se puo es-
sere realizzata birazionalmente in qualche spazio proiettivo P91, per g > 5, tale che
una generica sezione iperpiana C' di X ¢ una curva liscia di genere g immersa Prym-
canonicamente.

Mostreremo che una superficie con sezioni iperpiane Prym-canoniche puo essere bi-
razionalmente equivalente o ad una superficie di Enriques o a P2, ed in tal caso puo
contenere soltanto punti doppi razionali come singolarita, oppure ad una superficie
rigata su una curva base di genere ¢ > 0. In quest’ultimo caso, la somma dei generi
geometrici delle singolarita di X ¢ uguale al genere geometrico della curva base ¢q. La
proprieta generale di queste superfici e che, se w : X/ — X & la risoluzione minimale
delle singolarita di X, allora esiste solo un divisore antibicanonico effettivo su X’ il cui
supporto e contenuto nel luogo eccezionale di 7.

Dal momento che le superfici di Enriques sono gia state studiate da diversi autori,
costruiremo nuove superfici con sezioni iperpiane Prym-canoniche birazionalmente equiv-
alenti a superfici rigate o a P2. Il metodo per costruire esempi di questo tipo di superfici
consiste nel trovare sistemi lineari L” su superfici minimali X” (superfici rigate o P?)
tali che, dopo aver scoppiato tutti i punti base di L” per ottenere X', la trasformata
stretta L' di L” e disgiunta dal solo divisore antibicanonico di X’ mentre il divisore
anticanonico di X’ ristretto ad una generica curva di L’ ¢ un divisore di torsione non-
nullo.



Introduction

One of the main problems of algebraic geometry is to classify algebraic varieties up
to isomorphisms or to birational equivalence. While the classification of algebraic
curves is essentially complete, the problem of classification of surfaces still presents
some unknown areas. In 1914, Enriques classified all the smooth surfaces into four
large classes; two surfaces in the same class have the same invariant, called “Kodaira
dimension”.

The research problem discussed in this thesis is the classification of complex projective
surfaces with Prym-canonical hyperplane sections. The idea of this work is inspired by
the PhD Thesis of Dick Epema entitled “Surfaces with canonical hyperplane sections”
(see [13], [14]).

We say that a surface X has Prym-canonical hyperplane sections if it can be birationally
realized in some projective space P9~1, for ¢ > 5, such that a general hyperplane section
C of X is a smooth Prym-canonical embedded curve of genus g.

We will show that a surface with Prym-canonical hyperplane sections can be bira-
tionally equivalent to an Enriques surface or to P? or to a ruled surface over a base
curve of genus ¢ > 0. In the last case, the sum of the geometric genus of the singulari-
ties of X is equal to the genus of the base curve ¢ while, in the other cases, the surface
X can only contain rational double points as singularities. The general property of
these surfaces is that, if 7 : X’ — X is the minimal resolution of the singularities
of X, then there exists only one effective antibicanonical divisor on X’ with support
contained in the exceptional locus of .

Since Enriques surfaces have already been studied in details by several authors, we
will only construct new surfaces with Prym-canonical hyperplane sections birationally
equivalent to ruled surfaces or P2. The method to construct examples of this type
of surfaces consists in constructing linear systems L” on minimal surfaces X" (ruled
surfaces or P?) such that, after blowing up all the base points of L” to obtain X', the
strict transform L' of L” is disjoint from the only antibicanonical divisor of X’ while
the anticanonical divisor of X’ restricted to a general curve of L' is a non-zero two
torsion divisor.

More precisely, in Chapter 1 we will study general properties of surfaces with Prym-
canonical hyperplane sections. After a brief introduction, we will focus on the study
of the possible singularities on this type of surfaces.

In Chapters 2 and 3, we will construct new examples of these surfaces, respectively
birationally equivalent to ruled surfaces or P?. In particular, in Chapter 2, we will
recall some properties regarding ruled surfaces and, after studying the possible non-
rational singularities on them, we will construct other new examples. We will compute
how many moduli one of these new examples depends on, concluding that it can be a
degeneration of a generic Enriques surface. Moreover, we will give a list in terms of
invariants of some possible surface with Prym-canonical hyperplane sections.



In Chapter 3, we will review the only known example of surface with Prym-canonical
hyperplane sections birationally equivalent to P? and we will construct a new example.
Also in this case, we will give a list in terms of numerical values of some possible surface
with Prym-canonical hyperplane sections.

In the last Chapter, we will only consider surfaces with Prym-canonical hyperplane
sections with specific assumptions. Concerning these, we will give an upper bound to
the number of moduli of these surfaces birationally equivalent to rational ruled surfaces.
Whereas, for the case of surfaces birationally equivalent to non-rational ruled surfaces,
we will only give an upper bound for the number of moduli of their hyperplane sections.
This is still a work in progress.



Terminology
In the next sections, we will work over C, the field of the complex numbers.
Later on, we will denote a divisor and its associated line bundle with the same symbol.

We will use the classical language of algebraic geometry. Below, we list some
symbols and notation:

Kx = canonical divisor of a smooth variety X;

~ = linear equivalence of divisors;

= numerical equivalence of divisors;
g5, = a linear system of dimension r and degree d on a curve;

C - D, D? = intersection, respectively self-intersection number of divisors C, D on a
surface;

|D| = the complete linear system of which D is a member;
H(F) = the i — th cohomology group of the coherent sheaf F
h'(F) = dim H'(F);

T, = ideal of a set Z of points;

Cliff(C') = Clifford index of a smooth curve C;

q(X) = irregularity h'(Ox) of a variety X;

pa(X) = arithmetic genus of a variety X;

pg(X) = geometric genus of a variety X;

A?E = second exterior power of the sheaf &;

Px(€) = projective space bundle associated with a locally free coherent sheaf £ on a
variety X;

supp(D), supp(F') = support of a divisor D respectively a sheaf F;

(—i) — curve = curve isomorphic to P! such that its self-intersection number is equal
to —1;

N = set of natural numbers, including 0;
N.y = set of natural numbers without 0;

Ny|x = normal sheaf of a nonsingular subvariety Y on a nonsingular variety X;



Pic(X) = group of isomorphism classes of invertible sheaves on X, called Picard group
of X;

Pic’(X) = subgroup of Pic(X) of invertible sheaf of degree 0;
Sing(X) = set of singular points of a variety X;
R'f.F = i-th direct image of a sheaf F relative to the morphism f;

S?E = a—th symmetric product of the sheaf £, with a € Ny,.



1 Surfaces with Prym-canonical hyperplane sections

In this first chapter, we want to study the general properties of surfaces with Prym-
canonical hyperplane sections, that are the subject of our work. In particular, we will
give some information about the singularities that occur on them.

1.1 Properties of surfaces with Prym-canonical hyperplane
sections

Let us start with the definition of Prym-canonical curve. By curve we will mean an
irreducible projective algebraic variety of dimension 1 over C.

Definition 1.1. A divisor a € Pic’(C) such that o < 0 but 2cc ~ 0 is called non-zero
two torsion divisor.

Definition 1.2. Let g > 3. A Prym curve is a pair (C, «), where C' is a smooth genus
g = py(C) curve and « is a non-zero 2—torsion point of Pic’(C).

We can consider the so called Prym-canonical map, that is the rational map
¢|Kc®a\ C = P92
defined by |K¢ ® af. The pair (C, K¢ ® «) is called Prym-canonical curve.

Remark 1.3. If g = p,(C) = 3, then the map koo : C — P! cannot be an
embedding.

Let C be a smooth curve of genus g = 4. If we suppose that the morphism
Plrewal : C — C C P? is an embedding, then deg(C) = deg(Kc ® o) = 2g — 2 = 6.

Since C'is smooth, we have that py(C) = p,(C) = %2 = 10 by the Plicker formula.
This is a contradiction, so the Prym-canonical map can be an embedding only if g > 5.

In the following, we will assume that the Prym-canonical map is an embedding, so
g =o.

We recall Lemma 2.1 proved in [6], that we will use later.

Lemma 1.4. The Prym-canonical system |Kc ® « is base point free if and only if,
for any point p € C, the linear system |p + a| = &. Moreover |p + «| # & if and only
if C is hyperelliptic and o ~ Oc(p — q), with p and q ramification points of the gs.

If | Ko ®al is base point free, then the divisor Ko ® « is very ample (i.e. the morphism
Pikowal : C — P92 is an embedding) if and only if |p+ ¢+ o = @, for any two
points p,q € C (also p = q). Moreover |p+ q + «| # @ if and only if C has a g; and
a~Oc(p+q—x—y), where 2(p+q) and 2(x + y) are members of the gj.

Let X be a projective algebraic surface, that is an irreducible projective algebraic
variety of dimension 2 over C.



Definition 1.5. A surface X is called surface with Prym-canonical hyperplane sections
if there is an embedding i;, : X < P9~ defined by the linear system L such that, if
C is a general hyperplane section of X, then the restriction ip|c : C — P92 is a
Prym-canonical embedding.

We will simply write X instead of i7,(X). Because a general hyperplane section C' C X
is Prym-canonically embedded in P9~2, then p,(C) = g.

By definition, the linear system |Ko ® «| associated with iy|c is complete. We can
prove that L is also complete. Indeed, if V' C H°(Ox(1)) corresponds to the morphism
iy, and Vo = H°(Oc(1)) (complete) corresponds to the morphism iz |c, then we have a
surjection V' — Vi, whose kernel is C. So dimV = 1+ dim Vg = 1+ h%(O¢(1)). From
the exact sequence

0—Ox = Ox(1) = Oc(1) — 0,

we have that 1+ h%(O¢(1)) > h°(Ox (1)), then
dim V' > h°(Ox(1)).

On the other hand, because V C H°(Ox(1)), we have
dimV < h°(Ox(1)).

Thus V = H°(Ox(1)) and L is also complete.

Remarks 1.6. e The generic hyperplane section of X 1is irreducible and smooth,
whence X has at most isolated singularities.

o Letw: X' — X be the minimal resolution of singularities of X and let C' = n*C
be the inverse image of a general hyperplane section. Then 7 is an isomorphism
in a neighbourhood of C, so a general hyperplane section C' of X' is also Prym-
canonical embedded, i.e. Ox/(C") @ Ocr = Oc/(Ker + B), with B a non trivial
two-torsion element of Pic’(C"). By the adjunction formula and since X' is
smooth, we can say that B = —Kx/|cr, in particular Kx - C" = 0.

We recall the definition of Clifford index.

Recall 1.7. Let C' be a smooth curve of genus g > 2. The Clifford index of a line
bundle A on C' is defined by

Cliff(A) = deg(A) — 2(h°(A) — 1).
The Clifford index of C' is defined by

Cliff(C') = min{Cliff(A) | h°(A) > 2, h'(A) > 2}.
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If C' is a smooth curve of genus g, then Cliff (C') < |%1]. If C is general, equality holds.

If we suppose that iy, : C' < P92 is a Prym-canonical embedding and the Clifford
index Cliff(C')> 3 (if C' is a general curve, then it happens if and only if g > 7), then
C' is projectively normal with respect to the given embedding. This is a consequence
of the following Theorem, applied to the case B = K¢ ® « (see [18], Theorem 1):

Theorem 1.8. Let C' be a smooth irreducible complex projective curve of genus g > 2
and let B be a very ample line bundle on C. If deg(B) > 2g+1—2h'(Oc(B))—Cliff (C),

then B embeds C' as a projectively normal curve.

In general, there are also projectively normal curves C' C P9~2 with Cliff(C') < 3. From
now on, we will assume that C' embedded in P9~2 is projectively normal.

We will see a first important result on surfaces with Prym-canonical hyperplane
sections after the following recall.

Recall 1.9. Let X' be a smooth surface. We recall that the Kodaira dimension of X’
15
K(X') = maz{dim ¢k (X'),n € N},

where Qiux,.,| 1s the map associated with the pluricanonical linear system.

Theorem 1.10. Let X be a surface with Prym-canonical hyperplane section C of
genus g > 5 and let w: X' — X be the minimal resolution of its singularities. If C' is
projectively normal with respect to its embedding in P92, then:

1. h*(Ox(n)) =0 and h*(Ox(n)) =0 for any n > 0, in particular h*(Ox) = 0 and
h*(Ox) = 0, whence p,(X) = 0;

2. X is projectively normal with respect to its embedding in P91,

3. the Kodaira dimension k(X') equals to —oo or 0; in the second case, X' is a
manimal Enriques surface;

4. deg(X) =29 —2.
Proof. 1. By assumption, C' is a projectively normal curve, that means that
H"(Ops-2(n)) — H*(Oc(n)),

for all n > 0. Thus also H%(Ops-1(n)) - H°(Oc(n)), for any n > 0. Since
H°(Ops-1(n)) = H°(Oc(n)) is equal to H*(Ops-1(n)) — H°(Ox(n)) composed
with H%(Ox(n)) — H°(O¢(n)), we have that the map H°(Ox(n)) — H°(Oc(n))
is surjective for any n > 0.

Let us consider the exact sequence

0— Ox(n—1) = Ox(n) = Oc(n) — 0. (1)

11



Then, the second part of the long exact sequence associated with (1) is
0 — HY(Ox(n—1)) = H(Ox(n)) = H (Oc(n)) — H*(Ox(n —1)) —
— H*(Ox(n)) — 0. (2)

By Serre’s Theorem, there is an integer ng such that h'(Ox(n)) = 0 for each
i > 0 and each n > ng. Then h'(Ox(n)) = 0 for a sufficiently large n. From the
exact sequence (2), also h'(Ox(n — 1)) = 0. Applying descending induction on
n, we obtain that h'(Ox(n)) = 0 for any n > 0.

It is clear that H'(Og(n)) = HY(Oc(n(Ke + «))). For n = 1, we have that
W (Oc(Kc + ) = h°(Oc(—a)) = 0. Since deg(K¢ + o) = 2g — 2, then
deg(n(Kec + a)) > 29 — 2 for n > 2 and it is first cohomology has dimension 0
(see [20], Example 1V.1.3.4). Again by Serre’s Theorem, we have h?(Ox(n)) = 0
for n >> 0. Applying descending induction on n, from the long exact sequence
(2) we can conclude that h*(Ox(n)) = 0 for any n > 0.

. To prove that X is projectively normal, it is enough to show that X is normal
and that the map H%(Opy-1(n)) — H(Ox(n)) is surjective for any n > 0.

Let n : X — X be the normalization of X. We consider the following exact
sequence on X:

0—0x - 105 = F =0, (3)
where supp(F) C  Sing(X). Since X has isolated singularities
(Sing(X) = {z1,...,z,.}), then F = H(F) = &!_,(0;/0;), where O; is the local
ring of z; on X and (7.0%),, = O; is the normalization of O; in the function

field of X, with Sing(X) = {z1, ...,z }.

We know that H°(Ox) = k because X is irreducible. By the properties of push-
forward and because X is still irreducible, it is obvious that
H°(n.0%) = H°(O%) = k. Moreover h'(Ox) = 0 by the previous part of
this Proposition. For the long exact sequence associated with (3) we have that
h(F) = 0 and by definition of F it is true that O; = O;, foranyi=1,...,r. We
conclude that X is normal.

The surjectivity of H°(Ops-1(n)) — H°(Ox(n)) is trivial for n = 0. Let us
consider the following diagram, where H is a general hyperplane in P9~! and
C=XnNH:

0 —— HY(Opsr(n — 1)) —— H(Ops1(n)) — H'(Op(n)) — 0

00— HOx(n—1)) —— H(Ox(n)) — H(Oc(n)) — 0

The bottom row is the first part of the long exact sequence associated with
(1). We observe that rs is surjective because C' is projectively normal and 7y is

12



surjective by the inductive hypothesis. Then r;y is also surjective and the claim
is proved.

3. Consider the following exact sequence:
0— OX/(—C, + mKX/) — OX/(mKX/) — OC/(mKX/)) — 0.

Since —K x/|¢cr ~ «, for av a non-zero two torsion element of C’; then we have that
(—C"+mKx/)-C' = —-C"? =2 —2g < 0. Whence h°(Ox/(—C" +mKx)) = 0
otherwise, if this divisor was effective, it would be a fixed component of |C’| that
is a linear system without base locus by definition. At the same time

hO(Oc/(m(KX’)))—{(l) z; E Zﬁn.

Consequently the plurigenus P, (X’) := h°(Ox:(mKx/)) < h%(Oc(mKx:)) < 1.
Then the Kodaira dimension x(X’) = —oo or 0.

Let x(X’) be 0. Then X’ is minimal because if it were not so, there would be
a (—1)—curve E' on X’ and we would find a contradiction. Indeed, let m > 0
be such that |mKx/| # @ (it can only happen if m is even by the previous
remark). Since k(X') = 0, then |mKx/| consists of one effective divisor D’. It
is obvious that E’ is a component of D’. Now O¢/(D') = Oc(mKx) = Ocr
because m is even and —Kx/|¢cr is a non-zero two torsion element. Therefore
D’ and consequently E’ are contracted to a point on X by m, contradicting the
minimality of the resolution 7.

It is true that 12K x/ ~ 0 because X' is minimal and x(X") = 0 (see [20], Theorem
V.6.3). By the classification of minimal surfaces, there is a smallest m > 1 such
that mKy: ~ 0: the possibilities are m = {1,2,3,4,6}. If m = 1, then Kx/ ~ 0,
whence O/ (C") = Oc(Ker — Kx/) = Oc/(Ker). This is not valid because
(" is a Prym-canonical curve. So we exclude the cases in which X’ is a K3
surface or an abelian surface. Hence X' can be either an Enriques surface or
a hyperelliptic surface. If X’ was a hyperelliptic surface, it would not contain
curves with negative self-intersection, then we would have X = X’ smooth by
Mumford’s Theorem (see [25], Chapter 1). By definition, a hyperelliptic surface
is irregular, contradicting the first point of this proposition. In conclusion X’ is
a minimal Enriques surface.

4. We have deg(X) = deg(C) = C? = deg(K¢ + a) = 29 — 2.
O]

1.2 Singularities on a surface with Prym-canonical hyperplane
sections

We want to determine the possible singularities on a surface X with Prym-canonical hy-
perplane sections. By the previous section, we know that such a surface is birationally
equivalent to either an Enriques surface, or a ruled or rational surface.
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Let us see a preliminary lemma before studying the antibicanonical divisor on X".

Lemma 1.11. Let X be a surface with Prym-canonical hyperplane section C' and let
m: X' — X be the minimal resolution of singularities of X. Then m,(2Kx/) ~ 0.

Proof. Let C,,, € /mC| be smooth satisfing C,, N Sing(X) = @. We put C/, = 7*(C},)
and we want to show that 2Kx/|c4n ~ 0 for any m > 1.

By Chow’s moving Lemma (see [20], pag. 427), we have that —Kx - C/, is rationally
equivalent to —mKx, - C’', so —Kx: - C!. ~ —mKx/ - C" in A(X'), where A(X’) is the
Chow ring of X’ i.e. the ring of the cycles of codimension 1 and 2 on X’ modulo
rational equivalence.

Among the properties of the Chow ring, we can consider the following (see [20], pag.
426): if i : €, — X' is a morphism of varieties, then ¢* : A(X') — A(C})) is a ring
homomorphism. Since 7* is a homomorphism, then i*(0) = [O¢/ |.

By definition, —Kx/|¢s is a non-trivial two torsion element, so, if m is even, we have
that —mKX/|C/ ~ 0. Thus —QKX/ : O,ln ~ —ZmKX/ . C’ ~ 0 in A(X/> and, by the
previous remark, we have that [O¢, | = i*(0) = i*(—2Kx - C},) = [Ocr (—2Kx)]. So
—2K x|, ~ 0 for any m > 1 (rational equivalence and linear equivalence coincide on
a curve).

We also observe that 7, (2K x/)|c, ~ 0. Indeed, since 7 is an isomorphism in a neigh-
bourhood of C),, then m.0¢; = Og,, and O¢r =2 1*(Og,,). Using the projection for-
mula (see [20], Exe [II.5.1) and the previous results, we obtain that
O¢,, = W*(OC{,L) = 7T*(2KX/ X Oc;n) = 7T*(2KX/ ® T*Ocm) = W*(QKX/) ® Oc¢,,-

By a known result of Zariski ([33], Theorem 4), if m,.(2K x) is a Weil divisor on X (not
necessarily effective), then the existence of an effective divisor D,, on C,, such that
(2K x/)|c,, ~ Dm, for every m sufficiently large, implies the existence of an effective
Weil divisor D on X such that D ~ 7, (2Kx/) (linear equivalence of Weil divisor is
possible because codim(Sing(X)) > 2). In our case D,, = 0 for any m, so there is
a divisor D such that D|¢, ~ 0. Since C,, is very ample on X, then D ~ 0. So
7(2Kx/) ~ 0. This proves the lemma.

[

Theorem 1.12. Let X be a surface with Prym-canonical hyperplane section C and let
m: X' — X be the minimal resolution of singularities of X.

Then dim | — 2K x/| = 0.

In particular, if W' is the effective antibicanonical divisor on X', then either W' ~ 0
or supp(W') = n= (a1, ..., x,) for certain singularities x; € X, fori=1,..,r.

Proof. Since m,(2Kx/) ~ 0 by the previous lemma, then either 2Ky ~ 0 or there is a
bicanonical divisor 2Ky on X’ with support in 77!(Sing(X)). In the latter case, let
2Kx =Y m;F;—)_ n;G; be the decomposition in reduced and irreducible components,
with m;,n; € Ny and F; # G, for all 4,5. Let F' =Y m;F; and G = > n;G;.

Suppose F' # 0. By Mumford’s Theorem (see [25], Chapter 1), we have that F? < 0
for any 7 and, because the intersection form on 7~!(Sing(X)) is negative definite, also
F? < 0. So there is an iy such that F' - F;, < 0. Up to renaming the index, we suppose

14



that ip = 1. It is obvious that F} - G > 0 because F} # G}, for any j. Since F} is an
irreducible component, then

1 1 1

P+ -F.-F—-F-G.
1t 4!

If F? < —2, then p,(F}) < 0, so we necessarily have F? = —1. Thus F} is a (—1)—curve,
contradicting the minimality of 7. Hence F' = 0.

We conclude that either 2K ~ 0 or there are effective antibicanonical divisors with
support in 7~ !(Sing(X)). Then dim | — 2K x| = 0.

1
nga(Fl):l‘i_iFl(F1+KX/):1—|—

Let | —2Kx/| = {W'}. To conclude the proof, we have only to show that, if z € Sing(X)
is such that 7=!(z) meets supp(W’), then 7~ '(z) does not contain curves which are
not part of supp(W’).

Suppose that there is an irreducible curve E C 7~ !(z) which is not part of supp(W’).
Since X is normal by Theorem 1.10, Point 2., then 7!(x) is connected, so we can
assume that E intersects W' and E - W' > 0. Then

1 1 1 1
0<pE)=1+4-FE*+-E-Kx =1+ -FE*—-E-W'
< pa(E) Tk Ty X t3 1
Again by Mumford’s Theorem, we have E? < 0. So the only possible case for which the
previous inequality is valid is: E-W’' =2, E* = —1 and p,(F) = 0. This contradicts
the minimality of . O

Remark 1.13. By the previous Theorem, we observe that, if X is smooth, then W' ~ 0.
Since po(X) = py(X) = 0 by Theorem 1.10, Point 1., then X is an Enriques surface
by [20], Theorem V.6.3.

We recall the following definition.

Definition 1.14. Let X be a normal surface and x € X a singularity. Let
m: X' — X be the minimal resolution of x. Then we call (geometric) genus of x
the number py(z) = dimy(R'm.Ox/),.

If py(x) = 0, then x is called rational singularity.

Finally we can determine the geometric genus of the singularities that occur on X
surface with Prym-canonical hyperplane sections.

We recall that the Kodaira dimension x(X’) = —oo or 0 by Theorem 1.10. Moreover,
if it is equal to 0, then X’ is a minimal Enriques surface (see Theorem 1.10, Case 3.).
Instead, since the Kodaira dimension is a birational invariant for smooth varieties, if
k(X') = —oo, then the minimal model of X’ is a ruled surface or P? (see [20], Theorem
V.6.1).

Proposition 1.15. Let X be a surface with Prym-canonical hyperplane sections such
that a general hyperplane section C' is projectively normal with respect to its embedding
in P92 and let Sing(X) = {x1,...,x.} be the locus of the singular points of X. Let
7w X" —= X be the minimal resolution of singularities of X. Thus:
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o if X is birationally equivalent to an Enriques surface or P?, then all singularities
of X are rational;

e if X is birationally equivalent to a ruled surface X" over a base curve of genus
q >0, then > i py(x;) = q.

Proof. These results can be obtained using the following exact sequence, which one
gets from the Leray spectral sequence for the sheaf Oxs and the morphism 7 (see [19],
pag. 462):

0— Hl(Ox) — Hl(OX/) — HO(RlTI'*OX/) — H2(0X> — ...
We know that h'(Ox) = h*(Ox) = 0 by Theorem 1.10, so
hO(Rlﬂ'*OX/) = hl(OX/).

By Theorem 1.10, Point 3., the surface X is birationally equivalent to either an Enriques
surface or P? or a ruled surface.

e If X is birationally equivalent to an Enriques surface, then X’ is a minimal En-
riques surface by Theorem 1.10, Point 3., so A'(Ox+) = 0 by definition. Thus
S pg(xi) = hO(R'm.Ox/) = 0, whence X can only contain rational singulari-
ties.

If X is birationally equivalent to P2, it is rational, as X’. By definition, X' is
smooth. Then it is clear that h'(Ox/) =0 and >, p,(x;) = 0. This proves the
first part of proposition.

e If X is birationally equivalent to a ruled surface X” over a base curve of genus
g > 0, also X’ is birationally equivalent to X" (relatively minimal model of
X’). Tt is a known result that h!'(Oxr) = ¢(X") = ¢. Since the irregularity
¢ is a birational invariant for smooth varieties, then ¢(X’) = ¢(X") = ¢. So

Z;:l pg(a?z) - hO(Rlﬂ'*Oxl) = hl(OX,) =q.

Let us give some definition that we will use in the following lemma.

Let 7 : X’ — X be the minimal resolution of singularities of X normal surface. Let
r € X be a singular point. Then E = 7~ !(z) is a connected curve. Let F = U | E; be
its decomposition in irreducible components.

Definition 1.16. There is a unique non-zero effective divisor Zy =Y a;E; such that
Zo- E; <0, for any @ = 1,...,n, and if Z is another divisor satisfying the above
conditions, then Z < Zy. We call Zy the fundamental cycle associated with x.

The following proposition gives us equivalent definitions of rational singularity (see
[24], Proposition-Definition 2.1.).
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Proposition 1.17. The singularity x € X is a rational singularity if one of the fol-
lowing equivalent conditions holds:

* py(x) =0;
e for every effective divisor D supported on E, h*(Op) = 0;
o for every effective divisor D supported on E, p,(D) < 0;

e p.(Zy) =0, for Zy the fundamental cycle associated with x.

Definition 1.18. A rational singularity with fundamental cycle Zy is called a rational
n-point if —Z2 = n.

Let us see another result about the singularities that occur on X.

Lemma 1.19. Let X be a surface with Prym-canonical hyperplane section C' and let
7w X' = X be the minimal resolution of singularities of X. If W' is the unique
effective antibicanonical divisor on X', then:

a singularity x € X such that 7= (z) does not meet supp(W’) is a rational double point.

Proof. Let x € X be a singularity such that 7—!(x) does not meet supp(W’). Let T
be an irreducible component of the connected component 7 !(z), then T- W' = 0. So

1 1 1 1 1
<poT)=1+-T°+-T - Ky =1+-T°"—-T-W =1+ -T"
0 < pu(T) + 5 + 5 X + 5 1 W + 5
By Mumford’s Theorem T2 < 0, so the only possible case for which the inequality above
is valid is: 7% = —2 and p,(T) = 0. Then all the irreducible components of 7~ !(z)
are smooth rational curves with self-intersection —2. In analogy with the previous
notation, we can call these curves Ej;, for i = 1,...,n.

We can prove that x must be a rational singularity using Proposition 1.17. Let
Zy =Y 1, a;-E;, for a; > 0 not all zero. First of all, p,(Zy) = 1+%Zg+%ZO-KX/. Now
Zo-Kxr = =322y W = =1 >""  a;E;- W = 0, while Z§ < 0 since Z; is contracted by
7. S0 pa(Zp) < 1.

By [30], Lemma 1.1, we have that p,(E;) < p.(Zy) for every E; contained in Z,. Since
pa(E;) = 0 as computed before, then the only possible case is p,(Zp) = 0.

In conclusion, x € X is a rational double point. Indeed, by the adjunction formula,
the self-intersection Z3 = 2p,(Zy) — 2 — Zo - Kxr = 2po(Zy) — 2 = —2. O

Remark 1.20. We have already seen that, if X is birationally equivalent to an Enriques
surface, then X can only contain rational singularities.

Moreover, by the previous lemma, we conclude that if X s birationally equivalent to
an Enriques surface, then it can only contain rational double points as singularities.
Indeed, if X' is a minimal Enriques surface, then 2Kx: ~ 0. Thus the unique antibi-
canonical divisor W' on X' is linearly equivalent to 0. Therefore, 7= () does not meet
supp(W"), for every singularity x € X. The thesis follows by the previous lemma.
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1.3 Blowing up of minimal models of surfaces with Prym-
canonical hyperplane sections

Let ¢ : X’ — X” be a relatively minimal model for X’, where X’ is the minimal
resolution of the singularities of X, as seen before. Let W' be the only effective antibi-
canonical divisor of X’ (see Lemma 1.12) and we put

W// = gb*W/ S ‘ - QKX//|.

Remark 1.21. In the following, we will talk about the connected components of a
divisor D on a surface Y. By connected component we mean a component that cannot
be represented as the union of two or more disjoint non-empty closed subsets.

Proposition 1.22. Let X' = X! RN X | — .. LN X1 = X" be the factorization of
¢ in such a way that ¢; blows up the points on X" in which ¢~ is not defined, ¢, blows
up the points in which ¢~ o ¢y is not defined etc. and let W] = (¢so...0¢ps_1).(W') €
| = 2Kxy|, fort=1,...,s — 1.

1. All points blown up by ¢y on X lie on supp(W/), fort =1,...,s — 1.

2. If ¢ blows up the points Py 1, ..., Py € X{, which have multiplicity . ;, on W, if

qﬁt_l(Pt,it) = Ey1,, and if W/ is the strict transform of W/ on X{,, then p;;, > 2
and

i)
=W+ Z(,ut,it —2)Eii1,,

=1

fort=1,...,s—1andi, = 1,...,i(t).

3. The number of connected components of the antibicanonical divisor W' on X'
compared to the number of connected components of W" on X" can at most
increase by the number of the double points blown up by ¢ that lie on two or more
irreducible components of W".

Proof. 1. Let E C X,,; be a (—1)—curve such that ¢,(E) is a point P on X},
fort =1,..,s = 1. Let W/,, = m-FE+ D, for m > 0 and F not a com-
ponent of Dj , (we observe that, if m = 0, then W/, does not contain E).
By the adjunction formula, the intersection £ - W/ , = —2F - K X{,, = 2,80
E-D, ,=E-W/,—mE?>=2+m>0. Then E and D, have intersection but
¢, blows down E in a point P, so P € supp((¢:)«D;,,) = supp(W}).

2. By the previous point of this Proposition, the intersection £ - D; , > 2, for any
t=1,..,5s — 1. Since E is contracted to a point P € (¢.).W/,; = W/, then the
multiplicity p of P on W/ is at least 2. This is valid for any point P,;, on W/
blown up by ¢y, for any t = 1,...,s — 1 and for any i; = 1, ...,4(¢). Then p; > 2
for any t and for any i,.
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Now we may assume t = 1 and i(f) = 1, so ¢; blows up only one point
P e W] with multiplicity p to a curve E on X). The general formula for
the canonical divisor is Kx; ~ ¢7Kx; + E (see [20], Proposition V.3.3). Then
—2Kxy ~ gbl( 2Kx1) — 2F 1mphes that Wi ~ ¢1(W]) — 2E. Observing that

o3 (W) ~ VV1 + pE, where VV1 is the strict transform of W/, then the desired
formula is proved.

3. It is enough to work with W7 := W” and Wj. Furthermore, we can assume that
¢1 blows up only one point P with multiplicity 1 on W] to F € X/ and that W]
is connected.

If P lies on only one irreducible component of supp(W7), then the strict transform

W’ is still connected and E intersects I/V1 By the previous point of this Theorem,
W’ is also connected for any multiplicity . The number of connected components
of W] and W} is the same.

If P lies on two or more irreducible components of supp(W7), then W] can be
disconnected. If p > 2, then F is a component of W3 by the previous point of
this Proposition and it is clear that E intersects all connected components of W7,
so W3 is still connected. Again in this case, the number of connected components
of W] and W} is the same.

Instead, if 4 = 2, by the previous point of this Proposition we have that FE is
not a component of WJ, so W; can be disconnected. More exactly, the number
of connected components of Wj can increase by one. The result follows.

O

If L is the (g — 1)—dimensional complete linear system of hyperplane sections of X and
L' =7*L, we put L” = ¢, L', with ip»(X") =i (X), where i and iy~ are respectively
the maps associated with L and L”.

Lemma 1.23. With the same notation as before, a general C' € L' is disjoint from
w'.

Proof. 1f i;, and 77, are the maps associated respectively with the linear systems L and
L', then i o 7 = ip. By Theorem 1.12, we have that
supp(W') = 7Yz, ...,x,), for certain singularities x; € X. So 7 blows down W’
and so does iy/. If C" is a general divisor of L/, then C"- W' = 0 and " is disjoint from
w’. O

As a consequence X' is obtained blowing up X" along all the base points of L”. Indeed,
if not, L' would have another base point P to blow up and this would contradict the
previous lemma (the proof is similar to Proposition 1.22, Case 1.). By Proposition
1.22, all the base points of L” lie on supp(W”). In particular, L” can have infinitely
near base points. We will call base point of order t a base point of L” that lies on X/,
with the notation of Proposition 1.22.
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In the following, we will study the possible base points of L”, where they are situated
on X”.

Proposition 1.24. As in Proposition 1.22, let X' = X! N X | — .. 2N X =X"
be the factorization of ¢ in such a way that ¢ blows up the points on X" in which
¢t is not defined, ¢y blows up the points in which ¢~' o ¢y is not defined etc. and let
Wi{=(¢r0..00,1)(W')€|-2Kxi]|, fort =1,....,s — 1. Then:

1. for everyt =1,...,s — 1, the strict transform Cj,, € X/, of a general C" € L"
does not intersect supp(W/,,) outside its base locus.

2. if P € X is a base point of L" lying on only one irreducible component D; of W/
on which it has multiplicity 2, then the possible base points infinitely near to P
lie on the strict transform of D; by ¢,

3. if P € X] is a base point of L" of ordert, fort =1,...,s—1, and if the multiplicity
of P on W/ is u > 3, then there must be base points infinitely near to P of order
j, at least for everyt < j < [“TH] +t.

Proof. 1. If the strict transform Cj,, € X[, of a general C" € L” had a variable
intersection with supp(W/ ), for t = 1,...,s — 1, i.e. if C},; had intersection
with supp(W/, ) outside its base points, these intersection points would not be
blown up by ¢, so the intersection would survive between C’ and supp(W’),
contradicting the previous point of this Proposition.

2. We suppose that ¢; blows up a point P € X/ of multiplicity u = 2 on W} such
that ¢;'(P) = E € X/.;. In particular, we suppose that P lies on only one
irreducible component D; of W.

By Proposition 1.22, we have that W/, , = VIA/;’ + Zzgl(ﬂt,it —2)Ei41,4,, so B is
not a component of W/ ; because the multiplicity of P is u = 2. Always by
Proposition 1.22, we have that the base points of L"” on Xj, ;, must lie on W}, ,,
so the only possible base point on F (the only fixed direction in P) is the point

ENnW{ ,=FENDy,,, where D;_, is the strict transform of Dj.

3. We can assume that P € W7, so we fix t = 1. By Proposition 1.22, the divisor W
contains E = ¢;*(P) with multiplicity z — 2 > 1. The strict transform C} € X}
of a general C” € L” intersects E according to the directions of C” in P, so
the intersection points of C) with E are the base points of L” of order 2 with
multiplicity at least p — 2 for Wj. Iterating this process, if @ € C) N E, then
W3 contains F = ¢,'(Q) with multiplicity at least (u — 2) — 2. Again C% € X}
intersects F' in the base points of L” of order 3 with multiplicity at least (1—2)—2
for W35. We conclude that there must be base points infinitely near to P of order
j, at least for every j < [“TH] If t > 1 and P € X/, we only translate this process
from t.

]
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2 Surfaces with Prym-canonical hyperplane sections
birationally equivalent to ruled surfaces

In this chapter, we will study in more detail surfaces with Prym-canonical hyper-
plane sections birationally equivalent to rational or non-rational ruled surfaces. After
studying the possible non-rational singularities that occur on them, we will construct
examples of this type of surfaces.

Let X be a surface with Prym-canonical hyperplane sections. As before, we will suppose
that a general hyperplane section C' of X is projectively normal with respect to its
embedding in P92, We will denote with 7 : X’ — X the minimal resolution of the
singularities of X and with ¢ : X’ — X” be a relatively minimal model for X’. We
will assume that X" is a rational or non-rational ruled surface.

2.1 Notation and basic facts regarding ruled surfaces

We will first fix some notation and state some facts about minimal smooth ruled
surfaces in which we will follow [20], Chapter V.2.

Let Y be such a surface, then there is a natural map p : Y — I', where I' is the smooth
base curve of genus p,(I') := ¢ > 0. If ¢ = 0, then Y is a rational ruled surface. Every
fibre f, := p~(y) is isomorphic to P!, for every point y € I. We will denote with f
the generic fibre of Y.

We can find the proof of the following Proposition in [20], Proposition V.2.8:

Proposition 2.1. Ifp : Y — T is a ruled surface, it is possible to write Y = P(E),
where € is a normalized locally free sheaf of rank 2 on T' (we recall that normalized
means that h°(T,E) # 0, while h°(T,E @ L) = 0 for every invertible sheaf L of negative
degree on T"). In this case the integer e = — deg(&) is an invariant of Y. Furthermore
there is a section ag : I' = Y with image Cy such that Oy (Cy) = Oy (1).

Let D be the divisor on I' corresponding to the invertible sheaf A2E, i.e.
N(E) = Or(D),
for D € Div(I'). The integer
e=—degD.
We recall the following exact sequence:
0—Or—&— Op(D)—0. (4)

Definition 2.2. Let £ be a normalized locally free sheaf of rank 2 on I'. We say that
€ is decomposable if £ = Or & Or(D).

In particular, we will say that a ruled surface Y is decomposable if Y = Pr(E), for £
a decomposable sheaf.
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By [20], Theorem V.2.12, the invariant e > 0 if £ is decomposable. Moreover, if ¢ = 0,
then e > 0 (see [20], Corollary V.2.13).

As showed in Proposition [20], V.2.9, the intersection C3 = —e.
If £ is decomposable, then Y contains disjoint sections and we will denote by C} a
fixed section of p disjoint from Cj. The intersection C? = e.

Every divisor on Y is of the form

aCo+ A - f, fora € Z and A € Pic(I). (5)
In particular, the canonical divisor Ky ~ —2Cy + (Kt + D) - f.
Lemma 2.3. If Y = Pr(E), with & decomposable, then the section Cy ~ Cy — D - f
(see [15], Remark 27 ).

The next lemmas give simple techniques to compute the dimensions of linear systems
on ruled surfaces.

Lemma 2.4. If aCy+ A - f is a divisor on Y = Pr(E) with a > 0, then
hO(Y, Oy (aCy + A - f)) = BT, S°€ @ Or(A)),
where S®E is the a — th symmetric product of €.
Proof. By Lemma V.2.4 of [20], we know that
H(Y,Oy(aCy+ A - f)) =2 H)T, p,Oy (aCy + A - f)),

where p : Y — I' is the natural map associated with the ruled surface Y.
Using the projection formula (see [20], Exercise /11.8.3), we can compute that

POy (aCy + A - f) = p.(Oy(aCy) @ Oy (A - f)) = p.(Oy(aCy) @ p*Or(A)) =

= p«(Oy(alo)) ® Or(A).
By [20], Exercise 111.8.4, we have that p,(Oy(aCp)) = S®E. The claim is proved. [

We can find the proof of the following Lemma in [15], Lemma 35:

Lemma 2.5. Let |[aCy+ A - f| be an a—secant linear system on a decomposable ruled
surface Y = Pr(Or @ Or(D)). Then, for i > 0, we have that

Oy (aCy + A - f)) = Z hi(Or(A + kD)).

k=0
We also recall the following Theorem (see [20], V.2.15):
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Theorem 2.6. If Y is a ruled surface over an elliptic curve I' corresponding to an
indecomposable £, then e = 0 or —1 and there is exactly one such ruled surface over I’
for each of these two values of e, that we respectively call Yo and Y_1.

In particular, if e =0, then D ~ 0.

Notation 2.7. From now on, we will identify Cy with I' thanks to the isomorphism
i+ I' = Cy. So we will use the following notation: if F € Pic(X"), then
Or(F) :=i*(O¢,(F)).

Remark 2.8. If Ng,/x» is the normal sheaf of Cy in X", we observe that
Oc,(Co) = Neyyxv = Op(D). So D ~ Cyle, using the identification of Notation
2.7.

Finally we state a Proposition that we will use later ([13], Proposition /7.1.4):

Proposition 2.9. Let Y = Pr(E) be the minimal ruled surface over a smooth curve I'
of genus q > 1 associated with a locally free sheaf £ on T' of rank 2 which is a nontrivial
extension of Op(—Kr) by Or. Let G be an irreducible, reduced curve on'Y, G # Cj.
Then GNCy # @.

2.2 Study of possible non-rational singularities

If X” is a rational ruled surface, then X contains only rational singularities (see Propo-
sition 1.15).

By Theorem 1.12, the surface X’ contains a unique effective antibicanonical divisor .
Because ¢, W' € | —2Kxn|, also the antibicanonical system of X" is nonempty. We will
determine the possible antibicanonical divisors on a minimal non-rational ruled surface
X", which we will use to study the possible non-rational singularities on X. Before
this, we recall a Lemma (see [29], Lemma 17.19.4).

Lemma 2.10. Let (X,Ox) be a ringed space. Let Fy — Fy — F — 0 be an ezxact
sequence of sheaves of Ox—modules. For each n > 1, there is an exact sequence
F2 X Sn—lFl — SnFl — S"F — 0.

Remark 2.11. Applying the previous Lemma to the exact sequence (4), we obtain the
following sequence
S" e ® Op — S"E — Op(nD) — 0.

It is obvious that this sequence is also exact on the left, thus
0— S" '€ — S"E — Or(nD) — 0. (6)

Proposition 2.12. Let Y =Pr(E) be a minimal ruled surface over a smooth curve I'
of genus ¢ > 1 and assume & to be normalized. If | — 2Ky | # &, we have the following
possibilities:
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L if € is indecomposable and g > 2, then dim | — 2Ky-| = 0; moreover
1.1 Zf hO(OF(QD — QKF)) > O, then | — 2Ky| = {400 — 4Kt - f}, e = —2 and
q=2.
In this case 2D ~ 2Kry;
1.2 if h°(Or(2D — 2Kt)) =0, then | — 2Ky | = {4Co} and e = 2q — 2 .
In particular 2D ~ —2Kr;

II. if € is decomposable and q > 2, then h®(Or(2D — 2Kr)) = 0; moreover

IL1 if B°(Op(—2Kr — D)) = 0, then dim | —2Ky| = dim | — 2K —2D| , so every
antibicanonical divisor is of the form 4Cy + Dy - f, for Dy € | — 2K — 2D)|
and 4Cy a fixed component.

In this case we have e > 2q — 2;

In this case e > 4q — 4;

I11. if £ is indecomposable and ¢ = 1, we have the two following possibilities:

III.1 if Y =Yy, then D ~ 0, dim | — 2Ky| =0 and | — 2Ky | = {4Cy};

IIL.2 if Y = Y_4, then dim | — 2Ky | = 1; every diwvisor in | — 2Ky | is isomorphic
to the base curve I', except the non-reduced elements, precisely three, that
are irreducible;

IV. if € is decomposable and q = 1, then € = Or @ Or(D), for D € Div(I") with
e = —deg(D) > 0. Thus:

IV.iife =0 and D ~ 0, then Y = T x P! and dim| — 2Ky| = 4, so any
antibicanonical divisor is formed by four fibres of the projection Y — P!;

IV.2if e = 0, D » 0 and 2D o~ 0, then dim| — 2Ky| = 0 and
| — 2Ky| = {200 + 2C1},'

IV.8 ife=0, D % 0 and 2D ~ 0, then dim| — 2Ky | = 2 and —2Ky ~ 4Cy;

IV.4 if e > 0, then dim | — 2Ky| = 3e and any antibicanonical divisor has 2Cy as
fixed component.

Proof.

[II. Let ¢ > 2. We have already seen that —2Ky ~ 4Cy — 2(Kr + D) - f. Using
Lemma 2.4, the dimension

dim| — 2Ky| = ho(oy(4co +2(-Kr—=D)-f))-1=
= h'(T,5*€ ® Or(—2Kr — 2D)) — 1.

We assume | — 2Ky| # &, so h%(T, S*€ ® Or(—2Kt — 2D)) > 1. Tensoring with
Or(—2Kr — 2D) the exact sequence (6) with n = 4, we obtain

0 — SPEROM(—2Kr—2D) — S*€R0r(—2Kr—2D) — Or(2D—2Kp) — 0. (7)
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e We assume that h°(Or(2D — 2Kr)) > 0. Then deg(2D — 2Ky) =
—2e—4g+4>0and e < —2¢+ 2. If we work with ¢ > 2, then e < 0, so €
is necessarily indecomposable. Moreover e > —q by [20], Exe. V.2.5. Thus
the only possible value of ¢ such that —qg < e < —2¢ + 2 is ¢ = 2. In this
case e = —2.

Tensoring with Op(—2Kr — 2D) the exact sequence (6) with n = 3, we
obtain

0 — S?26®0p(—2D —2Kt1) — S*€®0r(—2D —2Kt) — Op(D—2K71) — 0.

Since deg(D —2Kt) = —e —4q+4 < 0, we have that h°(Or(D —2Kt)) = 0,
therefore we deduce that

h2(S*E @ Op(—2Kr — 2D)) = h°(S*€ ® Op(—2Kt — 2D)).
In the same way we obtain that
h%(S*E @ Or(—2Kr — 2D)) = h*(£ ® Op(—2Kr — 2D)).

Since deg(—2Kt — 2D) = —4q + 4 + 2¢ = —8 and & is normalized, it is
obvious that h%(€ ® Or(—2Kr — 2D)) = 0. Then

h°(S*E ® Op(—2Kp — 2D)) = 0.

By assumption h°(Or(2D — 2Kt)) > 0. Since deg(2D — 2Kr) = 0, this
implies that 2D ~ 2Kp and h°(Or(2D — 2Ky)) = 1.

Now h%(S*¢ ® Op(—2Kr — 2D)) > 1 by hypothesis and moreover
hO(S*E@Or(—2K1r—2D)) < h%(Or(2D—2Kr)) = 1 from the exact sequence
(7). So the equality holds and

dim| — 2Ky| = h°(5*€ ® Op(—2Kr — 2D)) — 1 = 0.

Since 2D ~ 2K, then | — 2Ky | = {4Cy — 4Kr - f} (CASE 1.1).

e We assume that h°(Or (2D — 2Kt)) = 0, then
ho(S*E @ Op(—2Kp — 2D)) = h°(S3E ® Op(—2Kr — 2D))
from the exact sequence (7).

Tensoring with Op(—2Kr — 2D) the exact sequence (6) with n = 3, we
obtain:

0 — S?6@0r(—2Kr—2D) — S*€®0r(—2Kpr—2D) — Or(D—2Kt) — 0.

If W°(Or(D — 2Kr)) > 0, then deg(D — 2Kt) = —e +4 — 4q > 0, so
e <4 —4q < 0 since ¢ > 2. Thus £ is indecomposable and by [20], Exe.
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V.2.5, we have that —q < e. A value ¢ > 2 such that —qg < e <4 — 4q does
not exist. Then h°(Or(D — 2Kt)) = 0 and

h?(S*E€ ® Op(—2Kr — 2D)) = h°(S*€ @ Op(—2Kt — 2D)).
Let us consider the exact sequence (6) with n = 2 already tensored with
Or(—2Ky — 2D):

0 — & ® Op(—2Kr — 2D) — S?€ ® Op(—2Ktr — 2D) — Or(—2Kp) — 0.
Since deg(—2Kr) < 0, then h%(Or(—2Kr)) = 0 and
h°(S%E ® Op(—2K1 — 2D)) = h°(€ ® Or(—2Kt — 2D)).

As seen before, since dim | — 2Ky | # 0 by hypothesis, then

h°(S*E @ Op(—2Kr — 2D)) = h°(€ ® Op(—2Kt — 2D)) > 0.

Since &£ is normalized, then deg(—2Kp — 2D) = —4q¢+ 4+ 2e > 0, so
e>2q—2.

Finally, let us consider the exact sequence (4) tensored with Op(—2Kr—2D):

« If € is indecomposable, by [20], Theorem V.2.12 we have that
e < 2q—2, so e must be equal to 2¢—2. Since ¢ > 2 by assumption, then
deg(—2K1r—D) = —4q+4+e = —2q+2 < 0, 0 h°(Or(—2Kr—D)) = 0.
We conclude that

dim |-2Ky| = h°(S*ER0r(—2K1r—2D))—1 = h°(EQOr(—2Kr—2D))+

—1 = h°(Op(—2Kr — 2D)) — 1 = dim | — 2Kt — 2D|.
At this point it is clear that 4C} is a fixed component of | —2Ky|. Since
deg(—2Kr — 2D) = 0 and h°(Op(—2Ky — 2D)) > 0, then 2D ~ —2K
and —2Ky ~ 4C,. Therefore
dim| — 2Ky| = dim | — 2K — 2D| = 0

x Let & be decomposable. As seen before we have that e > 2¢q — 2.
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- Let us suppose that h°(Or(—2Kr — D)) = 0, so
h°(€ ® Op(—2Kr — 2D)) = h°(Or(—2Kr — 2D)).
Also in this case we have that
dim | — 2Ky | = dim | — 2Kt — 2D)|

and 4C) is a fixed component of | — 2Ky | (CASE II.1).

- Let us suppose that h°(Or(—2Kr — D)) > 0. Then
deg(—2Kr — D) = 4—4qg+e > 0, so e > 4q — 4. We observe
that, since deg(3KT +2D) = 3(2¢ —2) —2e < 6 — 6 +2(4 — 4q) =
Hence, using the exact sequence (8) and the previous remarks,
we have that dim| — 2Ky| = h%(S*€ @ Op(—2Kr — 2D)) — 1 =
= W€ ® Op(—2Ktr — 2D)) — 1 = h°(Or(-2Kr — 2D)) +
h°(Or(—-2Kr — D)) — 1.

So

dim | — 2Ky| = dim | — 2Kt — 2D| + h°(Op(—2Kp — D)) >

> dim | — 2Kt — 2D|.
We have obtained CASE II1.2.

III. As seen in Theorem 2.6, there are two different types of elliptic ruled surface with
£ indecomposable: Yy and Y_;. In both cases, since py(I') = 1, it is clear that
Kr ~0,s0 —2Ky ~4Cy — 2D - f, for Y =Y, with i = {0, —1}.

e CASE III.1

IfY =Yg, then D ~ 0 (see Theorem 2.6) and —2Ky ~ 4Cj. Let us suppose
that there is W € | — 2Ky| effective such that W # 4Cy. If Cy was not
a component of W, then Cy - W = 4C2 = 0 and W N Cy = @ which is
impossible by Proposition 2.9. Then Cy C W and W — Cy ~ 3C,. Again,
if Cy was not a component of W — Cj, then Cy - (W — Cp) = 3C3 = 0 and
(W —Cy)NCy = @ which is impossible by Proposition 2.9. So Cy C (W —Cy)
and W —2C,y ~ 2Cy. Another time, if Cy was not a component of W — 2C,
then Cy - (W — 2C;) = 2C2 = 0 and W N Cy = @ which is impossible
by Proposition 2.9. Then Cy C (W — 2Cy) and W — 3Cy ~ Cj. Since
h(Oy(Cy)) = KO(T,E) = 1, then |Cy| = {Co} and W — 3Cy = Cy, so
W = 4C,. Then
| — 2Ky | = {4Cy}.

e CASE III.2
If Y =Y_4, it was shown in Chapter 2 Section 5 of [5] that
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We denote by & the group operation on I' and by ey the neutral element.
Recall that the group law is defined by

rTDy~x+y— e,

for z,y € T. Tt is known that Y_; := Sym?(T'), that is the second symmetric
product of I'. In particular, for every x € I', we have a morphism

€z I'—Y 4
e— e+ (edx).

Let c, be the image curve in Y_;. Now ¢, is an isomorphism onto its image
except precisely when z is one of the three non-zero 2—torsion points of
. In the latter three cases, the map ¢, realizes I' as an unramified double
cover of its image curve ¢,, for n € I' a non-zero 2 torsion element. Indeed
¢, = I'/(n). Moreover, the diagonal A := ¢, is linearly equivalent to —2Ky ,
(for more details see [5], Chapter 2, and [7]).

Therefore every divisor in | — 2Ky is isomorphic to I', hence smooth and ir-
reducible, except precisely three irreducible and non-reduced elements, each
of multiplicity 2, isomorphic to I' modulo a non-zero two torsion element,
as seen before.

IV. If € is decomposable, then Y = Pr(Or & Or(D)), for D € Div(I'). By [20],
Theorem V.2.12, we have that e > 0. Let ¢ = p,(I') = 1, so Kr ~ 0. By the
previous remarks, we have that

By Lemma 2.5, we have that
h(Oy(—2Ky)) = h°(Oy(4Co — 2D - f)) =
= h%(Or(2D)) + h*(Or(D)) + h*(Or) + h°(Or(=D)) + h°(Or(-2D)).

e CASE IV.1
Ife=0and D ~ 0, then

dim | — 2Ky| = h°(Oy(—2Ky)) — 1 = 4.

As observed in [20], Example V.2.11.1, we have that Y = T' x P!. So
—2Ky = —2priKy — 2pr;Kp = —2priKpi, where pry : Y — I and
pry 1 Y — P are the two projection maps. Then any antibicanonical divisor
is formed by four fibres of the projection pry : Y — PL.

e CASE 1V.2
Ife=0,D ~0and 2D ~ 0, then

dim | — 2Ky| = h°(Oy(-2Ky)) — 1 = 0.
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Using Lemma 2.5, we have that
R (Oy (—2Ky — 2Cy)) = h°(Oy(2Cy — 2D - f)) =
= h%(Or) + h°(Or(—D)) + h°(Or(—2D)) = 1.

Since h'(Oy(—2Ky)) = h°(Oy(—2Ky — 2Cy)) = 1, then 2C; is a fixed
component of the linear system | — 2Ky |. Hence the only possibility is

CASE 1V.3
Ife=0,D ~0and 2D ~ 0, then

dim | — 2Ky | = h°(Oy(—2Ky)) — 1 =2

and —2Ky ~ 4C.
CASE IV.4

If e > 0, then deg(D) = —e < 0, so, using Lemma 2.5 and Riemann-Roch’s
Theorem, we have that

dim | — 2Ky| = h°(Oy (—2Ky)) — 1 =
= h°(Or(2D)) + h°(Or(D)) + h°(Or) + h*(Or(=D)) + h*(Or(—-2D)) — 1 =
= h%(Or) + h°(Or(—=D)) + h°(Op(—2D)) —1=1+e+2e—1 = 3e.
Moreover, always by Lemma 2.5, we can compute that
R (Oy (—2Ky — 2C))) = h°(Oy(2Cy — 2D - f)) =
= h(Or) + h°(Or(—D)) + h°(Or(—2D)) = 3e + 1 = h°(Oy(—2Ky)),

while
ROy (—2Ky — 3C))) = h°(Oy(Cy — 2D - f)) =

= h°(Or(=D)) + h°(Or(—2D)) = 3e # h*(Oy(—2Ky)).

We conclude that 2 is a fixed component of | — 2Ky |, leaving as variable
part the system [2C) — 2D - f| = |2C4].

O

We can show that not all the cases of minimal ruled surfaces Y of the type of
Proposition 2.12 can be minimal models of surfaces with Prym-canonical hyperplane

Lemma 2.13. Let X" = Pr(€) be a minimal ruled surface over a smooth elliptic curve
. We assume that &€ is normalized and decomposable, i.e. € = Or & Op(D), for
D € Div(I') and e = —deg(D) > 0.

Ife=0and D ~ 0 (CASE IV.1 of Proposition 2.12) or if e =0, D = 0 and 2D ~ 0
(CASE IV.2 of Proposition 2.12), then X" cannot be the minimal model of a surface
with Prym-canonical hyperplane sections.
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Proof. We analyze the two cases separately.

o Let D~ 0.

Let us suppose that X” = Pr(Or @& Op(D)) =T x P! is the minimal model of a
surface X with Prym-canonical hyperplane sections. With the same notation as

before, we have that 7 : X’ — X is the minimal resolution of the singularities of
X.

We exclude the case X” = X’ because dim| — 2K x»| = 4 by Proposition 2.12
and this would contradict Theorem 1.12. Then there are always base points of
L" to blow up and X" # X',

Since K ~ 0, we can write —2Ky» ~ 4Cj, where Cy = I' (see Notation 2.7).
So there are at most four disjoint connected components in W” (the fibres can
coincide).

We put W” = 0071 + C(LQ + 0073 + 0074, where 00,1,00,2,00,3,00,4 S |C(]’ not
necessarily disjoint. We have observed that the base locus of L” lies on supp(W")
(see Proposition 1.22), and, as seen before, there are always base points of L”
to blow up. Moreover C” and W intersect only on the base locus of L” by
Proposition 1.22 and Proposition 1.24. Since W ~ 4Cj, then C” intersects Cy
and consequently Cj;, for i = 1,2,3,4. The intersection points between C” and
Co.i, for i =1,2,3,4, are base points of L”, i.e. the points to blow up.

We recall that the multiplicity of any blown up point on W” by ¢ is at least two
(see Proposition 1.22). If we suppose that W” is formed by four disjoint fibres
either " contains three disjoint components of which only one is non-reduced
counted with multiplicity 2 or W” has two disjoint components isomorphic to T,
one reduced and the other counted with multiplicity 3, then the multiplicity of
the blown up points by ¢ on the reduced components of W is one. We exclude
these three cases.

It remains to analyze the case in which W” has two disjoint components non-
reduced, counted with multiplicity 2, whose supports are called respectively Cj
and Cpa, or W” has only one irreducible component of multiplicity 4, whose
support Cj is isomorphic to T.

We observe that — K x» = —pr{ Kr—pri Kp = pri(—Kp1), i.e. every anticanonical
divisor is formed by two fibres of the projection pro : X” — P!. To obtain
X', we blow up the base points of L” that lie on supp(W"”) = Cp1 + Cpa or
supp(W") = Cj respectively. In the first case, since Cyy + Coo € | — Kxr| and it
contains the points to blow up, then Co+Co s € |—Kx/| and h2(Ox/(—Kx/)) > 0.
Similarly, if W” = 4Cy, then 2Cy € | — Kx»| and h°(Ox/(—Kx)) > 0. Moreover,
in both cases, h?(Ox:(—Kx/—C")) = 0 (the anticanonical divisor does not contain
C"). From the exact sequence

0— OX/(—KX/ — C/) — OX/<—KX/) — OC/(—KX/) — 0,

30



we deduce that h°(Oc/(—Kx+)) > 0. Since X has Prym-canonical hyperplane
sections by hypothesis and X’ is the minimal resolution of its singularities, then
C'-(=Kx+) = 0, for C" a general hyperplane section of X’. So h°(Oc/(—Kx/)) = 1
and O¢(—Kx/) = Oc¢. Then C' is a canonical embedded curve and X has
canonical hyperplane sections. We also exclude these cases.

In conclusion X” = ' x P! cannot be the minimal model of a surface X with
Prym-canonical hyperplane sections.

Let D be a non-zero torsion divisor of order different from two (Proposition 2.12,
CASE 1V.2). Then there are two disjoint connected components in W 2C, and
2.

By Proposition 1.22, since 2Cy and 2C; are irreducible and non-reduced with
multiplicity 2, we have that W’ ~ 2C’0 + 201, where C’o and C, are respectively
the strict transforms of Cy and C;. In this case W’ has two disjoint connected
components.

Moreover we have that —Kx» = {Cy + C1} (see [13], Proposition I7.2.1). To
obtain X', we blow up the base points of L” that lie on supp(W") = Cy +
Ci. Since Cy + C; € | — Kx»| and it contains the points to blow up, then
hY(Ox:/(—Kx+)) > 0. As seen before, we obtain that h°(Oc/(—Kx+)) > 0. Since
X has Prym-canonical hyperplane sections by hypothesis and X’ is the minimal
resolution of its singularities, then C" - (—Kx/) = 0, for C" a general hyperplane
section of X’. So h°(Oc(—Kx/)) = 1 and Oci(—Kx/) = Ocr. Then X has
canonical hyperplane sections. Similarly, if X” = X’ i.e. L” has not base points
to blow up and ¢ : X’ — X" is an isomorphism, then X has canonical hyperplane
sections.

In conclusion, the surface X” = Pr(Or @ Or(D)), for D a non zero torsion
divisor, not of order two, cannot be the minimal model of a surface X with
Prym-canonical hyperplane sections.

]

Finally, we can determine the number of non-rational singularities on a surface X
with Prym-canonical hyperplane sections birationally equivalent to a non-rational ruled
surface.

Proposition 2.14. Let X be a surface with Prym-canonical hyperplane sections bira-
tionally equivalent to a ruled surface X" = Pr(E) over a base curve I' of genus q > 2.

€ | — 2K x| effective, then it contains only one connected component, except for

the case € decomposable and e = 4q — 4, where there is the possibility that W" contains
two disjoint connected components.

Proof. By Proposition 2.12 and Lemma 2.13, we have four different cases to study.
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e If £ is indecomposable and | — 2K y»| = {4Cy} (Proposition 2.12, CASE 1.2),
then W = 4C} is connected (it is irreducible and non-reduced).

e If £ is indecomposable and | —2K x| = {4Cy —4Kr- f} (Proposition 2.12, CASE
[.1), we can prove that W” contains only one connected component. Let us
suppose that A := 4Cy— 4Kt - f can be factorized as Ay +...+ Ay + F1 + ...+ F},
where A; are irreducible curves, for i = 1,...,k, and F} fibers, for j = 1,...,L.
Since A = 4C) — 8f, then Ay + ... + Ay =4Cy) — (8 + 1) f. So every A, is of the
form «;Cy — B; - f, with Zle deg(B;) = 8+ 1 and a; > 0 for any i because we
assume that A, is effective (we also exclude o = 0 because A; # F}, for any ¢, j).

— Since A = 4Cy — 8f, then k < 4. Let us start with the case in which

a; =1, for i =1,...,4. Since Cy is irreducible and CZ = —e, for e = —2 (see
Proposition 2.12, CASE [.1), then Cy-A; = Co(Co—B;- f) = 2—deg(8;) > 0,
so deg(f;) < 2, foranyi=1,...4. Then 8 = 3., 2> 3" deg(B;) = 8+1,
so I =0 and deg(5;) = 2, for any 1.
Therefore, for i # j, the intersection A; - A; = (Co — B - f) -
(Co— Bj - f) = CF — deg(B:) — deg(B;) =2—2-2<0. Thus A; = A,
(A; and A; are irreducible, so they cannot have common components) and
A = 4A,;. So the antibicanonical divisor is irreducible and non-reduced, in
particular connected.

— If £ = 3, then oy = 2 and «; = 1, for ¢« = 2,3. Since Cj is irreducible
and Cf = —e, with ¢ = —2 as seen in Proposition 2.12, CASE I.1, then
Co-A; >0, for j = 1,2, 3. In particular, we have Cy- Ay = Co(2Cy— 1 - f) =
4—deg(f1) 2 0, s0 deg(f1) <4, and Co-A; = Co(Co—Bi- f) = 2—deg(f;) >
0, so deg(f;) <2, fori =2,3. Then 8 =4+2+2> 37  deg(f;) = 8 +1,
so I =0 and deg(f;) = 4 while deg(5;) = 2, for i = 2,3. So the intersection
Ar-Ay = (2C)=P1-[)(Co—Pa- f) = 2CF—deg(B1)—2 deg(B) = 4—4-4 < 0.
This is impossible because A; and A, have not common components because
they are irreducible and distinct by hypothesis. So we exclude this case.

— If k = 2, then either oy = a9 =2 or vy = 3 and oy = 1.

x If oy = ag = 2, then, as observed in the previous cases, the intersection

Co-A; = Co(2Co — B ) = 4—deg(B;) > 0, for i = 1,2, so deg(;) < 4,
for any i. As before, we can show that deg(5;) = 4, for i = 1,2, and
[ =0.
Then Ay-Ay = 4C2—2deg(f1)—2deg(Bs) = —4e—8—8 < 0 because ¢ =
—2 (see Proposition 2.12, CASE [.1). Since A; and A, are irreducible,
they do not have common components, so A; = Ay and A = 2A,, that
is connected.

x If oy = 3 and ap = 1, then, with the same techniques as before, we have
that Co - Ay = Co(3Cy — 81 - f) = 6 — deg(51) > 0, so deg(;) < 6, and
Co - Ay = Co(Co — Pa - [) = 2 —deg(B2) = 0, so deg(f2) < 2. Then
8 =6+ 2 > deg(f1) + deg(fB2) = 841, sol = 0, deg(f;) = 6 and
deg(Bs) = 2. Since e = —2 and Cf = —e, the intersection Ay - Ay =
(3Co — B1- f) - (Cy— Bo- f) = 3CE — deg(B1) — 3deg(B2) < 0. This is
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impossible because A; and Ay have not common components because
they are irreducible and distinct by hypothesis. So we also exclude this
case.

— Finally, if ¥ = 1, then ay = 4. Since Cj is irreducible and C§ = —e, with
e = —2 as seen in Proposition 2.12, CASE I.1, then Cy - Ay = Cp - (4Cy —
B1-f)=8—deg(f1) >0, so deg(f1) < 8. Since 8 > deg(f1) = 8 + [, then
[ =0 and deg(5;) = 8. Then A = A; and it is an irreducible component by
construction.

Then the claim is proved: in any analyzed case W contains only one connected
component.

If £ is decomposable and dim | — 2K x»| = dim | — 2Kt — 2D| > 0 (see Propo-
sition 2.12, CASE II.1), then —2Kx» ~ 4Cy+ (—2Kp —2D) - f, with 4C; a
fixed component. We observe that, since e > 2q — 2, then deg(—2Kr — 2D) =
—2(2¢ — 2) 4+ 2e > 0. In particular, if e = 2¢ — 2 and deg(—2Kr — 2D) = 0, then
—2Kt — 2D ~ 0 since h°(Or(—2Kr — 2D)) > 0. Therefore (—2Kr — 2D) - f is
the variable part of —2Kx~. Since Cy - f = 1, we have that the fixed part 4Cy
and the variable part (—2K1 — 2D) - f have intersection, so there is only one
connected component in W”.

If £ is decomposable and dim | —2K x»| > dim | — 2Kt —2D|, then h°(Or(—2Kr —
D)) > 0 and e > 4q — 4 (see Proposition 2.12, CASE II1.2). We recall that
—2KX// ~ 400 + (—2KF - 2D) : f, where
deg(—2Kr—2D) = —2(2¢—2)+2e > 4—4qg+2(4g—4) = 4g—4 > 0 since ¢ > 2.

Let us see which is the fixed component of | — 2K x»|. Since C3 = —e < 4 — 4q,
then Cy(4Co+ (—2Kr—2D)- f) = —de+4—4q+2e < 0, again Cy(3Cy+ (—2Kp —
2D)-f) = —3e+4—4q+2e < 0 and finally Co(2Cy+(—2K1r—2D)- f) = —2e+4—
4q+2e < 0. Thus 3Cy is a fixed component of | —2Kx»| = |4Co+(—2Kr—2D)- f|.
Let us check if Cj is also a fixed component of |Cy + (—2Kr — 2D) - f|.

By Lemma 2.5 we have that
R (Oxn(Cy + (—2Kr — 2D) - f)) = h°(Or(—2Kr — 2D)) + h°(Or(=2Kr — D))

and
h?(Oxn((=2Kr —2D) - f)) = h°(Or(-2Kr — 2D)).

Since h(Op(—2Kr — D)) > 0, then
R (Oxn(Co + (2Kt — 2D) - f)) > h°(Oxn((—2Kr — 2D) - f))

and Cj is not a fixed component of |Cy + (—2K1 — 2D) - f|, in particular 4C} is
not a fixed component of | — 2K y»| = [4Cy + (—=2Kr — 2D) - f| while 3Cj is.

So the following cases may occur:
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— if 4C) is a component of W" ~ 4Cy + (—2Kr — 2D) - f, then 4Cj intersects
(=2K1—2D) - f since Cy- f = 1, so W” has only one connected component;

— if e > 4¢ — 4 and 3C} is a component of W ~ 4Cy + (=2Kr —2D) - f, then
300 . (C(] + (—2K1" — 2D) : f) = —3e + 3deg(—2Kp — 2D) = —3e + 3(4 —
4g+2e) = —12q + 12+ 3e > 12 — 12 + 3(4qg — 4) = 0, so W has only one
connected component;

— finally, we suppose that e = 4¢ — 4 and 3Cy is a component of W ~
4Cy + (—2Kr — 2D) - f. By Remark 2.8, we have that D ~ Cj|¢,. Since
h%(Or(—2Kt — D)) > 0 (we are in CASE I1.2 of Proposition 2.12) and
deg(—D —2Kr1) = e —4q+4 =0, then D ~ —2Kr. The restriction

(Co+ (—2Kr —2D) - f)le, = Coley + (—2Kr —2D) ~ D — 2K — 2D ~ 0,

so 3Cy and Cy+ (—2Kr —2D) - f are the two disjoint connected components
of W".

]

Corollary 2.15. Let X be a surface with Prym-canonical hyperplane sections bira-
tionally equivalent to a ruled surface X" over a base curve I' of genus ¢ > 2. Let us
suppose that a general hyperplane section C' of X s projectively normal with respect to
its embedding in PI=2. If the number of connected components of W' and W" is the
same, then either X contains exactly one non-rational singularity x, whose p,(z) = q
or, if € is decomposable and e = 4q — 4, there is also the possibility that there are two
singularities x1 and xy such that 7 (z;) Nsupp(W') # @ and py(z1) + py(x2) = q.

Proof. By Lemma 1.19 we know that the singularities of the type x € X such that
7~ 1(z) does not intersect supp(W’) are rational double points. Moreover, by Theorem
1.12, we have that supp(W’) = 7=!(zy, ..., x,), for certain singularities in X, so there
are r connected components in supp(W’), for r = 0,1,2,.... By Proposition 1.15, we
know that, if the singular locus Sing(X) = {z1, ..., z,}, for r < s, then > "7 py(z;) = ¢.

Let us suppose that r := {number of connected components of W'} is the same as the
number of connected components of W” (see Proposition 1.22, Case 3.).

By Proposition 2.14, we have W” € | — 2K x| is connected, except in the case in
which £ is decomposable and ¢ = 4¢g — 4. Since we suppose that W’ has the same
number of connected component of W, if W” is connected, then X has only one
singularity z such that 7=1(z) Nsupp(W’) # @. By Proposition 1.15, this singularity
is non-rational with p,(x) = ¢. Instead, if W" has two disjoint connected components,
since W' is contracted by 7, we have two singularities x; and x5 on X such that
7 zy) Un Y (22) = supp(W') and p,(z1) 4 py(22) = ¢ (see Propositon 1.15, Theorem
1.12 and Lemma 1.19). O
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Remark 2.16. In the hypothesis of the previous Corollary, if ¢ = 1, whatever the
number of connected components of W and W' we have that there is only one non-
rational singularity x on X, whose geometric genus p,(x) =1 (see Proposition 1.15).

Remark 2.17. In the hypothesis of the above Corollary, if ¢ > 2 and the number
of connected components of W' and W" is not the same, we do not know how many
non-rational singularities there are on X.

Remark 2.18. If a general hyperplane section C of X 1is not projectively normal, then
Proposition 1.15 is not valid. Anyway we can conclude that Corollary 2.15 is still valid,
except for the fact that we do not know the geometric genus of the singularities.

2.3 Construction of surfaces with Prym-canonical hyperplane
sections birationally equivalent to non-rational ruled sur-
faces

In this section, we will construct examples of surfaces with Prym-canonical hyperplane

sections birationally equivalent to ruled surfaces over a base curve of genus ¢ > 1.

Before this, we will study some general properties regarding minimal models of this
type of surfaces.

First of all we can list some notation that we will use in the following.

e Let X be a surface with Prym canonical hyperplane sections embedded in P91,
for g > 5.

e Let 7 : X’ — X be the minimal resolution of the singularities of X and let
¢ : X' = X" be a relatively minimal model of X’. We assume that X" is a
ruled surface, so X" = Pr(€), with £ normalized, A*€ = Or(D), for D € Div(T),

and e = —deg(D). Let p : X” — I' be the natural projection of X” onto its
base curve I'. We also assume that p,(I") = ¢ > 1, so X” is a non-rational ruled
surface.

e If L is the (¢ — 1)—dimensional complete linear system of hyperplane sections
of X and C' € L is its general curve, let L' be the complete linear system of
hyperplane sections of X’ such that iy, : X’ — P91 and " € L' is its general
curve. Then L” = ¢, L’ is a linear system on X", with C” € L” a general curve.
Also ipn : X" ——» P971 with

i (X") = ip(X).

e We have already seen that the divisors on X" are of the form aCy + A - f, for
a € Z and A € Pic(I"). Then L"” C |aCy+ A - f], for some a, A. In particular, we
suppose that L” has base points P, ;, with multiplicity ry;,, fort =1,...,s—1 and
iy = 1,...,i(t), with possible infinitely near base points. We can observe that X' is
the blowing up of X” along the base points of L”, that lie on supp(W") C X" by
Proposition 1.22. In the following, we will assume that |aCy+ A - f] is base-point
free (we will see in Proposition 2.23 when this occurs). If also L” does not have
base points, then L” = |aCy + A - f| = L' and X' = X".
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How do we construct surfaces X with Prym-canonical hyperplane sections bira-
tionally equivalent to non-rational ruled surfaces? Let us give an outline of the pro-
gram.

1. Let X” be a minimal ruled surface over a base curve of genus ¢ > 1 such that
| — 2K x| # @ and let W” be a fixed effective antibicanonical divisor.

2. Let us fix a linear subsystem L” C |aCy+ A - f|, for a > 1 and A € Pic(T"), such
that the base points of L” lie on the supp(W"”) and L"” and W” do not intersect
outside the base points of L”. We suppose that |aCy + A - f| is base-point free.

3. We call ¢ : X’ — X" the blowing up of X” along the base points of L”. Let L’
be the strict transform of L” and let W’ be an antibicanonical divisor of X'. If
a general C" € L’ is disjoint from W’ ie. —2Kx/|cr ~ 0, and if —Kx/|c is a
non-zero torsion divisor of Pic(C"), then X’ is the required surface.

2.3.1 Preliminaries on minimal models

We can replace X” by a more suitable minimal model in which the transform of the
linear system L” has a simpler form.

Proposition 2.19. Let X" = Pr(€) be a ruled surface over a smooth curve I
of genus ¢ > 1 and let us suppose that X" is the minimal model of a surface
X with Prym-canonical hyperplane sections. Let e be the invariant of X". Let
L" C |aCyo+A- f]| be the (g—1)—dimensional linear system of hyperplane sections
of X".

a. We have that e > 2q — 2, except for the cases 1.1 and I11.2 of Proposition 2.12,
that correspond to ruled surfaces with £ indecomposable.
Moreover e = 2q — 2 if and only if 2D ~ —2Kp.

b. We can assume that € is decomposable, i.e. £ = Or @ Or(D), for D € Div(D),
and a general curve C" € L" is disjoint from Cy after possibly replacing X"
by another relatively minimal model of X'. In particular, we can assume that

the base points P,;, of L" do not belong to Cy and to its strict transforms, for
t=1,..,s—1and i, =1,...,i(t).

Then we have the following relations:

bl 1y, <a—1, fort=1,...,s—1andi, =1,..,i(t);
b.2 A ~ —aD, whence L" C |aCh|, for a > 1;

b.3 > Z“ (T, = ale —2q +2);

b4g_1+ a’e_lz Z;Et)l 252@,5;'
b.5 1+ a*(g—1)+ ta(e —2¢+2) < g <1+ fa%e — fale —2q +2);

b.6 if L"” has base points, the number of conditions imposed by them is exactly
the expected number.
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Proof.  a. As seen in Proposition 2.12, we always have e > 2¢ — 2, except for the
CASE I.1, where e = —2 < 2q — 2 = 2, and CASE I11.2, where e = —1 and
2q — 2 = 0. Both cases correspond to ruled surfaces with £ indecomposable.

If 2D ~ —2Kr, then deg(2D) = —2e = deg(—2Kr) =4 —4q, so e = 2¢ — 2.

Let ¢ > 2. If € is indecomposable and e = 2¢q — 2, then we are in CASE 1.2 of
Proposition 2.12. As computed in that Proposition, we have that 2D ~ —2KF.

Again, let ¢ > 2. If £ is decomposable and e = 2¢ — 2, then we are in CASE
I1.1 of Proposition 2.12. Thus we have that h°(Op(—2Kr — 2D)) > 0. Since
deg(—2Kr — 2D) = 0, then 2D ~ —2K.

If g=1and X" =Y, (CASE II1.1 of Proposition 2.12), then 0 = e = 2¢ — 2 and
2D ~ —2Kp ~ 0. On the other hand, if X" =Y_; (CASE I11.2 of Proposition
2.12), then —1 = e # 2¢ — 2 = 0. Since deg(2D) = 2 and deg(—2KT) = 0, then
2D ~ —2Kp. The thesis is satisfied also in the case ¢ = 1 and £ indecomposable.

Finally, we assume ¢ = 1 and £ decomposable. If e = 2¢ —2 = 0, then we exclude
CASE V.1 and IV.2 of Proposition 2.12 by Lemma 2.13. So there is only one
case to consider: D ~ 0 but 2D ~ 0 (CASE IV.3 of Proposition 2.12). Whence
it is clear that 2D ~ —2Kpr ~ 0.

In conclusion e = 2q — 2 < 2D ~ —2Kr.

b. In general, any decomposable ruled surface is obtained from an indecompos-
able one applying a finite number of elementary transformations at points on
Co (see [15], Corollary 48). Moreover, if the minimal resolution of singularities
X' =Pr(€), with £ indecomposable, then the minimal model X" is birationally
equivalent to Pr(&’), for £ decomposable. So we can suppose that the mini-
mal model is decomposable up to birational equivalence and a finite number of
elementary transformations at points on Cj.

Let us suppose that L” has base points on Cj, in particular we call P one of them.
If C" € L" is a general curve, then C” - Cy > 0. We can apply an elementary
transformation of X" centered in P to obtain another relatively minimal model
X7 If C" and Cj are the strict transforms respectively of C” and Cj, since we
blow up the point P of intersection, then C” - Cy < C” - Cy. Repeating this
process a finite number of times, we can assume that L” has not base points on
Co. Moreover, since we assume that X" is decomposable and we blow up points
of Cy, then even the new minimal model is decomposable (see [15], Theorem 50).

We can also prove that a general curve C” € L” does not intersect Cy outside
the base points. Indeed, after the blowing up of X” along the base points of L”,
we obtain X’ a surface whose hyperplane sections are Prym-canonical embedded.
With the notation of Proposition 1.22, since

W":= W] ~4Cy — (2Kr +2D) - f = 4Cy + (4 — 4q + 2¢) f,
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then
- _ (1)
Wy =4Co+ (4 —4g+2¢) - [+ > (pnsy —2) B,

i1=1

where EJVO and f are the strict transforms respectively of Cjy and a generic fibre
fof X" pq4, is the multiplicity of the base point P ; on W” and E,;, is the
exceptional divisor associated with P ;,, for 4; = 1,...,4(1). We observe that

i(1)
Cy- Wy =4Ch - Co+ (A—4q+2e)Ch - f+ > (1, — 2)C4 - Ea,,

i1=1

where €Y is the strict transform of C”. Since e > 2¢ — 2 by Case a. of this
Proposition, then (4—4g+2e) > 0 and consequently (4—4q+2e)C§-f2 0. Again,
as observed in Proposition 1.22, we have that u,;, > 2 for any 4; = 1, ...,4(1), so
Z;ﬁjﬁl(m,il —2)Ch - By, > 0. If C” and € intersected outside the base points,
then Cf and Co would have intersection. Hence Cy - Wy > 0. Iterating this
process, we would have that W} - C} > 0, for t = 1,..,s. This would contradict
the Lemma 1.23.

We conclude that C” and Cjy have not intersection points.

With the previous assumptions, let us see the relations between the numbers
a,e,q,g and ry;,, fort =1,....,s — Ll and ¢, = 1, ..., i(t).

b.1 First of all we observe that, if P;,;, is a base point of L” infinitely near

to the base point P, ;, € X", for ty,ty € {1,...,s = 1}, i, = {1,...,i(t1)}
and i, = {1,...,i(t2)}, then ry ;, > 74,4, . So it is enough to show that
the multiplicity r := 11 < a, for a base point P := P;; € X" that is not
infinitely near to another point.
Let fo be the fibre on X” passing through P. Since P € C” with multiplicity
r, then r < C” - fy. On the other hand, since C” € L"” C |aCy + A - f|, we
have that C” - fo = (aCy + A - f) - fo = a. Then r < a. Let us suppose
that » = a, hence C” and Jo_intersect only in P, so, after blowing up this
point, the strict transforms C” and f; respectively of C” and f; are disjoint
and, in particular, ]702~: —1. To obtain X’ we blow up only base points of
L" and since C” and f; are disjoint, we do not blow up other points on fj,
so, if f§ is the strict transform of fo on X', also (f§)*> = —1. Then f} is a
(—1)—curve on X’. We also observe that C' and f{ are still disjoint, so f;
is contracted by 77 = ¢, o™ on X. This contradicts the minimality of the
resolution 7, so r < a.

b.2 As observed before, we can assume that a general curve C” € L” is disjoint
from Cy. On one hand

OX//(C”) & OCO = OCO = Or
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b.3

b.4

with the identification of Notation 2.7. On the other hand, using Remark
2.8, we have that

OX“<C”> X OCO = OX//(GCO + A - f) & OCO = OF(CLD + A)

Hence
A~ —aD.

Then C" ~ aCy — aD - f ~ aCy and

L” - ’a01|.
We claim that
s—1 Zt)
5 IR
t=1 Zt 1
for r;;, the multiplicities of all the base points of L”". Since

C"-W':=C.-W!=0 by Lemma 1.23, it is sufficient to show that

! ] /
G- Wi = t+1'Wt+1+2§ :Ttviﬂ

it=1

o / / _ S— 1) / / —
for t = 1,...,8 1 SO O : s—1 — 22 =1 Ts—14s_15 0—2' s—2

S

2 Zis_zlz)l To—1l,is 1 +2 Z o 1 Ts—2.i, , and so on and the claim is proved.

Let us assume that t = 1. By Proposition 1.22, we know that
~ oW —2 Z“ | Eoyy . If O € X)) is the strict transform of C” := Cf,
then Cy ~ ¢;C Zig )1 14, By So

i(1) i(1)
Wy-Cy = (W] =2 Easy)- (61C1 =D 11 Bagy) = Wi -CL =2 iy,

i1=1 i1=1 i1=1

as asserted. Hence the claim is proved.

Moreover, using the previous point of this Proposition, we know that
C"-W" =aCy-(4Cy— (2Kr+2D)- f) = a-deg(—2Kr—2D) = a(4—4q+2e).
We can conclude that 2375} ZZE”I req, = C"-W" = a(4 —4q+ 2e). So the
thesis is satisfied.

By the adjunction formula, the self-intersection (C")? =29 —2—C"- Kx: =
2g — 2 since —K x/|¢v is a two torsion element. If C” is the strict transform
of O, ie. C'" = ¢*C" — f;ll Z;Et (Tt By, and C7 ~ aCy by the

point b.2 of this Proposition, then (C’) = (¢*C")? = >, Z (t)l ert =

s—1 i(t — i(t
(C")? =300 sz )1 ry Jit = (aC1)* =227 Ezf )1 ry zt =a*e—Y Z“ 1 tzt
Unifying the two results we have that 2g — 2 = a%e — > /_ ! Z.() r?. and

t=1 =1 " t,i¢
_ 1,2 1 i(t) .2
g_1+§ae_ Z Zztltzt
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b.5

b.6

It is clear that
s—1 i(t) —1 i(t)

YB)ILIES 35 i

tlltl tlltl

By the points b.3 and b.4 of this Proposition, we also have that

s—1 i(t)

1, 1 , 1, 1
g:1+§a e—§;2rt7it§1+§a e—§a(e—2q+2).
=1 3=

This gives the upper bound to g.

Similarly, t_l Z;Et)l r7;, Teaches its maximum value when every
¢4, 1s equal to (a — 1) (see point b.1 of this Proposition). Then

s—1 i(t)

ZZWHSZZW“ - a(a—l)(6_2q+2>

tlltl tlltl

using the point b.3 of this Proposition. So

s—1 i(t)
1 1
g=1+ ae EE: Eﬁ ri, > 1+ ae—ia(a—l)(e—2q+2)

1 1 1 1
= 1+§a26+§a(e—2q+2)—§a2(e—2q—|—2) = 1—|—a2(q—1)—|—§a(e—2q+2).
This gives the lower bound to g.

Since we assume that X" = Pr(€), with £ decomposable, then the invariant
e > 2q — 2 by Case a. of this Proposition. Moreover the coefficient a > 1
by the previous assumptions and since Zf;ll 2221 re;, = ale —2q + 2) by
the point 0.3 of this Proposition, then L” has not base points if and only if
e=2q—2.

However, let us assume that L” has base points, so e > 2¢ — 2. If the base
points were independent, we would have

s—1 i(t)
dim L" = dim |aC, | — % ; Zl i (Pei, + 1)
We know that
dim [aC| = h°(Oxn(aCy)) — 1 = h°(Oxn(aCy — aD - f)) —
By Lemma 2.5, we have that
R (Oxn(aCy—aD- f)) = h*(Or(—aD)) +h°(Or(—(a—1)D)) + ...+ h°(Or).
Using the Riemann-Roch Theorem, the cohomology

R(Or(—mD)) = h°(Or(Kr +mD)) +me + 1 — g,
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for 1 < m < a. Since deg(Ktr + mD) = 29 — 2 — me and e > 2¢q — 2 as
observed before, we have that deg(Kr +mD) < 2¢—2—m(2¢—2) <0, so
hO(OF<Kr + mD)) = 0. Then

dim [aC,| = h°(Or(—aD))+h°(Or(—(a—1)D))+...+h°(Or(—D))+h°(Op)—
=(ae+1—q¢)+((a—De+1—q)+..+(e+1—¢q) = (14+..4a)e+a(l—q).

Furthermore, by the pomt b.3 of this Proposition, we know that
1 -1 i (t 1 t 1 -1 i (t 1

—3 21 Zit(:)l rt2,it_§ —1 sz )1 P DI szz)l i, —3a(e—2q+2).

In conclusion, the expected dimension of L” is

S— ll(t

dlm\a01|——zz7”mt Ti, +1) =

t=1 i:=1

s—1 (%)

=(1+.. —l—a)e—l—al—q——Zer“— ale—2¢+2) =

tl’Lt 1
s—1 i(t)
1 1
ala 2+ )e—i-al—q —5227“3“——(16—}-@((]—1)
tllt 1
s—1 Z(t
e 1550,
tllt 1
Since dim L” = (g — 1) by hypothesis and g — 1 = fa%e — 1 >°7” Z;Et)l i,

by the point 0.4 of this Proposition, we Conclude the Theorem.
O

Remark 2.20. From now on, we will assume the conclusions of Proposition 2.19
always satisfied.

Since we suppose that £ is decomposable, by Case a. of the previous Proposition
we have that the invariant e > 2¢q — 2, for ¢ > 1. It is not difficult to prove that, when
a > 2, the linear system |aC| is always base-point free, except for only one case. In
addition, there are also cases in which the linear system |C}] is base-point free. Before
showing this, we recall some preliminary results.

Proposition 2.21 ([15], Proposition 36). Let |aCy + A - f| be an a—secant linear
system on a decomposable ruled surface Y = Pr(Or@® Or(D)). Then this linear system
is base-point free on'Y if and only if |A| and |A + aD| are base-point free on T'.

Proposition 2.22 ([15], Corollary 13). Let Y = Pr(&) be a ruled surface with A*(€) =
Or(D) and |H| = |Cy + A - f| a complete linear system on'Y . Then |H| is base-point
free if and only if, for all the points P € ', we have

R (Oy(H — P f)) = h°(Oy(H)) — 2.
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Proposition 2.23. If the conclusions of Proposition 2.19 are satisfied, in particular £
18 decomposable and e > 2q — 2, we have that

1. if a > 2, then the linear system |aC}| is base-point free , except for the case in
which ¢ =1, e =0 and —aD ~ 0 but —2aD ~ 0;

2. let us consider the linear system |aCh|, with a = 1:

o ife > 2q—2, the linear system |C1| is base-point free, except for the case in
which e = 2q — 1 and there is a point P € " such that Kr + D + P ~ 0;
o *ife=2q—2 and q =1, the linear system |C4| is base-point free if and
only if Kr + D ~ 0;
*ife=2q—2,q>1and Kr + D ~ 0, then |Cy]| is base-point free;
*ife=2¢—2,q¢>1 and Kr + D ~ «, for a € Pic’(I") such that o » 0
but 2cc ~ 0, then |Cy| is base-point free if and only if h°(Or(P+a)) =0,
for any point P € T'.

Proof. 1. Let us consider the linear system |aC}| with a > 2. By Proposition 2.21,
a linear system of the type |aCy + A - f| on X” is base-point free if and only if
the linear systems |A| and |A + aD| on I' are base-point free.

In our case |aCy| = [aCy — aD - f], so A ~ —aD. It is clear that |A + aD)| is
base-point free.

By [20], Corollary IV.3.2, the linear system |A| is base-point free if deg(A) > 2q.
In our case, deg(A) = deg(—aD) = ae. Since a > 2 by hypothesis, then deg(A) >
2e. By Proposition 2.19, Case a., since we suppose that £ is decomposable, then
e > 2q — 2 and, in particular, deg(A) > 2(2¢ — 2) = 4qg — 4 = 2q + (29 — 4).

We observe that 2¢ — 4 > 0 if and only if ¢ > 1. Accordingly, if ¢ > 1, we have
that deg(A) > 2¢ and |aC}| is base-point free.

We analyze the case ¢ = 1 separately. By [20], Proposition IV.3.1, the linear
system | — aD)| is base-point free if and only if, for every point P € T', we have
that

dim|—aD|—1=dim| —aD — P|.

We observe that
h°(Or(—aD — P)) = h°(Op(Kr +aD + P)) +ae —1+1—gq (9)

while
h°(Or(—aD)) = h*(Or (Kt + aD)) + ae + 1 — q. (10)

We distinguish two cases:

- ¢ =1and e > 0; we have that deg(Kr+aD+ P) = —ae+1 < 0 since a > 2,
so h%(Or(Kt + aD + P)) = 0 and h°(Or(—aD — P)) = ae — q from (9).
Similarly, we have that deg(Kr+aD) = —ae < 0, then h°(Or(Kr+aD)) =0
and h°(Or(—aD)) = ae + 1 — g from (10).

Hence h°(Or(—aD — P)) = h°(Or(—aD)) — 1, that is equivalent to the
equality dim| — aD| — 1 =dim| — aD — P, for every point P € T
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-q = 1 and e = 0; since deg(D) = 0, then deg(—aD — P) = —1, so
h%(Op(—aD — P)) = 0. By Proposition 2.19, since ¢ = 1 and ¢ = 0,
then 2D ~ —2Kr ~ 0, so either D ~ 0 or D is a non-zero two torsion
element on I'. So we have the two following possibilities:

o aD ~ 0; in this case h°(Or(—aD)) = 1, so dim| — aD| — 1 =
dim | — aD — P|, for every point P on I’;

o aD ~ 0 and 2aD ~ 0; we have that h°(Or(—aD)) = 0, so dim | —aD|—
1#dim|—aD — P|.

In conclusion, if ¢ = 1 and a > 2, then the linear system |aC}| is always base-
point free, except for the case e = 0 and —aD a non-zero two-torsion element in
Pic’(I').

. Let us consider the linear system |C}|. By Proposition 2.22, a linear system of
the type |Co + A - f| is base-point free if and only if, for all points P € T', we
have that h%(Ox»(Cy+ (A — P) - f)) = h®(Ox»(Co+ A - f)) — 2. In our case we
want to show when |Cy| = |Cy — D - f| is base-point free. Since we assume that
£ is decomposable, then e > 2¢q — 2 by Case a. of Proposition 2.19.

We distinguish between two cases.

o Let e > 2q— 2.

Using Lemma 2.5, we have that
h?(Oxn(Cr)) = h°(Or(=D)) + h°(Or).
Thanks to the Riemann-Roch Theorem we know that
B(Or(—D)) = KO (Ky + D)) + deg(—D) +1—g.

Since deg(—D) = e > 2¢ — 2, then deg(Kr + D) = 2¢—2 —e¢e < 0, so
h°(Or(—=D)) = e+ 1 — q. Hence

hO(OX//(Cl)) =e+2—q.

As before, we can compute that
h(Oxn(Cy = P f)) = h*(Op(=D — P)) + h°(Or(=P)).

Since deg(—P) < 0, then h°(Op(—=P)) = 0, so h°(Ox«(Cy — P - f)) =
h(Or(—D—P)). We observe that deg(—D—P) = e—1 > 2¢q—2—1 = 2¢—3.

— If deg(—D — P) > 2q — 2, i.e. e > 2q — 1, then h!'(Or(—D — P)) = 0.
By the Riemann-Roch Theorem, we have that h°(Or(—D — P)) = e —
1+1—¢g=e—gq. In this case

hO(OX//(Cl — P f)) =€—q= hO(OX//<Cl)) — 2.

As observed before, the linear system |C}] is base-point free.
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— If deg(—D — P) = 2q — 2, i.e e = 2¢ — 1, then h'(Or(—D — P)) =
h°(Or(Kr + D + P)) by Serre Duality.
We know that deg(Kr+ D + P) =2¢ —2 — e+ 1 = 0. If there exists a
point P € T such that Kt + D + P ~ 0, then h°(Op(Kr + D + P)) =
h'(Or(—D — P)) = 1. In this case, by the Riemann-Roch Theorem, we
have that

R(Or(-=D - P))=1+4+e—1+1-g=ec+1—gq,

SO

h(Oxn(Cy = P f)) # h*(Oxn(Cy)) — 2

for a certain P € I', thus |C] is not base-point free. On the contrary,
if P € I" such that K+ D + P ~ 0 does not exist, i.e. Kr+ D + P is
a torsion element, then h°(Or(Kt + D + P)) = h'(Or(—=D — P)) =0
and, by the Riemann-Roch Theorem, we have that

R (Op(-=D —P))=e—1+1-g=c—q.
In this case
hO(OX”(Cl —P-f)= hO(OX,,(Cl)) —2

and the linear system |C}] is base-point free.

o Let e =2q — 2.
We know that h°(Ox»(C1)) = h°(Or(—D)) + h°(Or) by Lemma 2.5. Using
the Riemann-Roch Theorem, we have that h°(Op(—D)) =
h'(Or(Kr + D)) + deg(—D) + 1 —q = h%(Or(Kr + D)) +e+1—q. We
observe that deg(Ktr + D) =2¢ —2 — e = 0. Then

W (Ox»(C1)) = h*(Or(=D)) + h*(Or) =

| q if Kp+D ~0
"l ¢+1 if Kp+D~0.

Similarly we have that h%(Ox»(Cy—P-f)) = h°(Or(—=D—P))+h°(Or(—P)).
Since deg(—P) < 0, then h°(Or(—P)) =0 and

R (Oxn(Cy — P - f)) = h°(Or (=D — P)).

*If ¢ = 1, since deg(—D — P) = 2¢ — 2 —1 < 0, then
hO(Or(—D—P)) = 0. Therefore h°(Oxn(C4))—2 = h®(Oxn(Cy—P- f))
if and only if Kt 4+ D ~ 0. We conclude that the linear system |C] is
base-point free if and only if Kr + D ~ 0.

* Let ¢ > 1 and Kr + D ~ 0. Since |Kr| is base-point free (see [20],
Lemma [V.5.1), we have that h°(Op(—D — P)) = h°(Or(Kr — P)) =
q — 1 by [20], Proposition IV.3.1.  Thus h°(Ox~(C;)) — 2 =
h%(Oxn(Cy — P - f)) and the linear system |C}] is base-point free.
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* Let ¢ > 1 and D ~ —Kr + a, where a € Pic’(T') is such that o < 0 and
2ac ~ 0 by Case a. of Proposition 2.19. We observe that h'(Or(—D —
P)) = h'(Or(Kr — a — P)) = h°(Or(P + «)) by Serre Duality.

If a point P € T such that h°(Or(P + «)) > 0 exists, then
R(Or(—=D — P)) = h’(Or(P+a))+2¢—2—-1+1—-q > q— 1.
So h%(Oxn(C1)) — 2 # h°(Oxn(Cy — P - f)) and |Cy| is not base point
free.

Instead, if R°(Op(P + «)) = 0 for any point P € T, then
hP(Op(—=D — P)) = q—2 and h°(Ox»(C})) —2 = h°(Oxn(Cy, — P - f)).
In this case |C4| is base-point free.

]

Remark 2.24. In the hypothesis of the previous Proposition, if p,(I') := ¢ > 1 and
hO(Or(P + «)) > 0, for P € T a point and o a non-zero torsion element of order 2
in Pic’(T'), then h°(Or(P + «)) = 1; indeed, if there was a divisor D € T such that
deg(D) =1 and h°(Or (D)) > 2, then p,(T') = 0 but we know that py(I') = q > 1. Then
there is only one point Q) € I' such that P+ o ~ Q). In addition 2P ~ 2@). Since I' is
not rational, then the linear system |2P| on I' has degree 2 and dimension 1, so ' is
hyperelliptic.

If we assume that T is not hyperelliptic, then h°(Or(P + «)) = 0, for any point P € T
and for any o a non-zero two torsion element on I'.

2.3.2 Examples

In this paragraph, we will construct new examples of surfaces with Prym-canonical
hyperplane sections.

First of all, we prove that, if L” C |aC}| with a = 1, then X is a cone over a Prym-
canonically embedded curve with only one singularity.

Proposition 2.25. We suppose that X" is a minimal model of a surface X with
Prym-canonical hyperplane sections and 7 : X' — X is the minimal resolution of the
singularities of X. Moreover we assume that X" satisfies the conclusions of Proposition
2.19.

If a = 1, di.e. if the fibres of X" are transformed into straight lines on X, then
X' = X" = Pr(Or @ Or(D)), with D ~ —Kr + «, where « is a non-trivial two
torsion divisor. In addition ¢ = q > 5 and L" = |Cy|. Thus X is a cone over the
Prym-canonically embedded curve with only one singularity.

Proof. By Proposition 2.19, Case 0.1, we know that, if a = 1, then r,; < 0 for

any t = 1,..,s — 1 and 4y = 1,...,i(t), so there are no base points for L” and
X =X"= PF(OF ©® Or‘(D)), for D € PlC(F)
Consequently L” = |C;| and, by Case b.3 of Proposition 2.19, we have that

0= f;ll Zzgl rei, = ale — 2g +2), s0 e = 2q — 2.
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We also observe that g = 1+1a’e—1 - 2221 r7;, = 1+3(2¢—2) = ¢ by Proposition
2.19, Case b.4 and the previous remarks. Since we suppose that X is a surface with
Prym-canonical hyperplane sections, then a general hyperplane section C” of X" is
a Prym-canonically embedded curve, i.e. ipr|cn : C" — P92 is a Prym-canonical
embedding, for C” a general curve in L”. We have already observed that g > 5 (see

Remark 1.3).

Again by the assumptions on X”, we have that Ocn(—2Kx») = Ocn» while
Ocn(—Kxr») 2 Ocr, where C” € L” is a general curve in the linear system L”. We
know that dim| — 2Kxs| = 0, as proved in Theorem 1.12. Indeed
W" .= =2Kxn ~4Cy — (2Kt +2D) - f. By Proposition 2.19, Case a., since e = 2q — 2,
then 2D ~ —2Kp, so —2Kx» ~ 4C,. Moreover, because —2Kr — D ~ 2D — D = D
and deg(D) = —e = 2 — 2q < 0, then h°(Or(—2Kr — D)) = 0, hence we are in CASE
I1.1 of Proposition 2.12 and |W"| = {4Cy}. Since W” is connected and contracted by
iz, then the image of W” is a single point.

It is obvious that C” - W"” =0, so also C" - (=K x») = 0.

If D~ —KF7 then —KX// ~ 200 and hO(OXH(—KX”)) = hO(OF) -+ hO(OF(D)) +
h°(Or(2D)) by Lemma 2.5. Since deg(D) = 2 — 2q < 0, then h®(Ox»(—Kxn)) =
h%(Or) =1 and —Kxn ~ 2Cy is effective. Then Ogn(—K x#) = Ocn but this contradict
the hypothesis.

Then D ~ —Kr + «, where « is a non-trivial two torsion divisor since 2D ~ —2Kr.
We can verify that, in this case, it is true that Ocw(—Kx») 2 Ocn. Indeed, we know
that h%(Ox»(—Kxn)) = h*(Ox»(2Co — (Kr + D) - f)) = h*(Or(—a)) +h°(Or(—Kr)) +
h%(Or(—2Kr + «)) by Lemma 2.5. Since « is a non-zero torsion element and
deg(—Kr) = 2—2q < 0, then h°(Oxn(—Kxn)) = 0, so —K x» is not effective. Moreover,
since C” is disjoint from Cj by Proposition 2.19, Case b., we have that Cy|cr = Ocn.
Then Ocv(—Kxn) = Ocr(2Cy) — (Kr + D) - f) = Ocn(2Cy) ® Ocrn(—(Kr + D) - f) =
Ocr(—(Kr + D) - f). Since C" ~ Cj is a section of X" then C” = T' and, since
C"- f=1,then Ocv(—(Kr+ D) - f) =2 Or(—(Kr+ D)) = Op(—a) 2 Oc¢r. The claim
is proved.

The images of fibres of X” by i~ are lines since C” - f = Cy - f = 1. Therefore
X =i (X") is a cone since ir» contracts W ~ 4Cy in a single point. Thus X has
only one singularity because the generic hyperplane section is smooth by hypothesis.
The base curve of X is the image of a generic section C; € X" disjoint from Cj.
Since C' = i(C}) is a section of X and X has Prym-canonical hyperplane sections by
hypothesis, then C'is a Prym-canonically embedded curve. O]

Before proving a Corollary of this Proposition, we recall a Theorem whose proof is
contained in [15], Theorem 33.

Theorem 2.26. Let Y be a decomposable ruled surface and let |H| = |Co+ - f| be a
complete linear system on'Y . Then:

e if 5 is very ample and B+ D is base-point free, then |H| defines an isomorphism
mY — C(),'
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e if 6+ D is very ample and B is base-point free, then |H| defines an isomorphism
mY — Cl,'

e |H| is very ample if and only if 5 and B+ D are very ample.

Corollary 2.27. Let X" = Pr(Or @ Or(D)) be a minimal ruled surface over a base
curve I' of genus ¢ > 5, with D ~ —Kr + «, where o is a not trivial two tor-
sion divisor, and let L" = |Cy|. If T is non-hyperelliptic and it does not admit g,
then a general hyperplane section of X" is Prym-canonically embedded and the map

ipr : X" -+ P97 defined by the linear system L" is such that X = ipn(X") is a cone
on a Prym-canonically embedded curve. In addition, X has only one singularity and if
a general hyperplane section C' of X s projectively normal, then the geometric genus
of the only singularity is q.

Proof. We observe that e = —deg(D) = deg(Kr — a) = 2¢ — 2, with ¢ > 5. Since T
is non-hyperelliptic, by Remark 2.24 we have that h°(Or(P + «)) = 0 for any point
P € T'. By Proposition 2.23, the linear system L” = |C| is base-point free.

Using Lemma 2.5, we have that h°(Ox~(L")) = h%(Ox»(Cy — D - f)) = h°(Or) +
h°(Or(=D)) =1+ h°(Or(Kr + D)) +2¢—2+1—q=h’(Or(a)) +q=q > 5, so the
image of X” by the map i~ defined by L” is contained in P?1

By Bertini’s Theorem (see [20], Corollary I71.10.9), the generic curve C” € L” is
smooth.

Since D ~ —Kr + « by hypothesis, then 2D ~ —2K and W ~ 4C,. Again, since
—2Kr — D ~ D and deg(D) < 0, then h°(Or(—2Kr — D)) = 0 and we are in CASE
I1.1 of Proposition 2.12; so dim | -2K x~| = 0 and W" = 4C. Since C"-W" = (Cy—D-
f)-4Cy = 4C2 — 4 deg(D) = 0 and W" is effective, then Ocn(W") =2 Ocn. On the other
hand, as showed in the proof of Proposition 2.25, we have that Ocr(—Kxn) 2 Ocn.

We know that ir» contracts W’ = 4C,. Our claim is to show that L” defines an
isomorphism in X" — Cj, so ip|c» is an embedding for a general C” € L”| the general
hyperplane section C” of X" is Prym-canonically embedded and X has Prym-canonical
hyperplane sections.

By Theorem 2.26, the linear system L” defines an isomorphism in X" — Cy if —D is
very ample and | — D + D| is base-point free. The second hypothesis is always satisfied,
while, by [20], Proposition IV.3.1, the divisor —D is very ample if and only if, for every
two points P, () € I', we have that

dim|—D — P — Q| =dim| — D| — 2.
By the Riemann-Roch Theorem, the dimension
dim| — D| = h°(Or(Kr — @)) =1 =h%(Or(a)) +2¢—2+1—qg—1=¢q—2.

Then, it is sufficient to show that dim |- D—P—Q| = ¢—4, so —D is very ample and the
claim is  proved. By the Riemann-Roch Theorem, we have that

47



dim |-D—P—-Q| = h°(Or(Kr—a—P—-Q))—1 = h°(Or(P+Q+a))+2q—4+1—q—1 =
O (Or(P+Q+ ) +q — 4.

If '°(Or(P+Q+a)) =0 for any P,Q € T, then the claim is proved. On the contrary
we suppose that h°(Op(P+Q+«a)) > 0 for some P, @Q € I'. Hence there are two points
T and S (with 7" not necessarily different from S) such that P+ Q +a ~ T + S, so
2P +20Q ~ 2T + 28S.

Since we suppose that I' does not admit g and 2P + 2Q and 2T + 2S define a linear
system of this type, then we exclude this case. So h°(Or(P + Q + «)) = 0 for any
P,Q € T" and the claim is proved. In conclusion, the general hyperplane section of X"
is Prym-canonically embedded.

In the previous Proposition, we have already observed that X = iy »(X") is a cone.
Since X” has hyperplane sections that are Prym-canonical embedded and the base
curve of X is the image of a generic section ] disjoint from Cj, then the base curve
of X is a Prym-canonically embedded curve. In particular, X is a cone with Prym-
canonical hyperplane sections. Thus X has only one singularity because the generic
hyperplane section is smooth by hypothesis. The only singularity is the image of W”
by 1 L

Moreover, if a general hyperplane section C' of X is projectively normal, then, by
Proposition 1.15, the only singularity of X has geometric genus equal to q. O

Remark 2.28. We assume that X' = X" is a minimal ruled surface, that is the
minimal resolution of the singularities of a surface with Prym-canonical hyperplane
sections.

If a > 2, then the images of fibres of X" by the map ir» associated with L” are not lines
since C" - f = (aCo+ A - f)- f =a>1, for C" a general curve in L"”. Furthermore
there is not another family of rational curves on X" mapped into lines by iy» because
the genus of the base curve I' is ¢ > 0. Indeed, by the Riemann-Hurwitz formula (see
[20], Corollary IV.2.4), there is not a curve of genus 0 (not equal to a fibre) on a ruled
surface over a base curve of genus q > 0. Hence we never obtain X = ip»(X") as a
cone.

Now we focus our attention on surfaces with Prym-canonical hyperplane sections
birationally equivalent to ruled surfaces X” over a non-hyperelliptic base curve of genus
g > 3 (not cone over a Prym-canonically embedded curve) and with only one non-
rational singularity. In the first phase, we will assume that X" = X".

First of all, we recall a Theorem that we will use later (see [15], Theorem 38).

Theorem 2.29. Let |/mCy + 5 - f| be a m—secant linear system on a decomposable
ruled surface Y. It defines a rational map € : Y — PN. Then:

e if 3, B+ D, 5+ (m—1)D and 4+ mD are base-point free and

— B+(m—k)D is very ample for some k € {0, ...,m}, then € is an isomorphism
mY — (CO U Cl>,'

— B is very ample, then € is an isomorphism in'Y — Cy;
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— B+ mD is very ample, then € is an isomorphism in Y — C;

o |mCy+ (- f| is very ample if and only if B, B+ D, B+ (m —1)D and B+ mD
are base-point free and B and 5+ mD are very ample.

Theorem 2.30. Let X" = Pp(Or @& Or(D)) be a minimal ruled surface over a non-
hyperelliptic smooth base curve I' of genus ¢ > 3 and let L" = |aCy| be a base-point
free linear system with a > 2. If D ~ —Krp + «, for a a non-zero two-torsion divisor,
then the image X = ipn(X") C Pe*(@=Y) of the morphism associated with L" has Prym-
canonical hyperplane sections and only one singularity. In particular, if a general
hyperplane section C' of X is projectively normal, then the geometric genus of the only
singularity © is py(z) = q.

Proof. Let I' be a smooth non-hyperelliptic curve of genus ¢ > 3 and let Kr be its
canonical divisor. Set £ = Or @ Or(D), for D € Div(I') with e = —deg(D) > 0, and
let X" =Pr(€). Let p: X” — T be the canonical surjection on the base curve of X”.
Fix a linear system L” C |aCi| on X” and suppose that a > 2. We recall that
Cy ~ Cyp—D- fis a fixed section of p disjoint from Cy. By Proposition 2.23, the linear
system |aC'| is base-point free because q > 1. Let us suppose that also L” does not
have base points, so L” = |aC4| and ) ;_ z )1 re;, = 0. Since we want to construct
X" whose hyperplane SeCtIODS are Prym—canomcal embedded, we fix e = 2¢g — 2, so it
is satisfied the relation ) ;_ Z“ )1 ris, = a(e —2q + 2), as in Proposition 2.19, Case
b.3.

Since the linear system L” is base-point free and (C”)? > 0, then, by Bertini’s Theorem
(see [20], Corollary I11.10.9), the generic curve C” € L” is smooth and irreducible.

CLAIM 1: If D ~ —Kr + «, for a a non trivial two-torsion element on I', hence
2D ~ —2Kr, then —Kx»~ is not effective, while —2K x» is.

Proof. We know that h®(Oxn(—2Kxn)) = h°(Oxn(4Cy)) = h°(Or) + h°(Or(D)) +
hO(Or(2D))+h°(Or(3D))+h°(Or(4D)) by [15], Lemma 35. Because deg(D) = 2—2¢ <
O, then hO(OX//(—QKX//)) =1 and _QKXH is effective.

On the other hand, we have that h°(Oxn(—Kx»)) = h°(Oxn(2Cy — (Kt + D) - f)) =
h°(Or(—Kr — D)) + h°(Or(—Kr)) + h°(Or(—Kr + D)) by [15], Lemma 35. Since
deg(D — Kr) = 4 —4q < 0 and deg(—Kr) < 0, then h%(—Kx») =
h(Or(—Kr — D)) = h%(Or(—a)) =0, so —Kx» is not effective. O

CLAIM 2: We prove that OCH(—KX//) % OC" and OC//(—ZKX//) = OC”,
where C” € L” is a general curve.

Proof. Since —2Kx» is effective as seen in Claim 1 and C” - (=2Kx») =
(GCO —aD - f) : (400) = 4(103 —4da deg(D) = O, then OC//(—QK //) = OC”'
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Clearly also C" - (—=Kx») = 0. Since h°(Oxn(—Kx»)) = 0 as seen in Claim 1, if we
prove that h'(Ox»(—Kx» — C")) = 0, then, from the exact sequence

0— OX//<—KX// — C”) — OX//(—KX//) — OC//<—KX//) — 0,
we have that hO(OC//(—KX//)) = 0, which implies that Oc//(—KX//) % Ocnr.

By Serre Duality, we know that h'(Oxn(—Kxn — C")) = hY(Oxn(2Kxn + C")). If
we prove that Kx» + C” is ample, then, by the Kodaira vanishing Theorem (see [20],
Remark I11.7.15), we have that h!'(Ox»(2Kx» + C")) = 0 and the claim is proved.

By [20], Proposition V.2.20, a divisor D = bCy + ¢f on X", for b,c € Z, is ample if
and only if b > 0 and ¢ > be, for e the invariant of X”. In our case Kx» + C" =
aCy +a(2¢q —2)f —2C) = (a —2)Co 4+ a(2g —2)f. If a > 2, then ¢ —2 > 0 and
c=a(2¢—2) > (a—2)(2¢ —2) = be, so Kx»+ C" is ample and the claim is satisfied.
Instead, if @ = 2, then Kx» + C" is not ample because a — 2 = 0. About that, let
us suppose that Ocn(—Kx») = Ocn. Then the image of X” by iy~ is a surface with
canonical hyperplane sections. By [13], Corollary 5.4, X" contains only one effective
anticanonical divisor. This contradicts Claim 1. The claim is also satisfied for a =
2. ]

It is clear that dim(L”) > 0 since C is effective and, in particular, aCy ~ C” is effective,
for a > 2 More precisely we have that h°(Ox#(L")) =
hY(Oxn(aCy—aD-f)) = h®(Or(—aD))+h*(Or((—a+1)D))+...+h°(Or(—D))+h°(Or)
by Lemma 2.5.

We know that h°(Or) = 1. Using the Riemann-Roch Theorem, we also have that
h%(Or(—=D)) = h%(Or(a)) +2¢ —2+1—q = (2¢ —2) + 1 — ¢ and h°(Op(—mD)) =
m(2q — 2) + 1 — g, for any m > 1. Hence

R(Oxn(L") = (1+..+a)2¢—2)+a(l —q)+1=

=ala+1)(¢g—1)+a(l-q)+1=a*(g—1)+1
So X =iz (X") is contained in P*@ 1 for a?(q—1) >4-2 = 8.

CLAIM 3 : It remains to show that L” defines a birational morphism i, in particular
an isomorphism outside Cy. So ipr|c» is a Prym-canonical embedding, for C” € L” a
general divisor.

Proof. We can prove that L” defines a birational map, in particular an isomorphism
outside Cj, using Theorem 2.29. Indeed, this happens if —aD is very ample and if
| —aD+ D|, | —aD+ (a—1)D| =|— D] and | — aD + aD| are base-point free.

The last case is trivial. By [20], Corollary IV.3.2, since deg(—aD) = a(2¢—2) > 4q—4 =
2q+(2qg—4) > 2q+1, then —aD is very ample. Again by [20], Corollary IV.3.2,if a > 3,
since deg(—aD+D) = a(2¢—2)+(2—2q) = (a—1)(2¢—2) > 4g—4 = 2q+(2¢—4) > 24,
then | — aD + D] is base-point free.

It remains to show that | — D] is base-point free. By [20], Proposition /V.3.1, it happens
if and only if dim| — D — P| = dim | — D| — 1, for any point P € T".
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We have that dim | — D| = h°(Op(Kr—a))—1 = h°(Or(a))+2¢—2+1—q—1=q—2.
On the other hand, we observe that dim| — D — P| = h°(Opr(Kr —a — P)) — 1 =
RO(Or(P+a))+2¢—2—1+1—q—1=h"(Or(P+a))+q—3. By Remark 2.24, since
we assume that ' is not hyperelliptic, then h%(Op(P + «)) = 0 for any point P € T.
So | — D| is base-point free and L” defines an isomorphism outside Cy, called i~ .

A general C” ~ aCy in L” is disjoint from Cy by definition, then
iL”lC” : C// — PaQ(qfl)fl

is an embedding. By the adjunction formula, we know that
L,/|C// g KCU _— KX//|C//

but in Claim 2 we have already proved that —Ky«|c» is a non trivial two-torsion
divisor, so ir|c» is a Prym-canonical embedding. O]

We observe that, since ipn_, : C" — P92 by definition of Prym-canonical map, then
g=9(C")=da*(¢—1)+1
The image x € X of W” € | — 2Kx»| by iy is a singular point (we observe that
dim | — 2K x»| = 0 and W” = 4Cj is connected). There are not other possible singu-
larities because L” is an isomorphism outside Cy. We have found examples of surfaces
in P*(e-1) with Prym-canonical hyperplane sections birationally equivalent to non-
rational ruled surfaces, for a > 2 and ¢ > 3.
If a general hyperplane section C' of X is projectively normal, then, by Proposition
1.15, the singularity = has geometric genus equal to q.

m

Remarks 2.31. e We do not consider the case ¢ = 2 in the previous Theorem
since we suppose that I' is non-hyperelliptic.

o We suppose that X" is a ruled surface over a base curve I' of genus g = 1.
Moreover we suppose that X is a surface with Prym-canonical hyperplane sec-
tions and ™ : X" — X is the minimal resolution of the singularities of X. We
assume that the linear system L" = |aCy|, for a > 2, is base-point free. Thus

f;ll szt:)l rei, = 0 and, if X" and L" satisfy the conclusions of Proposition
2.19, then e = 2q — 2 by Case b.3. In particular, a general C" € L" has genus
g(C") =14 3(C")* + 30" - Kxn = 1+ La’e = 1. So we exclude this case since

we have already observed that g(C") > 4 (see Remark 1.3).

Before constructing another example, we can list in terms of the invariants (g, g, a, €)
some of the possible surfaces X with Prym-canonical hyperplane sections whose mini-
mal models X" satisfy the conclusions of Proposition 2.19.

Proposition 2.32. Let X be a surface with Prym-canonical hyperplane sections bi-
rationally equivalent to a ruled surface X" over a base curve of genus ¢ > 2, not a
cone. Let us suppose that X" satisfies the conclusions of Proposition 2.19. Using the
same notation as before, there are the following numerical possibilities for g < 10 (it
is possible to continue for all g > 10):

o1



1. if g =15,6,7,8}, then (a,q,e) = (2,2,9 — 3) and L" has, respectively, {0,2,4,6}
simple base points on X" ;

2. if g =09, then either (a,q,e) = (2,2,6) or (a,q,e) = (2,3,4). In the first case L"
has 8 simple base points while in the second case there are not base points;

3. if g = 10, either (a,q,e) = (2,2,7) or (a,q,e) = (2,3,5) or (a,q,e) = (3,2,2).
Moreover L" has, respectively, {10,2,0} simple base points on X".

Proof. Let a > 2 otherwise X is a cone (see Proposition 2.25). By hypothesis we have
that ¢ > 2 and £ is decomposable, so e > 2q¢ — 2 > 2 as showed in Proposition 2.19,
Case a.. By Proposition 2.19, Case b.5, we have 1 + a?(q — 1) + %a(e —2¢+2) <y,
hence g > 1+a*(g—1) > 1+4(1) =5.

We list all the possible relations in terms of the numbers ¢, a, e up to P9~ = P? (always
using Proposition 2.19).

1. CASE g =5 We look for values of a, e and ¢ such that

1 1
g§1+§a2e—§a(e—2q+2)

1
1+a2(q—1)+§a(e—2q+2)§5

(Proposition 2.19, Case b.5). The only couples (a,q) that satisfy the previous
relation are (a,q) = {(2,2),(2,3)}.

If a =2 and ¢ = 2, then
54+ (e—2)<5<142e—(e—2),

so e = 5 —3 = 2. Moreover, by Proposition 2.19, Case 0.3, we have that

f;ll Zzgl res, = 2(2—2) = 0, i.e. there are not base points on L” and X' = X".

Therefore L" = |2C4].
Instead, if (a,q) = (2,3), then

1484+ (e—4)<5<1+2e—(e—4) & e=0.
Since we know that e > 2¢ — 2 = 4, then we exclude this possibility.

CASE g = 6 By Proposition 2.19, Case 0.5, we have that

1 1 1
L+a*(g—1)+ale—20+2) <6=g <1+ Ja’e — Sale—29+2).

The only couples (a, ) that satisfy the previous relation are (a, ¢) = {(2,2), (2,3)}.
If a =2 and ¢ = 2, then

1+4+(e—2)<6<1+42e—(e—2),

506 =g=3+eand e =g —3 = 3. Furthermore i~} ZZEQI req, =2(3—-2) =2
and Zf;ll Zi(t) r2. = 2+ a% —2g = 2+ 12 — 12 = 2 respectively by Case

it=1 t,it
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b.3 and Case 0.4 of Proposition 2.19. Then there are two simple base points for
L" C |2CY).

Instead, if (a,q) = (2,3), then
1+8+(e—4)<6<1+4+2—(e—4) & e=1%*2¢—2.

So we exclude this possibility.
CASE g ="71f (a,q) = (2,3), then

1+a2(g—1)4(e—2q+2)=9—4+e<T<14+2—(e—4) S e=2%2—2

so we exclude this case. In this way it is possible to show that the unique
acceptable couple is (a,q) = (2,2). In this case

1+44+(e—2)<7<142e—(e—2),

so7=g=3+eand e=g—3 =4 Moreover Zf;ll Zi(t) i, = 2(4—2) =4

i¢=1

and S0} S p2. =94 16 — 14 = 4 by Proposition 2.19, Case b.3 and b.4, so

it:1 t,it
there are four simple base points for L"” C |2C}|.

CASE g = 8 As seen before, the only values that satisfy the conclusions of
Proposition 2.19 are (a, ¢) = (2,2) and e = g—3 = 5. Moreover >;—| Z;(t:)l Tei, =
2(5—2) = 6 and 35 S0 42— 2490 — 16 = 6 by Proposition 2.19, Case

ir=1"t,3¢

b.3 and 0.4, so there are six simple base points for L” C |2CY|.

2. CASE g =9 We have to analyze different cases.
If (a,q) = (2,2), then

1+4+4(e—2)<9<142—(e—2) & e=9-3=6.

Furthermore 307/ S0 ;= 2(6—2) =8 and 5= S\ 12, =2+24—18 =

t

8, i.e. we have eight simple base points for a generic C” € L” C |2C}].
If (a,q) = (2,3), then

1+8+(e—4)<9<1+4+2e—(e—4) & e=9-5=4.

In this case Y27} 2221 req, = 2(4 —4) =0, so L" = |2C}| does not have base
points and X' = X",

We consider the couple (a,q) = (3,2). Then

3 9 3 4
1+9+§(e—2)§9§1+§e—§(e—2) = e§§<2:2q—2.

So we esclude this case and similarly all the other cases with ¢ > 2 and ¢ > 2.

3. CASE g = 10 We have three possible cases to analyze:
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o if (a,q) = (2,2), then
1444+ (e—-2)<10<14+2e—-(e—2) & e=10-3=T.
Furthermore 37~} 22521 re, = 2(7—2) = 10 and 3307} Zzgl i, =
2428 —20 =10, i.e. L"” C |2C4] has ten simple base points;
o if (a,q) = (2,3), then

1484 (e—4)<10<1+2 —(e—4) < e=10-5=05

Since 351 S r = 2(5—4) = 2and 350 S 92 = 242020 =2,

=1 =1

then L” C |2C4| has two simple base points;
e if (a,q) = (3,2), then

3 9 3 3
1+9+§(6—2)§10§1+§€—§(6—2) & 7+§€§10S4+36.
Then the only acceptable value of e such that e > 2¢ — 2 is e = 2. Since

Ty, =3(2-2) =0, then X' = X" and L" = [3C.

As in the previous cases, we exclude all the other couples (a,q) with a > 3 and
q > 3 because they do not satisfy the conclusions of Proposition 2.19.

We can continue with the same procedure for all g > 10. [

Remark 2.33. We do not assure the existence of surfaces corresponding to the different
values of g, q, a, e found in the previous Proposition, they are at most possible.

Remark 2.34. If we assume that the number of connected components of W' and W"
is the same, then, by Corollary 2.15 and Remark 2.18, we know that, if the surfaces
X of Proposition 2.32 exist, then they have exactly one non-rational singularity x and
the only case in which there could be two non-rational singularities is for e = 4q — 4.
Among the cases considered in the previous Proposition, the surface X could have two
non-rational singularities if and only if g =7, a =2, ¢ =2 and e = 4.

The following Proposition is analogous to Proposition 2.32, only assuming g = 1.

Proposition 2.35. Let X be a surface with Prym-canonical hyperplane sections bira-
tionally equivalent to a ruled surface X" over a base curve of genus ¢ = 1, not a cone.
Let us suppose that X" satisfies the conclusions of Proposition 2.19. Using the same
notation as before, if g =5, then there are the following numerical possibilities for the
mwvariants of X" :

e (a,e) =(2,4) and L" has 8 simple base points on X";
e (a,e) =(3,2) and L" has 2 simple base points and 2 double base points on X" ;

e (a,e) = (4,1) and L" has 2 double base points on X";
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e (a,e) = (4,2) and L" has 2 double base points and 1 base point of multiplicity
four on X"

o (a,e) = (5,1) and L" has 1 simple base point and 1 base point of multiplicity four
on X".

Proof. Let a > 2 otherwise X is a cone (see Proposition 2.25). Since ¢ = 1 and we
suppose that £ is decomposable, then, by Proposition 2.19, Case b.5 and Case a., we
have that

1 1
921+§ae21+§a(2q—2):1.

More precisely, by Remark 1.3, we know that ¢ > 4. In the following, we will only
consider g = 5.
The only pairs (a, e) that satisfy the condition b.5 of Proposition 2.19 are

{(2,4),(3,2),(4,1),(4,2),(5,1),(6,1), (7, 1), (8, 1)}

It is not difficult to verify that there are no multiplicities 7, for t = 1,...,s — 1 and
iy = 1,...,i(t), that satisfy Case 0.3 and Case b.4 of Proposition 2.19 assuming that
(a,e) ={(6,1),(7,1),(8,1)}. Hence we exclude these three cases.

In the other situations, to find the multiplicities 7, of all the base points of L” is easy
using the conditions of Proposition 2.19. O]

Remark 2.36. We can find other numerical invariants of possible surfaces X with
Prym-canonical hyperplane sections for any g > 6 using the same techniques of the
previous Proposition.

Remark 2.37. We can apply Remark 2.33 also to the previous Proposition.

Remark 2.38. By Corollary 2.15 and Remark 2.18, we know that, if the surfaces X
of the previous Proposition exist, then they have only one non-rational singularity x.

We can construct an example of surface with Prym-canonical hyperplane sections
birationally equivalent to an elliptic ruled surface X” such that X" # X'. If we fix
g =10 and a = 3, then, by Proposition 2.19, Case b.5, we expect that 3 < e < 6 using
the same procedure of the proof of Proposition 2.35.

We will use e = 3 to construct a new example.

Example 2.39. Let ' be an elliptic curve and let X" = Pr(Or @ Or (D)) be a minimal
ruled surface with base curve I', for D € Div(I"). If Q;, fori=1,2,3, is a general point

onT and o, B € T' are two points such that o — B is a non zero two torsion element of
[, then we assume that D = —@Q1 — Q2 — Q3 — a + 5. So e = —deg(D) = 3.

We consider the linear system |3C1| = |3Co 4+ 3(Q1 + Q2 + Qs + o — () - f|. As seen
in Proposition 2.23, this linear system is base-point free, so, by Bertini’s Theorem, its
general element L is smooth and, since L* = 9C? = 9e > 0, it is also irreducible.
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We call f; .= Q; - f, fori=1,2,3. For any fibre f, we have that L - f = 3, so we can
fix the 9 points

Z = {5171,1,$1,2>$1,3,952,1,372,27452,37333,1,5703,2,%3,3}

of intersection between L and f;, for i = 1,2,3. Since 3C} is disjoint from Cy, we
can assume that Z N Cy = &. So we can consider the linear system L" C |3CY|
with Z as base locus. In particular, we suppose that every curve C" € L" simply
passes through the 9 points, so L is an element of L”. By Lemma 2.5, we have that
h(Oxn(3Co +3(Q1 + Qo+ Qs + = B) - f)) = K (Or(3(Q1 + Q2 + Qs + a — B))) +
h2(Or(2(Q1+Q2+Q3))) +h°(Or(Q1 + Q2+ Qs +a— ) +h°(Or) = 1+3+6+9 = 19,
sodimL"”" > 18 —9 =9. Since L € L" and smoothness is an open condition, then the
general element C" of L" is smooth.

We know that —Kx» ~ 2Cy — D - f and h®(Oxn(—Kxn)) = 4 by Lemma 2.5.

Given B := 2Cy + (Q1 + Q2 + Q3) - f an effective divisor on X", then Z C B, i.e
RO (Oxn((2Co + (Q1 + Q2 + Q3) - f) ®Zz)) > 0. On the other hand, we can show that
hO(Oxn(—Kxn) @ Iz)) = 0. Indeed, if we suppose that there is an effective divisor
T €| —Kxn @@Ly, then T - Cy = 2C2 — deg(D) = 2(=3) + 3 < 0, so Cy is a fived
component of T'. Moreover T - f = 2 but T contains 3 points of the fibres f;, so it also
contains f1, fa, f3. Then

| = Kx» @Iz] = [(2C0 — D - f) @ Zz| = Co + fr + fo+ f3 +|Co + (a = B) - fl,

50
d1m| _KX” ®Iz| = d1m|C(]+ (Oé—ﬂ) f|

By Lemma 2.5, we have that h°(Oxn(Cy + (a — B) - f)) = h°(Or(a — B)) +

W (Or(a—B8—Q1—Qx— Q3 —a+3)) =0. Hence T effective does not exist.

From Proposition 2.12, Case IV.4, it follows that h°(Oxn(—2Kxn)) = 10 and, since
—2Kxn ~4Cy +2(Q1 + Q2 + Q3) - f and 4Cy + 2(Q1 + Q2 + Q3) - f contains Z with
multiplicity 2, then also h°(Oxn(—2Kxn) ® Iz) > 0, in particular h®(Oxn(—2Kx») ®
7%) > 0.

Let ¢ : X! — X" be the blowing up of X" along the 9 points defining Z. Let E;; € X'
be the exceptional divisor of z; ;, fori,5 € {1,2,3}, and let ]?; be the strict transform of
fi, fori=1,2,3. With abuse of notation, we call Cy := ¢*(Cy) (we remark that ¢*(C)
is the strict transform of Cy since ZNCy = @), ¢*(a - f) := fo and ¢*(B - f) = f5.
Let L' be such that L" = ¢,L'. Then the strict transform C' € L' of a general C" € L"
1s of the form

3

C'=¢"(C") = By — . — Byg ~ 3¢"(Co) +3) 6" (fi) +3¢"(a- f) =3¢"(8- f) +

=1
3 o~
—Eyg— .. —E33=3C, + 3Y fi+3(E+..+Es3)+
=1
3 o~
+3foa —3fs— E1q — ... — B3z = 3Co+3) fi+3fa—3fs+2(E1+...+ Es3).

=1
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Moreover, using [20], Proposition V.3.3, we have that

3

_KX’ = ¢*(_KX”) - El,l — . E373 ~ 2¢*<CO> + qu*(fl) + ¢*(a ’ f) +

=1

3
—¢*(B-f)—Ein—...—Es3 = 2C)+ Zfz +Eiq+ ..+ Bzt

i=1
3 o~

+fo—Jfs—Ein—...— E33 = 2C,+ Zfz + fo — [5-
i=1

At the same way, we find that every antibicanonical divisor of X' is of the form
—QKX/ ~ 400 + 2f1 + 2f2 + 2f3. We put

W' =A4Cy + 2f1 + 2fa + 2f3 € | — 2K x].

It is clear that hO<OX/(—le>> = h0<OX//(—le/ ®Iz)) = 0 while h0<OX/(—2KX/)) =
hO(OX//(—QKXN ®I%)) > 0.

Step by step, we can prove that the general hyperplane section C' of X' is a Prym-
canonical embedded curve.

CLAIM 1: We have that Oci/(—Kx:) 2 Ocr and Oci(—2Kx/) = Oc¢r, where C' € L'
is a general curve. In particular, —Kx/|cr is a non-zero two torsion divisor.

Proof. The intersection

3 3
~ ~ ~9 ~
C'- (=Kx/) =6C§ +6 Z Co - fi + 32(00 fit+fi )+ 2[fi- (Bia+ Eio+ Eys)+
i=1 i=1
+:f;-(E271+E272+E273)+}:3-(E371—|—E3,2+E3,3)] =6(—3)+6(3)+3(3—9)+2(3+3+3) =0

and clearly also C" - (=2Kx/) = 0.

Since —2K y- is effective, then the antibicanonical divisor of X’ is contracted by 7/, in
particular Oc/(—2Kx/) = Ocr.

On the contrary, we have that h°(Ox/(—Kx/)) = 0, so —Kx: is not effective. Using
the exact sequence

00— OX/<—KX/ — C/) — OX/(_KX/) — OC’<_KX/) — 07 (11)

if we prove that h'(Ox/(—Kx —C")) = 0, then h°(Oc/(—Kx)) = 0. This would imply
that OC’<_KX’) % OC"

By Serre Duality, we have that b} (Ox:/(— Ky —C")) = h1(Ox/ (2K x4+ C")). If we prove
that Ky + C" is big and nef, then, by the Kawamata-Viehweg vanishing Theorem (see
[22] and [32]), the first cohomology h'(Ox:/(2Kx: + C")) = 0.

In our case, since 2(a — ) ~ 0, then 2f, — 2f3 ~ 0 and the divisor

Kx/+C' ~Co+2fi +2fs+2fs+2E11 + ... + 23 5.
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We recall that a divisor € on a surface Y is nef if and only if, for any effective curve o
on Y, the intersection § - § > 0. Moreover, it is also big if #2 > 0.

Since Kx + C' is written as sum of irreducible and effective curves, then, to prove
that Kx. + C’ is nef, it is enough to prove that (Kx: + C’)-§ > 0, for any irreducible
component §. Therefore, for i, 7 € {1,2,3}, we have:

(Kxi+C")-Co=C2+2(Co- (fr+ fot f3)) = —3+6=23>0;

~ ~ ~9 ~
(Kx1+C") - fi=Co- fi+2fi +fi-(2Ei1 +2E;2+2E;3) =1+2(-3)+2(3) =1> 0;
(Kx/+C") - By =2f; - B;j +2E2, = 0.

Then Kx/+ C" is nef. Because we have strictly positive intersections between Ky, + C’
and its components, then Ky + C’ is also big. So the claim is satisfied. O

It is not difficult to compute that C"? = 18, so, by the adjunction formula, the genus
g(C") =14 3(C? + Kx - C") = 10. We also observe that C' is smooth because it is
the strict transform of a general element C" of L", that is smooth. Since —Kx/|cr is a
non-zero two torsion dwisor as seen in Claim 1, we have that L'|cv = |Keor — Kx/|er|
defines a Prym-canonical map

iL/|C, : Cl = ]PS.

CLAIM 2: The rational map iy,
C'el.

o 2O = P® is an embedding, for any general curve

Proof. We know that (C", —Kx|cr) is a Prym curve of genus 10 and we can show that
the Prym-canonical system L'|¢r is base point free. Indeed, by [20], Proposition IV.3.1,
the linear system L’|c is base-point free if and only if, for every point P € C’,

dim L/’C” —1=dim ’C/’C/ — P‘

By the Riemann-Roch Theorem, we have that dim L'|cv — 1 = h%(Oc(C")) — 2 =
R (Oc/(C") + 18 +1 — 10 — 2. By Serre Duality and the adjunction formula, we
observe that h'(Oc(C")) = h(Oci(Ker — C")) = h°(Oc(Kx)). This is equal to 0
because — K x/|c/ is a non-zero two torsion divisor. Then

dim L,|C/ —-1="T.

On the other hand, the dimension dim |C'|c — P| = h%(Oc(C" — P)) — 1 =
h'(Oc/(C" — P)) + 17+ 1 — 10 — 1 by the Riemann-Roch Theorem. By Serre Duality
and the adjunction formula, we have that h!'(Oc/(C' — P)) = h®(Oci(Ker — C' + P) =
h()(OC/(P + KX/)).

Since — K x| ¢ is a non-zero two torsion divisor, if we suppose that h°(Oc/(P+Kx1)) >
0 for some point P € C’, then C” is hyperelliptic by Remark 2.24. Since C" -f: 3, where
f is the pullback of a general fibre f of X" then C” is also a covering 3 : 1 of the elliptic
curve I'. So ('’ is a double cover of P! and a triple cover of I'. This is not possible by
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Castelnuovo-Severi inequality otherwise we would have 10 = g(C") < 2-0+3-1+1-2=5
(we will recall it in Recall 2.40).
Thus h°(Oc/(P + Kx+)) = 0 for any point P € C’ and

dim |C/|C’ — Pl =7.
We have proved that L'|¢ is base-point free.

Thanks to [6], Corollary 2.2, we know that, if C’ is not bielliptic, then L'|cr is an
embedding. Since C” is a triple cover of I' as observed before, we have that C’ cannot
be bielliptic again by Castelnuovo-Severi inequality otherwise we would have 10 <
2-14+3-14+1-2=7. Then the claim is proved. [

At this point, since L'|cr is base-point free, it is clear that L' is also base-point free.
Since the restriction L'|c: defines an embedding for each generic curve C' € L', then
i1 48 a birational map, generically 1 : 1.

Before we have showed that dim(L") = dim(L') > 9. From the exact sequence
0— OX/(C/ — Cl> — OX/(C/) — OC/(C/) — 0,

we conclude that h°(Ox/(C")) < 10 since Ox:/(C" — C") = Oxr and h°(Oc(C")) = 9.
So we have that h°(Ox:(C")) = 10.

Then X' has hyperplane sections that are Prym-canonical embedded and, in particular,
we have found a new surface X = ip/(X'") C P° with Prym-canonical hyperplane sec-
tions. Since W' is connected, then its image x € X of W’ is a singular point. There
are other possible rational double singularities on X whose exceptional divisors on X'
do not intersect W'.

If a general hyperplane section C of X is projectively normal, then, by Proposition
1.15, the geometric genus py(x) is equal to 1.

Recall 2.40. We recall the Castelnuovo-Severi inequality for Riemann surfaces, dis-
cussed in [1].

Let W, be a compact Riemann surface of genus g. We suppose that W, covers two
Riemann surfaces, Wy, of genus h in m sheets and Wy, of genus k in n sheets. Again
we suppose that the two coverings admit no common non-trivial factorization.

Then the Castelnuovo-Severi inequality states:

g <mh+nk+(m—1)(n—1).
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Remark 2.41. We can compute how many moduli the couple (X", L") of previous
example depends on.

The choice of the elliptic curve I' depends on one parameter. In addition we fix a
divisor D = —(Q1 — Q2 — Q3 — a+ [ of degree —3, where QQ; is a general point on T,
fori=1,2,3, and a — B is a non-zero two torsion element of I".

We know that there are only three non-zero two torsion points on I'. Furthermore we
observe that |Q1 + Q2 + Q3| is a linear system of dimension 2, so the choice of Or(D)
depends on 3 — 2 =1 parameter.

Moreover, every automorphism of I lifts to an automorphism of X" that means that, if
v + I' — T s an automorphism, then X" = Ppr(Or & Or(D)) =
Pr(Or & Or(v*(D))). The group Aut(I') has dimension 1.

To construct the surface with Prym-canonical hyperplane sections of the previous ex-
ample, we also fix a linear system L" C [3Cy| = |3Cy — 3D - f| with 9 simple base
points. The linear system |3C,| depends on the parameters fized before. The 9 simple
base points are the points of intersection between a general element L € |3C4| and
the three fibres f; := Q; - f, for i = 1,2,3. The choice of the effective divisor in
a linear system of the type |Q1 + Qo + Q3| that defines the three fibres f1, fa, f3 de-
pends on 2 parameters. In addition, as seen in the previous example, the nine points
{11,212, %13, T21, To2, Ta3, T31,T32, T3 3} impose independent conditions on the linear
system L", so they depend on 9 parameters.

The choice of the pair (X", L") depends on 1+ 1 —1+4 2+ 9 = 12 parameters.

We know that dim(Aut(P?)) = 15. We can consider X" as the blowing up of the
vertex of the cone Cxn on a plane cubic of P3. If Cr is the base curve of Cxn, there
are oo® plane cubics isomorphic to Cr. Since we can choose the vertex among all the
possible points of P3 obtaining always isomorphic cones, then there are 0083 = oo™
isomorphic cones of the type of Cxn in P3.

Thus there are oo* automorphism of P? that fiz X" so, in conclusion, the couple
(X", L") depends on 12 — 4 = 8 parameters.

Since the surface constructed in the previous example depends on 8 moduli while a
general Enriques surface depends on 10 moduli, then the generic Enriques surface can
degenerate to one of these surfaces since they depend on less parameters.

2.4 Construction of surfaces with Prym-canonical hyperplane
sections birationally equivalent to rational ruled surfaces

In this section, we will construct examples of surfaces with Prym-canonical hyperplane
sections birationally equivalent to rational ruled surfaces. We will use the same notation
of the previous paragraph, so the base curve I' of the ruled surface X” has genus g = 0.

We recall that a surface X birationally equivalent to a rational ruled surface contains
only rational singularities (see Proposition 1.15).

60



We can replace X” by a more suitable minimal model, as done in Proposition 2.19.
The proof is similar, except for the point a. since we have already observed that e > 0
always, then the case e = 2¢—2 = —2 cannot happen as well as 2D ~ —2K. Moreover,
if ¢ = 0, then & is always decomposable. Anyway we will assume the conclusions of
Proposition 2.19 always satisfied.

Remark 2.42. [f the conclusions of Proposition 2.19 are satisfied, then we exclude the

case X' = X".  Indeed, by Case b.3 of Proposition 2.19, we would have
0= Zzgl req, = ale +2). Since a > 1 and e > 0, we have to exclude this
possibility.

We will use the same techniques as before to construct surfaces X with Prym-canonical
hyperplane sections. Since we consider a linear system L” C |aC|, then it is important
to show that |aC}| is always base-point free on X" rational ruled surface.

Proposition 2.43. Let X" = Pr(Or @ Or (D)), with py(I') := ¢ =0 and D € Div(I).
If Cy ~ Cy— D - fis a fixed section of X" disjoint from Cy, then the linear system
laC1| on X" is base point free for any a > 1.

Proof. By Proposition 2.22, the linear system |C'| is base-point free if and only if, for
any point P € I', we have

W (Oxn(Co =D - f—=P-f))=h"(Oxn(Co—D-f)) - 2.

By Lemma 2.5, we know that h’(Ox+(Co — D - f — P - f)) = h%(Or(—D — P)) +
(Op(=P))=e—1+1=ce.
On the other hand A(Ox#(Co— D £)) = B(Op(=D)) + B(Or(~=D+ D)) = e+ 1+ 1.

So the claim is proved and |C}] is always base point free.

Consequently it is obvious that |aC'| is also base-point free, for any a > 1. O

Remark 2.44. To construct examples of surfaces with Prym-canonical hyperplane sec-
tions, we fix a linear system L" C |aCy|, fora > 1. Ifa =1, then 22;11 2121 Tei, =0
by Case b.1 of Proposition 2.19. But this would imply that e = —2 by Proposition 2.19,
Case b.3. If X" is a rational ruled surface, this is not possible.

Hence we assume a > 2.

Before constructing a new example, let us recall a definition that we will use later.

Definition 2.45. Let C' be an algebraic curve. A correspondence T is a curve in the
product C' x C.

Let us suppose that T does not contain curves of the type C, :==x x C, forx € C. We
call T(x) the divisor corresponding to z in the correspondence T, for x € C, that is
the projection of the intersection between T' and C, on the second factor of C,.

A correspondence T on a curve C is said valence correspondence with valence ¢ € Z
if, for any point x € C, we have that the class of linear equivalence of the divisor
cx + T(x) does not depend on x. A correspondence without valence is said singular
correspondence.
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Remark 2.46. A wvalence correspondence belongs to the subgroup of Neron-Severi of
C x C generated by C x q, p x C' and by the diagonal class, for p and q points of C. A
singular correspondence is identified with a class of curves that does not belong to this
subgroup.

Example 2.47. Let I" be a rational smooth curve and let X" = Pr(Or @ Or(D)) be a
minimal ruled surface with base curve I', for D € Div(I"). We assume that e = 4, so
deg(D) = —4. Hence X" is a Hirzebruch surface Fy.

We know that —Kxn ~ 2Cy — (Kr + D) - f, where deg(—Kr — D) =2+ 4 = 6. Since
all divisors of the same degree on I' are linearly equivalent, then we put

3
~Kxn =20, +2) F,

i=1

where Fy, Fy and Fs are distinct and fized fibres. We also set

3
W" =4Co+3Fy+3Y F; €| — 2Kxn|,

i=1
where Fy is a generic fibre distinct from F;, fori=1,2,3.

We consider the linear system |4Cy| = [4Cy — 4D - f| on X”. Every element in |4C}|
intersects every fibre of X" in 4 points since 4Cy - f = 4. In addition, we know
that h°(Oxn(4C1)) = h°(Or(—4D)) + h°(Or(=3D)) + h°(Or(—2D)) + h°(Or(=D)) +
hO(Or) =17+ 13+ 9+ 5+ 1 =45 by Lemma 2.5.

CLAIM 1: There is a smooth curve L € [4Cy| such that L is tangent to F;, for i =
0,1, 2,3, respectively in two points.

Proof. We can assume that X” = [} is the blowing up of the vertex of a cone in P> on
a rational normal curve of P4. It is clear that Cj is the exceptional divisor associated
with the vertex.
Let E = Fy+ F| + F5+ F3 be the curve intersection between the cone and a hyperplane
H, of P° passing through the vertex of the cone. With abuse of notation, the total
transform of £ on X" is £ = Cy + Z?:o L.
Let Hy and Hjy be two generic hyperplane sections of X” (they do not intersect Cj).
Then

HiNE ={xo1,211,%21,%31},

where z;; € I}, for i =0,1,2,3, and
HyNE = {x2,712, %22, 32},
where ;5 € I, for i =0, 1,2, 3.

Let L; be the pencil of hyperplane sections of X" generated by Hj, hence by E, and
by H; and let L, be the pencil of hyperplane sections of X” generated by Hj, hence
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by E, and by H,. It is clear that {x¢1, 211,221,231} is the base locus of L; and
{02,212, %22, T32} is the base locus of L.

Since |3C| is base-point free by Proposition 2.43, then it contains a general curve G
that is smooth by Bertini’s Theorem. Furthermore, since G is general, it does not
contain {IO,ja T1,5, 22,5, l’g,j}, for ] = ]_, 2.

Let dj,e; € Lj, for j = 1,2, be generic divisors in the two pencils L;. They are also
smooth curves since F, HyNX" and Hy,N X" simply pass through the base locus. Then
d; + e; contains {zg j, 1, T2, T3} with multiplicity 2, for j =1, 2.

Let us consider a pencil P generated by dy + e; + ds + e and E + (. By Bertini’s
Theorem, its curves may have singular points only on the base locus of the pencil. At
this point we observe that G - (d; + e; + da + e2) = 48 since d; and e; are hyperplane
sections and G' ~ 3C', where (] is a rational normal curve of degree 4. These 48 points
are base points for the pencil, different from z;;, for i = 0,...,3 and j = 1,2. Now
E + G has only 16 singular points since E has only 4 singular points on Cj, while G
is smooth and disjoint from Cj for its generality and E - G ~ (Cy + 4F) - 3C, = 12.
These points are different from the 48 base points for the generality of the hyperplane
sections d; and e;, for j = 1,2. Then E + G is smooth in the 48 base points. The same
is true for dy + e; + dy + e5. Hence also a general divisor £ in the pencil P is smooth
in the 48 base points.

On the other hand (dy+e1+da+e2)|g = {T01, To2, T11,T12, T21, T2 2, T31, T32}. These
are other 8 base points for P. Since d; +e; +da + ez passes through z; ;, for i = 0,1,2,3
and j = 1, 2, with multiplicity 2 and since F+ G simply passes through the eight points
(E contains the fibres Fyy, F}, F, and F3 while G does not contain these 8 points), then
a general curve L is smooth in these 8 points and, in particular, it is tangent to
Fo, Fy, Fy, Fy in {$0,17$0,2,$1,1,$1,2,$2,1,l‘2,2,$3,1,$3,2}-

Finally, we observe that d; and e; are general hyperplane sections of X", so they are
linearly equivalent to C; and furthermore d; + e; + dy + €5 ~ 4C;. Similarly, we have
G ~3C) and E ~ Cy+4f, so E+ G ~ 4C4. Then we have found a smooth curve
L € |[4C4| tangent to F; in z;4 and x;, for i =0, 1,2, 3. O

In the Figure 1 below, we will analyze what happens blowing up all the intersection
points between L and W, also infinitely near. We observe that, since L ~ 4C and
4CY s disjoint from Cy, then L does not intersect Cy. With abuse of notation, we will
call the strict transforms of Cy, F; and L with the same names.

In the figure, we only focus on FY, it is the same for Fy, F3 and Fy.

e STEP 1 We blow up the intersection points x;1 and x;2 on X", for i =1,2,3.
On

X! := BI X",

I1,1,001,27902,1,902,27503,17903,2(
we have that F; is a (—2)—curve while the exceptional divisors J;1 and J; o are
(—=1)—curves, for any i. Moreover, the antibicanonical divisor

3
W =4Cy + 3F, + Z(3E + Jig+ Jip) € | = 2Kxy|.

=1
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STEP 2 In X7, the curve L simply passes through the infinitely near base points
Vi1 and y; o2, for i =1,2,3. We also blow up these siz points. On

"o, "
X2 T Blyl,l791,2,1/2,1,y2,2,y3,17y3,2 (Xl >7

we have that F; is a (—4)—curve, J;1 and J; 5 are (—2)—curves and E;; and E;
are (—1)—curves, for any i. Furthermore, the antibicanonical divisor

3
Wy =4Co +3Fy+ Y (3F + Jiy + Jia + 2E;1 + 2E;) € | — 2Kxy|.

=1

STEP 3 Again L intersects the exceptional divisors E;; and E; o respectively in
zi1 and z;9 on XY, fori=1,2,3. Let

— "
Y - Bl21,1,21,2722,1,z2,27z3,1723,2 (X2>

On'Y, we have that F; is a (—4)—curve, J;1 and J; o are (—2)—curves, E; 1 and
E; 5 are (—2)—curves and B;; and B; 5 are (—1)—curves, fori=1,2,3. Now the
antibicanonical divisor

3
—2Ky ~ACo+3Fy + > _(3F, + Jix + Jin + 2E;; + 2E;5)

=1

and we fiz Wi, = WY, so there are not other infinitely near intersection points to
blow up belonging to L and F;, fort=1,2,3.

(\— " _\* If

L1, B

1.2

Ji2

F F
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Figure 1: Example of blowing up of the intersection points bewteen £ and W”

With the same techniques as before, we also blow up {zo1, o2, Y01, Y02, 201, 202} €
LN Fy (as seen in the previous figure, they are infinitely near points). We define

X' = BZZO,LZO,Q(BZZIO,I:Z/O,Q (Bl:to,l,xo,z (Y))).
In X', there are no intersection points between L and —2Kx.

After observing how the blowing up works, we consider L" C |4Cy| as the linear
system of the curves of |[4C| simply passing through

Z = {LCZ'J, x7;72, yi,l; yi,27 Zi,h Zi,2}7 fOT = O, 1, 2, 3

Then dim L"” > dim [4Cy| — 6 -4 =44 — 6 - 4 = 20. It is clear that L is an element of
L" and since smoothness is an open condition, then the general element C” of L" is
smooth.

With the same notation as before, we can assume that

3
—Ky =2Cy + Z(QFZ + Jixn+ Jip +2E;1 +2E;5 + By + B; o)

=1

and, as observed above, we have that

3
Wy =4Co +3Fy + > (3F; + Jig + Jia + 2E;1 + 2E;5) € | — 2Ky|.

=1

CLAIM 2 : The divisor —Ky = 2Co+ >0 (2F;+ Jix + Jia+2E; 1 +2E; 5+ Biy + Bio)
15 the only one effective curve in its linear system.
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Proof. We will prove that 2Cy + Z?:l(QF’i +Jix+ Jia+2E;1 +2E; 5+ B;1 + B, o) is
a fixed component of | — Ky|. This is true because —Ky - Cy = =8 +6 < 0, so Cy is a
fixed component of —Ky; again (—Ky —Cp) - F; =1—-8+2+2<0, fori=1,2,3, so
Fy, F5 and Fj are fixed components of —Ky — C); iterating this process, we have that
(~Ky —Co—30 | F)-E;j=1+1-4+1<0,fori=1,23and j = 1,2, and again
(~Ky —Co—= >0 ((Fi+ Eiy +Eis))-Jij=—-24+1<0,fori=1,23andj=1,2
Continuing with this computation, (— Ky —Cy— Z?Zl(FH‘Ei,l +Eio+Ji1+Ji2)) Co =
(Co+ Z?:1(E +FEi1+Ei2s+Bi1+B;2)) - Cy=—4+3 <0, so ( is a fixed component
of —Ky with multiplicity 2; moreover (—Ky — 2Cy — Z?:1(E +Eiqn+ Eig+ Jig +
Ji,2)) : Fz = Z?:l(FZ + Ei,l + Ei,Q + Bi,l + Bi,g) : E = —4 + 2 < O, for i = 1,2,3,
(~Ky —2Cy =30 (2F + Eix + Ein+ iy + Jin)) - Eij = (30 (Eiy + Eio + Big +
Bio)) - Ei; = —2+1<0, fori=1,2,3and j = 1,2, and finally (—Ky — 2Cy —
2321(217@ + 2Ei’1 + 2Ei’2 + J7;71 + J’L"Q)) . Bi,j - Z?:l(Bi,l + Bi’g) . Bi,j =-1< 0, for
i=1,2,3and j = 1,2. Then 2C,+ Y5 | (2F; + Jiy + Jio +2Ei1 +2Eio+ Biy + Big) is
a fixed component of | — Ky | and, more precisely, — Ky is the only one effective divisor
in its linear system. [

CLAIM 3 : The part 4Cy + 2?21(3Fi + Ji1+ Jia +2E;1 + 2E; 5) is the fized part of
| — 2Ky | while its variable part is 3Fy. In particular, the dimension dim | — 2Ky | = 3.

Proof. The thesis is a consequence of the following computations: —2Ky - Cy = —16 +
3+9<0,s0Cyis a fixed component of —2Ky; (—2Ky —Cy) - F; =3—-12+2+2 <0,
for i = 1,2,3, so Fy, Fy and Fj are fixed components of —2Ky — Cy; (—2Ky — Cy —
Z?Zl F)-F,=3-8+42+2<0, fori=1,2,3, so Fy, F; and Fj are fixed components of
—2Ky — Cy with multiplicity 2; again (—2Ky —Cy— Z§:1 2F)-E;j =1+1-4 <0, for
i=1,2,3and j = 1,2, and (—2Ky —Cy— >0 | (2Fi+E; 1+ Eig))-Jij = —2+1 < 0, for
i=1,2,3 and j = 1,2. Continuing with this computations, (—2Ky — Cy — Z?Zl(ZFi +
Eiy+Eig+Jin+Ji2)) Eij = (3Co+3F+ Y i (Fi+ Eiy+ Eip)) - Eij = —2+1 <0,
fori=1,2,3 and j = 1,2; (=2Ky — Co — >0 | (2F; + 2F;1 + 2B+ Jiy + Jin)) - Fy =
(3Co +3Fy + 3 | F))-Fy= —4+3 <0, fori=1,23; (-2Ky — Co — >0 (3F, +
2Ei71 + 2Ei72 + Ji71 + Ji72)) . OO = (300 + 3F0) . CO =—-12+4+3 < 0; (—QKY — 200 —
Z?:1(3Fz' +2E;1+2E 0+ Ji1+ Ji2)) - Co = (2Cy + 3Fp) - Cy = —8+3 < 0 and finally
(—2Ky —3Co =30 | (3Fi4+2E;1+2F; 5+ Ji1+Ji2))-Co = (Co+3Fy)-Cy = —4+3 < 0.
In conclusion, we have that 4C, + Z?:1(3E + Jix+ Jiz + 2E;1 + 2E;5) is a fixed
component of | — 2Ky|, while the variable part is 3Fp, indeed 3Fy - Fy = 0 and |3Fp|
is base point free, so Fy is not another fixed component. Therefore h°(Oy (—2Ky)) =
ho(Oy (3Fy)) = h°(Or(3)) = 4. ]

After obtaining Y, similarly we blow up o1, %02 € Fo and the infinitely near base points
Yo.1,Y0,2, 201 and zoo. Then it is clear that, if Y1 = Blzo‘l,woyg(Y) and ¢ : Y1 =Y, we
have that

3
—Ky, ~2Cy + Z(QFZ- + Jin+ Jip + 281 +2E;5 + Biy + Bia) — Jog — Joo

i=1
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and we put
Wll = ¢41<<W5///) —2Jo1 — 2Jo2 =

3
= 400 -+ 3F0 -+ :]0,1 -+ JO,Q -+ Z(BFZ -+ Ji,l -+ Jiyg + 2E’£,1 —+ 2E¢72) < ‘ — 2KY1 ’
=1

Again, if Yo = Bl (Y1) and ¢5 : Yo — Y7, we have that

Y0,1,Y0,2

3
—Ky, ~2Cy+ Z(QFZ +Jii+Jio+2E1+2E; 5+ Bi1+ B o) — Jo1— Jo2—2Eg1 —2E -

i=1

and we put
WQ/ = ¢§(W1/) —2F01 — 2FEgp =

3
= 4C() + Z<3FZ + Ji,l + Ji,Q + 2E¢71 + QEZ"Q) S | — 2Ky2’.
=0

Finally, if X' = BI (Y2) and ¢' : X' = Ys, then

20,1,%0,2
3
—Kxr ~2Cy + Z(QE +Jix+ Jio+2E;1 +2E,5+ B + Bi2)+

i=1

—Jog1 — Jo2 —2Ep1 — 2Ep 2 — 3801 — 3B 2

is not effective. Instead W' = ¢"(W3) —2By1 — 2By2 € | — 2K x| is of the type

3
W' = 4Cy + Z(3Fz + Jin+ Jig + 21 + 2E; 5)

i=0
and it 1s effective.

CLAIM 4 : The divisor W' € | — 2K x| is the only effective curve in its linear system.

Proof. Since —2Kx/ - Cy = =16+ 3+ 9 < 0, then () is a fixed component of —2K x/;
(—2Kx —Cy) - F;=3—-124+2+2<0, fori =0,1,2,3, so Fy, F}, F» and F3 are fixed
components of —2K x, — Cp; again (—2Kx — Cy — 25’20 F)-F,=3-842+2<0,so
Fy, F1, Fy and F3 are fixed components of —2K x» — Cy with multiplicity 2; (—2Kx, —
C’O—Z?:OQP})-EM =141-4<0,fori=0,1,2,3 and j = 1,2; again (—2Kx — Cy —
Z?:o(QFi +FEi1+E5) Jij=-2+1<0,fori=0,1,2,3 and j = 1,2. Continuing
with this computations, we still have that (—2Kx — Cj— Zfzo(QFi +Ei1+Eis+Jii+
Ji2)) Eij = (3Co+ 0 ((FiA-Eiy+Ei))-Eij = =241 < 0; (—2Kx —Co—Y0_ (2Fi +
2Ei71 + 2Ei’2 + Ji,l + Ji,2)> . E = (?)CO + Zz’:() E) . _Fz =—4 + 3 < 0, for i = 0, 1, 27 37
moreover (—2Kxi —Co—30_(3F4+2F; 1 +2E; o+ Ji1+Ji2))-Co = 3Cy-Cyp = —12 < 0;
(—QKX/ — 200 — Z?:()(E}F’z + 2Ei71 + 2Ei72 + Ji71 + JLQ)) . Co = 20() . CO = -8 < 0 and
finally (—2Kx: —3Co — Y0 o(3F; + 2By + 2Eia + Ji1 + Ji2)) - Co = Co - Cp = —4 < 0.
Then all 4Cy + 2320(35 +Ji1+Jia+2E;1 4+ 2E;5) is a fixed component of | — 2K x/|
and consequently it is the only one effective divisor in its linear system. O]
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Since all the divisors on I of the same degree are linearly equivalent, then we have that
—4D - f ~ 42?:0 F;, so

3
C" ~ 4C, +4ZE,
1=0

where C" is a general element in L”. Then, its strict transform C' on X' is linearly
equivalent to

3
C' ~4Cy+ Y (4F+3Jix +3Jia + 6E; 1 + 6E;2 + 5Bi1 + 5B;»).

=0

Step by step, we can prove that a general hyperplane section C' of X' is a Prym-
canonically embedded curve.

CLAIM 5: We have that Oci(—Kx/) 2 Ocr while Oc(—2Kx:) = Ocr. In particular,

—Kx/|cr is a non-zero two torsion divisor.

Proof. 1t is easy to prove that

3
C'- W' = (4Co+ Y (4Fi+3Ji1 +3Ji2+ 6E;1 + 6E;2+ 58,1 + 5B;2)):
i=0
3
-(4Cy + Z 3F; +Jin+ Jio+2E;1 +2E;,5) =
i=0
=—64+ 16448+ 4(12—-48 4+ 184+ 18) +8(6 —6) + 8(6 — 24 + 10 + 8) = 0.

Since W' is effective, then it is contracted by the map defined by L', in particular
OC/(—QK)(/) = OC/.

It is clear that also C" - (—Kx/) = 0 but this time we have that h°(Ox/(—Kx:)) = 0.
Using the long exact sequence associated with

00— OX’(_KX’ — O,) — OX’(_KX’) — OC’(_KX’) — 07 (]‘2)

if we prove that h'(Ox/(—Kyx — C')) = 0, then h°(Oc(—Kx/)) = 0 and
OCI(—KX/) % Oc¢r.

By Serre Duality, we know that h'(Ox/(—Kx — C")) = h'(Ox:(2Kx: + C")). If we
prove that Ky.+C" is big and nef, then, by the Kawamata-Viehweg vanishing Theorem
(see [22] and [32]), the first cohomology h'(Ox:(2Kx + C")) = 0.

Now

3
Ky +C'=2Co+ Y (2F, +2J;1 + 2Jip + 4E;1 + 4E;5 + 4Bi 1 + 4Bis)+

i=1

—|—4F0 + 4(]071 + 41]072 + 8E071 + 8E(),2 + 8BO71 + 8B072.
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Since Ky + C" is written as sum of irreducible and effective curves, then, to prove that
Kx: + C" is nef, it is enough to prove that (Kx + C’)-§ > 0, for any its irreducible
component §. Then, for i € {1,2,3} and j € {1,2}, we have:

(Kx/+C")-Co=—-8+6+4=2>0; (Kx/4+C")-F;=2—8+4+44>0;
(Kx +C") - Jij=—-4+4=0; (Kx +C")-Eij=2+2-8+4=0;
(KXl+C/)'J07j:—8+8:O; (KX""O,)'E[)J':4+4_16+8:O;

(KX' + C/) . B()’j = —8+ 8 = 0,

Therefore Kx + C’ is nef. Because we have strictly positive intersections between
Kx/ 4+ C" and its components, then Kx + C’ is also big. So the claim is satisfied. []

It is not difficult to compute that C? = 40, so, by the adjunction formula, the genus
g(C") = 1+ 3(C"?) = 21. We also observe that C' is smooth because it is the strict
transform of a general element C” of L”, that is smooth. Since —Kx/|cr is a non-zero
two torsion divisor as seen in Claim 5, we have that L'|cv = |Keor — Kx/|cr| defines a

Prym-canonical map
i) C' --» PY.

Moreover we have showed that dim(L") = dim(L") > 20. From the ezact sequence
0— OX/(C/ — Cl) — OX/(C/> — OC/(C/) — 0,

we conclude that h°(Ox:(C")) < 21 since Ox/(C' — C") = Oxr and h°(Oc:(C")) = 20.
So we have that h°(Ox:(C")) = 21 and i(X') C P20,

CLAIM 6 : The rational map iy, : C' --» P is an embedding, for any general curve
C'el.

Proof. We have that (C’, —Kx/|c/) is a Prym curve of genus 21 and we can show that
the Prym-canonical system L'|¢r is base point free. Indeed, by [20], Proposition IV.3.1,
the linear system L’|c is base-point free if and only if, for every point P € C’,

dim LI’C/ —1=dim ’C/’C/ — P‘

Since Lllcl = |KC/ - KX’|C’|7 then dim L/|C/ =qg— 2=19.

On the other hand, we have that dim |C'|c — P| = h%(Oc(C’ — P)) — 1 =
W (O (C" — P)) 4+ 39+ 1 — 21 — 1 by the Riemann-Roch Theorem. By Serre Duality
and the adjunction formula, we know that h'(Oc/(C" — P)) = h®(Ocr (Ko — C' + P) =
hO(OC/(P + KX/)).

By Remark 2.24, since —K x/|¢ is a non-zero two torsion divisor, if we suppose that
hY(Oci (P + Kx1)) > 0 for some point P € C’, then C’ is hyperelliptic.

If we show that C” is not hyperelliptic, then h°(O¢/(P+ Kx)) = 0 for any point P € C’
and L'|¢cr is base-point free.
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Let us suppose that C’ is hyperelliptic. Since we know that C’ € X’ is isomorphic to
C" ~ 4Cy on X", then C” is also hyperelliptic.

The self-intersection C”? = (4C1)> = 64.  Furthermore C” is nef since
C" ~  4C, + 430 F, and (4C, + 430 F) - Cy = 0 and
(4Cy + 42?:0 F;)) - F, = 4, for i = 0,1,2,3. Moreover, by [20], Proposition IV.5.2,
we have that |K¢»| is not very ample, precisely it does not separate any pair of points
p and ¢ such that p + ¢ is a member of the g3 on C”. By the adjunction formula, we
also have that |Kx~» + C"| does not separate such p and g.

By [27], Theorem 1., there is an effective divisor E on X" passing through p and ¢, for
any couple of point p and ¢ not separated by |Kx» + C”|, such that either

C"-E=0 and E’=-1or —2 (13)
or C"-E=1 and E?*=—1or 0 (14)
or C"-E=2 and FE*=0. (15)

Since C” ~ 4C', then we exclude the two cases C” - E =1 and C” - E = 2, for any F.
On the other hand, by Bertini’s Theorem, C” is smooth and, since (C”)? > 0 as seen
before, it is also irreducible. If we suppose that C” - E = 0, since C” is nef, then
the intersections bewteen C” and the irreducible components of E are also 0. Since
C" > 0, then F does not contain C”. Since p and ¢ belong to F and C” (they define
the g1 of C”), then C” - E cannot be 0. Thus E cannot exist and we exclude the case
C" hyperelliptic. The claim is proved, hence L'|¢ is base-point free.

Furthermore, we can prove that L'|c defines a birational map. Indeed, if this did
not happen, we would have C’ bielliptic and the image of X’ via the map associated
with L' would be a surface in P?° with elliptic sections (see [6], Corollary 2.2). Since
20 > 9, then the surface image in P?° could not be a Del Pezzo surface but it would be
an elliptic cone. Anyway X' is a rational surface, so it cannot cover an elliptic cone.
Then L'|¢r defines a birational map.

More precisely, we can also show that L'|cv defines an embedding, for any general
C" € L'. By [6], Lemma 2.1, we know that L'|c» does not separate p and ¢ (possibly
infinitely near) if and only if C" has a g} and —Kx/|cr ~ Oc/(p + q — x — y), where
2(p + q) and 2(z + y) are members of the gj.

We know that €’ = C” and C” ~ 4C; has a g defined by the fibres of the ruled
surface X”. This is the only one. Indeed, if C’ had two g}, then there would be a map
Y C" — P! x P!, If ¢) was a birational map, the image curve would be of the type
(4,4) on P! x PL. Then its geometric genus would be at most (4 —1)(4—1) = 9. Since
C’ has genus 21, this case is excluded. It is easy to show that 1) would be a map 2 : 1
on a curve D. The image curve D would be a curve of type (2,2) on P! x P!, so its
geometric genus would be g(D) < 1. Since C” is non-hyperelliptic as seen before, then
g(D) =1 and " is bielliptic. Then C” admits a singular correspondence. By Corollary
2.2 of [8], the map determined by the linear system |C’| is not birational, in particular
it is 2 : 1 on a surface with elliptic sections. We have already excluded this possibility,
so C” has only one gj.
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It is clear that C" NEFy ~ C"NF, ~ C"NF, ~ C"N F3 and we know that C” is
tangent in two points to these four fibres. So we have four pairs of points (p, q) € Fy,
(x,y) € F1, (z,w) € Fy and (a,b) € F; such that 2(p + q) ~ 2(x + y) and so on for all
the possible cases. Since C” is the strict transform of C”, it has the same characteristics
of C" and, after the blowing up, the four pairs of points that satisfy this property are
the intersection points between C” and B;;, for ¢ = 0,1,2,3 and j = 1,2. Now, with
abuse of notation and using the expression of —Kx/ seen before, we have that

3
—Kxi|or = Z(Bm + Bia)|ler — (3Bo1 + 3Bo2)|cr =

i=1
=r+y+tw+z4+a+b-3p—-3¢q~r+y—w—2+a+b—p—q.
At this point, we observe that

r+y—w—z+a+b—p—qrr+y—p—gq

otherwise, if a + b — w — z ~ 0, then C’ would have a g3. Hence L’|c» separate each
pair of points and it defines an embedding. n

At this point, since L'|cr is base-point free, it is clear that L' is also base-point free.
Since the restriction L'|c: defines an embedding for each generic curve C' € L', then
i1 18 a birational map, generically 1 : 1.

Then X' has hyperplane sections that are Prym-canonical embedded. In particular,
i/ (X') is a surface with Prym-canonical hyperplane sections.

We have found a new surface X = ip/(X') C P* with Prym-canonical hyperplane
sections. Since W' is connected, then the image x € X of W' is a rational singular
point (see Proposition 1.15). There are other possible rational double singularities on
X whose exceptional divisors on X' do not intersect —2K x.

3 More surfaces with Prym-canonical hyperplane
sections birationally equivalent to P?

In this chapter we will study in more detail surfaces with Prym-canonical hyperplane
sections birationally equivalent to P2. Observing that many of the previous results are
still valid, we will construct new examples of this type of surfaces.

3.1 The only known example of a surface with Prym-canonical
hyperplane sections birationally equivalent to P?

First of all we recall the notation, similar to the previous section.

e Let X be the surface with Prym-canonical hyperplane sections embedded in P91,
for g > 5.
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e Let 7 : X’ — X be the minimal resolution of the singularities of X and let
X" = P? be the minimal model of X’. We denote by ¢ the map ¢ : X' — P2

e Let L be the (g — 1)—dimensional complete linear system of hyperplane sections
of X and let C be its general curve of genus g. If L' = 7*L is the complete
linear system of hyperplane sections of X’ and C’ is its general curve, then
L" = ¢,L' with general curve C” defines a map ip» : X” --» P91 such that
ip(X") =ip(X).

e The linear system L” on P? has base points P,;, of multiplicity ry;,, for t =
l,...,s—1and i=1,..,i(t), that lie on supp(W") C X", with possible infinitely
near base points. Since ¢ blows up the base points of L”, we have that L” and
W' do not intersect outside the base points of L”.

We know that Pic(P?) & Z and we can take the class [ of a line as generator (see
[20], Example V.1.4.2). Moreover we know that Kpz ~ —3I (see [20], Example V.1.4.4),
50 —2Kp2 ~ 6l is effective and dim |61] = (°}?) — 1 =27.

Again we observe that, if C” is the strict transform of C” on X', for C" a general curve
in L”, and W’ is the antibicanonical divisor of X', then W’|c» ~ 0 while —Kx/|¢ is a
non-zero two torsion divisor of Pic(C”).

Remark 3.1. The case X' = X" = P? is not possible because there are not linear
systems on P? that contract effective curves while, if 1 : X' — X is the minimal
resolution of the singularities of X and X has Prym-canonical hyperplane sections,
then L' contracts at least W'.

The only known example of surface with Prym-canonical hyperplane sections bira-
tionally equivalent to P? is the following.

Example 3.2. Let X' 1= P? = Bly,.. 2,,P? be the blowing up of X" =P? at 10 nodes
{z1,...,x10} of an irreducible rational plane curve J of degree 6 with ordinary nodes as
singularities. Rational plane sextic of this kind were intensively studied by Coble (see

(9], [12]).

We recall that the Severi variety is the Zariski closure of the following set:

Vog ={C C P?| Cis anodal plane curve of degree n and geometric genus g},

where with nodal plane curve we mean an irreducible and reduced curve having exactly

5=pu(C) —g= 2D
nodes as singularities (see [10]). If 6 < p,(C) (so g > 0), then there is a curve C' of
this type. In our case, the irreducible sextic J with § = 10 nodes in {x1, ..., 10} exists
since pa(J) = 10.
If we suppose that another irreducible sextic J' # J passing with multiplicity 2 through
the nodes {x1,...,x10} of J exists, then either J C J or J C J since J-J =
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6:-6—2-2-10 < 0. But J and J' are irreducible by assumption, then J = J' is
the unique irreducible sextic with nodes in {x1,...,x10}.

By [20], Proposition V.3.3, we have that

10 10
—Kx ~3l=Y E; and —2Kx ~6l—2) E;

i=1 i=1

where 1 is the pullback of the class | of a line of P? on X' with abuse of notation and
E; is the exceptional divisor of x;, fori=1,...,10.

CLAIM 1: The linear system | — 2K x/| # & while | — Kx/| = @.

Proof. With abuse of notation, let J = 61 — 2 Zilil E; be the strict transform of J on
X'. Since J is effective and J € | — 2K x/|, then it is clear that | — 2K x/| # @.

On the other hand we can show that | — Kx/| = @. Indeed, by [16], Example 9.3.3(¢),
the nodes of J impose independent conditions on curves of degree £k > 6 — 3 = 3,
in particular they impose independent conditions on cubics. Since we know that
—Kxr ~ 31— 3.2, B, then | — Ky/| = @ since h%(Ox/(31 = 10, By)) = (*1%) — 10 =
0. O

Let L" be the linear system of P? of the curves C" of degree 10 passing through the
nodes {x1,...,x10} of J with multiplicity 3. By Pliicker’s Formula, we have that

9-8 9-8 3-2
pa(C") = - =36 and p,(C") = - - 107 = 6.

After the blowing up, we can write that
10
C'~100—-3) E;
i=1

where C" is a generic curve of L' and E; is the exceptional divisor associated with x;,
fori=1,..,10. We observe that h°(Ox/(C")) > ('%?) —10- £ = 66 — 60 = 6.

With abuse of notation, we will indicate with J = 61 — 2 Zilil FE; the strict transform
on X' of J € P2

CLAIM 2: The dimension dimL' = h%(Ox.(C")) — 1 = 5, so the surface image
X =ip/(X') is contained in P9~ = P5.

Proof. We use the following exact sequence:
10 10 10
0— Ox/(4 =Y E;) = Ox (100 - 3> E;j) = 0,(100 - 3> E) —0.  (16)
i=1 i=1 i=1

Since the nodes of J impose independent conditions on curves of degree k > 3 (see
[16], Example 9.3.3(c)), then h(Ox: (4l — 3210, E;)) = (*+*) —10=5.

2
Since J - (100 — 3312, E;) = 60 — 60 = 0, then h°(O;(10l — 3%, F;)) = 1. From
the exact sequence (16), we have that h°(Ox/ (10 —33.1%, E;)) < 6. Since we already

know that h(Ox:(10l —3321°, F;)) > 6, then the claim is proved. O

73



CLAIM 3 : There are irreducible curves of degree 10 with exactly 10 triple points in
the nodes of J.

Proof. We observe that curves of the type J+ D, with D € |4Z—Z£1 E;|, are contained
in L' =100 — 33212, Ej.

As proved in Claim 2, we have that dim I/ = 5 while dim |41 — 3_1%, Ej| = 4, so the
reducible curves J + D do not define all the linear system of the curves of degree
10. As consequence of Bertini’'s Theorem (see [2], pag. 1), the generic curve C” of
L’ is irreducible (indeed the curves of the linear system L’ with fixed part J define a
sublinear system and moreover the sublinear system is not composed by a pencil, even
more so the linear system L').

Since special curves of L’ of the type J + D, with D € |4l — Zilil E;|, have exactly
triple points in the 10 nodes of J, then the generic curves of the linear system L’ have
the same property. Thus irreducible curves of degree 10 with exactly triple points in
the 10 nodes of J exist. O

Step by step, we can prove that a general hyperplane section C' of X' is a Prym-
canonical embedded curve.

Since C" - (=2Kx:) = 0 and J is irreducible and effective, then L' contracts J in a
single point, so

OC/(—QKX/) = OC’.

Therefore X has a rational singularity, since J is rational and irreducible, and of
multiplicity 4 because the fundamental cycle Zy = J and Z3 = J* = —4.

CLAIM 4 : We have that Oc/(—Kx/) 2 Ocr and in particular —Kx/|¢r is a non-zero
two torsion divisor.

Proof. Tt is sufficient to show that h'(Ox/(—Kx: — C")) = 0, indeed, using the long
exact sequence associated with

00— OX/<—KX/ — C/) — OX/<_KX/) — OC’<_KX/) — 07 (17)

it is easy to see that Oc/(—Kx/) 2 Ocr since h'(Ox:/(—Kx:)) = 0.

First of all we have that — Ky — C" ~ =7l + 22;21 E;, so it is not effective and

(Ox/(—Kx — C") = 0. Moreover, by Serre Duality, we have that

W (Ox/(—Kx — ") = h(Ox/(2Kx + C")) = B(Ox(4l = 3.0 E)) = (1) -

10 = 5 (see [16], Example 9.3.3(c): the nodes of J impose independent conditions

on curves of degree k > 3). Thus, using the Riemann-Roch Theorem, we have that

I Oxi(=Kxr = C)) +5 = §(=Tl+ 23,2 B)(—4l + 3.2, E) +1 -0 = 5, s0

W (Ox:(—Kx — C")) = 0.

In conclusion, since Ocr(—2K x/) = O, then —K x/|¢v is a non-zero two torsion divisor.
O

CLAIM 5 : The linear system L' is base-point free.
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Proof. Let X' = Bl,, (X"), where z; is a point of a general C' € L'. If
= |10l — 32321 E; — Ey1|, where Ej; is the exceptional divisor associated with
x11, then L' is base point free if and only if

dim(L’) = dim(L") — 1,
for any point x1; € C’, for a general C’ € L.
We have already proved that dim(L’) = 5 while dim(Z’) > () —10% —1 -1 =
4. We observe that, since x1; € C’ and C” and J are disjoint by assumption, then

Qy(@) >~ Op1, where C” is a general curve in I/ and J is the strict transform of J on
X'’. Similarly to the exact sequence (16), we have the following:

0 — Ox(4 ZE Ey) = Ox(101 — SZE E1) — Op — 0; (18)
10 10

0— Ox(3 ZE — Ox(4 ZE En) = O pio—pn (4 =Y E;— Eiy) =0
=1

(19)

We know that h°(O X,(3l S L E)) = 1 while hY(Ox(31 — ZZ E;)) = 0. Since
(l - ElO - Ell) ( Z E Ell) = 2 then hO(Ol Eio—FEn1 (4l Z E Ell)) = 3.
From the exact sequence (19) we conclude that h%(Ox(4l — 310 By — Eyy)) = 4.
Furthermore, from the exact  sequence  (18), we  obtain  that
WO (100 — 3310 - FEn)) < 4 + 1 Since we know that
h(O<+(101 — 3 21101 E EH)) > 5 as observed before, then the equality holds.

We conclude that L’ is base-point free since the above proof does not depend on the
choice of the point z1; € C". O

We have showed that L' is base-point free, so the generic curve C' € L' is smooth by
Bertini’s Theorem.

CLAIM 6 : The linear system L' defines an embedding outside the contracted curve J.

Proof. Let T11,T12 € X' —J.

If 217 # 219, let L’ = |[101—3 Zgl E;—Ej;— Ey5| be alinear system in X' = Bly,, 2, X',

where E7; and Ej5 are the exceptional divisors issociated with two points x1; and x1».

Exn and x19 are infinitely near, we consider L/ = |10] — 322.121 E; — Eyy — 2E5] in
= Bl:mz (leu(X/))'

We have that L’ defines an embedding outside the contracted curve J if and only if

dim I/ = dim(L') — 2,

for any x1; and x5 distinct or infinitely near not belonging to J.

Anyway we have already proved that dim(L’) = 5 while dim(L’) > () —1032—2—-1 =

3.

At this point we observe three things:
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e if C" is a general curve in I/ and J is the strict transform of J on X', then
C"-J = 0 since C’ and J are disjoint and we choose x1; and x15 not belonging
to J, for x1; and x5 distinct or infinitely near;

e the 10 nodes {xy, ..., 210} of J are not all belonging to a line, so there exists one
of them not aligned with x;; and x15,. We suppose that, up to renaming the
terms, {10, 11,12} are not aligned. Similarly, if x1; and x5 are infinitely near,
we suppose that the only one line passing through xy; and x5 does not contain

T10-
e let us consider a generic Halphen pencil of sextic with 9 base points of multiplicity

2. The base points always lie on a unique cubic curve. If we consider a generic
Halphen pencil, then the cubic is smooth.

As showed in [9], pag. 12, in a pencil of sextic with nodes in 9 points there are
exactly twelve sextics with 10 nodes and clearly they admit a cubic through 9 of
them.

Hence we assume that the sextic J with 10 nodes {z1, ..., 210} belongs to a generic
Halphen pencil, so that a smooth cubic passing through {z1, ..., ze} exists.

o We prove the claim for x1; # x15. We can consider the following exact sequence:

10 10
0= Ox(41 = E;— Eyy — E1y) = Ox(10l =3 _ E; — By — E1p) = Op1 — 0.
=1 =1

(20)

1. Let us suppose that x1;, 212 ¢ 31 — Z?:l FE;. Then we consider the exact
sequence:

12
0= Ox(l = Eyo — By — Erz) = Oxr(4l — Z E;) —
i=1

— Oy s (41 — Z E;) — 0. (21)

It is clear that h%(Ox(4l — 3.2, E)) > (5) — 12 =3.

On the other hand, since we choose FEig, E11 and F5 not aligned, then we
have that h%(Os7(l — Eig — By — Elg)) = 0. From the exact sequence (21),
we obtain that h®(Oxz(4l — 3.2, By)) < hO(Oygy s (4l = 3.2 Ey)) =
3+ 1—1=3. Then the equality holds.

2. If only z1; (or equivalently x15) belongs to 31 — Z?:l E;, then we consider

12 12
0 — Ox(I—Ew—Ers) = Oxi(41=Y E) = Oy 50 (4= E) = 0.

=1 =1

(22)
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We know that h°(Ox(l — Eig — F12)) = 1 and h' (O(1 — Eyg — Er2)) = 0.
Using Riemann-Roch’s Theorem, we obtain that
ho(ng_zs}:l B _gy, (4 — SP2E)) = 2. Again, from the exact sequence

(22), we have that h%(Ox-(41 — 3212, Ey)) =
3. If both zq; and x5 belong to 31 — Ei:l E;, then we consider

12 12

0 — Oxr(l—Ew) = Ogr(4l=> Ei) = Oy 59 g g, (41=> E;) =0
i=1 i=1

(23)

We know that h%(Ox#(I — Fi)) = 2 while h'(Ox(l — Ey)) = 0.

Using Riemann-Roch’s Theorem, we have that

h0(03172?:1 E;—E11—F12 (4l — 21121 E;)) = 1. Then ho( (4l — E E;)) =

from the exact sequence (23).

In all three cases we have h°(O < (4 Z E)) =

Moreover, since hO(O[[Dl) 1, we conclude from the exact sequence (20) that
hO(OX,(IOZ — 32 — FEip — Ep) < 4 but we know that
WO (O (100 — 33212 E E11 — E13)) > 4, so equality holds and the claim is
proved for x1; and xlg distinct.

At this point, let x1; and x5 be infinitely near. So we can consider the following
exact sequence:

10 10
0— OX’ ZE E11—2E12) — OX’ 1OZ—BZE E11—2E12> — O[pl — 0.

=1

(24)

1. Let us suppose x1; ¢ 3l — Z?:l E; and consequently also x15. Then we
consider the exact sequence:

11
0— OY(Z — E10 — E11 — 2E12) — OY(ZU — Z EZ — 2E12) —

i=1

= Oy 5 5 (4 = Z E; —2E15) — 0. (25)

It is clear that h®(Ox7(4l — Y i1, By — 2E10)) > (§) — 12 = 3.

On the other hand, by the previous assumption, we have that
h(O#(l — Fyo— E11 — 2E13)) = 0. From the exact sequence (25), we obtain
that h®(Oxr(4l =312, Ei—2E12)) < h%(Oy s (=31, Bi—2E),)) =
3+1—1=3. Then the equality holds. -
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2. If v, € 31 — Z?:l E; but x5 ¢ 3l — Z?:l E;, then we consider

O%OT( E10—2E12 %OX’ ZE —2E12

Oy 59 gy (4 — Z E; — 2E;5) — 0. (26)

If a line passes through x5, then it also contains x1;. Then, as in the previ-
ous point, we have that h®(Os(l — E1g — 2E13)) = 0. Using the Riemann-
Roch Theorem, we also have that h0(03l_23:1 BBy (4= B —2F)) =
(12—9-2+2)+ 1 — 1 = 3. From the exact sequence (26), we obtain that
hO(O(4l S — 2F55)) < 3 but we know that
hO(O(4l le E - 2E12)) > 3, so equality holds.

3. If both xq; and x5 belong to 31 — Z?:1 E;, then we consider

11
0 — Oxi(l — Erg) = Ogs(41 = > E; — 2E1,) —

i=1

= (93[_2?:1 E;—FE11—2F12 (4l - Z EZ - 2E12> — O (27)
i=1

We know that h%(Ox#(l — E19)) = 2 while h'(Ox+(l — E1p)) = 0. Using the
Riemann-Roch Theorem, we have that
(O IR 1 Ei—2E12)) = (12=9-242-442)4+1—-1 =
1. From the exact sequence (27), we obtain that

In all three cases we have h%(Ox (4] — Y210, E; — 2E3,)) = 3.

We conclude from the exact sequence (24) that
WO (100 — 3310, E; — Eyy — 2E)3)) < 4 since h%(Op1) = 1 but we know
that h°(Ow (100 — 3 21101 E; — E11 — 2E15)) > 4, so equality holds and the claim
is proved.

O

In conclusion, X C P° is a surface with Prym-canonical hyperplane sections of degree

deg(X) = deg;, = 10 birationally equivalent to P* with only one singularity, that is a

quadruple rational singularity.
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3.2 Construction of other rational surfaces with Prym-canonical
hyperplane sections

In this section we will construct surfaces with Prym-canonical hyperplane sections
whose minimal model is X” = IP? using techniques similar to Example 3.2.

Remark 3.3. With the same notation as before, assuming that X' = Bl,, ., (P?),
where {xy,...,x,} € P? are the base points of L", we have that

—KX/ N3l—iEZ and —QKX/ N6l—2iEﬂ

i=1 i=1

by [20], Proposition V.3.3,

Moreover, if we suppose that X' is a surface whose general hyperplane section is Prym-
canonical embedded, then C' - (—=Kx/) = 0, with Oc«(—2Kx/) = O¢ and
Oc(—Kx1) 2 Ocr, for C" a general curve in L'. So we need to have —Kx: not
effective otherwise Oc/(—Kx/) = Ocr.

A first step to construct surfaces with Prym-canonical hyperplane sections is to as-
sume that —2Kx: is effective while —Kx is not, i.e. h%(Ox:/(—2Kx:)) > 0 while
hO(Ox:(—Kx:)) = 0. If we suppose that —2Kx: is irreducible, then this happens if
and only if r = 10 (see Claim 1 of Example 3.2). Indeed, if 1 < r < 10, then
W(Ox/(—Kx)) > (*}?) —=r =10 —r > 0 and therefore —Kx: would be effective. On
the contrary, if r > 10, then —2Kx, would be reducible since an effective irreducible

nodal curve exists if and only if the number of nodes r is at most equal to the arithmetic

genus of the curve (if r > 10, then p,(—2Kx/) = &2(6_2) =10 and py(—2Kx~) <0).

Instead, as seen in FExample 3.2, if r = 10 then the desired property is valid.

We can see a general result regarding surfaces with Prym-canonical hyperplane sections
birationally equivalent to P2

Lemma 3.4. Let X be a surface with Prym-canonical hyperplane sections whose min-
imal model is X" = P? and let X' be the minimal resolution of the singularities of X .
If we also assume that —2K x is irreducible and effective, —Kx: is not effective and
C'" is a general divisor of L', then C" ~ bl — 2321 r;E; is such that 3b = Zgl r;, where
r; >0 for any i.

Proof. If C" € X" is a generic divisor in L”, then C” ~ bl has base points {z1, ..., 7} }
on X" forb>1and k > 1 (see Remark 3.1). Let r;, for i = 1, ..., k, be the multiplicity
of z; on C”, so it is clear that r; > 0 for any i. The assumptions imply k£ = 10 (see
Remark 3.3).

The map ¢ : X' — X" is the blowing up of X” along {zi,...,x10}. So
—2Kx = 6l — 22321 E; (as seen in Example 3.2, it is the only effective and irre-
ducible divisor in its class of linear equivalence). On the other hand we have that the
strict transform C' € X’ of C" is C" ~ bl — Zgl ri ;.
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Since we have that C' - (—2Kx+) = 0 by hypothesis, then

10 10 10
0=C" (=2Kx) = (bl = > riBy) - (61 =2 E;) =2(3b— Y 1),
i=1 i=1 i=1
so the claim is satisfied. O
Let us see a new example of surface with Prym-canonical hyperplane sections bira-

tionally equivalent to P2

Example 3.5. Let X" = P? be such that —2Kx» is an irreducible sextic with 10
nodes {xy,...,x10}. Let L" be a linear system of curves of degree 18 with base points
{z1,...,x10} € X" of multiplicity respectively r; = 4, for i = 1,2,3, and r; = 6, for

,,,,,

L". As observed before, the anticanonical divisor —Kx: is not effective.

Let , 0
C'~181—4> E,—6) E
=1 1=4

be a general curve in L', where E; is the exceptional divisor associated with x;, for
1 =1,...,10. It is obvious that

deg(C’'|cr) = 18%* —3-16 — 7-36 = 24.
We have that h°(Ox/(C")) > (%)) — 4% — 781 =13, so iy (X') = X C P, forr > 12.

2

Since —2Kxi ~ J =6l —23°1°, E; is effective and C" - (—2Kx:) = 0 by construction,
then Oci(—2Kx/) = Oci. So L' contracts J in a single point since J is irreducible.
Moreover, since J is also rational, then ir/(J) is a rational singularity of multiplicity
4 because the fundamental cycle Zy = J is such that Z§ = J* = —4.

CLAIM 1: The dimension dim(L') = 12, so ip,(X') = X C P'2.
Proof. If J =61 —2 Zgl E; € X', we can consider the exact sequence
0= Ox(=J) = Ox — O; = 0.
Tensoring with Ox/(C"), we obtain
0— Ox/(C'"=J) = Ox/(C") = O;(C") — 0. (28)
Since Oc/(—2Kx/) = Ocr, J € | — 2K x| and J is rational, then O;(C") = O; = Op.

We can rewrite (28) as

3 10 3 10
0= Ox(121-2> E;—4) E;) = Ox/(181-4) "E;—6> E;) — Op — 0. (29)

i=1 1=4 i=1 =4
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Similarly we obtain that

0= Oxi(C' = 27) = Oxi(C' — J) = Oy(C' = J) =0,

SO
10 3 10
0— Oxi(61 —2) E;j) = Ox(121 -2 E; -4 E) —
i=4 =1 1=4
3 10
— 0,(120-2) E;—4» E;)—0. (30)
=1 =4

It is possible to choose a quintuple of points among the 10 nodes {1, ..., x10} of J such
that three of these points are not aligned, then an irreducible conic passing through
this quintuple of points exists. Up to renaming the nodes of J, we suppose that a conic
passing through {z4, ..., zs} exists.

So let us consider the following exact sequences:

8 10 8
0 — Ox/(4l=) | E;=2Ey—2Ey0) = Ox/(61-2)  E;) = Oy s 1 (61-2)  E;) = 0;
=4 =4 =4
(31)
10 8 10
0= Ox(3l= Y Ej) = Ox(4l =Y E;—2Y E;)—
i=4 =4 =9
8 10
— Ol—Eg—Elo (4l — Z E;, — 22 Ez) — 0. (32)
=4 =9

We have that h%(Ox: (31— 312, E;)) = (5) =7 = 3 by [16], Example 9.3.3(c). Since it is
an effective divisor on X’ and it has the expected dimension, then
W (Ox (31 = 3,2, Ei) = 0.

Since | — Ey — Eyg is rational and (I — Ey — Eyg) - (4l — 3.5, B —2301% E;) = 0, then
WOl — Yo, E - 230 E)) = 1 and
W (Orpy—pio (M = 2oty By — 23010 Ei)) = 0.

From the exact sequence (32), we conclude that h®(Ox: (4 — 35, B — 2310 Ey)) =
34+1=4and b (Ox (4l — 35, B —231° E;)) =0.

We observe that, since J and 2] — Z?: 4 Ei are rational, then, by Serre Duality, we have
that

RY(O;(121 — Qi E; — 4i E;)) = h(0;(=2—-4)) =0

and
10

hl(O2Z—z§:4 E; (61 —2 Z E;)) = h0(021—2§:4(_2 —2)) =0.

=4
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Using the Riemann-Roch Theorem, we obtain that
3 10
h(0,(120-2) E;—4) E))=4+1=5
i=1 i=4

and

10
WOy s 5 (61=2) E))=2+1=3.
1=4

From the exact sequence (31), we conclude that h%(Ox: (6] —23°1%, E;)) = 7 and
W (Ox:(61 — 231, F;)) = 0. Again, from the exact sequence (30), we have that
h(Ox/(121-237 E—4310, E)) = 12and b (Ox, (121-230_ Ei—4 3.2, E;)) = 0.
Finally, from the exact sequence (29), we obtain that

3 10
W(Ox (181 =4 E;— 6> E))=12+1=13.

i=1 =4

Then the claim is proved. O

Step by step we want to show that a general hyperplane section of X' is a Prym-
canonically embedded curve.

CLAIM 2: We prove that Oci(—Kx/) 2 Ocr.

Proof. If we show that h'(Ox/(—Kx — C’)) = 0, then, using the long exact sequence
associated with

O — OX’(_KX’ — O/) — OXI(_KX/) — OC’(_KX’) — O

and observing that — Ky is not effective, we have that h°(Oc(—Kx:)) = 0, thus
OCI(—KX/) 7’? OC/.
Since

3 10

~Kx/—C'~—=151+3) E;+5) E;

i=1 i=4
then it is not effective and h°(Ox/(—Kx: — C")) = 0. By Serre Duality, we have that
h2<OX/(—KX/ - C,)) - hO(OX/(2KX/ —+ Cl)) - hO(Ox/(12l —2 Z?:l Ez —4 2324 Ez)) ==
12 as proved in Claim 1.
Using the Riemann-Roch Theorem, we conclude that —h'(Ox/(—Kx — C')) +
+02(Ox/ (= Kx/—C")) = =h (Ox1 (= Kxr—C"))+12 = L(=1514+3 30 | E+53".°0, E)-
(1204230 B4+ 4AY 2 E) 4+ 1 -0 =12, so W (Ox(—Kx — C")) = 0 and the
claim is proved. O

CLAIM 3 : There are irreducible curves of degree 18 with exactly 3 quadruple points
and 7 points of multiplicity six in the ten nodes of J.
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Proof. We observe that curves of the type J4 D, with D € [121-23"7 | E;—431°, Ej|
and J fixed part, are contained in L' = [181 =437 | B, — 63,2, Byl

As proved in Claim 1, we have that dim [18] — 437 | F; — 6., E;| = 12 while
dim 121 — 232 B; — 432, E;| = 11, so the reducible curves J + D do not define all
the linear system of the curves of degree 18. As consequence of Bertini’s Theorem (see
[2], pag. 1), the generic curve of L’ is irreducible (indeed the curves of the linear system
L' with fixed part J define a sublinear system and moreover the sublinear system is
not composed by a pencil, even more so the linear system L').

Also curves of the type 2J + F, with F' € [6] — 22;24 E;| and 2J fixed part, are
contained in L’. Since these special curves of L’ have exactly quadruple points in three
of the 10 nodes of J and points of multiplicity 6 in seven of the 10 nodes of .J, then the
generic curves of the linear system L’ have the same property. Thus irreducible curves
of degree 18 with exactly quadruple points in three of the 10 nodes of J and points of
multiplicity 6 in the remaining nodes of J exist. [

Therefore the arithmetic genus, that is equal to the geometric genus of C, is

171 4. :
4(C) = 716,43 65 _

1
2 2 2 3

by the Plucker Formula.

It remains to show that L' defines an embedding outside the contracted curve J, in
particular L defines an embedding.

CLAIM 4 : The linear system L' is base-point free.

Proof. Let X' = Bl (X'), where x; is a point of a general C' € L. If
L' = |18] — 425’:1 E; — 62224 E; — Ey1|, for Eq; the exceptional divisor associated
with 17, then L’ is base point free if and only if

dim(L’) = dim(L’) — 1,
for any point x1; € C’, for a general C" € L.
We have already proved that dim(L’) = 12 while dim(L’) > (¥) =342 —-78T—1—-1=

11. We observe that, since x1; € C' and €’ and J are disjoint by assumption, then
O5(C") = Op1, where C" is a general curve in L' and J is the strict transform of J on

X'
Similarly to the exact sequences (29), (30), we have the following:

3 10 3 10
0= Ox(121-2) Ei—4) Ei—En) — Ox(181-4Y "E;—6 Y  E;—En) — Op1 — 0
=1 i=4 =1 1=4

(33)

10 3 10
0= Ox(61—2) E;— Eyy) = Ox(121 2> E;—4) E; — Eyy) -
=4 =1 1=4
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3 10
=1 =4

As in Claim 1, we suppose that an irreducible conic passing through {zy, ..., 23} exists.

1. If xyy € 21 — Zfﬂl E;, we can consider the exact sequence

0 — Ox(4l — ZE—QZE — Ox(6 QZE Ey) —

=4 =9

= Oy 55 g, (61 =2 Z E; — Eyy) — 0. (35)

From the exact sequence (32), we know that ho( X, (4l — Zl B2 ) =
4 and AN Ol — SO, E — 23100 E)) = 0. Since
h(Oy_ss  pi_p,, (612 S Ei—Ey)) =2 by Riemann-Roch’s Theorem, then

WO (61 — 231, E; — Eyp)) = 6 and b (Ox(61 — 23212, E; — Fyy)) = 0 from
the exact sequence (35).

2. If oy ¢ 20— Z?::; E;, then we consider the following

0—)OX/ ZE —2E9—2E10—E11)—>OX/ QZE E11

=4

10
— Oy s (61—2> E;i— En) — 0. (36)

1=4

(a) If 13 € | — Eg — Ey9, we have that

0 — O (31 — ZE — Ox:(4 ZE—2ZE Ey) —
=4

8 10
= Or_py-prg-pn, (41— Y _E; —=2>  E;— Eyy) — 0. (37)

i=4 =9
By [16], Example 9.3.3(c), we have that ho(Ox (31 — 3210, F;)) = 3.
On the other hand, since the product
(l — Eg — E10 — EH) ( Zz 4E 221109E - Ell) = _]., then

(O gy gy, (4 — S B — 231 E; — F11)) = 0. From the exact
sequence (37), we obtain that hO(Ox (4 — 25, B; —231° E; — Eyy)) = 3.
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(b) If z1; ¢ | — E9 — Ej, we can consider the following exact sequences

0— Ox(3 ZE — O%(4 ZE—2ZE Ey) —

— O1_gy—p,, (4l — Z E;—2 Z E; — En) — 0; (38)

11
0 — Og(l ZE — Ox(3 ZE )= Oy 55 5(31=> Ei) =0
=4

1=4
(39)
By assumption we have that h%(Ox (1 — Y12 Ei)) = 0. Because
WOy _ss (31 ~ Y1 E) = 2 then, from the exact sequence (39) we

conclude that h°( X,(3l SUUE)) < 2. Since h(Ox (31 — YU, E)) >
(2) — 8 = 2, then equality holds

Moreover h0(Ox (4155, B;—23"1° E;—Fyy)) > (5)—6—3-3 = 3. Since
KO py—o(4l — S5 By — 2310 By — EH)) = 1, then, from the exact
sequence (38), we have that h%(Ox(4l — S, E; — 23°1° Ei — Eyy)) < 3,
so equality holds.

In  both prev10us cases  (a) and  (b), we  have  found
WO (4l =30, By =231 E; — Eyy)) = 3. Since it is the expected dimension,
then h' (O (41 — 325, B — QZjOQE En)) = 0.

Using the Riemann-Roch Theorem, we have that
hO(Ozzfz;;l g (60 — 2 SO.E — En) = 3 So we obtain that
h(Ox(61 — 2310, By — E1y)) = 6 and ' (Ox(6] — 23212, E; — Eyy)) = 0 from
the exact sequence (36).

In both cases we have that h°(Ox(61 — 2312, E; — Fyy)) = 6.

With the same technlques as before, from the exact sequence (34) we obtain that
h0<(9?(]_2l - 221 lE - 42 - EH)) = 11 and
M(Ox(120 =230 B — 43" F; — EH)) = 0 and finally, from the exact sequence

(33), we obtain that h%(Ox-(181 — 43 | F; — 63,12, E; — Fy;)) = 12. Then we can
conclude that L’ is base-point free. O

By Bertini’s Theorem, since L' is base-point free, then the generic C' € L' is smooth.

CLAIM 5 : The linear system L' defines an embedding outside the contracted curve J.
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Proof. 1t is sufficient to show that dimL’ = dim(L') — 2, where either
L' = |181 =43 | E; — 63.1°, F; — Fyy — Fa|, for By and Ejy the exceptional
divisors associated with any two distinct points x1; and x5 not belonging to J, or
L = |]_8l - 42?:1 Ez — 62324 Ez - E11 — 2E12|, for E11 and E12 the exceptional
divisors associated with any two points x1; and x5 infinitely near not belonging to J.

We have already proved that dim(L') = 12. Moreover we have that
dim(L/) > (3) — 3% — 7% —2—1 = 10. If (" is a general curve in L' and J is
the strict transform of J on X', then C’-J = 0 since we choose z1; and x5 not
belonging to J.

¢ Let x1; and x5 be distinct. We can consider the following exact sequences:

3 10
0= Oxr(120 =2 E;—4) E;— Eiy — Ep) —
=1 i=4
10
— Ox(181 — 4ZE—6ZE Ey — Ep3) = Op — 0; (40)
i=1 =4
10
0= Oxr(61—2)  E;— By — Eip) — O 121—2ZE 4ZE By — Ey) —

i=4 i=1 i=4

3 10
O5(121—2) E;—4) E;— Ey — Ep) =0 (41)

3 10
0— OT(2ZE1 —FE - Elg) — OY(6Z — QZEZ — FEi — Elg) —
=1 =4
10

1=4

It is clear that h%(Ox(2 3.2, E; — Eyy — Eyp)) = 0. Again, by Serre Duality, we

have that h3( X,(2 ZZ L Ei — En - Ep)) =
W(O(=31+ 2, B =250 Ei+ By + Elg)) = (0. Using the Riemann-Roch
Theorem,  we obtaln that  —h'(2 Z — En — Ep)) =

12X (B~ En—FEu)-B81+Y, B - Z E—2E11—2E12)+1_—4

Since J (6l 2 Zw E Ell—Elg) = 8 then hO(O (6[—2 21124 Ei_Ell_EIQ)) =
9. Moreover h"(O=7(61—2 Z}%E —En—FEp)) > ( )—7-3—2 = 5. To show that
equality holds, it is sufficient to prove that h!'(Ox(61—2 3.2, F;—Ey; — Eyp)) = 0.
We observe that curves of the type (31 — Y212, E;) + F, w1th Fel3l—32, E
and 3] — 212 E; fixed part, are contained in ]6[ -2 Z E; — Ey; — Eys).

We have that dim |61 — 23°1%, E; — Eyy — Eyp| > 5 while dim [31 — 3.2, Fy| =
(5) =7 =22 —7 =3, so the reducible curves of the type (3] — S 2B )+F do not
define all the linear system of the curves of degree 6. As consequence of Bertini’s
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Theorem (see [2], pag. 1), the generic curve D of |6] — 221104147 Ey — Eys
is irreducible (indeed the curves of the linear system |61 — 2310, F; — Eyy —
Eys| with fixed part 31 — 3212, E; define a sublinear system and moreover the

sublinear system is not composed by a pencil, even more so the linear system
60 =232, Ei — B — Enal).

Let us consider the exact sequence

0— Ox — Ox(D) = Op(D) — 0. (43)

Since D? = 36—28—2 = 6 and p,(D) = %*—7 = 3, then h*(Op(D)) = 0 (see [20],
Example [V.1.3.4). Since h'(Ogx7) = 0 by definition, then
(O (6l — 2310, Bi — Eyy — E1p)) = 0 from the exact sequence (43). Con-
sequently h0(Ox(61 — 2312, E; — Fyy — Eyp)) = 5 from the exact sequence (42).

Since J is rational, then h%( ({<12l 2 ZZ Ei—4 21104 E;— FE;1 — FEp5)) =5 and
M(OF(120-2350 B -4 B — EH — E13)) = 0, so, from the exact sequence
(41), we have that hO(OX,(m 230 B — 42304E By — Fy3)) = 10 and
M (O(120 =230 B — 4310, B — By — Eip)) = 0.

Finally, from  the exact  sequence  (40), we  obtain  that
hY (O« (181 — 42?:1 E;, — 621.124 E; — Fy; — Eyp)) = 11. The claim is proved
for x1; and x;2 distinct.

¢ Let x1; and x5 be infinitely near. We can consider the following exact sequences:

3 10
0— Ox(121-2> E;—4) E;— Ey — 2Ep;) —

=1 i=4

3 10
— Oxr(181 =4 "E;— 6 E;— Eiy — 2E13) — Op — 0; (44)
i=1 =4
10

0 — Ox(61-2  E;—E)1—2E13) — Ox(121— QZE 4ZE —FE\—2Ey) —

1=4 =1 =4
— O4( 12l—2ZE—4ZE By — 2E5) = 0 (45)
=4
3 10
0— 07(2 Z Ez — Ell — 2E12) — O?(ESZ -2 Z Ez — Ell — 2E12) —
=1 1=4
10
— O5(61 =2 " E; — Eyy — 2E15) = 0. (46)
=4

Exactly as the previous case, we can prove that ho( O (230 Ei—F1 —2F)) =
hQ(OF(Q Z?:l EZ - E11 - 2E12)) =0 and h1(2 Zz 1 E Ell - 2E12)) 4.
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Since  J - (6l — 2% B, — En — 2FEhn) = 8  then
RO (O+(61 Z — Ey — 2Ep)) = 9. Moreover we have that
hO( X,(6l 221 4E By —2E1,)) > (5) —7-3—2 = 5. To show that equality
holds, it is sufficient to prove that k(O (61 — 2 2324 E; — E;1 — 2E15)) = 0.

Similarly to before, the generic curve D of
|60 — 2 2224 E; — E11 — 2F5| is irreducible by Bertini’s Theorem.

Let us consider the exact sequence

0— O — Ox(D) — Op(D) — 0. (47)

Since D* =36 —28 —1—4+2+2 =7 and p,(D) = py(D) = %* — 7 = 3, then
h*(Op(D)) = 0 (see [20], Example 1V.1.3.4). Since h'(Ox) = 0 by definition,
then h'(Ox(61 — 23..%, E;i — Ey; — 2E15)) = 0 from the exact sequence (47).
Consequently h%(Ox(61 — 2312, E; — By, — 2F)3)) = 5 from the exact sequence
(46).

With the same computations as before, using the exact sequences (45) and (44),
we obtain that h(Ox(181 — 43 E; — 63, E; — Eyy — 2E,)) = 11. The

claim is proved for x1; and x5 infinitely near.

]

We have found a new example of rational surface X C P2 of degree

deg(X) = de?;y = 24 with Prym-canonical hyperplane sections and only one singu-

larity, a quartic rational singularity.

We can list some possible rational surface X with Prym-canonical hyperplane sec-
tions in terms of numerical values.

Lemma 3.6. The following list contains linear systems L' on X' = Bl .3 (P?)

.....

whose image X = i (X') satisfies the conclusions of Lemma 3.4 and dim L' > 4, so
they are candidates to be surfaces with Prym-canonical hyperplane sections.

1. L =16ml—mY 2 FE;—2mY.. 2 Ei|, form>2 meN;
= |Tml —2m Z?:l E; —3mFEy|, form >2, meN;
= |9ml — ZmZ;s:l E;, —3m 2;24 E;|, form >2, meN;

2
3
4. L' =19ml — mE; — 2mEs — 3m2323 E;|, form >2, m eN;
5. L'=]10ml — SmZZﬁl E;i|, form>1, méeN;

o

L' = [10ml — 2mE, — 3m Y, , B; — 4mPE)q|, form > 1, m € N,
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Remark 3.7. To conclude that the surfaces X = i/ (X') of the previous Lemma are
surfaces with Prym-canonical hyperplane sections, it remains to show that
Oc/(—2Kx/) = Oc¢r while Oc/(—Kx/) 2 Ocr and, moreover, L' has the expected di-
mension, it is base-point free and it defines an embedding outside a finite number of
contracted curves, that determine the isolated singularities of X. Howewver, if we only
know that L' defines a birational map, then the image X could have non-isolated sin-
gularities.

Proof of Lemma 3.6. If X" = P2, then —2Kx» ~ 6[, in particular we assume that
—2Kx» is an irreducible sextic with 10 nodes {z1,...,x10}. Let L” be a linear sys-
tem with base points {z1,...,210} of multiplicity r; > 0, for ¢ = 1,...,10, and let

77777

in Remark 3.3, the anticanonical divisor —Kx- is not effective. Clearly the generic
element of L' is C" ~ bl — Ziﬂl r;F;, for b € Ny.

We consider all the linear systems L' on X’ of curves C” of degree b passing through
{z1,...,210} with multiplicity r; > 0, for ¢ = 1,..,10, such that 3b = Zgl r; and
dim(L") > 4. Thus, by Lemma 3.4 and by definition of surface with Prym-canonical
hyperplane sections, we expect the image X = i5/(X’) to be a possible surface with
Prym-canonical hyperplane sections. As in Example 3.2, the linear system L’ contracts
—2Kx to a quadruple rational singularity.

We observe that, if b < 3, then 3b < 10, so the variable b never satisfies the condition
3b = 2121 r;, for r; > 0, for i = 1, .., 10.

e If b =4, then the relation 3b = Zgl r; 1s satisfied either if

{ ri=1 for i=1,...,8

rg =110 =2

or if
r,=1  for i=1,...9
T = 37

up to renaming the multiplicities r;. It is clear that all the positive multiples

satisfy the same relation, in the sense that 3mb = Zgl mr;, for any m € Ny,.

If " ~4ml—m 22.8:1 E; —2mEqg — 2mFEq, for m > 0, then we can observe that

0 , (Adm+2)(dm+1) _m(m+1) 2m(2m +1)
R’ (Ox/(C")) > 5 — 8 5 -2 5 =

=8m?2+6m-—+1—4m?® —4m —4m? — 2m = 1.

Since we do not know if dim |C’| > 4, then we exclude this case.

Similarly, if C" ~ 4ml —m Z?:l E; — 3mE;,, we observe that

dm+2)(dm+1) 9m(m +1)  3m@Bm+1)
2 2 2

WO () > ¢
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9 9 9
:8m2+6m+1—§m2—§m—§m2—§m:—m2+1,

for m € Nyg. We exclude this case for the same reason as before.
If b = 5, then the relation 3b = S°1°, 7; is satisfied if

ri=1 for i=1,...5
rj =2 for j=6,..,10,

up to renaming the terms. All  the positive multiples of
C' ~ 5l — Zle E;—2 Z;ZG E; satisfy the same relation. We can observe that

(5m +2)(bm + 1) m(m + 1) 2m(2m + 1)

K (O ) > — _ _
(Ox:/(mC")) > 5 5 5 5 5
25 15 D )
:?m2+7m—|—1—§m2—§m—10m2—5m:1,

for any m € Nyg. Since we do not know if dim |mC’| > 4, for m > 0, then we
also exclude this case.

There are other {r1,...;710} satisfying the relation
3b = Zilil r;, with values of r; greater than or equal to the previous ones, but it
is clear that h°(Ox/(C")) < 1 in these other possible cases (in the previous case
the value of h°(Ox/(C")) was 1). Then we do not consider them.

If b = 6, the relation 3b = 3.2 7; is satisfied if

M =Tq9 = 1
r, =2 for i=2,...,10,

up to renaming the multiplicities r;. We also consider all the positive multiples
of C' ~ 6l — Fy — By — 2300, E;, s0
6m +2)(6m+1) 2m(m +1) 82m(2m +1)
2 2 2 B

=18m*+9Im+1—m? —m—16m* —8m =m? + 1,

KO (mC")) > |

for any m € Nyo. We are sure that dim L’ > 4 if and only if m > 2. Hence the
linear systems L' = |mC"|, for m > 2, are such that the image is a “possible”

surface with Prym-canonical hyperplane sections.

Another set {ry,...,r1p} that satisfies the relation 3b = Zgl r;, for b = 6, is

ri=2 for j=4,..9
10 = 3.

{ ri=1 for i=1,23

Again, if C" ~ 6ml—m Zf’zl E;, —2m 2?24 E; —3FE,, for m € Nyg, then we have

that

6m +2)(6m + 1) _3m(m +1) _62m(2m +1) 3m(3m+1)
2 2 2 2

B0 () = |
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3 3
:18m2+9m+1—§m2—§m—12m2—6m—§m2—§m:1.

Since we do not know if dim |C’| > 4, then we exclude this case.

We do not consider the other possible {ri,...,r10} that satisfy the relation
3b = Zgl r; because the associated linear systems have expected dimension
less than or equal to 1.

With the same techniques as before, if b=717, then
C' ~Tml —2m 2?21 E; — 3mE),, is such that
S 49 , 21

9 3
m* 4+ =m+1—18m? —9m — —m?* — —m = 2m* + 1,

R(Ox(C) 2 5m? + 5 St

for m € Nyg. We are sure that dim L' > 4 if and only if m > 2. So we only
consider the linear systems L' = |C’| with m > 2, whose image is a “possible”
surface with Prym-canonical hyperplane sections.

If ' ~7Tml —mE; — 2m Z?:z E; — 3mEy — 3mE),, then

49 21 2
RY(Ox:(C")) = ?mz + ?m%— 1— m7 - % — 14m?* —Tm — 9m? —3m = m* + 1,
for m € Nyg. We are sure that dim L’ > 4 if and only if m > 2. If we apply a
quadratic transformation in the two points of multiplicity 3m and in one of the
points of multiplicity 2m of C’, then these linear systems are the same found in
the case “b=6".

If C' ~ Tml —mE; —mEy —2m Y., E; — 3m .12, E;, then

49 21 27 9
R (Ox/(C")) = ?mQ + 5 m +1—m*—m —10m? — 5m — 77712 —5m= 1,

for m € Nyy. We do not know if dim L' > 4, so we exclude this case. We also
exclude the other possible {1, ..., 710} that satisfy the relation 3b = Zgl r;, with
values of r; greater than or equal to the previous ones, because the associated

linear systems have expected dimension less than or equal to 1.
Similarly, if b = 8, then C" ~ 8ml — 2m 22‘6:1 E; —3m 2327 E; is such that
RY(Ox:(C")) = 32m? 4+ 12m + 1 — 12m* — 6m — 18m? — 6m = 2m? + 1,

for m € Nyg. We are sure that dim L/ > 4 if and only if m > 2. So we only
consider the linear systems L' = |C’| with m > 2. If we apply a quadratic
transformation in three of the points of multiplicity 3m of C’, then these linear
systems are the same of the previous case with b = 7.

If C' ~8ml — B, —2m Y., E; —3m Y., F;, then

2 45 15
RY(Ox:(C")) = 32m* +12m+ 1 — m7 - % —8m? —4m — ?mQ -5 m= m? 41,
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for m € Nyg. Again we are sure that dim L' > 4 if and only if m > 2. If we apply
a quadratic transformation in three of the points of multiplicity 3m of C’, then
these linear systems are the same found in the case “b = T7".

If C' ~8ml — Ey — Ey — 2E3 — 2B, — 3m Y.,2, E;, then
RY(Ox:/(C") = 32m* + 12m + 1 — m* — m — 4m?* — 2m — 27m* — 9m = 1,

for m € Nyg. We do not know if dim L’ > 4, so we exclude this case and
similarly all the other possible {ry, ..., o} that satisfy the relation 3b = Zgl i,
with values of r; greater than or equal to the previous ones, because the associated

linear systems have expected dimension less than or equal to 1.

Ifb=09, then C' ~9ml —2m >0 E; —3m .2, E; is such that
81 27 63 21

RY(Ox:(C")) = ?mQ + 5 m +1—6m*—3m — 7m2 —5m= 3m* +1,

for m € Nyy. Because if m > 2 then dim L' > 4, we only consider the linear
systems L' = |C’| with m > 2, whose image is a “possible” surface with Prym-
canonical hyperplane sections.

If C" ~ 9ml —mE; — 2mEy — 3m Y., E;, then

81 27 2

RY(Ox:(C")) = ?mQ—i—?m%—l—%—% —2m? —m —36m* —12m = 2m* +1,
for m € Nyy. Because if m > 2 then dim L’ > 4, we only consider the linear
systems L' = |C’| with m > 2, whose image is a “possible” surface with Prym-

canonical hyperplane sections.
If O ~9ml —2m Y} | Ei —3m Y., E; — 4mE), then

81 27 45 15
RY(Ox:(C")) = ?m2+?m+1—8m2—4m—7m2—?m—8m2—2m =2m*+1,

for m € Nyy. Applying a quadratic transformation in the point of multiplicity
4m and in two of the points of multiplicity 3m of C’, we obtain the same linear
systems of the case with b = 8.

If C' ~9ml—2m Y0 By —3m Y5 B —4m > 1% F;, then

81 27 27
RY(Ox:(C")) = ?mQ +omet 1—10m?*—5m— ?m2

for m € Nyy. Applying a quadratic transformation in the two points of multi-
plicity 4m and in one of the points of multiplicity 3m of C’, we obtain the same
linear systems of the case with b = 7.

If C" ~9ml —2m Zle E;, —3mE; —4m 21.128 E;, then

81 27 9 3
RY(Ox/(C")) = ?mQ + 5 m+ 1 —12m? — 6m — §m2 —gm= 24m?* — 6m = 1,

for m € Nyyg. We do not know if dim L’ > 4, so we exclude this case and
similarly all the other possible {ry, ..., 9} that satisfy the relation 3b = Zgl i,
with values of r; greater than or equal to the previous ones, because the associated

linear systems have expected dimension less than or equal to 1.

9
—§m—16m2—4m =m?+1,
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e Finally, if b = 10, we can consider C’ ~ 10ml — 3m Zilil E;, for m € Nog. It is
easy to prove that
RY(Ox:(C")) > 5m* +1,
with 5m? 4+ 1 > 5 for any m. Example 3.2 corresponds to this case with m = 1.
If C' ~ 10ml — 2mE, — 3mY.,_, E; — 4mE), then

R2(Ox/(C") > 4m* +1>5
for any m € N.y. So the linear systems L' = |C’|, for m > 1, are such that the

image is a “possible” surface with Prym-canonical hyperplane sections.

If C" ~ 10ml — 2mE; — 2mEy — 3m 2;3:3 E; — 4mFEy — 4mF,, then
h(Ox/(C")) > 3m* + 1,

for m € Nyy. Using a quadratic transformation centered in the two points of
multiplicity 4m and in one of the points of multiplicity 3m of C’, then these
linear systems are referable to the cases with b = 9.

If C' ~10ml —2m Y2 E; — 3m Y., E; — 4m 3,12, E;, then
RO (Ox/(C")) > 2m? + 1,

for m € Nyy. Using a quadratic transformation centered in the three points of
multiplicity 4m of C”, then these linear systems are the same found in the case
L(b — 8//'

If C' ~10ml —2m Y i, B —3m Yo E; — 4m Y12 E;, then
R2(Ox/(C") > m* +1,

for m € Nyy. Using two quadratic transformations, one centered in three of the
points of multiplicity 4m of C” and the other centered in the point of multiplicity
4m and in the two points of multiplicity 3m of the transformed curve, then these
linear systems are the same of the previous cases with b = 6.

If C" ~ 10ml — 2m Zle E, —4m 2326 E;, then
R (Ox (C) > 1,

for m € Nyg. We do not know if dim L' > 4, so we exclude this case and the
other possible {r1, ..., 710} that satisfy the relation 3b = 2321 r;, with values of r;
greater than or equal to the previous ones, because the associated linear systems

have expected dimension less than or equal to 1.
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Remark 3.8. [t is possible to extend the list of Lemma 3.6 continuing with the same
method as before for all b > 10, so there are infinite possible linear systems
= |bl — 210 1By that satisfy

3b = Z T and dim(L') > 4. (48)

In particular, we can prove that infinite linear systems not multiple one of the other

exist.

Let I = |bl — S°1° i E;| be a linear system such that 3b = 312 r; and

10

dim(L") = h*(Ox/(C")) — 1 = (b N 2) Z ” D

10 10
:b2+3b+2_zﬁ(ﬁ+1)_1:b2_22i_17"i2+3b_§z 17 > 4.

Then it is clear that, if k € Nso, the linear system L' = |kbl — Zgl kr;| satisfies
3kb=k>12 r; and

10 10
kb;—?) _Zsz(k‘Tz—i‘l) _1:k252—zi:1ﬁ2 _|_k3b_zz 17 > 4.

dimL' =
m ( 2 2 2

i=1
We can prove that there are other examples of linear systems of degree kb that satisfy
the requests of (48) that are not multiples of linear systems of lower degree.

For example, we suppose that min{kry, ..., krio} = kry and max{kry,...,krio} = kro.
At this point, we can consider the linear system L = kbl — rE, —roEo — 21'9:2 kriE;,
where 71 = kri+1 and riy = krig—1. Hence L cannot be a multiple of a linear system
that satisfies (48) of lower degree. It is clear that 3kb = 21'121 kr; = 2?22 kr;+1r1 + 19,
so one of the two properties of (48) is satisfied. Similarly we have that

dim I - (F0t2 _ikn(k‘rﬁl) ) melme+l)
2 pr A 2 2
_ dim(F) N k‘ﬁ(k; +1) N k‘”f‘10</€glo +1) _ ﬂ(ﬂQ—l— 1) B 7716(77126 + 1)'

We have already observed that dim L' > 4. Let us fix

R k’?”l(k?Tl —|— 1) k’?"lo(k‘rlo —|— 1) _ 7:1(7:1 —|— 1) . 7%(7% + 1) .

2 2 2 2
Kt ke | Ky + ke K43k 42 KPS — kg
= + — — =
2 2 2 2
kry + krio — 3kri — 2+ k
_ kri+ ko 27“1 + 7’10:]6(7010_701)_1.
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We observe that krig > kry by the previous assumption. So, if krig = kry, then x = —1
and dim L/ = dim L' + x > 4, instead, if krig > kry, then © > 2(rig —r;) — 1 > 1,
hence dim L' > 5. The two properties of (48) are satisfied by L'.

We conclude that, for any degree, we can find linear systems that are not multiples of
linear system of lower degree.

As seen in Remark 3.3, in order to have —Kx: not effective, at least 10 points of
P2 must be blown up. If we suppose that —2K - is effective and irreducible, then only
10 points must be blown up, as discussed above.
Instead, if —2K x~ is effective and reducible, we can blow up more than 10 points of
P? keeping —2K x: effective.

Remark 3.9. We know that —2Kp2 ~ 6l is linearly equivalent to a sextic curve.

We recall that a nodal plane curve irreducible and effective is such that the number of
nodes 0 is at most equal to the arithmetic genus of the curve. It is clear that lines and
conics cannot have nodes. Instead, an irreducible cubic C' can have at most one node
since po(C) = 1, an irreducible quartic Q) can have at most 3 nodes since p,(Q) = 3,
an irreducible quintic T' can have at most 6 nodes since p,(T) = 6 and so on.

If r is the number of nodes of —2Kp2, then the possible reduced and reducible an-
tibicanonical divisors of P?, whose corresponding antibicanonical divisor —2Kyx: of
X' = leh__,erP’Z 18 effective while the anticanonical divisor —Kx: is not effective, are
formed by:

e if r =11, the possibilities are

— union of a quintic with 6 nodes and a line;

— union of a quartic with 3 nodes and a conic;
— union of a quartic with 2 nodes and two lines;
— union of two cubics, each one with one node;

— unton of a smooth cubic, a conic and a line;
o if r =12, then we have

— union of a quartic with 3 nodes and two lines;

— union of a cubic with one node, a conic and a line;
— union of a smooth cubic and three lines;

— union of three conics;

e if r =13, the possibilities are

— union of a cubic with one node and three lines;

— union of two conics and two lines;
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o if r = 14, the only possible antibicanonical divisor of P? is
— union of one conic and four lines;
o if r = 15, the only possible antibicanonical divisor of P? is

— union of six lines.

We can generalize Lemma 3.4.

Lemma 3.10. Let X be a surface with Prym-canonical hyperplane sections whose
minimal model is X" = P? and let X' be the minimal resolution of the singularities of
X. If we also assume that —2K x: is effective, —Kx: is not effective and C" is a general
divisor of L', then C" ~ bl — Zle r.E; is such that 3b = Ele r;, where 10 < k < 15
and r; > 0 for any 1.

Proof. Similar to the proof of Lemma 3.4 but now —2Kx» can be reducible, so
10 < k < 15 as seen in Remarks 3.3 and 3.9. O

Remark 3.11. The previous Lemma is useful to list in terms of numerical values the
possible surfaces with Prym-canonical hyperplane sections, as seen in Lemma 3.6 for
—2K - irreducible.

4 Moduli of surfaces with Prym-canonical hyper-
plane sections

Let X C P91 be a surface with Prym-canonical hyperplane sections that is not a cone,
for ¢ > 5. We assume that a general hyperplane section C' of X has Clifford index
Cliff(C') > 5, so, in particular, C' is not hyperelliptic and it is projectively normal with
respect to its embedding in P972 (see [23], Lemma 2.1).

Let m : X’ — X be the minimal resolution of singularities of X and let C" = 7*C, as
seen in the previous chapters. Let us suppose that X’ is not an Enriques surface, so
it is birationally equivalent to P? or a ruled surface X” over a base curve I' of genus
q > 0 (see Theorem 1.10). Let ¢ : X’ — X” be a relatively minimal model for X’. We
have already proved that h°(Ox/(—2Kyx/)) = 1 (see Theorem 1.12), so let W’ be the
only effective antibicanonical divisor on X’. Since —Kx/|c is a two-torsion divisor by
hypothesis, then h%(Ox/(—Kx:)) = 0.

In the following, we will suppose that all these assumptions are valid. Moreover, in
the first phase, we will work assuming X” = P2 or X” a rational ruled surface, with
q=q(X') =q(X") =0.

Lemma 4.1. If X' is rational, we have that h°(Ow:) = —K%..
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Proof. We use the following exact sequence:
0— Ox/(—W'") = Ox: — Oy — 0. (49)

Since W is effective, then h®(Ox/(—W’)) = 0. In addition h°(Ox/) = 1 and h!(Ox/) =
0 by hypothesis.
On the other hand, by the Riemann-Roch Theorem, we have that

WO (1)) = (O3 (2K x)) — 5(2K ) () — 1 =

= hO(OX/<_KX/)) - K?(/ - 1 - —KA?(/ - 1
From the long exact sequence associated with (49), we conclude that h°(Oy) = —K%..

]

Remark 4.2. By Mumford’s Theorem (see [25], Chapter 1), we know that —K%, > 0
since —2K x: is contracted by .

The divisor W’ has one or more connected components, Dy, ..., D,,, so, by Proposition
1.15, Dy, ..., D,, are contracted to rational singularities on X with multiplicity pu1, ..., fn
respectively.

Let us suppose that W’ is irreducible, so W' is contracted to a rational singularity
x € X with multiplicity . Then, by definition, we have that pu = —W".

Let h be the number of blown up points in ¢ (also infinitely near). With the same
notation of Proposition 1.22, we have that

—2Kx; = T (—2Kx;) = 2E11 — ... — 2B 150,

where E;.,; is the exceptional divisor associated with the blown up point z;,, for
t=1,..,s—1landi=1,.,i(t). So (—2KX£+1)2 = (—2Ky)* — 4i(t). Hence, iterating
this process and observing that (1) 4+ ... +i(s — 1) = h by definition, we have that
—pu=W"?=(=2Kxn)? — 4h and, in particular,

n = 4h — (2KX11)2. (50)
If X" =P?, then pu = 4h — 36. Since p is strictly positive, then h > 9 in this case.

We claim that surfaces of the type of X as above depend on a number of moduli
that has an upper bound. Before showing this, we will prove preliminary lemmas.

Lemma 4.3. Let X C P9! be a surface with Prym-canonical hyperplane sections
that is not a cone, for g > 5. Assume that a general hyperplane section C of X has
Cliff(C) > 5. Then X is an intersection of quadrics (ideal-theoretic intersection of
quadrics).

Remark 4.4. As already observed, a general hyperplane section C of X with Cliff(C') >
5 is projectively normal with respect to its embedding in PI=2 (see [18], Theorem 1).
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Proof. As seen in point 1. of Theorem 1.10, we have that h'(Ox(n)) = 0 for any n > 0.
We consider the exact sequence

0— IC|X(2) — IX'[P?gfl(Q) — IC”[Dng (2) — 0,
where Z¢x(2) = Ox(1). By the previous remark, we know that 2'(Ox (1)) = 0, hence
H°(Ixpa-1(2)) = H(Zopa-2(2)). (51)

By [23], Corollary 2.3, we have that C' is an intersection of quadrics. Let {¢i,...,¢,}
be the equations of a basis for the space of quadrics containing C'. Let H be a general
hyperplane section such that X N H = C. Using (51), for every hypersurface f|g of
P9=2 containing C of degree k > 2, there exists a hypersurface f containing X in P91
of degree k such that f induces f|g on P92, Let {Q,...,@,} be the equations of a
set of quadrics containing X such that Q;|g = ¢;, for i = 1,..,p. Similarly to the
techniques of [28], Corollary 7.11, let A be the equation of a hypersurface of degree
k containing X. By the previous remark, we have that Ay = ). u;q;, where u; are
polynomials of degree k —2. So A=) . U;Q);, where U;|g = u; for any 4, vanishes on X
and H, hence A — > . U;QQ; = h- X, where h defines H and X' of degree k — 1 vanishes
on X. By induction on k, the ideal of X is generated by quadrics and the claim is
proved. O

Let p : X — F C P92 be the projection from x on a hyperplane, where x is the rational
singularity of X obtained by the contraction of W', that we assume irreducible.

Lemma 4.5. Let X be a rational surface with Prym-canonical hyperplane sections, not
a cone, and we assume that a general hyperplane section C' of X has Cliff(C') > 5 and,
i particular, C is projectively normal. The projection map p : X — F s birational
onto its image.

Proof. Let us suppose that p is not birational on its image, then X has trisecant
lines passing through x. Since X is an intersection of quadrics, then it contains these
trisecant curves. Thus X would be a cone of vertex x but it is rational by assumption,
then X would have rational hyperplane sections. This is impossible because we assume
that X is a surface with Prym-canonical hyperplane sections. The claim is proved. [

We give an upper bound to A, that is the number of blown up points in ¢.

Theorem 4.6. Let X be a surface with Prym-canonical hyperplane sections C' of genus
g and let w: X' — X be the minimal resolution of singularities of X. Let ¢ : X' — X"
be a relatively minimal model for X' such that X" is P? or a ruled surface over a base
curve of genus ¢ = 0. If Cliff(C) > 5 and, in particular, C is projectively normal and
W' e | —2Kx| is irreducible, then

5

1
h<_ - K2//¢
_69+6+ X

More precisely, if X" =P?, then h < g+ 2.
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Proof. By Lemma 4.5, we have that p is birational onto its image F'.

Let us suppose that F'is a ruled surface. Then X is a surface described by curves of
degree d passing through x with multiplicity d — 1. Since X is intersection of quadrics
(see Lemma 4.3), then d < 2. If d = 1, then X would have rational hyperplane sections
but this is not possible because g(C') > 5. On the other hand, if d = 2, then C would
have a g4 but this is not possible because Cliff(C)) > 5. Thus F cannot be a ruled
surface.

By [21], Horowitz Formula, we have that

4 4 16
deg(F)> —(g—2—2) = —g — —.
eg( )_3(9 ) 397 3

On the other hand, we have that
deg(F) = deg(X) —p=29—2—p.

By (50), we can say that 2g — 2 — u = 2g — 2 — 4h + (2Kx»)?. Combining the two
results, we obtain that 39 — 18 < 2¢g — 2 — 4h + (2K x~)?, from which
10

2
4h < =g+ — +4K2%,.
_39+3+ X

The claim is proved. O

Finally, let o be the number of moduli of the surfaces of the type of X.
Theorem 4.7. With the same hypothesis of Theorem 4.6, we can conclude that:
1. if X" is birationally equivalent to a rational ruled surface, then
4K§(,,+%g—§ if 0<e<3
o< { 4K§//+§g_§1+26_5 z.f 3<e<b6
4KX//+69_F+36_10 Zf626.

2. if X" = P2, then
< 1 N 173
o< = —
=677 76
Proof. 1. Let X” be a surface birationally equivalent to a rational ruled surface.
Using Riemann-Roch’s Theorem, we can compute that

dim | — 2K x| = hO(Oxn(—2Kxn)) —1 = h'(Oxn(—2K x0)) — h2(Oxn(—2K x0n)) +

1
g (2K ) (=3 Kxo) +1 - 1.

By Serre Duality, we have that h*(Oxn(—2Kxn)) = h°(Oxn(3Kxn)) = 0. By
Lemma 2.5, we know that h'(Oxn(—2Kxn)) = h'(Op1 (4+42¢)) + 1 (Op1 (4 +¢)) +
M (Op(4)) + A (Om(d - €) + h(OmE — 2e), where
e = —deg(D) > 0 is an invariant of X", as seen in the previous sections.
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Using [20], Example IV.1.3.4. and Riemann-Roch’s Theorem, we obtain that

0 if 0<e<3
hl(OX//(—QKX//)): { 2e—5 if 3<e<6
3e—10 if e>6.

Then
3K%, if 0<e<3
T::dim|—2KXn|:{3K)2(//+2e—5 if 3<e<6 (52)
3Kxn+3e—10 if e>6.
Since dim | — 2K x/| = 0 (see Theorem 1.12), we have to blow up at least 7 points
that impose independent conditions on | — 2K x~|. Moreover, we blow up other

h — 7 points on the antibicanonical divisor, so that it remains effective on X’. It
is obvious that h — 7 > 0 by definition of A.

Hence 0 < 27 + (h — 7) — dim(Aut(X"”)). Since X” is a minimal rational ruled
surface, then dim(Aut(X”)) > 6. Thus ¢ < 7+ h — 6. By Theorem 4.6, we can

write that ] 5 ] 31
< - - K2//—6: - — — KQI/.
U_T+6g+6+ T+69 6"‘

The claim is proved using the inequalities contained in (52).

. Let X" =P2. Then

dim | — 2K xv| = dim 6] = h®(Ox»(61)) — 1 = h'(Oxn(61)) — h*(Oxn(61))+

+%(6l)(9l) Tl

where [ is the class of a line of P2. By Serre Duality, we have that h?(Ox~(61)) =
h%(Ox»(—=91)) = 0. Moreover, by [20], Theorem III.5.1, we know that
hl(OX//(—QKXN)) = 0. Then

1
dim | — 2K x| = S (61)(90) + 1~ 1=27.

Since dim | —2K x/| = 0 (see Theorem 1.12), we have to blow up at least 27 points
that impose independent conditions on | — 2K x~|. Moreover, we blow up other
h — 27 points on the antibicanonical divisor, so that it remains effective on X'.
It is obvious that h — 27 > 0 by definition of A.

Hence 0 < 2 - 27 + (h — 27) — dim(Aut(X"”)). Since X” = P2, then
dim(Aut(X”)) = 8. Thus ¢ < 27+ h — 8. By Theorem 4.6, we can write

that 1 59 1 173
<Mt og+ 2 g tg 2
o< +69+6 6g+ 6

The claim is proved.
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From now on, we will assume X” a mnon-rational ruled surface, with
qg=q(X") = q(X") > 0. Since X’ is irregular and it has negative Kodaira dimension
(see Theorem 1.10, we have already excluded X’ Enriques surface in the assumptions),
then X’ is a ruled surface and we will denote by a > 1 the degree of the rational curves
of the ruling. Also X is a ruled surface in curves of degree a.

Let o be the number of moduli of the surfaces of the type of X and let m be the
number of moduli of hyperplane sections of X. Since X C P9~! by assumption and
there are oo9~! possible hyperplane in P9=%, then m < o + g — 1.

Theorem 4.8. Let X be a surface with Prym-canonical hyperplane sections C' of genus
g such that C is projectively normal and let m : X' — X be the minimal resolution of
singularities of X. Let ¢ : X' — X" be a relatively minimal model for X' such that X"
is a ruled surface over a base curve of genus q > 0. If m is the number of moduli of
hyperplane sections of X, then

29 — 1 if g=1
m<{39—3 if ¢g>1 and a=1
20—2—(2a—-3)(¢g—1)<29—1 if ¢g>1 and a> 1.

Proof. If C'is a general hyperplane section of X, then it is a covering a : 1 of a curve
of genus q.

If ¢ = 1, then the number of moduli of elliptic curves is 1 and, by Hurwitz formula,
the degree of the ramification divisor is 2g — 2. Thus m <1429 — 2 =29 — 1.

Similarly, if ¢ > 1, then the number of moduli of curves of genus ¢ is 3¢ — 3 and, by
Hurwitz formula, the degree of the ramification divisor is 2g — 2 — a(2q — 2). Hence
m<3¢g—3+29-2-a(2¢—2)=(3-2a)(¢—1)+(29—2) =29—-2—(2a—3)(¢—1).
If a = 1, then it is obvious that g = ¢, som <29 —2+ (g — 1) = 3g — 3.
On the other hand, if a # 1, then the quantity 1 + (2a — 3)(¢ — 1) > 0. Hence
m<2g—2—(2a—3)(¢—1) <2g— 1. The claim is proved.

O
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