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Abstract

In this text, we study Viro’s conjecture and related problems for real
algebraic surfaces in (CP')®. We construct a counter-example to Viro’s
conjecture in tridegree (4,4,2) and a family of real algebraic surfaces
of tridegree (2k,2l,2) in (CP')? with asymptotically maximal first Betti
number of the real part. To perform such constructions, we consider
double covers of blow-ups of (CP')? and we glue singular curves with
special position of the singularities adapting the proof of Shustin’s theorem
for gluing singular hypersurfaces.

1 Introduction

A real algebraic variety is a complex algebraic variety X equipped with an
antiholomorphic involution ¢ : X — X. Such an antiholomorphic involution is
called a real structure on X. The real part of (X,¢), denoted by RX, is the
set of points fixed by c¢. Unless otherwise specified, all varieties considered are
nonsingular. For a topological space A, we put b;(A) = dimg oz H;(A, Z/27).
The numbers b;(A) are called Betti numbers (with Z/27 coefficients) of A.

Let X be a simply-connected projective real algebraic surface. From the Smith-
Thom inequality and the Comessatti inequalities (see for example [DKO00]), one
can deduce the following bounds for by(RX) and b1 (RX) in terms of Hodge
numbers of X:

bo(RX) < 5 (h*°(X) + hM1(X) + 1), (1)

N =

bi(RX) < R*%(X) + AbH(X). (2)
In 1980, O. Viro formulated the following conjecture.

Conjecture. (O. Viro)
Let X be a simply-connected projective real algebraic surface. Then

bi(RX) < b1 (X).

When X is the double covering of CP? ramified along a curve of an even
degree, this conjecture is a reformulation of Ragsdale’s conjecture (see [Vir80]).
The first counterexample to Ragsdale’s conjecture was constructed by I. Itenberg
(see [Ite93]) using Viro’s combinatorial patchworking (see for example [Ite97]).
This first counterexample opened the way to various counterexamples to Viro’s
conjecture and constructions of real algebraic surfaces with many connected
components (see [IK96], [Ite97], [Bih99], [Bih01], [Ore01] [Bru06] and



[Renl5]). It is not known whether Viro’s conjecture is true for M-surfaces (a
real algebraic variety X is called an M -variety if > b;(RX) = > b;(X) and an
(M — a)-variety if > b;(RX) = > b;(X) — 2a).

In this text, we focus on real algebraic surfaces in ((CIP’l)3 equipped with the
real structure given by the standard conjugation on each factor. A real algebraic
surface X in (CP')? of tridegree (dy, dz,d3) is the zero set of a real polynomial

P S R [Ul,Ul,UQ,'UQ,Ug,'Ug]

homogeneous of degree d; in the variables (u;,v;), for 1 < i < 3. Up to change of
coordinates, one can always assume that d; > do > ds. Introduce the projection
7 : (CP')3 — (CP')? on the first two factors. If X is an algebraic surface of
tridegree (dy,ds,1) in (CP')? | then 7|x is of degree 1, and X is birationaly
equivalent to (CP')2. Hence h?%(X) = 0, so Viro’s conjecture is true for real
algebraic surfaces of tridegree (di,ds,1) in (CP')3. Assume now that X is
of tridegree (d,2,2). The projection 7 : (CP')®> — CP' on the first factor
induces an elliptic fibration on X. Kharlamov proved (see [AMO08]) that Viro’s
conjecture is true for elliptic surfaces. Thus, Viro’s conjecture is true for real
algebraic surfaces of tridegree (d,2,2) in (CP")3.

Let X be a real algebraic surface of tridegree (4,4,2) in (CP')3. One has
h?9%(X) = 9 and hb(X) = 84. Therefore, using Smith-Thom inequality and
one of the two Comessatti inequalities, one obtains

b1(RX) <92 =hr"Y(X) +8.
We prove the following result in Section 6.

Theorem 1. There exists a real algebraic surface X of tridegree (4,4,2) in
(CPY)3 such that

RX ~ 35 [ 252 ][ Suo.
The surface X is an (M — 2)-surface satisfying
bi(RX) =88 =hM(X) +4.

The existence of a real algebraic surface of tridegree (4,4,2) in (CP')? sat-
isfying 90 < b1 (RX) < 92 is still unknown. For d > 3, the existence of a real
algebraic surface of tridegree (d,3,2) in (CP')? disproving Viro’s conjecture is
also unknown. In Section 5, we focus on the asymptotic behaviour of the first
Betti number for real algebraic surfaces of tridegree (dy,ds,2) in (CP')3. Let
X be a real algebraic surface of tridegree (dy,dz,2) in (CP")3. One has

h*(X) = dydy —dy —dy + 1,

and
MY (X) = 6dydy — 2dy — 2da + 4.

If S4,,4, denotes the set of nonsingular real algebraic surfaces of tridegree
(dy,d2,2) in (CP')3, then it follows from Smith-Thom inequality and one of
the two Comessatti inequalities that

max bl(RX) < T7dido — 3dy — 3ds + 5.

X€Sdy ,dy

We prove the following result in Section 5.



Theorem 2. There ezists a family (Xk,1) of nonsingular real algebraic surfaces
of tridegree (2k,21,2) in (CPY)3, and A, B,c,d,e € Z such that for all k > A
and for all | > B, one has

bi(RX)) >T7-2k-20—c-2k—d-2l+e.

In order to prove Theorem 1 and Theorem 2, we consider double coverings
of blow-ups of (CP')? and we adapt the proof of Shustin’s theorem for gluing
singular hypersurfaces. This text is organized as follows. In Section 2, we
recall briefly Shustin’s theorem for gluing singular hypersurfaces. In Section 3,
we discuss orientability of closed two-dimensional submanifolds of (RP')3. In
Section 4, we present a way to construct a surface of degree (2k, 21,2) in (CP*)3
as a small perturbation of a double covering of a blow-up of (CP')2. In Section
5, we prove Theorem 2 and in Section 6 we prove Theorem 1. In Section 7,
we recall Brusotti theorem and prove a transversality theorem needed in our
construction.

Acknowledgments. I am very grateful to Erwan Brugallé and Ilia Itenberg
for very useful discussions. I am also grateful to Eugenii Shustin for very useful
remarks and for answering all my questions.

2 Viro’s method for gluing singular hypersur-
faces

Here we follow [Shu98]. Another reference is the book [IMS09]. Let us first fix
the notations and introduce standard definitions.

Definition 1. Let f = Y a;2% be a polynomial in C [z, -+ ,2,]. The convex
hull of the set {i € Z™ | a; # 0} is called the Newton polytope of f. An integer
convex polytope in R™ is the convex hull of a finite subset of Z™ C R™. For
an integer convex polytope A, denote by P (A) the space of polynomials with
Newton polytope A.

Definition 2. Let f = Y a;2° € P(A). Let I' C Z"™ be a subset of A. The
truncation of f to I is the polynomial f¥ defined by fT = Y ier a; 2t

Definition 3. A subdivision of an integer convex polytope A is a set of integer
convex polytopes (A;)icr such that:

e ifi,5 € I, then the intersection A; N A; is a common face of the polytope
A; and the polytope Aj, or empty.

A subdivision U;e 1 A; of A is said to be convex if there exists a convex piecewise-
linear function v : A — R whose domains of linearity coincide with the polytopes

A;.
Definition 4. Let A C (R1)™ be an integer convex n-dimensional polytope. Let
f€P(A), and let Z(f) be the set {x € (R*)"| f(x) = 0}. In the orthant (R% )",
define ¢ as

¢« RY" — (R)™
Yicanz | 2|

x — -
Yieanze | T



In the orthant s.((R%)"™), we put
¢(sc(x)) = sc((x)),

where sc(x1,-+ ,xn) = (1) 21, , (=1)"ax,).

We call chart of f the closure of $(Z(f)) in A, where
A= ] se(Q).

ce(z/22)"
Denote by C(f) the chart of f.

Definition 5. Le A be an integer convex polytope in R™. If ' is a face of A,
then, for all integer vectors o orthogonal to T' and for all x € T, identify x with
sa(x). Denote by A the quotient of A, under these identifications, and denote
by A the quotient map.

The term singular point of a polynomial f in n variables means a singular
point of the hypersurface {f = 0} N(C*)™. We study real polynomials with only
finitely many singular points. Denote by Sing(f) the set of singularities of f.
Let us be given a certain classification S of isolated hypersurface singularities
which are invariant with respect to the transformations

f(zlv e 7Zn) - AOf()\lzla e 7)\nzn>a

where g, - -+, A\, > 0. In addition, assume that in each type of the classification,
the Milnor number is constant. For a polynomial f, denote by S(f) the function

Sify : § — 7
s =  #{z € (C*)" | zis in Sing(f) of type s}.

Definition 6. A polynomial f € P (A) is called peripherally nonsingular (PNS)
if for every proper face T' C A, the hypersurface Z(f¥) = {z € (C*)* | fT'(z) =
0} is nonsingular.

Definition 7. Let f € P (A) and OA; C OA be the union of some facets of A.
Put

P(A0AL, f)={geP(D)]| ¢' = fY for any facet T C OAL}.

Definition 8. Let f be a polynomial with only finitely many singular points and
let v1,- -+ , v, be all the singular points of f. In the space ¥(d) of polynomials
of degree less than d, for d > deg f, consider a germ My(f) at f € 3(d) of
the variety of polynomials with singular points in neighborhoods of the points
V1, U of the same types. The triad (A, AL, f) is said to be S-transversal
if

o ford > dy, the germ My(f) is smooth and its codimension in X(d) does

not depend on d.

o the intersection of My(f) and P (A,0A4, f) in X(d) is transversal for
4> do.

Remark 1. Instead of types of isolated singular points one can consider other
properties of polynomials which can be localized, are invariant under the torus
action, and the corresponding strata are smooth. Then one can speak of the
respective transversality in the sense of Definition 8, and prove a patchworking
theorem similar to that discussed below.



2.1 General gluing theorem

Let A be an integer convex n-dimensionnal polytope in R’} , and let U;crA; be a
subdivision of A. For any i € I, take a polynomial f; such that the polynomials
fi verify the following properties:

e for each ¢ € I, one has f; € P(A;),
L] ifF:AiﬂAj,then le—‘: _]1’—"
e for each i € I, the polynomial f; is PNS.

The polynomials f; define an unique polynomial f =37 - ~zn @2, such that
fAi = f; for alli € I. Let G be the adjacency graph of the subdivision U;e;A;.
Define G to be the set of oriented graphs I with support G and without oriented
cycles. For I' € G, denote by 0A; 4 the union of facets of A;, which correspond
to the arcs of I coming in A;.

Theorem 3 (Shustin, see [Shu98]). Assume that the subdivision U;erA; of A
is convex and that there exists I' € G such that the triad (A;, 00 4, fi) is S-
transversal. Then, there exists a PNS polynomial f € P(A) such that

S(f) =Y S(f),
icl
and the triad (A, D, f) is S-transversal.

Remark 2. Letv : A — R be a function certifying the convezity of the subdivi-
sion of A. Then, the polynomial f can be chosen of the form fi,, for to positive
and small enough, where

fe= > Az,

1€EANZT

and |A;(t) — a;| < Kt, for a positive constant K. The polynomial f; is a
modified version of Viro polynomial. Suppose that the polynomials f; are real.
Then, the polynomial f; can also be chosen real and as in Viro’s theorem, for t

positive and small enough, the pairs (A,TFA(C(ft))) and (A,TFA(UZ-E[ C(fz)))

are homeomorphic.

2.2 S-transversality criterion

Let n = 2, i.e., polynomials f; define curves in toric surfaces. In [Shu98|, Shustin
defined a non-negative integer topological invariant b(w) of isolated planar curve
singular points w such that, if f; is irreducible and

Z b(w) < Z length(o),
weSing(f;) oZOA; +

then the triple (A;,0A; 4, f;) is S-transversal. Here, length(c) denotes the
integer length of o. Recall that

e if w is a node, then b(w) = 0,



e if w is a cusp, then b(w) =1,

Example 1. If under the hypotheses of Theorem 3, n = 2, the curves

{fi = 0} € Tor(Ai),

i € I, are irreducible and have only ordinary nodes as singularities, then there is
an oriented graph T’ € G such that all the triples (A;, 0N, +, fi) are transversal.
Indeed, for any common edge o C A; N Aj, one can choose the corresponding
arc of T' to be orthogonal to o. Then orient the arcs of I' so that they form

angles in the interval } — 5 %] with the horizontal axis. Then

OA; + # 0A,,

for i € I. The above criterion implies transversality.

3 Orientability of closed two-dimensional sub-
manifolds of (RP')?

Identify Ho ((R]P’l)3 ; Z/27) with (Z/2Z)* by considering generators x1, z2, 3
given by

o z1 = [{p} x RP' x RP'],
o 25 = [RP' x {p} x RP'],
o 23 = [RP' x RP! x {p}].

Identify Hy ((RP')?; Z/2Z) with (Z/2Z)* by considering generators y1, y2, y
given by

o y1 = [RP' x {p} x {q}],
o y2 = [{p} x RP' x {q}],
o y3 = [{p} x {a} x RP'].
With these identifications, the intersection product
H, (RPY)? ; Z/2Z) x Hy (RPY)?; Z/2Z) — Z/2Z
is given by the following map:

Q - (222 x (2)22)° — 7.)27.
((a1,a9,a3), (b1,b2,b3)) — aibi + azba + aszbs.

If X is a real algebraic surface of tridegree (dy,ds, d3) in (CP')3, it follows from
the identifications made above that the homology class of RX is represented in
(Z/22)° by

[RX] = (dl mod 2 ,dg mod 2 ,dg mod 2) .

Consider the case of a real algebraic surface X of tridegree (di,ds, 1) in (CP')3.
Such a surface is given by a polynomial

uzP(u1,v1, ug, v2) + v3Q(u1, v1,u2, v2),



where P and ) are homogeneous polynomials of degree d; in the variables
(ug,v;), for 1 <4 < 2. Assume that {P = 0} and {Q = 0} intersect transversely.
The projection 7|x on the two first factors identify X with the blow up of
(CP')? at the 2d;dy intersection points of {P = 0} and {Q = 0}. If 2m points
of intersections of {P = 0} and {Q = 0} are real, then

RX ~ (RP! x RP')#,,,RP?,

where # denotes the connected sum. In particular, the surface RX is orientable
if and only if m = 0.

Proposition 1. The Fuler characteristic of any closed two-dimensional sub-
manifold Z of (RP')3 is even.

Proof. It [Z] =0 € Hy ((RIP’l)?’ ; Z/27), then Z is the boundary of a compact
3-manifold M in (RP')3. Since (RP')? is orientable, the 3-manifold M is ori-
entable and Z is also orientable. It follows that the Euler characteristic of Z
is even. Assume now that [Z] # 0 € Hy ((RP")3; Z/2Z). Up to a change of
coordinates on (RP')3, one can assume that [Z] = (1,a,b), with a,b € Z/2Z.
Consider a real algebraic surface S of tridegree (1,a,b) transverse to Z. Then,
one has [Z U S] = [Z] + [S] = 0, and the union Z U S bounds in (RP")3. Thus,
one can color the complement (RP")3\ (ZUS) into two colors in such a way that
the components adjacent from the different sides to the same (two-dimensional)
piece of Z U S would be of different colors. It is a kind of checkerboard col-
oring. Consider the disjoint sum @ of the closures of those components of
(RP')3 \ (Z U S) which are colored with the same color. It is a compact 3-
manifold, and it is oriented since each of the components inherits orientation
from (RP')%. The boundary of this 3-manifold is composed of pieces of Z and
S. It can be thought of as the result of cutting both surfaces along their inter-
section curve and regluing. The intersection curve is replaced by its two copies,
while the rest part of Z and S does not change. Since the intersection curve
consists of circles, its Euler characteristic is zero. Thus, one has

x(0Q) = x(Z2) + x(5).

Since the surface S is the connected sum of an even number of copies of RP?,
the Euler characteristic x(S) of S is even. On the other hand, x(9Q) is even
since () inherits orientation from (). Thus, one has

x(Z)=0 mod 2.
(|

Proposition 1 implies that we cannot embed any connected sum of an odd
number of copies of RP? in (RP')3. One has the following characterisation of
orientability.



Proposition 2. Let Z be a two-dimensional submanifold of (RP*)?. The man-
ifold Z is nonorientable if and only if there exists a circle St — Z such that
[SY]-[Z] = 1, where

[S'] € Hy (RP")?; Z/27)

is the homology class of the circle S* and
(Z] € H, (RP")?; Z/2Z)
is the homology class of the manifold Z.

Proof. The manifold Z is nonorientable if and only if there exists a disorienting
circle St <+ Z. Recall that S' C Z is a disorienting circle if and only if the
normal bundle Ng: 7 of S! in Z is nontrivial. On the other hand, one has the
following equality:

Nsl,(]RIP’l)3 =Ng1 7 & (Nz,(ml)S) ‘Sl )

where Ngi (gp1)s denotes the normal bundle of S* in (RP')3 and (N7, &p1y3) |Sl
denotes the restriction to S' of the normal bundle of Z in (RP')3. The restriction
of the tangent bundle of (RP')? to S! is the Whitney sum of the normal and
the tangent bundle of S*. Thus, the normal bundle Ngl7(m1)3 is trivial, so the
normal bundle N1 7 is nontrivial if an only if the normal bundle (N gp1)s) ’ ot

is nontrivial. One concludes that Z is nonorientable if and only if there exists
an embedding S* < Z such that [S']-[Z] = 1. O

Corollary 1. Let X be a nonsingular real algebraic surface of degree (k,l,2) in
(CP1)3 given by a polynomial

u%P + uzvs@ + v%R,

where P, Q and R are homogeneous polynomials of degree k in (u1,v1) and of
degree | in (u2,v2). Then, RX is nonorientable if an only if there exists an

embedding of a circle v : S — (RP')? such that
o Y(SY) c {Q? —4PR > 0}.

e The homology class [{)(S')] € Hy ((RP")?; Z/2Z) is represented by (a,b) €
Z/27 with ak + bl = 1.

Proof. Notice that RX is homeomorphic to the disjoint union of two copies of
{Q* — 4PR > 0} attached to each other by a self-homeomorphism of {Q? —
4PR = 0}. Assume that the manifold RX is nonorientable. Then, by Propo-
sition 2, there exists an embedding of a circle ¢ : S! — RX such that the
homology class

[6(SY)] € Hy (RPY)? ; Z/2Z)

is represented by (a, b, ¢) € (Z/2Z)3 with ak+bl = 1. Using a small perturbation
of the embedding ¢, one obtains an immersion 7 o ¢ of S! in (RP")2, where
7 : (RPY? — (RP')? denotes the projection on the two first factors. This
immersion satisfies

e mog¢(S') Cc {Q*—4PR >0} and



o [mo¢(SY)] = (a,b), with ak + bl = 1.

Perturbing arbitrarily each double point of 7 o ¢(S'), one obtains a collection
of circles Si,-- -, S}, with [S}] = (a;,b;) € (Z/2Z)?, such that

» P

° S}C{Q2—4PRZO},foraHl§j§n,

° Z?:1 a; = a and z;;l b; =b.

Then there exists 1 < j < n such that a;k + b;l = 1.
Reciprocally, assume that there exists an embedding ¢ : S' — (IRIP’l)2 such that

e (S C {Q? - 4PR > 0},
o [(SY)] = (a,b) € (Z/2Z)? with ak + bl = 1.
Using a small perturbation of the embedding v, one can assume that
¥(S') c {Q* — 4PR > 0},

and that ¥(S!) intersect {P = 0} transversely. Over the set {Q? — 4PR > 0},
the map 7|gy is a two-to-one map. Then, the preimage of 1 (S') under the
projection 7|grx is either a circle or a union of two circles. Consider

RX \ {P =0} C (RP")? x R.

If x € 9(SY) \ {P = 0}, one can order the two preimages s;(z) and sa(x) of
2 under 7 so that the vertical coordinate of s1(z) is smaller than the vertical
coordinate of sq(x). One can see that when z goes through {P = 0}, the order
on s1(r) and sz(z) changes. Then, the preimage of 1/(S') under the projection
7|rx is a circle if and only if the number of intersections of ¥ (S!) with {P = 0}
is odd. Since ak + bl = 1, the preimage of 1)(S!) is a circle, and it follows from
Proposition 2 that RX is nonorientable. (|

4 Double covering of certain blow-ups of (CP')?

We describe a method of construction of real algebraic surfaces in (CP')? of
tridegree (2k,2[,2) for any (k,!) with & > 1 and [ > 1. Consider a real al-
gebraic surface Z in (CP')3 defined by the polynomial P2 + @, where P is
a real polynomial of tridegree (k,[,1), the polynomial @ is a real polynomial
of tridegree (2k,2l,2) and ¢ is some small positive parameter. If {P = 0} and
{@ = 0} are nonsingular and intersect transversely, the surface Z is also nonsin-
gular, and it is a small deformation of the double covering of { P = 0} ramified
along {P = 0} N {Q = 0}. More precisely, the surface Z is obtained from an
elementary equivariant deformation of the subvariety

Zo={U*+Q =0, P=0} C (C*)*

compactified in the toric variety associated to the cone with vertex (0,0, 0,2)
over the parallelepiped

Conv ((2k,0,0), (0,21,0), (2k,21,0), (0,0,2), (2k,0,2), (0, 2,2), (2k, 2L, 2)).



This deformation is obtained via considering the family
Zy={U*+Q=0, P=tU},

for 0 <t < /e. The real part RZ is homeomorphic to the disjoint union of two
copies of (RP')3 N {P = 0} N {Q < 0} attached to each other by the identity
map of (RP')? N {P =0} N {Q = 0}. The polynomials P can be written in the
following form:

P(’U,i, ’Ui) = ’UgPl(ui, ’Ui) + ’LLg,Po(UZ', ’Ui),

where Py, P; are homogeneous polynomials of degree k in uy,v; and of degree
l in ug,vs. As explained in Section 3, the surface {P = 0} is the blow-up of
(CP')? at the 2kl points of intersections of {Py = 0} and {P; = 0}. Consider
the real algebraic curve {P = 0} N {Q = 0} in (CP')? and consider its image
D under the projection 7 : (CP')3 — (CP')? forgetting the last factor. Let us
compute the bidegree of D. One can see that the intersection of {P = 0} with
CP! x [0 : 1] x CP" (resp., [0 : 1] x CP' x CP') is a curve of bidegree (k, 1)
(resp., (I,1)). The intersection of {Q = 0} with CP' x [0 : 1] x CP" (resp.,
[0 : 1] x CP' x CP') is a curve of bidegree (2k,2) (resp., (2,2)). Then the
real algebraic curve {P = 0} N {Q = 0} intersects CP* x [0 : 1] x CP* (resp.,
[0:1] x CP' x CP') in 4k points (resp., 4] points). Considering the projection
7, one concludes that the real algebraic curve D is of bidegree (4k,4l). For
1 < i < 2kl, denote by L; the exceptional lines of {P = 0} corresponding to
the intersection points of {Py = 0} N {P; = 0}. Since the real algebraic surface
{@Q = 0} is of tridegree (2k, 21, 2), it intersects any exceptional line L, in exactly
2 points. Considering the projection 7, one concludes that the real algebraic
curve D has 2kl double points, one double point at each intersection point of
{Py =0} and {P; = 0}. Conversely, one has the following proposition.

Proposition 3. Let {Py = 0} and {P, = 0} be two nonsingular real algebraic
curves of bidegree (k,1) in (CP')? intersecting transversely in 2kl points. Let
D be an irreducible real algebraic curve of bidegree (4k,4l) in (CPY)? with 2kl
ordinary double points, one double point at each intersection point of {Py = 0}
and {P; = 0}. Consider the blow-up of (CP')? at the 2kl points of intersections
of {Py =0} and {P, = 0}, given by the polynomial

P(u;,v;) = v3Pi(ui, v;) + usPo(us, v;).

Then, there exists a real algebraic surface {Q = 0} of tridegree (2k,2l,2) in
(CPY)3 such that the strict transform of D in { P = 0} is given by the intersection

{P=0}n{Q=0}.

Proof. Denote by w1, ..., Zax; the intersection points of {Py = 0} and {P; = 0}.
Denote by A the linear system of curves of bidegree (4k,4l) in (CP')? with a
singularity at each x;. We first show that the space A is of codimension 6kl

in the space of curves of bidegree (4k,4l) in (CP")2. Denote by Cy the curve
{Py = 0}. One has the following exact sequence of sheaves:

0— OIP’lxIP’l (D — Co) — OPIXPI (D) — OCO (D |Co) — 0,
where Opiyp1 (D — Cp) is the invertible sheaf associated to the divisor D — Cp,

the sheaf Opiyp1(D) is the invertible sheaf associated to the divisor D, and
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Oc, (D |¢,) denotes the restriction of Op1 wp1 (D) to Cp. Since the divisor D—Cy
is of bidegree (3k, 31), for any k& > 0 and [ > 0 the invertible sheaf Op: wp1 (D—Cp)
is generated by its sections and one has H(P* x P!, Op1p1 (D — Cp)) = 0 (see
for example [Ful93]). Thus, the long exact sequence in cohomology associated
to the above exact sequence splits. The first part of the long exact sequence is
the following:

0— H°(P' x P, O(D — Cy)) — H°(P' x P',0(D)) = H°(Cy, O(D |¢,)) — 0,
where r is the restriction map. Denote by
E(z1,-+ ,221) C H(P' x P!, O(D))
the set of sections vanishing at least at order 2 at x1,--- ,x25. Then
A=P(E(x1, - ,22p1)).
Put F(xy1,--- ,xor;) = r(E(x1,- -+ ,x281)). Denote by
Gz, ,xo) C HY(P' x P, O(D — Cy))

the set of sections vanishing at x1,--- ,z2x;. One has then the following exact
sequence:
0— G(:Cla' o a:Cle) — E(:Cla' o akal) — F(ZCl,' o akal) — 0.

Define on Cj the divisor
D' =DnNnCy—E,

where

By definition of r, the set F(z1,- - , xa;) is the subspace of H°(Cy, O¢,(DNCy))
of sections vanishing at least at order 2 at x1,- - - , x2x;. Consider the exact sheaf
sequence

0— Oc, (D) = Oc, (DN Cy) = Op(DNCy|Eg) — 0,

and consider the associated long exact sequence

0 — H°(Cy,Oc, (D)) — H°(Cy, Oc, (D N Cp)) o HY(E,0(DNCy |g)) — -

Thus, one sees that F(zy,- -+ ,xax) = ker 7/ is identified with H°(Cy, O¢, (D")).
Let us compute h°(Co, D’). The divisor D’ is of degree 4kl. Moreover, one has

deg(Kc, — D') = —deg(D’) + deg(Kc,)
—deg(D’) — 2+ 29(Co)
= Akl —2+2(k-1)(1-1)
= —2kl — 2k — 21.

But —2kl—2k—21 < 0, so h°(Cy, K¢
one gets

—D’) =0, and by Riemann-Roch formula,

0

h0(Co, D) = deg(D') +1 — g(Cy)
— A1 (k-1 1)
= 3kl +k+ 1.

11



Therefore, one has
dim(E (21, ..., x211)) = 3kl + k + | + dim(G(x1, ..., Tagi))-
Now, compute dim(G(x1, ..., 2251 ). Consider the following exact sequence:
0 = Opiyp1 (D — C2) = Op1yp1 (D — Cp) = Oc, (D — Co) |c,) — 0.
Passing to the long exact sequence, one obtains:
0— H'(P' x PL,O(D — C3)) = G(z1, ..., wop1) — 7(G(21, ..., 2231)) — 0.
With a similar computation as before, one sees that

dim(r(G(z1, ..., xom)) = 4kl+1—(k—-1)(1—-1)
= 3kl +Ek+1.

On the other hand, hO(P! x P!, D — C2) = (2k + 1)(20 + 1) — 1. So finally,

dim(E(zy, ..., w211)) = 3kl +k + 14 3kl + k + 1 + 4kl 4 2k + 21
= 10kl 4 4k + 41,

and codim(A) = 6kl. Denote by A the linear system of curves obtained as the
proper transform of the linear system A and denote by B the linear system of
surfaces of tridegree (2k, 2l,2) in (CP")3. By restriction to the surface {P = 0},
one obtains a map from B to A. By definition, the kernel of this map correspond
to the linear system of surfaces of tridegree (k,[,1). Then the dimension of the

image of the restriction map is
32k+1)(2l+1)—2(k+1)(14+1)—1 =10kl 4+ 4(k + 1),
and the restriction map from B to Ais surjective. O

In summary, we obtain the following method of construction of real algebraic
surfaces of degree (2K, 2l,2) in (CP")3.

1. Counsider two nonsingular real algebraic curves {Py = 0} and {P; = 0} of
bidegree (k,1) in (CP")? intersecting transversely.

2. Consider an irreducible real algebraic curve {R = 0} of bidegree (4k,4l)
in (CP")? with 2kl double points, one double point at each intersection
point of {Py = 0} and {P, = 0}.

3. Consider the polynomial P(u;,v;) = v3Py(ui,v;) + ugPo(us, v;). The real
algebraic surface X in ((CIP’l)?’ defined by the polynomial P is the blow-
up of (CP')? at the 2kl points of intersection of {Py = 0} and {P, =
0}. Consider the strict transform C of {R = 0} under this blow-up. By
Proposition 3, there exists a polynomial @ of tridegree (2k, 21, 2) such that

C={P=0}n{Q =0}
Denote by X_ C RX the subset which projects to {R < 0}.
4. Consider the surface
Z ={P?+eQ =0},
for € > 0 small enough. Then, the surface Z is a nonsingular real algebraic
surface of tridegree (2k, 21,2) in (CP')? and its real part RZ is homeomor-

phic to the disjoint union of two copies of X_ attached to each other by
the identity map of RC.

12



5 A family of real algebraic surfaces with asymp-
totically maximal number of handles in (CP')?

Let £ > 2 and [ > 2. To prove Theorem 2, we construct a real algebraic curve
of bidegree (4k,4l) in (CP')? with 2kl double points which are the intersec-
tion points of two real algebraic curves of bidegree (k,!) in ((CIPl)Q. The main
difficulty is that these 2kl double points have to be in a special position. In
fact, there is no curve of bidegree (k,1) passing through 2kl points in (CP)? in
general position. In [Bru06], Brugallé constructed a family of reducible curves
{C! = 0} U {C? = 0} in the nth Hirzebruch surface %,,, where {C} = 0} has
Newton polytope Conv((0,0), (n,0),(0,1)) and {C? = 0} has Newton polytope
Conv((0,0), (n,0),(0,2), (n,1)). The chart of {C} = 0} U {C2 = 0} is depicted
in Figure 1. Using Brusotti theorem (see Theorem 6 or [BR90]), perturb the

2n inte:sec%

points

a8
A RV

n intersection points

n intersection’points and
one oval between two
consecutive intersectio

Figure 1: The chart of {C! = 0} U {C? = 0}

curve

{Coy =0} U{C5_, =0}
keeping k double points, as depicted in Figure 2. Denote the resulting curve by

oo
No_
3k-3

3

k intersection|
points

S AN WA
\Ojo

ovals

U

2k-1 intersection points

2k-1 intersection points and
one oval between two

consecutive intersection
points.

Figure 2: The chart of {Cor—1 = 0}
{Cak—1 = 0}, and by ¢; ; the coefficient of the monomial (7, ) in the poly-

nomial Cai_;. Since the edge [(0,3), (4k — 2,1)] of the Newton polytope of
Cok—1 is of length 2, one can assume, up to a linear change of coordinates, that
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0,3 = Cak—2,1. Denote by T the rectangle Conv((0,0), (0,4), (4k,0), (4k,4)) and
consider the charts of the polynomials #Cax—1(z,y) and z**~1y*Cyr_1 (L, i)
Complete the rectangle I' with other charts of polynomials, as depicted in Fig-
ure 3. By Shustin’s patchworking theorem for curves with double points, there
exists a polynomial P of Newton polytope I" whose chart is depicted in Figure

3. Denote by (z1,y1)," -, (zak,y2x) the coordinates of the 2k double points

U T J &)
) QC‘:Q 0--0 ) (
D<::)Cj { {
T VT a1

A

——_ B[

Figure 3: The chart of P

of {P = 0}. These 2k double points are on the intersection of two algebraic
curves of bidegree (k,1) in (CP')?, but it could happen that these two curves
are reducible. It turns out that to prove Theorem 4, it is important to have
the 2k double points of {P = 0} on the intersection of two irreducible curves of
bidegree (k,1) in (CP')?, which is the case if the 2k double points of {P = 0}

are in general position.

Lemma 1. One can perturb the polynomial P so that the double points of
{P =0} are in general position.

Proof. Denote by £ the set of polynomials of bidegree (4k,4), and denote by N
its dimension. Denote by S the subset of £ consisting of polynomials defining
curves which have double points in a neighborhood of {(x1,y1), - ,(z2k, y2r)}-
By the Brusotti theorem (see Theorem 6 in Section 7), there exists a small
neighborhood U of P in &£ such that SN U is a transverse intersection of 2k
hypersurfaces in €. Then, dim(S NU) = N — 2k. Define the incidence variety
T associated to SN U by

I ={(Q,z1,...,221) € (SNU) x ((C*)*)** | z; is a double point of Q} .
One has m(Z) = SN U, where
m € x (C))* =&
denotes the first projection. Denote by w5 the second projection:
7 € X (€ — ((C))P*.

To prove the lemma, it is enough to show that dim(m2(Z)) = 4k. By the Brusotti
theorem, m; induces a local homeomorphism from Z to SN U, so dim(Z) =
dim(SNU) =N — 2k. By Lemma 6, one has

dim(my ' (z) NZ) = N — 6k,

14



for any x € m2(Z). So dim(m2(Z)) = N — 2k — (N — 6k) = 4k. O

Hence we can assume that the double points of P are the intersection points
of two irreducible curves of bidegree (k, 1) in (CP')2. Denote by L(x,y) = 0 and
M (z,y) = 0 the equations of two distinct irreducible curves of bidegree (k, 1) in
(CP')? passing through (z1,¥1),--- , (Z2k, y2r), the double points of {P = 0}.
For 1 < h <, put

o Ly(z.y) =y"L(z, ),

o My(z,y) =y"M(z, ),
if A is odd, and

o Ly(z,y) =y" ' L(x,y),

o My(z,y) =y" ' M(z,y),

if h is even.

Choose an irreducible polynomial P; of bidegree (4k,2) such that the curve
{P1 = 0} has a double point at all the (z;, yi) Let P be the polynomial
of bidegree (4k,1) such that the restriction of P to the edge [(0,0), (4k,0)]
coincide with the restriction of P; to the edge [(0,2), (4k,2)] and the restriction
of P to the edge [(0,1), (4k,1)] coincide with the restriction of P to the edge
[(0,0), (4k,0)]. Put P} = y*P) (see Figure 4).

For 2 < h <, put
o Py(z,y) = y*1P(x, i), if h is odd, and
e Py(z,y) = y*"OP(x,y), if h is even.

Let PZO+1 be a polynomial of bidegree (4k,1) such that the restriction of
PP, to the edge [(0,0),(4k,0)] is equal to the restriction of P, to the edge
[(0,41 — 1), (4k,41 — 1)]. Put Pyq = y*=1PP ( see Figure 4).

Theorem 4. There exist three real algebraic curves {P =0}, {L =0} and
{M = 0} in (CP")? such that:

e The polynomial P is of bidegree (4k, 41), the polynomials L and M are of
bidegree (k,1).

e The chart of P is homeomorphic to the gluing of the charts of the polyno-
mials Py, Pl and P, for2 <j<Il+1.

e The curve {]5 = O~} has 2kl double points, one double point at each inter-
section point of {L = 0} and {M = 0}.

Proof of Theorem 2. By the construction presented in Section 4, the three
curves {P = 0}, {L = 0} and {M = 0} produce a real algebraic surface Xy ;
of tridegree (2k,2l,2) in (CP')3. The sign of P is the same in any empty oval
of {P = 0} coming from the gluing of the charts of the polynomials P, for
2 < h < I. Assume that this sign is positive. Denote by Y, (resp., Y_) the
subset of RY which projects to {P > 0} (resp., {P < 0}), where Y is (CP')?
blown up at the 2kl double points of {P = 0}. Then, RX}; is homeomorphic

15
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Figure 4: The Newton polytopes of polynomials P;, L;
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Figure 5: A part of the chart of P in the case [ = 3.
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to the disjoint union of two copies of Y_ attached by the identity map of the
strict transform of {P = 0}. We depicted a part of the chart of P in the case
I = 3 in Figure 5. By counting all the ovals of {P = 0} containing two empty




ovals, one sees that
bo(Y-) > (2k —2)(I - 2).

Let us estimate from below the Euler characteristic of Y. By counting empty
ovals of { P = 0}, one sees that Y, contains at least (6k—4)(1—1)+3(2k—2)(I1—2)
components homeomorphic to a disc. One sees also that Y, contains at least [ —2
components homeomorphic to a disc with k& — 1 holes, and another component
with at least (k —1)(I —2) holes. Since the real part of the real algebraic curve
curve { P = 0} contains at most (4k —1)(4l — 1) 41 — 2kl connected components,
one sees that there exist cg, dg, eg € Z such that

X(Y+) > 10kl + Co - 2k + do <20+ €0.

Thus, one has
bo(RX 1) = bo(Y_) > 2kl — 4k — 21,
and
X(RX]CJ) = 2X(Y,)
2(x(RY) — x(Y3))

S 2(—2kl — 10kl +co - 2k + do - 21 + 60)
S 724]61 + 200 . 2]{3 + 2d0 . 2l =+ 260.
Therefore, one obtains
bi(RXk1) = 200(RXk:) — x(RXp,)
> 28kl—c-2k—d-2l+e,
where c¢,d, e € Z, which proves Theorem 2. [l

Proof of Theorem 4.

The construction follows the same lines as the proof of the main theorem in
[Shu98]. We recall the main steps referring at [Shu98] for the proofs of auxiliary
statements. Denote by A the rectangle Conv ((0,0), (4k,0), (0,41), (4k,4l)), de-
note by A; the Newton polytope of P;, denote by Al the Newton polytope of
P} and denote by Aj, the Newton polytope of Py, for 2 < h <[+ 1. Denote by
A the rectangle Conv ((0,0), (k,0),(0,1),(k,1)) and denote by Aj; the Newton
polytope of Ly, for 1 < h <. Denote by a; j, for all (i,5) € A, the collection
of real numbers satisfying

1_ Z i,
P1 - a; ;Y ,
i,jeAi

P, = E a; 'y,

1,j€EAR
for 1 < h <14 1. Denote by b; ;, for all (¢,j) € ' and by ¢; ;, for all (i,5) € T,
the collections of real numbers satisfying
L= Y biz'y,
i,JEAR
My = Z ciga'y’,

,jENR
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for 2 < h <1+ 1. We look for the desired polynomials in a one-parametric
family of polynomials.

= Z A j(O)aty @), (3)
,jJEA

Li= Y Bty (9, (4)
i,JEA

My =Y Cij(t)aty/ D), (5)
i,JEA

where

o [A;;(t) —aij| < Kt,

e |B;;(t) —bij| < Kt, and
i |Cj(t ng|<Kt

b

for some positive constant K. The piecewise-linear functions vp, vy and vas
are defined as follows. The function vy, is the piecewise-linear function inde-
pendent of ¢ certifying the convexity of the decomposition A = Up Ay, satisfying
v (0,1) = 0, of slope —1 on Ay and of slope h on Apyq, for 1 < h <[ —1. Put
vy = vp,. The function vp is the piecewise-linear function independent of i cer-
tifying the convexity of the decomposition A = U, Ay, satisfying vp(0,2) = 0,
of slope —1 on Ay, of slope 0 on Al and of slope h on Ay 41, for 1 < h < 1.

Denote by u”(j) = aj + hj the affine function equal to vy, on Ay, h=1,--- L.
Denote by u%(j) = aj, + hj the affine function equal to vp on Ap, h=1,--- .
The substitution of V% = vp — ul% for vp in (3), the substitution of v} = vy, —pul
for v, in (4) and the substitution of ul’éf = vy —,u% for vps in (5) give the families

Poe=Pot > A0ty tPD 4 N (A(t) - ai )ty

(4,5) AR (4,5)€AR
Lht — Lh + Z .’L' thl/L(J) + Z 7]):5 y ,
(1,3)¢An (i,7)€AR

M+ = My + Z Cij (t)xiyjt”;f(j) + Z (Ci; () — cij)x'y?,
(@,9)An (4,9)€An

for all h = 1,---,1. These substitutions are the composition of the coordinate
change

Ti(z,y) = (a,yt")
with the multiplication of the polynomial by some positive number.
P =t~ Py(T;,  (,y)),
Ly, =t"""L(T, Yz, y)),
My, =t~ My(T; (2, y)).
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In particular, the point (z,%) is a singular point of P; in (C*)? if and only if the
point Tp(x,y) is a singular point of Py, ;.

Fix a compact @Q C (C*)2, whose interior contains all singular points of P in
(C*)2, for h = 1,...,1. Denote by Zp,, for p € Iy, the singular points of P ; in
Q.

Lemma 2. (see [Shu98] ) There exists to > 0 such that for any t € (0,1¢), the
points Tp(zn,) for p € I, and h = 1,...,1, are the only singular points of P; in
(C*)2.

We define A; ;, B;,; and C; ; as smooth functions of ¢ such that A4; ;(0) = a; ;,
B, ;(0) = b; ; and C; ;(0) = ¢; ; and such that for any h € {1,...,1}, the polyno-
mial Py ; has 2k double points in ¢ which lie on the intersection of the curves
{Ln+ = 0} and {M},, = 0}. Following the notations of Section 7, consider in
P(Ap) x P(Ap) x P(Ap) the germ Sy, at (P, Ly, My,) of the variety of polyno-
mials (P, L, M) such that P has its singular points in a neighboorhood of the
double points of P, and such that L and M vanish at these singular points.
Define OA" and OA": as follows:

e OAL = and OAL =0,

o for 2 <h <1, OA" =[(0,4h —5) — (4k,4h — 5)] and OA" =[(0,h — 1) —
(k,h —1)].

One has #(0A" N7Z2) — 1 = 4k and #(0A} N Z?) — 1 = k, and it follows from
Theorem 8 applied to (Py, Ly, M) that Sp, is the transversal intersection of
smooth hypersurfaces

{e =0}, r=1,..d, (6)
dh = COdimSh,
where
e P(A) x P(A) x P(A) —> C
(A7 BlwCly) @b (415 BL,. CL)
Moreover, there is a subset
En C(Z)2 0 (AR \ 0A" x (AR \ 0A%)?)
such that card(Ep) = dj, and
&p(h
det <8A;],8B;U,80;/,U/ L 70

{G,9), (u, 1J) (u',v")} € 5y

at the point

(A

9,5 u'u’

C/ ) { (04], u,vy Cu’ v) 7{(i7j)7(uav>a (ulvv/)} € Zn

, otherwise
To find out A; ;(t), By (t) and Cy . (t) we plug

AL = At D Bl = By "t ) and €l ) = Cy ot @),
n (6) for any h =1, ..., 1.
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Lemma 3. One has

"
det 0
¢ (aAi,jvaBu,maCu/,v/ r=1,..., 7&

dp;
{G ), (u,v), (w0} € Uy, En

By means of the implicit function theorem, we derive the existence of the
desired functions A; ;(t), B; ;(t) and C; ;(t). O
Proof of Lemma 3. The sets =5 are disjoint by construction and the matrix

o
6Ai,jzaBu,vaacu’,v’ r=1,..,

dp;
(G0 9), (u, 0), (w01} € Uy, =g

takes a block-triangular form as ¢ = 0 with the nondegenerated blocks

8505}1)
614/ 63/ 80;/711/ r=1,..., ,

1,5 U,V dp;
£, 4), (u, 0), (u',v")} € =,

h=1,...,1, on the diagonal. O

6 Counterexample to Viro’s conjecture in tride-
gree (4,4,2)

To prove Theorem 1, we present a construction of a curve of bidegree (8,8)
with 4 double points lying on the intersection of two curves of bidegree (2, 2).
Consider the curve {Ci = 0} U {C3 = 0} (see Section 5) with Newton poly-
tope Conv ((0,0),(6,0),(0,3),(6,1)). Perturb the curve {Ci =0} U {CZ =0}
keeping 4 double points, as depicted in Figure 6. Complete the rectangle
Conv ((0,0),(8,0),(0,3),(8,3)) with other charts of polynomials, as depicted
in Figure 6. By Shustin’s patchworking theorem for curves with double points,
there exists a polynomial P of bidegree (8,8) whose chart is depicted in Figure
6. As in Lemma 1, one can assume that the four double points of the curve

N © = N
D ® 4
\//\\//\\ \\ m
/|

£ JAY Jd Y
Figure 6: The chart of P

{P = 0} are the intersection points of two distinct irreducible nonsingular curves
of bidegree (2,2). Denote by L(z,y) and M(z,y) the polynomials defining the
two curves of bidegree (2,2) passing through the four double points of { P = 0}.
Put
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o Pi(z,y) =y Pla, }),
o Po(a,y) =y’ P(a,y),
o Li(z,y) = yL(z, ;).
o Ly(z,y) = yL(z,y),

[ )
=
B
NS

!
<
=
8

< |

o My(z,y) = yM(z,y).

Consider a Harnack curve { P§(z,y) = 0} of bidegree (8,2) in (RP")? (see [Mik00]
for the definition of a Harnack curve). The chart of P is depicted in Figure
7. Since {Pg?(z, y) = 0} is a Harnack curve, one can assume that the restric-
tion of P{ to the edge [(0,0),(8,0)] is equal to the restriction of P to the edge
[(0,3),(8,3)] (see for example [KOO06]). Put P3 = y°P%.

U U U \
) 0 0 0 (

U U
000 0 0 VU

ANANANA

Figure 7: The chart of P

AN ANa

Theorem 5. There erist three real algebraic curves {P =0}, {L =0} and
{M =0} in (CP")? such that:

e The polynomial P is of bidegree (8,8).
e The polynomials L and M are of bidegree (2,2).
e The chart of P is the result of the gluing of the charts of Py, Py and Ps.

e The 8 double points of (P = 0) are on the intersection of the two curves
(i = 0) and (M = 0).
Proof. The proof follows the same lines as the proof of Theorem 4. [l

The chart of P is depicted in Figure 8. Denote by C the strict transform
of {P = 0} under the blow up of (CP')2 at the 8 double points of {P = 0}.
Assume that the sign of P in any empty oval is positive and consider the real
algebraic surface Z of tridegree (4,4,2) in (CP")3 defined by

Z ={F?+¢G =0},

where F' = v3L + ugM, the number ¢ is some small positive parameter and G
is a polynomial of tridegree (4,4, 2) such that

C={F=0}n{G=0}.
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Figure 8: The chart of

It follows from Section 4 that RZ is homeomorphic to the disjoint union of
two copies of Y_ attached to each other by the identity map of C, where Y_ is
the part of (RP')2 blown up at the 8 double points of {P = 0} projecting to
{P < 0}. One can see from Figure 8 that by(RZ) = 6 and that RZ contains
three spheres and two components of genus two. Moreover, one has

x(RZ) = 2(-8-(34-4))
= —76.

Then by (RZ) = 88 and
RZ ~ 2S2 L3su S40,

which proves Theorem 1.

7 Transversality theorems

In this section, we prove a transversality theorem needed in the proof of Theorem
4 and Theorem 5.

7.1 Notations

e For a polytope A, denote by |L£a| the linear system on Tor(A) of curves
of Newton polytope A.

e Let F' € P(A), and let A C JA be a subset of the set of edges of A.
Introduce the space of polynomials

P(A,OA,, F)={GeP(A) | G° =F°,0 € 0A,}.
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e For a polytope A, denote by A(A) the euclidean area of A, by b(A) the
number of integral points of the boundary of A, by i(A) the number of
integral points in the interior of A and put |A| = i(A) 4+ b(A) the number
of integral points in A.

7.2 Brusotti theorem

Let A be a polytope. Denote by t = (x,y) the coordinates on (C*)2. In
P(A) x (C*)?, consider the algebraic variety defined by

P(t) ;
B =4 0P/ox(t)=0,
dP/dy(t)=0.

Let (Py,to) € B, and assume that to = (20, yo) € (C*)? is an ordinary quadratic
point of {Py = 0}.

Lemma 4. (see, for example, [BR9I0])
There exists a neighborhood U of (Po,to) in P(A) x (C*)? such that:

e BNU is smooth of codimension 1.

o If m : P(A) x (C*)2 — P(A) denotes the first projection, then B’ =
m(BNU) is smooth of codimension 1.

Assume now that the curve {Py = 0} has N non-degenerated double points
th,
h =1,..., N and no other singular points. Applying the above lemma to each ¢,
we obtain N non-singular analytic submanifolds of P(A), say B, ..., Bly passing
through Fp.

Theorem 6. (Brusotti, see, for example, [BRIO] )
There ezists a neighborhood U’ of Py in P(A) such that the intersection

Bin---nByNU
is transversal in P(A).

The key point of the proof of Brusotti theorem is the following corollary of
Riemann-Roch theorem.

Lemma 5. (see, for example, [BRI0])
Let A be a polytope and let C € |La|. Suppose that C' has k non-degenerated
double points x1, ...,zx in (C*)? and no other singular points. Then, the linear

subsystem of |La| consisting of curves passing through 1, ...z is of codimension
k.

7.3 Linear system of curves with prescribed quadratic points

Let A be a polytope and let C € |La|. Suppose that C is irreducible with k
ordinary quadratic points x1, ..., zx in (C*)? and no other singular points. Fix
also m marked points p1,...ppm on C\ {x1, ...,z }.
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Lemma 6. Suppose that

2k +m < b(A).
Then, the sublinear system of |La| consisting of curves having singularities at
T1,..., T and passing through pi, ..., pm is of codimension 3k + m.

Proof. One has the following exact sheaf sequence:
0— OTOT(A) — OTOT(A)(C) - OC(C) -0,

where Oror(a) is the sheaf of holomorphic functions on Tor(A), the sheaf
Oror(a)(C) is the invertible sheaf associated to the divisor C, and O¢(C) de-
notes the restriction of Oz, (a)(C) to C. As H'(Tor(A), Orer(a)) = 0, the long
exact sequence in cohomology associated to the above exact sequence splits. The
first part of the long exact sequence is the following;:

0—->C— HO(TOT(A),OTOT(A)(C)) 5 HO(C, Oc(C)) — 0.

Denote by E(x1, ..., Tk, P1, ..., Pm) the subspace of H(T'or(A), Oryp(a)(C)) con-
sisting of sections vanishing at least at order 2 at z1, ..., z; and passing through
Ply ey Pm. Put F = r(E(x1,..., 2k, D1, .--,Pm)). One has the following exact
sequence:

0= C — E(x1, ., Thy P1y ooy Pm) — F — 0.

Fix a generic section s € E(x1, ..., Xk, P1, ..., Pm) With divisor D. Then, DNC
consists of a finite number of points (C is irreducible), and it defines a divisor
on C and also on C, the normalization of C'. Denote by (Z;,#;’) the inverse
images of z; by the normalization map. Denote by p; the inverse image of p; by
the normalization map. Define on C' the divisor

D :=DnNnC —-E,

where i
E= {22(@- + &) +Zpy} .
=1 =1

By definition of r, the set F' is the subspace of H(C,Oc(C N D)) of sections
vanishing at least at order 2 at the points x1, ..., xx and at least at order 1 at
the points p1, ..., pm. Considering the normalization map, one gets the following
injective map:

0— H°(C,0c(DNC)) 5 HY(C,05(DNC)).

Thus, dim(F) < dim(¢(F)). The linear system ¢(F) is the linear system of
sections of O (D NC) vanishing at least at order 2 at the points (&, #;") and at
least at order 1 at the points p;. Consider the following exact sheaf sequence:

0= Oa(D") 25 05(DNC) 5 Op(DNC |g) =0,

where 7 is the restriction map. Passing to the associated long exact sequence,
one sees that +(F) is identified with H°(C, D’). Let us compute h°(C, D’). The
divisor D’ is of degree A(2A) — 2A(A) — 4k — m. Then, one has

—deg(D’) — 24 2¢(C)
= “AQ2A)+2A(A) + 4k +m — 2+ 2(i(A) — k)
= 2k +m — b(A).

deg(K s — D)
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By hypothesis, 2k+m—b(A) < 0. So h%(C, Kz—D'") =0, and by Riemann-Roch
formula, one has

deg(D') +1 - g(C)
A(2A) — 2A(A) — 4k —m + 1 — (i(A) — k)
i(A) +b(A) —1—3k—m
dim(L(A)) — 3k — m.

ho(C, D)

So one gets
dim(F) < dim(L(A)) — 3k — m.

On the other hand
dlm(F) = dlm(]P)(E(zla vy Ty P1, ap’m)))v
and
dim(P(E(x1, ..oy Thy D1y ooy Pm))) = dim(L(A)) — 3k —m.
So finally

dim(P(E(x1, ..oy Ty D1, ooy Pm))) = dim(L(A)) — 3k —m.

7.4 A transversality theorem

Fix three polytopes A, A’ and A”. In P(A) x (C*)? x P(A’) x P(A"), consider
the algebraic variety defined by

Let (Py, Qo, Ro) € P(A) x P(A’) x P(A”), and assume that tg = (20, y0) is an
ordinary quadratic point of {Py = 0} such that {Qo = 0} intersects {Ry = 0}
transversely at tg. Then, in particular, (P, to, Qo, Ro) € S.

Lemma 7. There exists a neighborhood U of (Py,to, Qo, Ro) in P(A) x (C*)? x
P(A") x P(A") such that:

e SNU is smooth of codimension 5.
o If
7 P(A) x (C*)? x P(A") x P(A") — P(A) x P(A") x P(A")

is the projection forgetting the second factor, then S’ = n(SNU) is smooth
of codimension 3. Moreover, the tangent space to S’ at (P, to, Qo, Ro)
is given by the equations

S A byl =0,

dto QO
dto QO

L (

) (ttesss, )

Z ’L'Aiyj ZL'Z)7 1’1{81
> JA by

)<
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where (A;j); i are coordinates in the tangent space of P(A), the coordinates

((Bk»l)k,leA/ are coordinates in the tangent space of P(A'), and (men)m,neA”

are coordinates in the tangent space of P(A").

Proof. The first point follows from the implicit function theorem. Introduce the
map

F = (F1, Fy, F3, Fy, F) : P(A) x (C)? x P(A') x P(A") — C,

with

PataQaR P(t)a

P,t,Q,R) = 9P/dx(t),

Fi( )

By( )
F5(Pt,Q, R) = aP/0y(t),
Fy(P,t,Q,R) = Q(t),

F5(P,t,Q,R) = R(t).

Denote by Jg(Py,to, Qo, Ro) the Jacobian matrix of F at (Fy,to, Qo, Ro). By
an easy computation, one has

zhyd 0 0 0 0
. i—1,7
o Y0 fess, P 0 0
Jr(Po,to, Qo, Ro) = | jabyl ™" Pt 0 0
0 di, Qo zhyl 0
0 N LA ONTERTUIINT

As tg is an ordinary quadratic point of Py, the matrix Hess, Py is invert-
ible. It follows that Jg(Po,to, Qo, Ro) is of rank 5. In fact, the submatrix of
Jr(Po,to, Qo, Ro), where i = j =0,k =1=0and m =n =0, is as follows:

1 0 0 0 0
0 0 0
0 Hesst, Py 0 0
0 dt, Qo 1 0
0 dt, Ro 0 1

This last matrix is invertible. For the second point, since Hess;, P is in-
vertible, use the second and the third equations of the tangent space to S
at (Py,to, Qo, Ro) to write ¢t as a function of P over a small neighborhood of
(Po, Qo, Ro) in P(A) x P(A’) x P(A”). This proves the lemma. O

Assume now that the curve { Py = 0} is irreducible and has N non-degenerated
double points ¢, h = 1,..., N such that {Qo = 0} intersects {Ry = 0} trans-
versely at each t,. Assume also that {Py, = 0} has no further singular points.
Applying the above lemma to each t;, we obtain N nonsingular analytic mani-
folds of P(A) x P(A") x P(A”) passing through (P, Qo, Ro). Denote these N
nonsingular analytic manifolds by S7,---, Sh,
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Theorem 7. If 2N < b(A), then there exists a neighborhood W of (Py, Qo, Ro)
in P(A) x P(A") x P(A") such that the intersection

SiNn---NSynNw
is transversal in P(A) x P(A") x P(A").

Proof. By the implicit function theorem, it is sufficient to show that the tan-
gent spaces to the manifolds S} at (P, Qo, Ro) intersect transversely. This is
equivalent to the fact that the matrix

ziy] 0

0
ey Qo , —1 (i Y] ziy} 0
<dr,1R0 (Hessi, Po) jxiy{71 0 zyT

o o 0 0
dtNQo> -1 (izﬁly?z> (w’z‘vyﬁv> ( 0 )
(dtNRU (HESStNPU) jwﬁvyﬁfl 0 TNYN [BN,|A|+|A/|+|A]]
is of rank 3N. As {Qo = 0} and {R, = 0} intersect transversely at each ¢, the
matrices
di, Qo)  (diyQo
di,Ro)’ 7 \diyRo

are invertible. Consider the following matrix:

1 0 o0 0 - 0 0 o0
0 de; Q"' 0 - 0 0 0
0 (Hesst; Po) (dtho 0 .0 0 0
N = N : . .
0 0 0 0 - 1 0 0
0 ) 0 - 0 B diny Qo !
0 0 0 0o ... o (HesseyPo) (dtNRo [3N,3N]

The product NM is of the following form:
iy] 0 0

TNk 0 0
<ix}flyig) <*...*> <*---*)
N e S
JTNYN o %)) BN A A+ A7)

It is then sufficient to show that the matrix

2y
(4,%)
Jziyl

TNUN
(ixﬁlyﬂ,)

it o J— 1

JUNYN EIAN)
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is of rank 3N. It is equivalent to show that the linear space of curves in |La]
with singularities at all the quadratic points of (Py = 0) is of codimension 3N.
This follows from Lemma 6. g

Let A, C OA be a subset of the set of edges of A. Let 0A’, C 9A’ (resp.,
OA’l C 9A") be a subset of the set of edges of A’ (resp., of A”). Put

m= Y (#(FNZ-1),

FedA

m'= > (#(F'NZ)-1),
FredA’,

m'= 3 (#F"'NZ-1).
Frean’

Theorem 8. Suppose that
2N +m< b(A),
m' < b(A'),
m"” < b(A").
Then, there exists a neighborhood V' of (Po, to, Qo, Ro) such that the intersection
SiN..NSy N (P(A,0AL, Py) x P(A,0A!, Qo) x P(A",0A", Ry)) NV
is transversal in P(A) x P(A") x P(A").

Proof. The proof follows the same lines as the proof of Theorem 7. It reduces
to the proof of the following facts.

e The linear space of curves in |£a| with singularities at all the quadratic
points of (Py =0) and passing through the m points of intersection of
(Py = 0) with A is of codimension 3N + m.

e The linear space of curves in |£a/| passing through the m’ points of inter-
section of (Qo = 0) with A/, is of codimension m/’.

e The linear space of curves in |La~| passing through the m' points of
intersection of (Ry = 0) with A’ is of codimension m”.

All this follows from Lemma 6. O
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