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Abstract

In this thesis we study the synergies among theoretical, computational and applied
algebraic geometry in three different settings, that correspond to each of the chapters:
plane Hurwitz numbers, Hessian correspondence and algebraic game theory.

First, we study plane Hurwitz numbers from a theoretical and computational point
of view. We explore how to reconstruct h,; plane curves from the branch locus of the
projection from a fix point, where by is the plane Hurwitz number of degree d. We
approach this recovery problem for the case of plane cubics and plane quartics. From
a theoretical point of view, we compute the real plane Hurwitz numbers b5 and hiel.
Moreover, we introduce and study the notion of (real) Segre-Hurwitz numbers sb,, 4,
and shi*y,.

Secondly, we investigate the Hessian correspondence of hypersurfaces Hy,. This is the
map that associate to a degree d hypersurface in P its Hessian variety or second polar
variety. We analyse the fibers of H,, and its birationality for hypersurfaces of Waring
rank at most n + 1 and for hypersurfaces of degree 3 and 4. From a computational
perspective, we explore how to recover a hypersurface from its Hessian variety. We also
investigate the geometry of the catalecticant enveloping variety.

Thirdly, we explore the application of algebro-geometric tools to the study of the
conditional independence (CI) equilibria of a collection of CI statements C. We focus on
the case where C is the global Markov property of an undirected graph. We investigate
this notion of equilibrium through the algebro-geometric examination of the Spohn CI
variety. We restrict our study to binary games and we analyse the dimension of these
varieties. In the case where the graph is a disjoint union of complete graphs, we explore
further algebro-geometric features of Spohn CI varieties.
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Introduction

In the past, the field of algebraic geometry was often perceived as abstract and theo-
retical branch of mathematics. However, Buchberger’s work [19] on Grobner bases in
the 1960s ignited a breakthrough in the field. His algorithmic treatment of polynomial
ideals gave rise to computational algebraic geometry, introducing a new perspective
emphasized on computational methods for manipulating and solving polynomial sys-
tems of equations. This innovative point of view motivated and inspired many algebraic
geometers to face the challenge of applying these techniques to other branches of math-
ematics as statistics, optimization, convex geometry; and even to other natural sciences
as physics, biology, engineering, etc. In the last decades, the interplay among theo-
retical, computational and applied algebraic geometry have resulted into remarkable
advances, which have been beneficial to the three perspectives.

The framework in which this thesis is located in the interconnection among the the-
oretical, applied and computational aspects of algebraic geometry, commented above.
More precisely, in this thesis we explore these synergies, in the sense described above,
on three distinct scenarios: plane Hurwitz numbers, Hessian varieties of hypersurfaces
and algebraic game theory. From a computational point of view, the first two settings
explore the reconstruction of algebraic varieties from distinct related varieties. In the
frame of plane Hurwitz numbers, we are interested in recovering plane curves from
the branch locus of a linear projection. In the case of Hessian varieties, we aim to
reconstruct a hypersurface from its Hessian variety. From an applied point of view, we
explore the use of algebro-geometric tools in the field of game theory.

This thesis is based on the papers [1, 103, 104, 112] and it is structured in three chapters
each of them devoted to one of these scenarios. In the following, we briefly introduce
the topic of each chapter and we comment its structure and main results.

Chapter 1

Chapter 1 is mostly based on the paper [1] with Daniele Agostini, Hannah Markwig,
Clemens Nollau, Victoria Schleis and Bernd Sturmfels. This chapter is focused on
the recovery of plane curves from their branch locus and plane Hurwitz numbers.
Hurwitz theory is an important branch of enumerative geometry focused on the study
of Hurwitz numbers. These numbers were introduced by Hurwitz in [72] and they
count the branched coverings among curves of fixed genus and satisfying certain fixed
ramification. Historically, Hurwitz theory has been approached from a theoretical point
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of view aiming to find the values of these numbers. In Chapter 1 we provide a new
computational perspective to this enumerative problem: we seek to numerically and
effectively reconstruct branched coverings from their branch loci. The main obstacle in
this recovery problem emerges from the fact that the source curves of different branched
coverings, with same branched locus, might lie in distinct ambient spaces.

We restrict our study to plane curves and plane Hurwitz numbers. The plane Hurwitz
numbers h; were introduced by Ongaro and Shapiro in [99, 101] and they count the
number of degree d simple branched covering of P! that are linear projection of a
degree d smooth plane curve. Our computational objective is to recover b, degree d
plane curves from the branch locus of the projection from a fixed point. The only
known nontrivial values of b, are hs = 40 and hy = 120, which were determined by
Clebsch [30, 31] and Vakil [122] respectively. In Chapter 1, we analyse this recovery
problem for plane cubics and quartics from a numerical point of view. Moreover, this
computational approach inspired the theoretical analysis of real plane Hurwitz numbers

real “which we carry out for plane cubics and quartics.

The notion of plane Hurwitz numbers leads to the consideration of analogous enumer-
ative problems on other surfaces. In Chapter 1 we introduce and study the concept
of (real) Segre-Hurwitz numbers sb,, ; which count the number of simple branched
covering of P! that are obtained by projecting a bidegree (d;ds) curve in P! x P! to the
second factor. The investigation of Segre-Hurwitz numbers is the topic of an ongoing
project with Clemens Nollau and it does not form not part of the contents of [1].

Chapter 1 is structured as follows. In Section 1.1 we briefly introduce the required
background for the development of the chapter. Section 1.2 is devoted to the numeric
approach of our recovery problem. In Section 1.3 we explore the combinatorics of our
problem. The case of cubic plane curves is carried out in Section 1.4, whereas Section
1.5 is focused on the analysis of plane quartics. In Section 1.6 we introduce and analyse
the notion of (real) Segre-Hurwitz numbers. The chapter concludes with a list of open
questions in Section 1.7.

The main contribution of Chapter 1 are:
e The development of numerical and effective algorithms for reconstructing 40 plane
cubics and 120 plane quartics from their branch locus respectively.
e The computation of the real plane Hurwitz numbers for plane cubics and quartics.

e The analysis of the relation between the real plane Hurwitz number and the
number of real roots in the branch locus.
e The construction of the (real) Segre-Hurwitz numbers sb,, ,, and the computation

real

of 5h3,d27 554,2 and 5h4,2 .

Chapter 2

Chapter 2 is based on the paper [112] and it focuses on the theoretical and computa-
tional study of the Hessian correspondence. This problem is motivated by a classical
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object in algebraic geometry: dual varieties. The Gaussian map or first polar map of
a hypersurface X in P" is the rational map from X to (P")* defined by the first order
derivatives of the defining polynomial of X. The dual variety X* of a hypersurface X
is the subvariety of (P")* defined as the Zariski closure of the image of the Gaussian
map. One of the most celebrated results concerning these varieties is the Biduality
theorem (see [40, Theorem 1.2.2]), which states that (X*)* = X. As a consequence, we
can recover effectively a hypersurface from its dual variety, and the map associating to
a hypersurface its dual variety is birational onto its image. In Chapter 2 we investigate
the analogous construction for second order derivatives. We carry out this study for
hypersurfaces over an algebraically closed field of characteristic zero.

Let X be a degree d hypersurface in P defined by a polynomial F'. The Hessian map or
second polar map of X is the rational map that sends a point p € X to the evaluation
of the Hessian matrix of F' at p. Note that the target space of the Hessian map is the
projective space of symmetric matrices of size n+1. The Hessian variety or second polar
variety of X is the closure of the image of the Hessian map. In [27] it was shown that
the Hessian map of a smooth hypersurface is finite onto its image. Moreover, this paper
shows the strong relation between Hessian varieties and the classical Hesse problem,
which study the locus of polynomials whose Hessian variety has zero determinant. We
refer to [29] for further details on the Hesse problem. In [87], more features of Hessian
varieties as their degree, are studied.

In Chapter 2 we do a further exploration of Hessian varieties from a theoretical and
computational point of view. The Hessian correspondence H,,, is the map that asso-
ciates to a degree d hypersurface in P" its Hessian variety. From a theoretical point of
view, we are interested in the understanding of the fibers of H,,. In the case of first
order derivatives and dual varieties, the analogous map associating to a hypersurface
its dual variety is birational onto its image. From this, the next question is posted:
For which values of d and n is the Hessian correspondence H,,, also birational onto its
image? We do not only want to analyse this question from a theoretical perspective,
but we also add a computational perspective to the problem. In case where Hy,, is
birational onto its image, can we effectively recover a hypersurface from its Hessian
variety? Recall that again, this question has a positive answer for dual varieties by the
Biduality theorem.

Chapter 2 answers these questions for hypersurfaces with Waring rank at most n + 1
and hypersurfaces of degree 3 and 4. For the case of cubic hypersurfaces, we derive the
birationality of Hs, for n > 2 from the birationality of the gradient map, which is a
classical result by Bertini [6, 7]. For a modern and more general version we refer to [46,
Theorem 3.2]. In Section 2.4 we provide an alternative approach to the birationality
of the gradient map that we later use to recover a cubic hypersurface from its Hessian
variety. In the case of quartic hypersurfaces, we use the syzygies of Veronese varieties
to derive the birationality of Hy,,.

In the investigation of the cubic case, the catalecticant enveloping variety ®f emerges.
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This variety is defined as the locus of (k 4+ 1)-dimensional subspaces of the space of
degree d — e forms in n + 1 variables containing all the e-th partial derivatives of a
degree d form. The algebro-geometric study of this variety is of particular interest in
the research community dealing with tensors, due to its relation with the notion of e—
gradient rank. This concept of rank is used in [56] to approach Comon’s conjecture (see
[98, Problem 15]), a relevant standing conjecture in tensor decomposition. In Section
2.6 we analyse the geometry of the catalecticant enveloping variety ®; for d > 3. The
study of @} for d = 3 appears in [112], whereas the case d > 4 is the topic of an ongoing
project with Leonie Kayser.

The structure of Chapter 2 is as follows. In Section 2.1 we introduce the preliminaries of
the chapter. The definitions of Hessian varieties and Hessian correspondence are given
in Section 2.2. Section 2.3 focuses on the Hessian correspondence of hypersurfaces with
rank at most n+ 1. The Hessian correspondence for cubic hypersurfaces is analysed in
Section 2.4, whereas in Section 2.5 we study the case of quartic hypersurfaces. Section
2.6 is devoted to the study of the catalecticant enveloping variety. Moreover, in this
section we introduce the k-th polar correspondence G, as the generalization of the
Hessian correspondence to k—th order derivatives, and we analyse the case k = d — 1.
Finally, in Section 2.7 we present a list of open questions on this chapter.

The main contribution of this Chapter are:

e We prove that the Hessian correspondence for degree d hypersurfaces, with War-
ing rank at most n+1, is birational onto its image for d even and generically finite
of degree 28! for d odd. We provide a numerical algorithm for reconstructing a
hypersurface with Waring rank at most n + 1 from its Hessian variety.

e We show that H,, is birational onto its image for d = 3,4 and (d,n) # (3,1).
For (d,n) = (3,1), we show that Hs; has degree 2.

e We provide an effective method for recovering a generic hypersurface from its
Hessian variety for d = 3 and n > 2 and for d = 4 and n even or n = 1.

e We compute the irreducible components of catalecticant enveloping variety ®;.

e We show that the (d — 1)-th polar correspondence g;{;l is birational onto its
image

Chapter 3

The last chapter of this thesis is in the frame of algebraic game theory and it is based
on the papers [103, 104] with Irem Portakal. This emerging field focuses on approach-
ing game theoretic problems from an algebraic point of view. This synergy between
algebraic geometry and game theory is similar to that of the first area and statistics.
In statistics, certain implicit statistical models can be described by polynomial equa-
tions. The field of algebraic statistics studies these models through the analysis of the
algebraic varieties defined by the associated polynomials (see [42, 120]). This interplay
has been beneficial to both areas, with remarkable developments in the last decades.



Similarly, in game theory, distinct notions of equilibria can be described using poly-
nomial equations. Following the above strategy, algebraic game theory investigates
these notions of equilibria through the algebro-geometric study of the variety defined
by the corresponding polynomials. An example of such an interaction is that of the
classical Nash equilibria which can be determined by studying a system of multilinear
equations. For instance, one can use the Bernstein-Khovanskii-Kushnirenko (BKK)
theorem to find upper bounds for the number of totally mixed Nash equilibria (see
[92, 119]).

In [116, 117, 118], Spohn introduced and studied (from a game theoretic perspective)
the notion of dependency equilibrium. This equilibrium arises from the distinction
between collective and individual behavior of the players of a game. The situation
where the players behave independently is modeled by the Nash CI equilibria, whereas
the collective behavior corresponds to the dependency equilibria. As in the Nash case,
the dependency equilibria can also be described by polynomial constrains. The variety
defined by these equations is called the Spohn variety, and it was introduced in [105]
where its algebro-geometric examination was carried out.

The Nash and dependency equilibria fall into opposite extremes in the spectrum of
dependencies among the players. The Nash equilibrium corresponds to the case where
all the players behave independently, whereas the situation where the players are de-
pendent, and they behave collectively, is represented by the dependency equilibrium.
However, there are many possible scenarios in between these two extremal cases. This
gap between the Nash and dependency equilibria is filled by the concept of conditional
independence (CI) equilibrium.

CI equilibrium was introduced in [105, Section 6] as the intersection of the dependency
equilibrium and a statistical model given by a collection of conditional independence
(CI) statements. This definition can be again translated into the algebraic setting
leading to the notion of Spohn CI variety. In Chapter 3 we emphasise the case of undi-
rected graphical models, where the dependencies among players are modeled through
the edges of a graph whose vertices represent the players. We focus on the case of
binary games where we study the CI equilibria associated to such graphs through the
algebro-geometric analysis of the Spohn CI variety. For instance, we approach [105,
Conjecture 24] which asks the open question of computing the dimension of these Spohn
CI varieties.

We pay special attention to the case where the graph is the disjoint union of complete
graphs. The graph with no edges and the complete graph are the two extremal ex-
amples of such graphs, and their corresponding CI equilibria coincide with the Nash
and dependency equilibrium respectively. In general, this type of graphs models the
scenario where the players are divided into independent groups, one for each connected
component of the graph, and each group behaves collectively. In this case, the corre-
sponding Spohn CI variety is called a Nash CI variety. The case of one edge graph is
the next natural step to the Nash equilibria. In this case, the Nash CI variety is a curve
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for generic games, called Nash CI curve. In Chapter 3, we do a further examination of
the properties of Nash CI varieties.

Chapter 3 is structured as follows. In Section 3.1 we give a brief introduction to
algebraic statistics and algebraic game theory. Section 3.2 focuses on the algebro-
geometric study of Nash CI curves. In Section 3.3 we analyse the dimension of Spohn
CI varieties arising from undirected graphical models. The investigation of Nash CI
varieties is carried out in Section 3.4. In Section 3.5 we investigate the notion of affine
universality for certain families of Nash CI varieties. Finally, the open questions and
new research lines are listed in Section 3.6.

The main contribution of Chapter 3 are:

e We show that generic Spohn CI varieties of one edge undirected graphical models
are one dimensional. We compute the degree and the genus of Nash CI curves
and we prove that generic Nash CI curves are smooth, irreducible and connected.

e We solve [105, Conjecture 24] by computing the dimension of Spohn CI varieties
of undirected graphical models.

e We compute the equations of Nash CI varieties and their degrees. We show that
Nash CI varieties are connected, and that smooth Nash CI surface are of general

type.
e We prove that the set of totally mixed CI equilibria of a generic Nash CI variety

is a real smooth manifold, which is either empty or it has the same dimension as
the Nash CI variety.

e We analyse the affine universality, in the sense of [34], for Nash CI varieties where
connected components of the associated graph have at most one edge. We show
that the families of these varieties satisfy the Murphy’s law.



Chapter 1

Recovery of plane curves from
branch points

Hurwitz numbers count the branched coverings, up to isomorphism, between curves of
fixed genus and satisfying certain fixed ramification. The theory of Hurwitz numbers
was initiated by Hurwitz in [72] and, since then, it has become a fundamental branch
of enumerative geometry. Classically, this theory has been studied from an abstract
point of view with the aim of finding the value of Hurwitz numbers. In this chapter
we provide a computational perspective to this problem: we aim to numerically and
effectively reconstruct branched coverings from their branch locus.

The difficulty of this recovery problem arises from the fact that the source curves of
different branched coverings with same branch locus might not lie in the same ambient
space. To deal with this difficulty, we mainly restrict our study to plane curves and to
plane Hurwitz numbers. The plane Hurwitz number h; counts the number of degree
d simple branched coverings of P! that are linear projections of a degree d smooth
plane curve. Plane Hurwitz numbers were introduced and studied in Ongaro’s 2014
PhD thesis and in his work with Shapiro [99, 101]. Our computational goal is to recover
hq degree d plane curves from the branch locus of the projection from a fixed point.
In [52, 70], the similar problem for surfaces is considered. In these papers, the authors
study how to recover a surface in P? from the branch locus of a linear projection to P2
Note that here the branch locus is a plane curve.

Presently, the only known nontrivial values of b, are h3 = 40 and b4 = 120. The former
value was computed by Clebsch [30, 31] in a different setting. A modern view of this
computation can be found in [99, Proposition 5.5.2]. The value h4 = 120 was computed
by Vakil in [122]. In this chapter we analyse our recovery problem for plane cubics and
quartics from a numerical and symbolic point of view.

We consider also the situation over real numbers. The real Hurwitz numbers count
branched coverings between real algebraic curves whose real involutions are compatible
via the branched covering. For further literature on real Hurwitz numbers we refer to
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real

21, 62, 75]. Similarly, the real plane Hurwitz number h* counts the number of simple
branched coverings coming from projecting a degree d real plane curve, with the same
branch locus. The second aim of this chapter is to compute the real plane Hurwitz
numbers for plane cubics and quartics.

From the investigation of plane Hurwitz numbers from a theoretical, computational
and real point of view, the following question arises: what happens if we consider
curves in other surfaces? At the end of this chapter we also consider curves in the
Segre variety S = P! x P!, Let 7 : S — P! be the projection to the second factor of
S. Given a generic curve C in P! x P! of bidegree (dy,ds), the projection w5 : C' — P!
is a degree d; simple branch covering. We will define the Segre-Hurwitz number sb,, 4,
as the number of coverings, up to isomorphism, of the form m : C — P! with the
same branch locus, where C' has bidegree (d;,ds). For instance, the Segre- Hurwitz
number sh, equals 135. This computation was done in [122] in slightly different setting.
The last task of this chapter is to introduce this notion and investigate some of these
numbers from a complex and real point of view.

This chapter is structured as follows. In Section 1.1 we introduce the background
required for the rest of the chapter. A brief introduction to the theory of Hurwitz
numbers is given in Section 1.1.1. Section 1.1.2 is devoted to plane Hurwitz numbers.
In Sections 1.1.3 and 1.1.4 we present some real algebro-geometric tools needed for the
study of real plane Hurwitz numbers. In Section 1.1.3 we recall some results on the real
structure of space sextics. Section 1.1.4 serves as an introduction to del Pezzo surfaces
of degree 1 and their real geometry.

In Section 1.2 we study our recovery problem from a numerical point of view. We do this
by finding normal forms for the action of the group defining the notion of isomorphism
of plane branched coverings. In Section 1.3, we analyze the combinatorial aspects of
our problem. We use combinatoric tools to compute the real plane Hurwitz number
for cubics and the real Hurwitz number for plane quadrics. In Section 1.4 we relate the
information on Table 1.3 with the Galois group of the branching morphism, and study
the recovery problem for cubics from a symbolic perspective following Clebsch ideas in
(30, 31].

Section 1.5 is focused on the plane Hurwitz number for plane quartics. In Section 1.5.1
we summarize Vakil’s ideas used to determine b4 in [122]. Section 1.5.2 is devoted to
the computation of the possible values of b3, In Section 1.5.3, we provide an effective
algorithm for determining the 120 plane quartics from their branch locus. The analysis
of the relation between the real plane Hurwitz numbers b5 and the number of real
roots t in the branch locus is carried out in Section 1.5.4. We give a complete description
of which values of the pair (hi®, ¢) can not happen, and we construct examples for each

of the possible values.

The development of an analogous theory to plane Hurwitz numbers for curves in the
Segre variety P! x P! is carried out in Section 1.6. In this Section we introduce the
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notion of Segre-Hurwitz numbers sbh, ,; and their real version shi, . We investigate

the relation of these numbers with the classical Hurwitz numbers. In Section 1.6.1 we
investigate the case of curves of bidegree (4,2).

Finally, in Section 1.7 we list some of the open problems and new research lines con-
cerning this chapter.

The main contributions of this chapter are:

e The development of numerical algorithms for reconstructing the 40 and 120 plane
cubics and plane quartics from their branch locus.

e The analysis of the combinatorics associated to the 40 cubics, as well as an
algorithm for computing 40 cubics from their branch locus together with their
combinatoric information exposed in Table 1.3.

e The computation of b2 and H:i?l

e The presentation of an algorithm for computing by radicals the 40 cubics from
one of them.

e The computation of b1 and the complete analysis of the relation between b2
and the real roots in the base locus.

e The development of an effective algorithm for computing the 120 plane quartics
from their branch locus.

e The construction of Segre-Hurwitz numbers and the computation of sh;, for
dy > 2, 5h4,2 and 5‘)2?;1‘

1.1 Preliminaries on plane Hurwitz numbers

One of the main goals of this chapter is to provide a computational approach to a
classical topic in enumerative geometry, Hurwitz numbers. We aim to find effective
methods for reconstructing branched coverings from their base loci. To do so, in
Sections 1.1.1 and 1.1.2 we present the required background on Hurwitz numbers and
plane Hurwitz numbers respectively. A second goal of this chapter is to analyse the
real algebraic geometry behind plane Hurwitz numbers. For this purpose, we devote
part of this section to introduce the tools from real algebraic geometry that we will
use in the chapter. In Section 1.1.3 we revise the notion of space sextics and their real
geometry, and in Section 1.1.4 we focus on del Pezzo surfaces of degree 1 and their real
structure.
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1.1.1 Hurwitz numbers

In this section we give a brief introduction to the theory of Hurwitz numbers. The
study of these numbers goes back to Hurwitz in [72]. For further literature in this
topic we refer to [22, 23, 62, 75, 99].

During this section, an algebraic curve will denote a smooth connected projective
complex curve. A branched covering between two curves C; and C5 is a nonconstant
map

m:Cy — Oy,

Such a map is surjective and finite. We denote its degree by d. In particular, for
generic p € (5, the fiber of p through f consists of d distinct points. A point p € C is
a branch point if the fiber 7—!(p) has a point ¢ with multiplicity at least 2. In this case,
we say that the point ¢ is a ramification point. The set of branching points and the set
of ramification points are called the branch locus and the ramification locus respectively.
We say that two branched coverings 7 : ¢y — Cy and n’ : Cf — (5 are isomorphic if
there exists an isomorphism f : C; — C] such that 7 = 7’ o f.

In general, given a branch locus B in (5, the Hurwitz numbers enumerate the number
of branched coverings up to isomorphism with fixed ramification and from curves with
a fixed genus. For our purpose, we focus only on a certain type of ramifications. We
say that a branched covering is simple if each branch point has only one ramification
point in the fiber and the multiplicity of the ramification point is two. For simple
branched coverings, the number w of branch points equals the number of ramification
points counted with multiplicity. We will restrict our study to degree d simple branched
coverings over the Riemann sphere P!. In other words, we assume that Cy is isomorphic
to the projective line. Under these assumptions, the Riemann-Hurwitz formula ([67,
Section IV Corollary 2.4]) implies that

w=2(g—1+4d).

The Hurwitz space H, 4 is the space of degree d simple branched covering over P* from
a curve of genus g up to isomorphism. In [72], it was proven that H, 4 is a manifold.
A functorial perspective is given in [51] where it is shown that the Hurwitz space is a
scheme. We define the branching morphism as the map

br:Hyq — P

sending a branched covering to its branch locus. Here, we identify P with the w—th
symmetric power of P'. The branching morphism is étale and finite (see [51, Corollary
6.4]). We define the Hurwitz number H,, 4 as the degree of the branching morphism.

In this chapter we mainly focus on plane curves. Therefore, we restrict our study to
the Hurwitz space Hy 4 where g is given by the genus—degree formula. In other words,
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we fix the genus g to be g = (d —1)(d — 2)/2, which implies that the number of branch
points is w = d(d — 1). Under this assumption, we denote the Hurwitz space

H (a—1)(a—2) d
2 b

and the Hurwitz number
H(d—1)2(d—2) d

by H4 and Hy respectively. Following [23], the number H,; can be found by counting
monodromy representations, i.e. homomorphisms from the fundamental group of the
target minus the branch points to the symmetric group over the fiber of the base point.

Lemma 1.1.1 (Hurwitz [72]). The Hurwitz number Hy equals 1/d! times the number
of tuples of transpositions T = (71, To, . .., Ta.a—1)) in the symmetric group Sq satisfying

Td(d—1)© "0 Tg0 T = id,

where the subgroup generated by the T; acts transitively on the set {1,2,...,d}.

We now turn to branched covers that are real. This has been studied in [21, 62, 75].
A cover f: C — P! is called real if the Riemann surface C' has an involution which is
compatible with complex conjugation on the Riemann sphere P!. In this situation, the
branch points in P! can be real or pairs of complex conjugate points. We define the
real Hurwitz number H*?!(¢) as the weighted count of degree d real covers f of P! by
a genus (dgl) curve C' having d(d — 1) fixed simple branch points, ¢ of which are real.
As before, each cover f : C — P! is weighted by . The following result appears
in [21, Section 3.3].

Lemma 1.1.2. The real Hurwitz number H*?'(t) equals 1/d! times the number of tuples
7 as in Lemma 1.1.1 for which there exists an involution o € S3 such that

1
|Aut(f)|

O—OTZ'O"'OT]_OO—:(T]_o"‘OTi)_l

fori=1,...;t—1andoor ;00 =Ty fori=1,...,t, wheret is the number of
real branch points and t' the number of pairs of complex conjugate branch points.

1.1.2 Plane Hurwitz numbers

In this section we introduce the notion of plane Hurwitz numbers. Broadly speaking,
plane Hurwitz numbers count the branched coverings arising from the linear projection
of a plane curve to a line. We consider the linear projection 7 : P? --» P! that
takes a point [x,y, z] in the projective plane to the point [z,y] on the projective line.
Geometrically, this is the projection with center p = [0,0,1]. Let C4 be a generic
degree d plane curve defined by the homogeneous polynomial

A(l’,y,Z) = Z aijkxiyjzk- (].].)
i+j+k=d
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Here generic means smooth with no flex lines or bitangents passing through p. Thus,
the restriction 74 : Cy — P! of m to Cy4 is a degree d simple branched cover with
d(d — 1) branch points. We represent the branch points by a binary form

B(z,y) = Z B 'y’ (1.2)

itj=d(d—1)

Geometrically, the d(d— 1) branch points are the d(d— 1) tangent lines of V(A) passing
through the point of projection p.

Example 1.1.3. Let us Consider the smooth conic C' defined by the polynomial F =
2?2 — y? + 22 The projection © : C' — P! defines a double cover of P'. Given q =
(q0, 1] € P, the fiber 7= 1(q) is the intersection of C with the lines defined by the
linear form | = q1x — qoy. This intersection consists of the points [qo, q1, 2] such that
g — @+ 2° =0. Thus, q is a branch point if and only if g3 = q}. We deduce that the
branch points are [1,1] and [1, —1] and the ramification points are [1,1,0] and [1,—1,0].
We identify the space of degree d ternary forms with the projective space P("3) 1 with
coordinates ;) as in (1.1). Similarly, we identify the space of degree d(d — 1) binary
forms with P4@~Y with coordinates 3;; as in (1.2). Passing from the curve to its branch

points defines a rational map from P(*3°) 1 to PUID, A point ¢ = [qo, q1] lies in the
branch locus of 74 if and only if 7,'(q) has a multiple point. In other words, if and
only if the polynomial A(qg,q1,2) has a multiple root. Therefore, the map sending A
to the branch locus of 74 is given by

) -1 d(d—1)
br : P< 2 ) > ]P) : (13>
A —  discr,(A)
where discr,(A) denotes the discriminant of A with respect to the variable z. This dis-
criminant is a binary form B of degree d(d—1) in z, y whose coefficients are polynomials
of degree 2d — 2 in «.

The goal of plane Hurwitz numbers is to, given a branch locus B, enumerate the

branched covers of the form 74 for A € p(37)-1 whose branch locus is B, up to
isomorphism. Algebraically, we want to count the polynomials A such that discr,(A) =
B up to scalar. To define this enumerative problem properly, we need to establish the
right notion of isomorphism. Let G C PGL(3) be the subgroup of automorphisms of P?
that commute with the projection 7. Geometrically, G is the group of automorphisms
of P? that fix p and the pencil of lines passing through p. We can explicitly describe G
as the subgroup of PGL(3) of matrices of the form

g 0 0
0 g0 0 (1.4)
g1 g2 Gs3
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with gogs # 0. We consider the action of G on p(37)-1 given by

g T gT, Y goy, 2 T+ gay +gsz with gogs # 0. (1.5)

Then, the discriminant discr,(A) is invariant under the action (1.5).

Definition 1.1.4. By [99, Corollary 5.2.1], the fiber of br over B is a finite union of
G-orbits. The number by of these G-orbits is called the plane Hurwitz number of degree

d.

We denote the quotient of p(*3%)-1 /G by PH,4. Note that the group G is not a reductive
group. Therefore the quotient PH, is not, a priory, a good quotient. In Section 1.2 we
will see that, despite G not being reductive, PH, is a good quotient which is an open
subset of the weighted projective space P(2%,3% ... d?*1). A point in this weighted
projective space is identified with a vector (Us, ..., Uy) where U; is a degree i form in
x and y. Then, the point (Us,...,U;) corresponds to the G—orbit of the polynomial

2 Uy(w,y)2 4+ Ugr (2, 9) 2 + Ug(, y).

We refer to [68, 94] for the background on geometric invariant theory. Using this
notation, we consider the branching morphism

br: PHy; --» Pd(d—1)

Al o diser.(A) (1.6)

The branching morphism (1.6) is generically finite and its degree is the plane Hurwitz
number b,.

Example 1.1.5. For d =2, we have hs = 1. Our polynomials are

A = anoor? + 1107y + 10172 + Qo0y? + Qo11Yz + ooz,
discr,(A) = (4apoeaan — a391) 2% + (dagoaio — 200110101) 7Y + (dagoaone — iy )y,
B = Baoz* + frizy + L2y

The equations discr,(A) = B describe precisely one G-orbit in P°. Indeed, up to change
of coordinates, we can assume that B = xy. Then, our equations are

40[002&200 = a%m cmd 40&0020&020 = 01(2)11.
Since A(0,0,1) # 0, we can assume that apgoe = 1. Then, if disctA = B, we get that
A = 422 + OZ%OIZL'Z + 40[11(]!)3y + 4061011‘2 + agqu + 40[011y2.

One can check that such a polynomial lies in the G-orbit of 2> + xy. Therefore, the
plane Hurwitz number by is one. In general, the only point in the fiber br™ (B) is the
G-orbit of 2% + B.
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Note that the dimension of PH, is d(d + 3)/2 — 3, whereas the dimension of the target
space is d(d — 1). In particular, dimPH,; < d(d — 1) for d > 4. We denote the
closure of the image of the branching morphism by V,;. For d = 2,3 we have that
dim PHy = dim P44 and hence, V; = PX?~1 . On the other hand, for d > 4, V, has
positive codimension. For instance, for d = 4, we have that dim PH, = (g) —-1-3=11.
Therefore, V, C P2 is a hypersurface in P*2.

Plane Hurwitz numbers b, were studied in Ongaro’s 2014 PhD thesis and in his work
with Shapiro [99, 101]. For instance, in [99, Proposition 5.2.1], it is shown that, given
two degree d plane curves A and B, the two linear projections 74 and g are isomorphic
as abstract branched coverings if and only if they are in the same G—orbit. Therefore, we
get an injective morphism PH, — Hy4 that commutes with the branching morphisms
of both PH, and Hy. We conclude that the plane Hurwitz number b, is compatible
with the count performed by the Hurwitz number Hy; and hy < Hy. Now that we know
that the notion of isomorphism of plane covering is compatible with the one of abstract
covering, the next natural question is whether any abstract covering from a plane curve
can be obtained as a linear projection. The following theorem answers this question.

Theorem 1.1.6. [99, Theorem 5.1.1] Let C' C P? be a smooth plane curve of degree
d > 4. Then, any degree d branched covering C — P! is isomorphic as a branched
covering to a linear projection.

Theorem 1.1.6 motivates the study of plane Hurwitz numbers. We deduce from The-
orem 1.1.6 that plane Hurwitz numbers not only are a subcount of the usual Hurwitz
numbers but, for d > 4, they count all the branched coverings from plane curves.

In Example 1.1.5 we showed that by is one. Presently, the only known nontrivial values
of plane Hurwitz numbers are hs = 40 and hy = 120. The former value is due to
Clebsch [30, 31]. We first learned it from [99, Proposition 5.5.2], where a modern
interpretation of the number is given. Mainly, it is shown that b3 equals the Hurwitz
number Hj3 which was classically computed. The value 4 = 120 was determined by
Vakil in [122]. In Section 1.5.1, we revise Vakil’s reasoning in this computation.

1.1.3 Real space sextics

In this section we provide a brief introduction to some real algebro-geometric features
of certain class of curves: spaces sextics. These curves play a fundamental role in
Vakil’s computation of by in [122]. In Section 1.2, we will introduce the notion of real
plane Hurwitz numbers and in Section 1.5 we will compute the values of these numbers
for plane quartics. In this computation, the understanding of the real geometry of
these curves will be crucial. For literature on real algebraic geometry we refer to [10].

Definition 1.1.7. A space sextic is a smooth genus 4 curve whose canonical model lies
in a quadric cone in P3,

In other words, a space sextic is a smooth space curve C' C P? that is the complete
intersection of a quadric cone and a cubic surface. By the adjunction formula (see [44,
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Section 1.4.2]), one can check that the genus of such curve is indeed 4. Now, let C' be a
real space sextic. We denote the real points of C' by C'(R). The connected components
of C(R) are called ovals. By Harnack’s curve theorem (see [10, Section 11.6]), a real
curve C' of genus g has at most (g+1) ovals. In our case, a real space sextic has at most
4+ 1 =5 ovals. In Figure 1.1 we see examples of real space sextics for each possible
number of ovals. We say that C'(R) separates C' if C'(C) \ C(R) is not connected as a
two dimensional real manifold.

Next, we analyze the possible distribution of the ovals of a real space sextic C'. Let @
be the real quadric cone where C' lies. Then, C' does not pass through the singularity
of Q. Note that the smooth locus of Q(R) is the real cylinder R! x Pk, where PL is
identified with the real circle. Therefore, C'(R) is contained in the cylinder R! x Pf.
Recall that the fundamental group of R! x Py is Z and it is generated by the class of
the curve {0} x Pg.

Definition 1.1.8. We say that an oval of C' is small if it vanishes in the fundamental
group of R* x PL. Analogously, we say that an oval of C is big if it does not vanish in
the fundamental group of the cylinder.

For instance, in Figure 1.1b we have a real space sextic with two ovals: one big and one
small. In [109, Section 5], the author uses algebraic geometry to describe all the possible
distributions of small and big ovals in a real space sextic. Consider the projection
7 : P ——s P? whose center is the singularity q of Q. Recall that the singularity of @ is
a real point. The image of () is a smooth conic Q" and the restriction of 7 to the space
sextic is a degree 3 simple covering of ' ~ P!. The fiber of a real point in P! is the
intersection of C' with a real line L contained in () passing through ¢. An equivalent
definition of big and small ovals can be given in terms of this projection. An oval O
of C' is big if any real fiber of m cuts O in an odd number of points. Analogously, an
oval O of C' is small if any real fiber of 7 cuts O in an even number of points. Using
this description, we can list the number of oval distributions of a real space sextic. For
instance, a real space sextic C' can not have four big ovals. Indeed, the fiber of a real
point through 7| contains at least 1 point for each big oval. Using the degree of the
branched covering 7|¢, we deduce that C' has at most 3 big ovals. The following result
lists all the possible distributions of small and big ovals of a space sextic (see [109,
Section 5]); Figure 1.1 shows pictures of all the possible cases provided in Theorem
1.1.9.

Theorem 1.1.9. Let C be a real space sextic inside a quadric cone () with vertex q.
Then, C' satisfies one of the following statements

1. C has one big oval.
2. C has one big oval and one small oval.

3. C has one big oval and two small ovals which lie in the same connected component
of the complement of the big oval inside Q(R) \ {q}.
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4. C has one big oval and three small ovals.
5. C has one big oval and four small ovals.

6. C' has three big ovals.

7. C has one big oval and two small ovals which lie in different connected components
of the complement of the big oval inside Q(R) \ {q}.

Moreover, C'(R) separates C(C) if and only if one of the last two cases is satisfied.

I

(a) Theorem 1.1.9 Case 1. (b) Theorem 1.1.9 Case 2. (c) Theorem 1.1.9 Case 3.
EAJ X3 ==
(S8 = -

(d) Theorem 1.1.9 Case 4. (e) Theorem 1.1.9 Case 5. (f) Theorem 1.1.9 Case 6.

—

(g) Theorem 1.1.9 Case 7.

Figure 1.1: The seven pictures represents the seven case of Theorem 1.1.9. The space
sextic is the intersection of the affine cone 22 + 42 — 1 in light blue, with a cubic surface
in light orange.

Let us now highlight the connection between real theta characteristics and the ovals of
a real curve.

Definition 1.1.10. A theta characteristic of a non singular curve C' is a divisor ©
such that 20 s linearly equivalent to the canonical divisor of C. We say that a theta

characteristic © is even or odd if the dimension of the space of global sections of © s
even or odd, respectively.
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We refer to [40, Chapter 5] for further literature on theta characteristics. An example
of a geometric application of theta characteristics is the case of space sextics, where
odd theta characteristics coincide with tritangent planes to the curve (see [64, Theorem
2.2]). The number of even and odd theta characteristics is uniquely determined by the
genus of the curve (see [93])

Theorem 1.1.11. Let C' be a genus g smooth curve. Then, the number of even and
odd theta characteristics is 2971(29 4+ 1) and 2971(29 — 1), respectively.

Next we introduce the real variant of theta characteristics, which was defined in [81].

Definition 1.1.12. A real theta characteristic of a real curve C' is a theta characteristic
© of C that is linearly equivalent to 1*©, where v is the involution defining the real
structure on C'.

The number of real odd and even theta characteristics of a genus ¢ real curve was
derived in the main theorem of [81].

Theorem 1.1.13. Let C' be a genus g real smooth curve with s > 0 ovals.

1. If C(R) separates C', the number of even and odd real theta characteristics of C
is 2971(2571 1) and 2971 (2571 — 1), respectively.

2. If C(R) does not separate C', the number of even and odd real theta characteristics
of C' are both 29+572,

We can apply Theorem 1.1.13 to compute the number of real theta characteristics
by means of the distinct cases of Theorem 1.1.9. In Table 1.2, the number of even
and odd theta characteristics is given for each of these cases. We highlighted before
that the odd theta characteristics of a space sextic are in bijection with the tritangent
planes of the curve. Similarly, real odd theta characteristics of a real space sextic are
in bijection with real tritangent planes. Here, a real tritangent plane is a tritangent
plane defined by a real equation, which differs from the notion of totally real tritangent
plane. The latter is a real tritangent plane intersecting the real space sextic at 3 real
points with multiplicity 2. In the same way that real tritangents are related to real
theta characteristic, totally real tritangents are closely related to the notion of totally
real theta characteristics (see [83]). For more literature on (totally) real tritangent
planes we refer to [26, 64, 82].

1.1.4 Real del Pezzo surfaces of degree one

In [122], another key ingredient in the study of b4 are del Pezzo surfaces of degree one.
We give a brief introduction to this type of surfaces following [40, Chapter 8] and [91,
Chapter IV]. With the purpose of investigating real plane Hurwitz numbers, we devote
this section not only to del Pezzo surfaces of degree 1, but also to their real version.
For the real algebraic geometry of del Pezzo surface we mainly follow [109].
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Definition 1.1.14. A del Pezzo surface is a smooth surface with ample anticanonical
bundle. The degree of a del Pezzo surface is defined as the self intersection of the
canonical class.

For instance, P2 and P! x P! are del Pezzo surfaces of degree 9 and 8 respectively. The
classification of del Pezzo surfaces is a well-known result in algebraic geometry (see [40,
Theorem 8.1.15]). This classification states that a del Pezzo surface is isomorphic to
P2, P! x P! or the blow up of k points in P? in general position for 1 < k < 8. The
degree of the latest type of del Pezzo surfaces is 9 — k. For our purposes, we focus on
del Pezzo surfaces of degree 1. By the above classification of del Pezzo surface, such a
surface is isomorphic to the blow up of P? at 8 points in general position. Here general
position means that the following conditions are satisfied:

e All points are distinct.

e No three points are in a line.

e No six points are on a conic.

e No cubic passes through the points with one of them being singular.

An important concept related to del Pezzo surfaces is the notion of (—1)—curves.

Definition 1.1.15. A (—1)—curve in a del Pezzo surface is a rational curve with self
intersection —1.

In [91, Section 26|, one can find the complete description of the (—1)-curves of del
Pezzo surfaces. Here we will only present the (—1)-curves for del Pezzo surfaces of
degree 1. In total, there are 240 (—1)—curves in a del Pezzo surface of degree 1. These
(—1)—curves can be described through the blow up description of the del Pezzo surface.
Consider the blow up BlpP? where P = {pi,...,ps} is a set of 8 points in P? in general
position. We now list all the (—1)-curves of BlpP?.

Theorem 1.1.16. [91, Theorem 26.2] The 240 (—1)-curves of BlpP? are
1. For every i € [8], the exceptional divisor E; of p; is a (—1)—curve.

2. For every i,j € [8] distinct, the strict transform f}i,j of the line L;; passing
through p; and p; is a (—1)-curve.

3. For every iy,is,13 € [8] distinct, let Q;, 4,4, be the strict transform of the quadric
paSSing thTOUgh P \ {pinpimpia}' Th6n7 Qi1,i2,z’3 is a (_1)701”4,06'

4. For every i,j € [8] distinct, the strict transform C;; of a cubic passing through
P\ {pi,p;} with multiplicity 1, through p; with multiplicity 2 and not passing
through p;, is a (—1)-curve.

5. For every iy,1s,13 € [8] distinct, let Qj ;, ;. be the strict transform of the quartic

passing through P\ {pi,, Pi,, Pis } with multiplicity 1 and with multiplicity 2 at p;,,
Pi, and pi,. Then, Q;, iy 15 a (—1)—curve.
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6. For every i,j € [8] distinct, the strict transform R;; of the plane quintic passing
doubly through P\ {1, j} and with multiplicity 1 at p; and p; is a (—1)—curve.

7. For every i € [8], let S; be the strict transform of the plane sextic passing doubly
through P\ {p:} and with multiplicity 3 at p;. Then, S; is a (—1)—curve.

We are interested on counting the (—1)—curves of a del Pezzo surface of degree 1 up
to the action of an involution of BlpP? called the Bertini involution, which is defined
as follows. The linear system of cubics passing through P has dimension 2 and it is
generated by two cubics w,v. Similarly, the linear system of sextics passing doubly
through P has dimension 4. This linear system is generated by u?, uv, v? and a sextic
w. Given a generic point p € P?, there is a unique cubic u, passing through P U {p}.
Consider the linear system FE), of sextics passing through p and vanishing double at
P. Then, E, has dimension 3 and it is generated by wu,u,u,v and a sextic w,. The
intersection of w, and w, at 18 points counted with multiplicity. Among them, 16 are
the 8 points of P with multiplicity 2. The two remaining points are p and an extra point
denoted by ¢. In paricular, we get that the base locus of E, is {2p1, ..., 2ps,p,q}. The
Bertini involution of the plane is the rational involution that sends p to q. The Bertini
involution of the plane lifts to an involution ¢ of BlpP? called the Bertini involution.

Definition 1.1.17. A Bertini pair {Cy,Cs} is an unordered pair of (—1)-curves in
BlpP? invariant under the Bertini involution.

In [109, Secion 5], the list of Bertini pairs of a degree 1 del Pezzo surface is given. This
list can also be found in [82, Section 2]. We now describe each of these pairs using
the notation in Theorem 1.1.16. For every i € [8], {E;, S;} is a Bertini pair. For every
i,j € [8] distinct, {Eiyj, R; ;} form a Bertini pair. Similarly, there are 56 Bertini pairs
of the form {Qi, iyis, @, 1,4, } for i1 < i < 3. Finally, {C;;, Cj,} is a Bertini pair for
1 # 7. In particular there are 120 Bertini pairs in a del Pezzo surface of degree 1.

The fact that the number 120 appears both in the setting of del Pezzo surfaces and
space sextics is not a coincidence. We saw in Section 1.1.3 that a space sextic lies in
a quadric cone. Such cone is isomorphic to the weighted projective space P(1,1,2).
Now, let u and v be two linearly independent cubics passing through P. Let w be a
plane sextics such that {u?, uv,v? w} is a basis of the linear system of sextics vanishing
doubly at P. The map

Bl,P2 — P(1,1,2)
p > lu(p),v(p), w(p)]

is a double cover of P(1,1,2). The Bertini involution is exactly the involution defined
by this double cover. Moreover, the branch locus is a space sextic and the preimage of a
tritangent plane consists of two (—1)—curves forming a Bertini pair. We conclude that
the 120 tritangent planes of a space sextic are in bijection with the 120 (—1)-curves of
BlpP? up to the Bertini involution.
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Xr # real (—1)—curves
P2(8,0) 240
P2 (6,2) 126
P2 (4, 4) 60
P2(2,6) 26
P2 (0, 8) 8
D4(3,0)} 24
D4(3,0)! 24
D4(1,2) 6
Dy (1, 0) 4
G»(1,0) 2

B, 0

Table 1.1: On the left column we list the possible real del Pezzo surfaces of degree 1.
The right column shows the number of real (—1)—curves each type of real del Pezzo
surface has.

Next we focus on the real structure of del Pezzo surfaces. The main reference we follow
for the real geometry of these surfaces is [109]. Given a real algebraic variety X, we
denote the blow up of X at a + 2b general points, a real points and b conjugate pairs
of points, by X(a,2b). Let Dy be the real algebraic surface associated to a real de
Jonquiéres involution described in [109, Section 3|. Similarly, let G, and By be the
real surfaces associated to a real Geiser and Bertini involution respectively. We refer
to [109, Sections 4 and 5] for further details on these surfaces.

Let X be a real del Pezzo surface whose real structure is given by an involution o.

Definition 1.1.18. A real (—1)—curve on X is a (—1)—curve C' such that o(C) = C.
A real Bertini pair is a Bertini pair {C},Cs} that is invariant under the real involution
o. In other words, o(Cy) = Cs.

Note that in the definition of a real Bertini pair we do not require the (—1)—curves in a
real Bertini pair to be real. In [109, Corollary 5.3], a list of the real del Pezzo surfaces
of degree 1 together with their number of real (—1)—curves is given (See Table 1.1).

Given a real del Pezzo surface X of degree 1, we define its associated surface as follows.
Recall that we have a double cover X — @ C P3, where () is a real quadric cone.
Locally, X is given by the equation z? = f(x,y), where f is the local equation of Q.
The associated surface of X is the surface locally defined by 2% = — f(z,y). Note that
after a complex base change X is isomorphic to its associate surface. Let C be the
space sextic given by the branch locus of the double cover X — @ C P3. Then, the
double cover establishes a bijection between the set of real tritangent planes of C' and
the set of real Bertini pairs of X. In [109, Corollary 5.3] a list of the real del Pezzo
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surfaces of degree 1 with their associated surfaces and the corresponding number of
real Bertini pairs is given (see Table 1.2).

Xgr Xg Ovals # real odd theta | # real even theta
P%(8,0) B, 1 big + 4 small 120 136
P2(6,2) | Go(1,0) 1 big + 3 small 64 64
P%(4,4) | Dy(1,0) 1 big + 2 small 32 32
P2(2,6) | Dy(1,2) 1 big + 1 small 16 16
P2(0,8) | P2(0,8) 1 big 8 8
D4(3,0) | Dy(3,0)3 3 big 24 40
D4(3,0)3 | Dy(3,0)9 | 1 big + 1 + 1 small 24 40

Table 1.2: The first two columns list the pairs of del Pezzo surface together with its
associated surface. The third column represents the distribution of the ovals of the
corresponding space sextic. Here 1 big 4+ 1 + 1 small refers to case 7 in Theorem 1.1.9.
The fourth column represents the number of real odd theta characteristics of the space
sextic, which equals the number of real tritangent planes to the space sextics and the
number of real Bertini pairs. The last column indicates the number of real even theta
characteristics.

1.2 Normal forms and numerical computations

In this section we approach our recovery problem from a numerical perspective. The

d
main idea is to find useful normal forms for the action of G on IF’( 32)*1. These normal
forms allow us to translate the recovery problem into solving a polynomial system of
equations that we can solve numerically using HomotopyContinuation. j1 [17].

We use the same notation as in Section 1.1.2. We identify P(2*) ! with the space of
plane curves (1.1) of degree d and use as homogeneous coordinates the a;j,. In other
words, we write a degree d ternary form as

Alx,y,z) = Z v 'yl 2R
i+j+k=d
Similarly, we represent the branch points by a binary form
B(z,y) = Z Bij z'y’.

i+j=d(d—1)

We identify P¥9=1) with the space of degree d(d — 1) binary forms and we use the
coordinates f3;; as above. We consider the following projective space L4 of codimension
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3 given by the equations
Ly = V(ai0d-1, ®a-1105 C00d — Q01d—1)- (1.7)

We now show that this linear space serves as normal form with respect to the group
action on fibers of (1.3). Recall that the group that acts is the three-dimensional group
G C PGL(3) given in (1.5).

Theorem 1.2.1. Let A be a ternary form of degree d > 3 such that

d—1
(k + 1
Qood <Z Oélde 10‘go¢1k adk10k+1) # 0. (1.8)

k=0

The orbit of A under the action of G on P(“S)=1 intersects the linear space Lg in one
point.

Proof. We find the unique point in Ly N GA. Let ¢ € G be as in (1.4). Without
loss of generality, We set go = 1. Note that the coefficient of 297! in gA equals
(davoagy + a1pg—1)g . By setting g = ——alod 1/@0od, we obtain that the coefficient
of 22471 of gA Vanishes The polynomial gA arises from A by the coordinate change
2+ 17+ goy+gsz. Thus, a monomial 2%y’ 2?~*~7 contributes the expression iy (giz+
g2y + g32)*"77 to gA. This contributes to the monomials 2%y 24~¥~7" with 7 > i and
4" > j. The coefficient of %'y in gA arises from applying the coordinate change to

the subsum of A
d—1 d-1
'L d 7 —i—1
E Qi0d—i T + E Q1 d—i— 1$y2 .
=0 =0

Thus, the coefficient of %71y in gA is equal to

d—1 d—1

d—i—1 d—i—1
E ioa—i(d — 1) gf g2 + E Qi1d—i—1 91 .
=0 i=0

Inserting the above result for g;, and setting the coefficient of 29 'y to zero, this
affine-linear equation for g, can be solved. We obtain g, as a rational function in the
ik -

Next, we equate the coefficients of yz and z?. The first can be computed from
the sum appqz? + apra_1yz¢ " and equals agog dgggg_l + Q141 gg_l. The second
is computed from the 2% coefficient of A only, and we find it to be agyq - g4. Setting
these two to be equal, and solving for g3, we obtain g3 = aolw (aooa d ga + p1d-1)-
Evaluating our result for go, we obtain g3 as a rational function in the a;;;. Note
that the expressions obtained for gi, g2, g3 as rational functions in the oy, are unique.

Therefore, the G—orbit of A cuts Ly in a unique point. O

d—1
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Remark 1.2.2. One of the assumption of Theorem 1.2.1 is that d > 3. Observe that
the result does not hold for d = 2. Indeed, in this case, the G-orbit of A consists of the
conics of the form

gA = (app29? + a1019091 + a2009§)$2 + (2a0029192 + 0119091 + Q1019092 + 0411093)953/
+ (2000291 93+1019093) T2 + (0400293+040119092+a0209(2))?/2
+ (200029293 +Q0119093) Y= + Q0293 2%

For generic aji, there is no choice of g € G making the coefficients of the monomials
xy and xz both zero. Note that the parenthesized sum in Equation (1.8) is the zero
polynomial for d = 2, but not for d > 3.

Example 1.2.3. We show the solution in the two cases of primary interest: d = 3
and d = 4. For cubics (d = 3), the unique point gA in Ly N GA is given by the group
element g with

go = 1 )
Q102

)
3003

g = —

2 2
90030210 — 300310200111 + Qo120
g2 = 3 3 2 )
CYoos( Qpp3Q¥201 — 04102)
3 2 2 2
90400306210 + 3030120201 — 3040030410204111 + Qo312 2 — ATgaXo12

3
003 (30003201 — AFg2)

gs =
For quartics (d = 4), the unique point gA in Ly N GA is given by g € G, where

go = 17
. 103
)
dovgos
3 2 2 3
640400404310 - 16a004a103a211 + 4040040410304112 - 0401304103)

2 3
8Oé004(80400404301 — 4ovppari03 0202 + 04103)

g1 =

g2

bl

and g3 1s the quotient of

4 2 3
640040310 + 160G, 0130301 — 16050, 010300211 — 8xppao13C10300202+
2 9 3 3
dogoa0fos12 + 20030013 — Q40013003

2 3
and 2004 - (80Go, 301 — 400041030202 + g3)-

One can derive similar formulas for the transformation to normal form when d > 5.

The denominator in the expressions for g is the polynomial of degree d in o shown in

(1.8).

Our task is to solve the equation discrz(A) = B, for a fixed binary form B. This
A d+2

equation is understood projectively, meaning that we seek A in P(“3)~1 such that
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discr,(A) vanishes at all zeros of B in P'. By Theorem 1.2.1, we may assume that A
lies in the subspace Lq. Our system has extraneous solutions, namely ternary forms
A whose discriminant vanishes identically. They must be removed when solving our
recovery problem. We now identify them geometrically.

Proposition 1.2.4. The base locus of the discriminant map (1.3) consists of two

d

varieties. These have codimension 3 and 2d — 1 respectively in p(3%)-1, The former
consists of all curves that are singular at p = [0,0,1], and the latter is the locus of
non-reduced curves.

Proof. The binary form discr,(A) vanishes identically if and only if the univariate
polynomial function z — A(u,v,z) has a double zero z for all u,v € C. If pis a
singular point of the curve V(A) then Z = 0 is always such a double zero. If A has
a factor of multiplicity > 2 then so does the univariate polynomial z — A(u,v, z),
and the discriminant vanishes. Up to closure, we may assume that this factor is a
linear form, so there are (g) — 1 + 2 degrees of freedom. This shows that the family

of nonreduced curves A has codimension 2d — 1 = ((d;’Q) -1) - ((;l) +1). The two

d
scenarios define two distinct irreducible subvarieties of IP’( 3’ 1 For A outside their
union, the binary form discr,(A) is not identically zero. O

We now present our solution to the recovery problem for cubic curves. Let B be a
binary sextic with six distinct zeros in P! and let A be a ternary cubic in Ls. Thus, A
is a polynomial of the form

3 2 2 3 2 2, .3
A = azeer” + 01772 + Yz + 272” + aozoy” + aomy z +yzt + 27

Here we assume p = [0,0,1] &€ V(A), so that ags = 1. Since A € L3, we also get
that ag12 = 1. The remaining six coefficients «;j; are unknowns. The discriminant
discr,(A) has degree three in these variables and equals

(405201 -+ 270(%00)1'6 + (120&1110&%01 — 18@201&300)1]5?} +---+ (4@321 — a?m — et 406030)@]6.

We are looking for the values of «;j, such that this expression vanishes at each of the
six zeros of B. This gives a system of six inhomogeneous cubic equations in the six
unknowns ;. In order to remove the extraneous solutions described in Proposition
1.2.4, we further require that the leading coefficient of the discriminant is nonzero. We
can write our system of cubic constraints in the aj;, as follows:

rank (404301"‘270‘%00 e Aagy —agg — -+ 404030) <1
Beo T Bos -

and  4dagy, + 2703y, # 0

(1.9)

This polynomial system encodes exactly the recovery of plane cubics from six branch
points.



1.2. NORMAL FORMS AND NUMERICAL COMPUTATIONS 19

The study of cubic curves tangent, in particular Corollary 1.2.5 below, to a pencil of
six lines goes back to Cayley [25]. The formula h; = 40 was found by Clebsch [30, 31].
We shall discuss his remarkable work in Section 1.4. A modern proof for h3 = 40 was
given by Kleiman and Speiser in [80, Corollary 8.5]. We here present the argument
given in Ongaro’s thesis [99].

Corollary 1.2.5. For general f5;;, the system (1.9) has b3 = 40 distinct solutions
a € CS.

Proof. By [99, Proposition 5.5.2], every covering of P! by a plane cubic curve is a shift
in the group law of that elliptic curve followed by a linear projection from a point
in P2. This implies that the classical Hurwitz number, which counts such coverings,
coincides with the plane Hurwitz number h3. The former is the number of six-tuples
T = (71,72, T3, T4, Ts5,Tg) Of permutations of {1,2,3}, not all equal, whose product is
the identity, up to conjugation. We can choose 71, ..., 75 in 3° = 243 distinct ways.
Three of these are disallowed, so there are 240 choices. The symmetric group S; acts
by conjugation on the tuples 7, and all orbits have size six. The number of classes
of allowed six-tuples is thus 240/6 = 40. This is our Hurwitz number bh;. Now, the
assertion follows from Theorem 1.2.1, which ensures that the solutions of (1.9) are
representatives. ]

Now, we focus on another normal form, shown in (1.10), which has desirable geometric
properties. Let A be a ternary form (1.1) with agpq # 0. We define a group element
g€ ghby

-1 Q1041 Qo141 -1
go = 791——d 792——d , g3 =
* Apod * Apod

Then, the coefficients of z2?~! and y2¢~! in gA are zero. Thus, after this transforma-
tion, we have that

A = zd + Ag(l',y) 'Zd_2 + Ag(l"y) 'Zd_g + -+ Ad—l(m7y) ‘Z Ad(xay) (110)

Here A;(x,y) is an arbitrary binary form of degree i. Its i+ 1 coefficients are unknowns.
The group G still acts by rescaling x, y simultaneously with arbitrary non-zero scalars
A € C*. Up to this action, we can identify the normal form (1.10) with the weighted
projective space P(23,3%, ..., d*1). In [97, Section 4.2] it is proven that the quotient
PH, is a good quotient and it can be seen as an open subset in the weighted projective
space P(23,3%,...,d%"). Moreover, in [97] a more functorial perspective is given to
PHg and the plane Hurwitz numbers.

We next illustrate the utility of (1.10) by computing the planar Hurwitz number for
d=4. Consider a general ternary quartic A. We record its 12 branch points by fixing
the discriminant B = discr,(A). Let A € L, be an unknown quartic in the normal form
specified in Theorem 1.2.1. In particular, A has 13 terms, 11 of the form o'y’ 2*
plus yz* and 2. Our task is to solve the following system of 12 polynomial equations
of degree five in the 11 unknowns «;j:
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~

discr,(A) = B up to scalar multiplication. (1.11)

The number of solutions of this system was found by Vakil [122] with geometric meth-
ods.

Theorem 1.2.6. Let B = Zz‘+j:12 Bijx'y’ be the discriminant with respect to z of a
general ternary quartic A. Then the polynomial system (1.11) has by = 120 distinct
solutions o € C*,

Proof. We work with the normal form (1.10). Up to the action of G, the 11-dimensional
weighted projective space P(23,3%, 45) parametrizes the triples (As, Az, A4). Follow-
ing Vakil [122], we consider a second weighted projective space of dimension 11,
namely P(3° 27). This weighted projective space parametrizes pairs (Uy, Us) where
U; = Ui(x,y) is a binary form of degree i, up to a common rescaling of z,y by some
A € C*. We define a rational map among our two weighted projective spaces as follows:

v: P(23,34,4%) --» PP(3°,27) (112)
(Ag, Ag, A4) — (—4144 — %Ag, A% — §A2A4 + %Ag) ' '

We compose v with the following map into the space P!? of binary forms of degree 12:

p: P(3,27) - PL2 13
The reasoning for the maps (1.12) and (1.13) is that they represent the formula of the
discriminant discr,(A) of the special quartic in (1.10). Thus, modulo the action of G,
we have

T = pouv,

where 7 : P --» P2 is the branch locus map in (1.3). One checks this by a direct
computation.

Vakil proves in [122, Proposition 3.1] that the map v is dominant and its degree equals
120. We also verified this statement independently via a numerical calculation in
affine coordinates using HomotopyContinuation.jl [17], and we certified its correct-
ness using the method in [16]. This implies that the image of the map p equals the
hypersurface V. In particular, V, is the locus of all binary forms of degree 12 that are
sums of the cube of a quartic and the square of a sextic. Vakil proves in [122, Theorem
6.1] that the map p is birational onto its image V4. We verified this statement by a
Grobner basis calculation. This result implies that both v and 7 are maps of degree
120, as desired. O

The hypothesis in Theorem 1.2.6 that ensures that B is the discriminant with respect
to z of a generic ternary quartic is necessary. Indeed, for d = 4, the variety V, is
a hypersurface of P'2. Hence, B is not a generic degree 12 binary form but it must



1.2. NORMAL FORMS AND NUMERICAL COMPUTATIONS 21

be contained in V,;. The degree of this hypersurface was determined by Vakil in the
following result.

Theorem 1.2.7. [122, Theorem 6.2] The degree of the hypersurface Vy equals 3762.
From Theorem 1.2.7 we derive the following corollary.

Corollary 1.2.8. If we prescribe 11 general branch points on the line P! then the
number of complex quartics A such that discr,(A) vanishes at these points is equal to
120 - 3762 = 451440.

Proof. Consider the space P'? of binary forms of degree 12. Vanishing at 11 general
points defines a line in P!2. That line meets the hypersurface V, in 3762 points. By
Theorem 1.2.6, each of these points in V; C P2 has precisely 120 preimages A in P4
under the map (1.3). O

Remark 1.2.9. [t was claimed in [99, equation (5.14)] and [101, page 608] that b3 is
equal to 120 - (31 — 1)/2 = 3542880. That claim is not correct. The factor (3 —1)/2
15 not needed.

Remark 1.2.10. We also verified that V, has degree 3762, namely by solving 12 random
affine-linear equations on the parametrization (1.13). The common Newton polytope
of the resulting polynomials has normalized volume 31104. This is the number of paths
tracked by the polyhedral homotopy in HomotopyContinuation. j1. We found 22572 =
3762 x 6 complex solutions. The factor 6 arises because Uy and Us can be multiplied by
roots of unaity.

Algorithm 1 describes the numerical methods of reconstructing 120 plane quartics from
their branch locus.

Algorithm 1

Input: pair (Uy, Ug) where U; is a binary form of degree i.

Output: 120 ternary quartics that approximate the 120 quartics in Ly whose discrimi-
nant equals U? + UZ.

1. Construct the system of equations given by

AlAg - 4AOA4 - %A% — U2
2 2 8 1 2 A3 ' (114)
A1A4 + A0A3 - §AOA2A4 - §A1A2A3 + 2—7142 - U3

2. The system (1.14) has 12 = 5 + 7 equations in the 12 unknown coefficients of
A € L,. Compute the 120 complex solutions, which can be found easily with
HomotopyContinuation.j1 [17].

We finish this section introducing the notion of real plane Hurwitz numbers.
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Definition 1.2.11. We say that an orbit of the action of G on P(2) 1 s real of it
contains a degree d form A with real coefficients. Analogously, a point in PHg is real
if the corresponding G-orbit is real. We denote the real points of Vg by V4(R). Given
B € V4(R), we define the real plane Hurwitz number, denoted by b2 (B) , as the number
of real points of PHy in the fiber of B wia the branching morphism.

For instance, in the recovery method shown in Example 1.1.5 for d = 2, we see that if B
is a real branch locus, then the unique G—orbit in the fiber of B is also real. Therefore,
real(B) = 1 for every real branch locus B.

Along this section we have shown the usefulness of the normal forms in (1.7) and (1.10)
for performing numerical computation. Another advantage of both normal forms is that
the they read when a G—orbit is real or not.

Proposition 1.2.12. For a generic A € }P)(d;Q), the G—orbit of A is real if and only if
its intersection with the projective subspaces (1.7) ((1.10) respectively) is a real point.
Proof. Let A € P(*3") such that the G-orbit of A is real. We can assume that A is a
real polynomial. By Theorem 1.2.1, there exists a unique g € G such that gA is in L.
Moreover, in the proof of Theorem 1.2.1, g is written by means of the coefficients of A.
Since these coefficients are real, gA is a real polynomial. Therefore, the intersection
of Ly and the G-orbit of A is real point. The converse follows from the fact that the
intersection of L, and the G—orbit of A is an element of the orbit. The proof for the
normal form (1.10) follows from the same reasoning. O

We use Proposition 1.2.12 to compute numerically the possible real plane Hurwitz
numbers for cubics and quartics. The numerical computations that we ran using
HomotopyContinuation. j1 suggested that hi?!(B) = 8 for any real branch locus B.
In the case of plane quartics, the numerical experiments suggested that for B € V,(R),
the real plane Hurwitz number h°2(B) is 8, 16, 24, 32, 64 or 120. These computations
serve as an inspiration for the theoretical proofs of these values carried out in Sections

1.3 and 1.5.2.

1.3 Hurwitz combinatorics

The theory of Hurwitz numbers is strongly related to combinatorics via the monodromy
group. This is exhibited in Lemma 1.1.1, where the computation the Hurwitz numbers
H, is transform into a combinatorial problem. Analogously, Lemma 1.1.2 allows to
compute real Hurwitz numbers using combinatorial tools. In this section we focus on
the combinatorial features of our problem.

The two cases, we are primary interested in, are d = 3 and d = 4. From the proofs
of Corollary 1.2.5 and Theorem 1.2.6, we infer that these two cases have different
behaviors. This is also reflected in the fact that hy3 = Hz = 40, but hy = 120 < Hy =
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7528620. The count in Lemma 1.1.1 can be realized by combinatorial objects known as
monodromy graphs. These occur in different guises in the literature. Here we use the
version that is defined formally in [62, Definition 3.1]. These represent abstract covers
in the tropical setting of balanced metric graphs. In the following example we list the
40 monodromy graphs for d = 3.

Example 1.3.1 (Forty monodromy graphs). Ford =3, Lemma 1.1.1 yields Hz = 40
siz-tuples T = (11, 7o, ..., 7g) of permutations of {1,2,3}, up to the conjugation action
by Ss. In Table 1.3 we list representatives for these 40 orbits (see also [100, Table 1]).
FEach tuple T determines a monodromy graph as in [22, Lemma 4.2] and [62, Section
3.3]. Reading from the left to right, the diagram represents the cycle decompositions of
the permutations 7; 0 ---o1 fori =1,...,6. For instance, for the first type A, we
start atid = (1)(2)(3), then pass to (12)(3), next to (123), then to (12)(3), etc. On the
right end, we are back at id = (1)(2)(3).

Type | Real? Six-Tuple T Monodromy Graph | Clebsch | P3(Fs)
Ar | V(12) | (12)(13)(13)(13)(13)(12) | ° 12 ° 123 0010
Ay | v/(12) | (12)(13)(13)(23)(23)(12) f) 2 Cf la 0100
As X (12)(13)(13)(13)(23)(13) 348 1022
Ay X (12)(13)(13)(13)(12)(23) | » 357 | 1012
Aun X (12)(13)(13)(23)(12)(13) | | A&M 7b 1102
A X (12)(13)(13)(23)(13)(23) 4¢ 1201
As X (12)(13)(23)(23)(13)(12) 456 | 1020
As X (12)(13)(23)(23)(23)(13) 267 | 1011
Az X (12)(13)(23)(23)(12)(23) | ° s 168 | 0012
Ais X (12)(13)(23)(12)(23)(12) f ;LM 1b 1100
A X (12)(13)(23)(12)(12)(13) 7c 1201
Ass X (12)(13)(23)(12)(13)(23) 4a 0101
As X (12)(13)(12)(12)(13)(12) 789 | 1010
Ay X | (12)(13)(12)(12)(23)(13) 159 | 0010
Ao X (12)(13)(12)(12)(12)(23) | ° ”3 249 1021
A | X | (12)(13)(12)(13)(23)(12) TM le | 1200
Az X (12)(13)(12)(13)(12)(13) Ta 0102
Aig | x| (12)(13)(12)(13)(13)(23) 4b 1101
B | v (id) | (12)(12)(13)(13)(12)(12) | ° base | 1000
By | v (id) | (12)(12)(13)(13)(23)(23) | | >- d 147 | 0001
Cct | v(12) | (12)(12)(12)(13)(13)(12) | s 2a 0110
Cs X (12)(12)(12)(13)(23)(13) 25 E N/ E 8b 1112
Cs X (12)(12)(12)(13)(12)(23) | * 5¢ 1222
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Ci | v(12) | (12)(13)(13)(12)(12)(12) | s 3a 0120
Cs X (12)(13)(23)(13)(13)(13) QE N 5 E 6 1121
Cy X (12)(13)(12)(23)(23)(23) | ! 9c 1211

DY | Vv (id) | (12)(12)(12)(12)(13)(13) 2: E QCT 369 | 1002
Dy | v (id) | (12)(12)(13)(13)(13)(13) ;> E E :i 258 1001

& X (12)(12)(13)(23)(13)(12) | 3 2b 1110
&L X (12)(12)(13)(23)(23)(13) | = 123 8¢ 1221
&l X (12)(12)(13)(23)(12)(23) | 5a 0111
&l X (12)(12)(13)(12)(23)(12) | s 2c 1220
& X (12)(12)(13)(12)(12)(13) | 2 132 5b 1111
&l X (12)(12)(13)(12)(13)(23) | ! 8a 0112
& X (12)(13)(23)(13)(12)(12) | 3 3¢ 1210
Er X (12)(13)(13)(12)(13)(13) 2; \ ii E 6c 1212
Er X (12)(13)(13)(12)(23)(23) | ! 9b 1122
& X (12)(13)(12)(23)(12)(12) | 3b 1120
Er X (12)(13)(12)(23)(13)(13) 25 \ <S - 6a 0121
Er X (12)(13)(23)(13)(23)(23) | * 9a 0122

Table 1.3: The first column lists the label given in Example 1.3.1 of the 40 six-tuples
of permutations representing Hs = 40. The second column indicates whether the
corresponding six-tuple is real or not. The third column corresponds to the sex-tuples
of permutations, and in the fourth column the monodromy graphs are indicated. In
the case of a real monodromy graph, the coloring is also indicated. The two rightmost
columns, labeled Clebsch and P3(F3), will be explained in Section 1.4.

To identify real monodromy representations (see Lemma 1.1.2), we give a coloring
as in [62, Definition 3.5]. Using [62, Lemma 3.5] we find eight real covers among
the 40 complex covers. We use [62, Lemma 2.53] to associate the real covers to their
monodromy representations.

We divide the 40 classes into five types, A to &, depending on the combinatorial type
of the graph. Types A and B are symmetric under reflection of the ends, C, D and £
are not. An upper index ¢ indicates that the cycle of the graph is on the left side of
the graph, while r indicates that it is on the right side. The number of classes of each
type is the multiplicity in [22, Lemma 4.2] and [100, Table 1]. Each class starts with
the real types, if there are any, and proceeds lexicographically in 7. In the table, the
edges of the monodromy graphs are labeled by the cycle they represent. If the edge is
unlabeled, then the corresponding cycle is either clear from context or varies through
all possible cycles in Sz of appropriate length.
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The combinatorics exposed in Table 1.3 allow us to compute the real Hurwitz number
HEeal(t).

Proposition 1.3.2. H:*\(t) =8 fort = 6,4,2,0.

Proof. We prove the proposition by investigating all monodromy representations in
Table 1.3. Using explicit computations in Oscar [35], we identify all six-tuples 7 that
satisfy the conditions in Lemma 1.1.2. For a cover with 6 real branch points, we obtain
8 real monodromy representations, of types A, Ay, By, Ba, Ct,CT, DY and D7, listed in
Table 1.3 with coloring. For a cover with 4 real branch points and a pair of complex
conjugate branch points, we again obtain 8 real monodromy representations. These
are the types As, Aio, Bi, Bo,Ch,C7, D} and D;. For two real branch points and two
complex conjugate pairs, we again obtain 8 real monodromy representations, namely of
types Ag, A1z, Bi, Bo, D}, D7 ES and E7. Finally, for three pairs of complex conjugate
branch points, we find the 8 types As, A7, By, Bo, DY, D}, EX and EX. O

Using Proposition 1.3.2, the real plane Hurwitz number for d = 3 are determined.

Corollary 1.3.3. The real plane Hurwitz number for cubics is equal to eight. To be
precise, the system (1.9) always has 8 real solutions, provided that the given parameters
Bi; are real and generic.

Proof. It derives from Corollary 1.2.5 and Proposition 1.3.2. Namely, we use the fact
that plane covers are in bijection with abstract covers. Let C'— P! be a real cover by
an elliptic curve C'. The shift of C' that is referred to in the proof of Corollary 1.2.5 is
real as well.

O

Remark 1.3.4. Another proof of Corollary 1.3.3, following Clebsch [30, 31], appears
in Section 1.4.

In Algorithm 2 we present a method for: given a real binary sextic B, it computes nu-
merically 40 plane cubics in the normal form of Theorem 1.2.1 with their corresponding
labelling according to Table 1.3.

The situation is more interesting for d = 4, where we obtained the following result:

Theorem 1.3.5. The real Hurwitz numbers for degree 4 coverings of P* by genus 3
curves are

Hy\(12) = 20590, HE™(10) = 15630, Hj\(8) = 11110, H}\(6) = 7814,
Hiedl(4) = 5654,  HI¥(2) = 4070, HI®(0) = 4350.
Proof. These numbers have been found by a direct computation using Oscar [35].

The code for this computation is available at the repository website MathRepo [47]
of MPI-MiS via the link https://mathrepo.mis.mpg.de/BranchPoints. We start
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by constructing a list of all monodromy representations of degree 4 and genus 3. As
monodromy representations occur in equivalence classes, we construct only one canon-
ical representative for each class. This is the element of the equivalence class that is
minimal with respect to the lexicographic ordering. We get a list of Hy = 7528620
monodromy representations that was computed in about 6.5 hours. In other words, we
embarked on a table just like Table 1.3, but its number of rows is now 7528620 instead
of 40.

We next applied Cadoret’s criterion in [21, Section 3.3, formula ()], which we stated in
Lemma 1.1.2, to our big table. We start with our 7528620 tuples 7, computed as just
described, and mentioned in Lemma 1.1.1. According to Cadoret’s criterion, we must
check for each 12-tuple 7 whether there exists an involution o that satisfies certain
equations in the symmetric group S;. This depends on the number r of real branch
points. Recall that t = {0,2,4,...,12}. For t = 2,4,...,12, the only possible involu-
tions o are id, (12), (34) and (12)(34), by the structure of the canonical representative
computed for the list. For ¢t = 0, all involutions in S, can appear. For each involution
o and each value of ¢, it took between 5 and 30 minutes to scan our big table, and
to determine how many 12-tuples 7 satisfy Cadoret’s criterion for the pair (¢,0). For
each t, we collected the number of tuples 7 for which the answer was affirmative. This
gave the numbers stated in Theorem 1.3.5. O]

Algorithm 2

Input: a binary sextic B with real coefficients.

Output: 40 cubics A in Lz (normal form of Theorem 1.2.1) along with their labeling
by Aj, A, ..., EF (See Table 1.3).

1. Compute numerically the 40 solutions of the system (1.9) using
HomotopyContinuation. jl.

2. Fix 6 loops 71, ...,7 in the Riemann sphere around the six roots of B that are
compatible with complex conjugation. If all six roots of B are real then we use
(62, Construction 2.4].

3. For each cubic A computed in the first step, we track numerically the three roots
z of A(z,y,z) = 0 as (z : y) cycles along 7;. The resulting permutation of the
three roots is the transposition 74 ;.

4. The label of the cubic A is the transposition 74 = 74,1 - Ta6. This transposition
is unique up to conjugacy by S3. The 8 real cubics A are mapped to the 8 real
monodromy representations, in the proof of Proposition 1.3.2.

5. Return the list of tuples (A, 74) where A is a cubic computed in the first step.
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1.4 Plane cubics

In this section we study in further detail the case of plane cubics. In other words, we
focus on the branching morphism br : PHs --+ P®. This morphism is dominant and a
generic fiber consists of 40 distinct points. In this section we study the Galois group
of this map as well as the recovery algorithm for cubics.

We start by focusing in the the Galois group Gal;s associated with the branching mor-
phism for cubics. Here the Galois group of br is defined as in [65]. Informally, Gals is
the subgroup of geometry-preserving permutations of the bz solutions.

Theorem 1.4.1. The Galois group Gals for cubics is the simple group of order 25920,
namely

This is the Weyl group of type Eg modulo its center, here realized as 4 X 4 matric
groups over the finite fields Fo and Fs. The action of Gals on the 40 monodromy
graphs in Table 1.3 agrees with the action of the symplectic group on the 40 points in
the projective space P* over Fs.

Theorem 1.4.1 is a modern interpretation of Clebsch’s work [30, 31] on binary sextics.
We first learned about the role of the Weyl group in (1.15) through Elkies” unpublished
manuscript [45].

Remark 1.4.2. The last two columns of Table 1.5 identify the 40 monodromy rep-
resentations with P3(F3) and with Clebsch’s 40 cubics in [31]. The bijection we give
respects the maps Gals ~ PSp,(F3) < Sy9. But it is far from unique. The same holds
for Cayley’s table in [24].

Proof of Theorem 1.4.1. We consider cubics written in the normal form in (1.10). In
other words, we consider cubics of the form A = 23 + Ay(z,y)z + Az(z,y). The
discriminant of A with respect to z is discr,(A) = 443 + 27A2. Given a binary sextic
B, our task is to compute all pairs of binary forms (A, A3) such that 4435 +27A3 = B.
This system of equations in the coefficients of A has 40 solutions, modulo the scaling of
A, and Az by roots of unity. Let U = v/4- Ay and V = /=27 - A;. We must solve the
following problem. Given a binary sextic B, compute all decompositions into a binary
quadric U and a binary cubic V:

B = U~V (1.16)

This is precisely the problem addressed by Clebsch in [30, 31]. By considering the
change of his labeling upon altering the base solution, he implicitly determined the
Galois group as a subgroup of S49. The identification of this group with W (Eg) modulo
its center appears in a number of sources, including [71, 121]. These sources show that
Gals is also the Galois group of the 27 lines on the cubic surface. Todd [121] refers
to permutations of the 40 Jacobian planes, and Hunt [71, Table 4.1] points to the 40
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triples of trihedral pairs. The connection to cubic surfaces goes back to Jordan in 1870,

and it was known to Clebsch.
As a subgroup of the symmetric group Sy, our Galois group is generated by five

permutations I', ..., I's. These permutations correspond to consecutive transpositions
(7ivit1) of the six loops 1,72, ...,7 in Algorithm 2. Each generator is a product of
nine 3-cycles in S49. Here are the formulas for I'y,...,['5s as permutations of the 40

rows in Table 1.3:
Iy = (A1 As A1) (AsA7As) (Ag A5 As) (Ar7A13.A12) (A1 A14A2) (Ar6.A15A411) (E3EGE5) (E1 €1 E5) (C5C5CT)

Ty = (E4A14A10)(E5.A15.A9) (E3.A13.As) (B1 E1E3)(D] C5C5) (Ba EFEY) (E5 A7 A7) (E1 A5 At ) (E5.As Ars)
Ts = (C5E5EL)(CIEL €5)(Ch E5 E6) (ArrAnnAra) (A1sAinArs) (Are AsArs) (E5E1 CT) (E1C5E5 ) (CREEES)
Iy = (Df C5C5)(E B2 EL)(E5 €1 Br)(AsA16E3 ) (Ao Arr) (€5 Az Ar1 ) (€5 A12.As) (A15E¢ A7) (A13 A5ET)
s = (C5C5CT) (ELESES) (ELESEL) (A10Ag As) (Arr Ars Are) (AsAs Ay (A1 A2 Ao) (ArgArs Arg) (ArAs As)

A compatible bijection with the labels of Clebsch [31, Section 9] is given in the second-
to-last column in Table 1.3. The last column indices a bijection with the 40 points in
the projective space P2 over the three-element field F5. This bijection is compatible
with the action of the matrix group PSp,(F3). Under this bijection, the five generators
of our Galois group are mapped to matrices of order 3:

1120 1000 1100
0100 210 2 0100
D=loo1ol ™ l1o11]'™ o001 0]
0121 0001 0001
1000 1110
2101 0100
=lo 011" o010l
0001 0221

These are symplectic matrices with entries in F3, modulo scaling by (F3)* = {£1} =
{1,2}. A computation using GAP [86] verifies that these groups are indeed isomorphic.
In the notation of the atlas of simple groups, our Galois group (1.15) is the group
O5(3). O

Remark 1.4.3. The fundamental group of the configuration space of six points in the
Riemann sphere P! is the braid group Bg, which therefore maps onto the finite group
Galz. One can check that the permutations and matrices listed above satisfy the braid
relations that define Bg:

Lili Iy = Ty Ty Ty fore=1,2,3,4 and

A first consequence of Theorem 1.4.1 is that our recovery problem for cubics is solvable
by radicals.
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Corollary 1.4.4. Given a ternary cubic A, the 39 other solutions (U, V') to the equation
(1.16) can be written in radicals in the coefficients of the binary forms Ay and As.

Proof. We view Gals as a group of permutations on the 40 solutions and we consider the
stabilizer subgroup of the given solution. That stabilizer has order 25920/40 = 3 - 216,
and this is the Galois group of the other 39 solutions. It contains the Hesse group
ASL»(F3) as a normal subgroup of index 3. The group ASLy(FF3) is solvable, and has
order 216. It is the Galois group of the nine inflection points of a plane cubic [65,
Section I1.2]. Therefore, the stabilizer is solvable, and hence (U, V) is expressible by
radicals over (As, A3). O

Clebsch explains how to write the 39 solutions in radicals in the coefficients of (A, A3).
We now give a brief description of his algorithm, which reveals the inflection points of a
cubic. The input of the algorithm is a pair (Ay, A3) where A; is a binary form of degree
i. It represents a cubic A as in Equation (1.10). The output is the other 39 cubics in
the normal form (1.10) with same discriminant as A. The algorithm we present works
for complex binary forms (A;, As). Nevertheless, we assume that A; and A, are real.
The reason for this assumption is to exhibit where the 8 real plane cubics appear in
the algorithm. We set U = /4 - Ay and V = /=27 - A;. We aim to compute a list of
39 + 1 all pairs (U, V) that satisfy

Ut -3 = vi-v2 (1.17)

Real solutions of (1.9) correspond to pairs (U, V') such that U and iV are real, where
i = +/—1. To solve Equation (1.17), we consider the cubic

C:{(x:y:z)EIP2:Z3—3U2+2\~/:O}.

Then, the nine inflection lines of C are given by the equation z = &, where £ = ax + Sy
is a linear form such that (&3 — 3U¢ + 2‘7) is the cube of a linear form n = ~vx + dy.
The coefficients a and § can be computed from U and V by radicals. Here, the Galois
group is ASLy(F3). Next, we compute (7, d) from the equation

n® =& —30¢+2V.

For each of the pairs (a, 3) above, this system has three solutions (y,d) € C?. This
leads to 27 vectors (a, 3,7,0), all expressed by means of radicals of the coefficients of
Ay and As. For each of these tuples we fix U = U — €2 — &n — n?. Then,

. N 3 - -
U — (0% —V?) = _Z<”3 2026 + 2mE? + €8 — 2 — €U,

The square root of the right hand side is a binary cubic V. In particular, each tuple
(v, 5,7,9) leads to a pair (U, V) satisfying (1.17). Using this method, we construct
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27 solutions to (1.9), three for each inflection point of the curve C. Three of the 9
inflection points are real, and each of them yields one real solution to (1.9).

Finally, we compute the remaining 12 = 39 — 27 solutions. Among these 12 solutions,
4 are reals. We label the inflection points of C by 1,2,...,9 such that the following
triples are collinear:

123,456,789, 147,258,369, 159,267,348, 168,249, 357. (1.18)
If 1,2,3 are real and {4,7}, {5,8}, {6,9} are complex conjugates, then precisely the
four underlined lines are real. This labeling agrees with that used by Clebsch in [31,
Section 9, page 50].

We now execute the formulas in [31, Section 11, Section 12]. For each of the 12 lines
in (1.18), we compute two solutions (U, V') of (1.17). These solutions are expressed
rationally by means of the data (a, ) computed above. Each new solution (U, V)
arises twice from each triple of lines in (1.18), so we get 12 in total.

1.5 Plane quartics

We now focus on the case of plane quartics. In this setting, the quotient PH, has
dimension 11 and the branching morphism br : PHy --» P!? is not dominant as in
the cubic case. The closure V, of the image of br is a hypersurface of degree 3762
(see [122, Theorem 6.2]). As mentioned in Section 1.1.2, the degree of this map was
computed in [122] by Vakil, concluding that the plane Hurwitz number for quartics is
s = 120. The goal of this section is to use Vakil’s ideas on [122] to compute the real
plane Hurwitz numbers for quartics and to develop an algorithm for recovering 120
degree 4 curves from their branch locus. Moreover, we explore the relation between
the real plane Hurwitz number and the number of real roots in the base locus.

1.5.1 Vakil’s construction

In this section we summarize Vakil’s ideas used to determine by in [122]. In [122,
Section 2], in order to compute by, the author introduces distinct spaces and he studies
the connection among them. We now briefly recall these objects.

As in Section 1.2, we consider the weighted projective space P(3°,27). We identify the
points of (3, 27) with the pair [Uy(z,y), Us(z, y)], where U; is a degree i binary form.
Let B be the open subset of P(3% 27) consisting of all points [Uy, Us] such that the
degree 12 homogeneous polynomial Uy(z,y)* + Us(x,y)? has distinct roots. In [122,
Theorem 6.1] it is proven that the map

B — V4 C P2
U, Us] —s US4 U2



1.5. PLANE QUARTICS 31

is birational, and we deduce that B and )V, are birational. Therefore, we identify a
point [Uy, Ug] € B with the polynomial Uy(z,y)® + Us(x,y)>.

Recall that a space sextic C' is a genus 4 curve in P? that is the complete intersection of
a quadric cone () and a cubic surface. Let ¢ be the singular point of ). The restriction
to C of the projection with center ¢ is a degree 3 branched covering of P!. This
covering is given by a line bundle £ with two sections. A frame of C'is an isomorphism
between P(H°(C, L)) and P'. In other words, a frame of C' is map Q \ {¢} — P!
which contracts the ruling of ). Such a map is the composition of the projection with
center ¢ and an automorphism of P'. We consider the space € of space sextics with
a frame. Using that a quadric cone is isomorphic to the weighted projective space
P(1,1,2), we can identify £ with the space of degree 6 curves in P(1,1,2) defined by
X3 + Uy(Xo, X1) Xy + Us(Xo, X1), where Xy, X, Xy are the coordinates of P(1,1,2)
and U;(Xy, X;) are binary forms of degree i. Here the frame is given by the projection
P(1,1,2) --+ P! sending [Xy, X1, Xo] to [Xo, X1]. By [122, Theorem 2.12], we have
that the map

B — &
[U4, Uﬁ] — V(XS + U4(X0, Xl)X2 + UG(X(],Xl)) C ]P)(l, 1, 2)

is an isomorphism. In particular, £ and V; are also birational. The birational morphism
between both spaces sends a space sextic C' to the branch locus of the degree 3 covering
from C to P! given by the frame.

At this point, we want to underline the relation between del Pezzo surfaces of degree
1 and elliptic fibrations. For us, a rational elliptic fibration is a flat family of genus 1
reduced curves over P! with a section, with smooth total space and, at worst, multi-
plicative reduction. We refer to [114, Section VIL.5] for the definition of multiplicative
reduction. Let X be a del Pezzo surface of degree 1. We may construct from X an el-
liptic fibration as follows. We write X as the blow up of P? at 8 points P = {pi,...,ps}
in general position. Let py be the ninth point in the base locus of the pencil of cubics
passing through P, and let X’ be the blow up of X at py. Then, the map X' — P!
defined by the pencil of cubics is a rational elliptic fibration. In this case, the section
P! — X’ is given by the exceptional divisor of py. Moreover, for generic P, the elliptic
fibration has 12 singular fibers and they are all nodal curves. Let A be the space of
such rational elliptic fibrations together with a frame. Here a frame is an isomorphism
between P! and the pencil of cubic passing through P.

From the above construction we deduce that an elliptic fibration in A is determined
by the data (P,u,v,[A, u]) where P is the set of 8 generic points in P2, u,v are two
cubics vanishing at P and [\, u] is a point in P*. Here, the frame is the map sending
[1,0] to u, [0,1] to v and [1,1] to A\u + pv.

In [122, Theorem 2.12] it is shown that A is isomorphic to B and £. The map from B
to A is given by the Weierstrass model of rational elliptic fibrations (see [95, Section
3]). The map from A to £ is given as follows. Let (P, u,v,[A, u]) be a point in A and



32 CHAPTER 1. RECOVERY OF PLANE CURVES

let w be a plane sextic such that {u?, uv,v? w} is a basis of the plane sextics vanishing
doubly at P. Then, the map

Bl,P2 — P(1,1,2)
p > [u(p), w(p), w(p)]

is a double cover ramified over the space sextic. The isomorphism between A and &
sends the elliptic fibration to this space sextic. Note that in this construction, the
choice of w does not affect the frame P(1,1,2) — P!. Therefore, different choices of w
give isomorphic space sextics with the same frame. Finally, the birational morphism
from A to Vy sends a rational elliptic fibration to the image of the 12 singular fibers.

We now describe the map from PH, to A. Let C' be a plane quartic and let C be the
strict transform of @ in BL,P?. Recall that p = [0,0,1] is the center of the projection.
We obtain the elliptic fibration X’ as the double cover of Bl,P? ramified over C. The
elliptic fibration X’ — P! is given by the composition of the double cover X’ — BI,P?
with the map BL,P? — P! given by the exceptional divisor. Note that the preimage of
a point ¢ € P! is a curve Y in X’. The restriction of the double cover X’ — BL,P? to
Y is a double cover of P! ramified at 4 points. By the Riemann-Hurwitz formula one
deduces that the smooth fibers of the fibration must have genus 1.

We now revise Vakil’s computation of by.

Theorem 1.5.1. [122, Proposition 3.1] The map PH4 — A has degree 120. In par-
ticular, hy = 120.

Proof. Let (P = {p1,...,ps},u,v, [\, u]) be a point in A as above. Let py be the ninth
point of intersection of u and v and let X’ be the blow up of P? and P U {po}. The
elliptic fibration X’ — P! sends a point ¢ to [Mu(q), uv(q)]. Let Fy,..., Es be the
exceptional divisors of pg,...,ps. Let @ be the locus of points ¢ in X’ that in each
fiber of the fibration satisfy 2¢ = Fy+ F;. This equality is considered in the group law
of the fiber. The intersection of Q" with each fiber consists of 4 points. By [122, Lemma
2.2], @' is a smooth curve and the restriction of the fibration to @)’ yields to a degree 4
branched covering of P! ramified at the 12 singular fibers. In [122, Proposition 3.1], it
is shown that the map Q" — P! is canonical. In particular, )’ is not hyperelliptic, and
by Riemann-Hurwitz formula we deduce that )’ has genus 3. The canonical model of
@' is a plane quartic in the fiber of the branching morphism.

The only choice involved in the construction of )" was the selection of the (—1)—curve
FE4, which is disjoint from Ey. Recall that Ej is fixed since it is the section of the
elliptic fibration. The number of such (—1)—curves disjoint from FEj is 240 and they
correspond to the (—1)—curves of the del Pezzo surface of degree 1 obtained by blowing
down Ej from X'. In [122, Proposition 3.1] it is shown that two such (—1)-curves
give rise to the same plane quartic in PH, if and only if they form a Bertini pair. In
particular, the points in the fiber of PH4 — A are in bijection with the set of Bertini
pairs in BlpP2. In Section 1.1.4 we saw that the number of Bertini pairs is 120. O
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Let B be a generic branch locus in V,. Using the birational morphism between V,
and £ ~ A, the branch locus B is equivalent to a space sextic C' and a rational
elliptic fibration X’ — P!. As above, such elliptic fibration is encoded in the data
(P,u,v,[A, p]). Then, the proof of Theorem 1.5.1 establishes a bijection between the
120 plane quartics with branch locus B, and the 120 Bertini pairs of BlpP2. In Section
1.1.3, we saw that these are also in bijection with the 120 tritangent planes to C'.

1.5.2 Real plane Hurwitz number for quartics

The first step in the study of the quartic case is the computation of the real plane
Hurwitz number h(B) for B € V,(R). To determine the value of these numbers, we
investigate where the base field plays a role in the proof of Theorem 1.5.1.

Theorem 1.5.2. Let B € V4(R), then the real plane Hurwitz number h(B) equals
8, 16, 24, 32, 64, or 120.

Proof. Let B be a generic real branch locus in Vy, and let C be the real space sextic
associated to B via the birational morphism between £ and Vy. In the complex setting
taking a double cover of P(1,1,2) branched over C gives a del Pezzo surface of degree
one, together with the Bertini involution ¢. Over the real numbers we obtain two
different del Pezzo surfaces, X and its associated surface X’'. As showed in Section
1.1.4, upon base changing to the complex numbers, X¢ and X become isomorphic.
The possible topological types of real del Pezzo surfaces have been classified by several
authors, we use the work of Russo [109]. Such classification is shown in Table 1.1.
Similarly, Table 1.2 records the possible pairs of {X, X'} together with the number of
real tritangents of C.

Let L be a (—1)—curve in X¢. Vakil’s construction in Theorem 1.5.1 shows that the
plane quartic associated to L in the fiber of B is obtained as follows. Blowing down L
on X¢ gives a del Pezzo surface of degree 2 which is a double cover of P? ramified over
the plane quartic we are looking for. The Bertini involution ¢ of X maps L to a (—1)-
curve giving the same quartic, which leads to the bijection between the fiber br™'(B)
and the set of Bertini pairs of X. In the real setting, the pair {L,¢(L)} produces a
real quartic curve if and only if is invariant under the complex conjugation on X¢. In
Section 1.1.4 we called such pair a real Bertini pair. Therefore, the real plane Hurwitz
number equals the number of real Bertini pairs on X¢. Mapping L to a line in the cone
P(1,1,2) gives a tritangent to C' [109, 5, example 4]. In this way real tritangents of C'
are the same as real Bertini pairs. The number of real tritangent is computed using
Theorems 1.1.9 and 1.1.13. Table 1.2 relates these numbers (and hence the real plane
Hurwitz numbers) with the real structure of X and X’. O

Remark 1.5.3. Algorithm 1 is consistent with Theorem 1.5.2. Given binary forms
Uy, Us with real coefficients, it correctly outputs 8, 16, 24, 32, 64 or 120 real quartics
in the subspace Ly.
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Among the values computed in Theorem 1.5.2, we highlight the number 120. There
exists B € V4(R) such that hi*(B) = by = 120. In particular, the fiber br™!(B)
consists of 120 real plane quartics. For our computational purpose, we are interested
in understanding what happens when we replace R by Q. To do so, we give an effective
proof of Theorem 1.5.2.

In Section 1.5.1, we saw that a branch locus B € V), is equivalent to giving a rational
elliptic fibration X — P! with a section. Such elliptic fibration is given as the data
(P,u,v, [\, p]). For simplicity, in the rest of the section we will assume that [\, p] =
[1,1], and we represent the corresponding elliptic fibration through the tuple (P, u,v).

Corollary 1.5.4. From any general configuration P = {p1,pa,...,ps} C P? with co-
ordinates in Q and two cubics u,v with coefficients in Q vanishing at P, we obtain an
instance of (1.11) whose 120 complex solutions A all have coefficients in Q.

Proof. We construct the 120 quartics A with rational arithmetic from the coordinates
in P. Fix j and let w be a cubic that vanishes on P\{p;} but does not vanish at P;.
Consider the rational map

P2 --s P2

g > [ulp),v(q), w(q)] (1.19)

A fiber of (1.19) is described by the intersection two cubics vanishing in P\ {p;}. These
two cubics intersect at 9 points: P \ {p;} and two extra points which are the fiber of
(1.19). Thus, the map (1.19) has degree 2 and its base locus is P\{p;}. Blowing up
this base locus we obtained the degree 2 cover of P? from a del Pezzo surface of degree
2. The branch locus of this cover map is a quartic curve. Indeed, let L be a generic
line in P2, The fiber of L through (1.19) is a plane smooth cubic E. The restriction
of (1.19) to E is a degree 2 simple branched covering of P*. By the Riemann-Hurwitz
formula we deduce that this branched covering has 4 branch points. We conclude that
L intersect the branch locus of (1.19) at four points, and hence, this branch locus is a
plane quartic.

We claim that this is the quartic ) that corresponds to the exceptional fiber of the
blow-up at P; in Vakil’s construction. Indeed, let X’ be the blowup of P? at all the
9 base points of the pencil [u,v] and let C' C X’ be a general curve in the pencil.
As shown in the proof of Theorem 1.5.1, the intersection of the () and C' is the set
of points p € C such that Oc(2p) = Oc(Ey + E1). Alternatively, these are exactly
the branch points of the map C' — P! induced by the linear system of O¢(Ey + E}).
Thus, it is enough to prove that the restriction of the map [u, v, w]: X’ — P? is given
exactly by the linear system above. However, the map of [u, v, w] on X’ corresponds
to the complete linear system L = 3H — Fy —--- — Eg = —Kx + Ey + E; so that
Oc(L) = Oc(—Kx + Ey + Ey) and we need to show that Oc(—Kx) = O¢. This
follows from the adjunction formula, using the fact that C' is an elliptic curve moving
in a pencil.
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Thus, we can recover the quartic as the branch locus of our degree 2 rational map
P? —-» P2, The ternary form A that defines this branch locus can be computed from
the ideals of P and P; using Grobner bases, and this uses rational arithmetic over
the ground field. This yields eight of the 120 desired quartics corresponding to the
eight exceptional divisors. The remaining 112 quartics are found by repeating this
process after some Cremona transformations have been applied to the pair (P? P).
These transformations use only rational arithmetic and they preserve the del Pezzo
surface, but they change the collection of eight (—1)-curves that are being blown down.
We provide more details on the application of Cremona transformations in Section
1.5.3. O

1.5.3 Algorithm for plane quartics

The proofs presented in the previous section provide an algorithm for our recovery
problem. Recall that, given a branch locus B € V,, we want to compute 120 plane
quartics representing the fibers of the branching morphism. As explained in Section
1.5.2, a branch locus B € Vy is equivalent to give 8 plane points P = {py,...,ps} in
general position and a basis of the pencil of cubics vanishing at P. The input of our
algorithms will consist on the data given by the last. In [26], it is explored how to
move from B € V, to our input and vice-versa.

We start by fixing P = {p1,...,ps} to be the set of 8 plane points in general position
and two u, v cubic forms vanishing at P. These two cubics form a basis of the pencil
of cubics passing through P. Let py be the ninth point in the base locus of this pencil,
and let X be the blow up of P? at P. In the poof of [122, Prposition 3.1], it is shown
that the 120 quartics we aim to compute are in bijection with the 120 Bertini pairs
of X. In Theorem 1.1.16, we listed all the Bertini pairs of X. From this list, the 120
(—1)—curves of the form E; for i € [8], L; ; for i < j € [8], Q;;x for i < j < k € [8] and
C;; for i < j € [8], are representative of the 120 Bertini pairs. The aim of this section
is to provide effective methods to compute the plane quartics associated to each of the
above 120 (—1)—curves. This is done in Algorithms 3, 4, 5 and 6.

First, we focus on the plane quartics associated to the exceptional divisors of X. The
computation of such plane quartics was exhibited in Corollary 1.5.4. For i € [8], we
consider the linear system A; of cubics vanishing at P \ {p;}. This linear system has
(affine) dimension 3. Let w be a cubic vanishing at P\ {p;} and not at p;. Then, u, v, w
generate A;, and we get a rational map

[VoF IEDQ - IEDQ
[z,y,2] = [ulz,y,2),v(2,y, 2), wiz, y,2)]
The rational map ¢; has degree 2 and it is ramified over the plane quartic C', which

is the curve we aim to compute. Let [r,s,t] be the plane coordinates of the target
projective space of p. A point ¢ = [qo, q1, ¢2] € P? is a ramification point of ¢ if and
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only if the Jacobian matrix

Ou/0x Ou/dy Ou/0z
ov/dx Ov/dy Ov/0z (1.20)
ow/dx Ow/dy Ow/0z

vanishes at ¢. This allow us to compute the plane quartic C' by computing the image
through ¢ of the degree 9 plane curve defined by the determinant of the matrix (1.20).
In particular, we can determine C using Grobner bases. We now summarize the steps
of such computation.

Algorithm 3

Input: The set of 8 plane points P = {p1,...,ps} in general position, an index i € [§]
and two cubic forms u,v vanishing at P.

Output: A plane quartic corresponding to the exceptional divisor of p;.

1. Compute a cubic form vanishing at P \ {p;} and not at p;.
2. Compute the saturation J of the ideal

‘ u v w ou/0x Ou/dy Ou/0z
I = (2 x 2 minors of r oo ) + (det| Ov/dx Ov/dy Ov/0z
ow/0x Ow/dy Ow/0z

by the ideal of P\ {p;}, which is generated by u, v, w.
3. Determine the ideal K obtained by eliminating the variables z,y, z from J.

4. Return the quartic form in the variables r, s, ¢ generating the ideal K.

The following example illustrate the steps of Algorithm 3.
Example 1.5.5. Consider the 8 plane points

pl:[17070]7 p2:[071’0]7 p3:[07071]7 P4

=[1,1,1],
b5 = [17273]7 Pe = [1a372]a Pr = [17_17_2]7 [ 5 2 _1}
together with the two cubics

u = 24xy?® + T2’z — 56xyz + y?z + 25x2% — y2?,
v = 24x%y — 252%2 + Swyz — Ty?z — Txz? + Tyz2.

One can check that w and v vanish at P = {p1,...,ps}. The ideal of P\ {p1} is
generated by the cubics u, v and

w = 1682° — 1192%2 — 80xyz + Ty*z — 17xz? + 41y2>
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Note that the cubic w does not vanish at py. Let I be the ideal as in Step 2 of Algorithm
3, and let J be the ideal obtained saturating I by the ideal generated by u,v,w. This
saturation is needed because eliminating the variables x,y,z from the ideal I leads to
the zero ideal. A computation in Macaulay2 shows that the elimination of the variables
x,1y, z from the ideal J is generated by the quartic form

49r* 4 252135 + 26761252 + 22848153 + 322565* — 78413t — 450012 st — 2808rs%t+
134453t + 750722 + 228rst? — 300s%t2 — 1673 — 12st3 + t*.

The plane quartic defined by this polynomial corresponds to the exceptional divisor of
p1-

As before, we fix a branch locus B in the form of a blow up X of 8 plane points
P = {p1,...,ps} together with two cubics forms u,v vanishing at P. Algorithm 3
provides a method for computing 8 plane quartics corresponding to the 8 exceptional
divisors. We now provide a method for computing the 132 remaining plane quartics.
The strategy is to use Cremona transformations to find automorphisms of the del
Pezzo surface X exchanging the (—1)—curves. Recall that a Cremona transformation is
a birational automorphism of a projective space P¥. We are interested in plane Cremona
transformations, i.e. birational maps from P? to P?. For instance, in Section 1.1.4 we
introduced the Bertini involution of the plane, which is a Cremona transformation of
P? that lifts to an automorphism of X.

After a change of coordinates, we can assume that the points pq, po, p3, ps are equal to
[1,0,0],]0,1,0],[0,0,1],[1, 1, 1], respectively. Now we consider the rational map

¢: P2 s P2

[z,y,2] — |yz,xz,zy] (1.21)

The base locus of ¢ consists of the points pi, ps, p3. Moreover, ¢* sends [z,y, 2] to
[22yz, wy?z, vyz?]. In particular, ¢? is the identity away from the lines Lio, Li3 and
Los; here L;j is the line passing through p; and p;. Hence, ¢ is a rational involution and
in particular it is a Cremona transformation. Note that we can build such a Cremona
transformation for any 3 points in P? not lying in a line. Given 3 points ¢, ¢2, g3 not
collinear, we denote the corresponding Cremona transformation by ¢g, 4,4, Using this
notation, we have that ¢ = ¢p, py.ps-

Now we consider the set of 8 plane points P’ = {pi, pa, p3,0(ps),-..,P(ps)}. The
pullback ¢*u and ¢*v of u and v through ¢ are degree 6 forms. Since u,v vanishes at
p1, P2, P3, we get that ¢*u and ¢*v are the multiplication of zyz and a cubic form '/
and v’ respectively.

Proposition 1.5.6. The elliptic fibrations given by the data (P,u,v) and (P',u',v")

are 1somorphic.

Proof. By construction, ¢ commutes with the maps from P? to P! given by u,v and
u’, v’ respectively. Hence, it is enough to check that the ¢ lifts to an isomorphism,
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between BlpP? and Blp/P2. Let 7 : Y — P? be the blow up map of P? at py, ps, p3 and
let ¢’ be the composition ¢ o . Then, ¢ is the resolution of the birational map ¢.
Moreover, the preimage of p;, po and ps are the strict transformations of Loz, L3 and
L5 respectively. Therefore, ¢’ : Y — P? is also the blow up map of P? at py, p, ps.
The proof follows by blowing up the remaining 5 points of P and P’ n

The difference between the two elliptic fibrations in Proposition 1.5.6 is that the excep-
tional divisor p;, ps, ps in Blp/IP? correspond to the (—1)-curves Log, L3, Ly in BlpP?
respectively. Therefore, by applying Algorithm 3 to (P’,u/,v’) and the points py, p2, ps
we obtain the plane quartics associated to the (—1)—curves Los, L1z, L15. We now sum-
marize the steps of the algorithm for computing the plane quartics corresponding to a
(—1)—curve of the form Lj;.

Algorithm 4

Input: The set of 8 plane points P = {p1,...,ps} in general position, two distinct
indexes i, j € [8] and two cubic forms u, v vanishing at P.

Output: A plane quartic corresponding to the (—1)—curve INLij of BlpP2.

1. Fix k € [8] such that k # 4, j. Compute an automorphism g of P? sending p;,p;,px
o [1,0,0],[0,1,0],[0,0, 1], respectively.
2. ComPUte the set Pl = {[17 07 0]7 [07 17 0]7 [07 07 1]} U (b % g(P \ {pzapjvpk})

3. Compute the two cubics u’ and v’ resulting from dividing uog='o¢ and vog=lo¢
by xyz, respectively.

4. Return the output of Algorithm 3 applied to the 8 points P’, the index of the
point [0, 0, 1] and the two cubics v/, v’

Example 1.5.7. Consider the set of 8 points P and the two cubics u and v as in
Example 1.5.5. Our goal is to apply Algorithm / to compute the plane quartic associated
to the (—1)—curve [~1273. To do so, we consider the Cremona transformation ¢ defined in
(1.21). Applying ¢ to P as in Step 2 of Algorithm j we obtained the set P’ consisting
of the following 8 points

p1=1[1,0,0], py=10,1,0, p3=10,0,1], P,=1[1,1,1],
=16,3,2], ps=1[6,2,3], p;=1[2,-2,-1], py=1[2-1,-2]

The two new cubics v’ and v' obtained by diving u(yz, xz,zy) and v(yz,xz, xy) by xyz

are
v = 2%y — 25zy® — 22 + 56xyz — Ty z — 24122,

v = Tay — Taey? — 72?2 + S8xyz — 25y°% 2 + 24y
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Applying Algorithm 3 to P', u', v' and the point p| we get the quartic form

6551371 — 848876135 + 35985181252 — 50757567s% + 1945673s% + 4233603t —
292723212 st + 516499275t — 210124853t + 883008r%t? — 10402567 st>+
8415365%t? + 1935361t — 27648st3.

The plane quartic defined by the above polynomial corresponds to the (—1)—curve Los.

Using Algorithm 4, we can compute the plane quartics corresponding to the 28 (—1)—
curves of the form [~/Z~j for 4,j € [8] distinct. We now present how to compute the
plane quartics corresponding to (—1)-curves of the form Q;j,. Let ¢ be isomorphism
between X = BlpP? and X’ = Blp/P? arising from the Cremona transformation ¢. We
have seen that Lo is sent via <;~5 to the exceptional divisor of ps3 in X’. As Example
1.5.7 shows, this allows us to apply Algorithm 3 to obtain three more plane quartics.
In order to achieve all the 120 quartics, we analyse how ¢ acts on the (—1)—curves up
to the Bertini involution. In Section 1.1.4, we listed the 120 (—1)—curves up to the
Bertini involution. The notation we use for the (—1)—curves of X is the same one used
in Section 1.1.4, whereas the (—1)—curves of X’ will be denoted by adding a tilde. For
instance, the exceptional divisors of X' are Ef,..., E{. The structure of the Picard
group of X and X' is well know (see [91, Section 25]). It is generated by the hyperplane
class H and the 8 exceptional divisors. The isomorphism ¢ leads to an isomorphism
¢* between PicX and PicX’ given by

H +— 2H-F,—E,—E}

E, — ILyy=H-—FE,— F}

By — L,yy=H-—FE,-E} . (1.22)
Es — Ljy=H—F, - FE}

E, — E!fori>4

Using Equation (1.22), we determine how ¢ acts on the set of (—1)-curves. For instance,
for + > 4 we get that

¢0"(Li;) =2H — By — By — By — (H — Ey — B3) — Ej = H — By — B = L.
Similarly, for ¢, 5 > 4 distinct, we have that
¢*(Lij) =2H — Ei - Eé - Eé - E; - E], = Ql[s}\{l,z,s.,z',j}'
Since ¢ is a birational involution, we obtain that (];*(Q”k) = EES}\ (12,314 Therefore,
using two Cremona transformations and Algorithm 3 we can compute the plane quartics

corresponding to the (—1)-curves of the form @);;x. We now present the steps of the
algorithm for computing these plane quartics.
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Algorithm 5

Input: The set of 8 plane points P = {pi,...,ps} in general position, three distinct
indexes 1, j, k € [8] and two cubic forms u, v vanishing at P.

Output: A plane quartic corresponding to the (—1)-curve Q;jx of BlpP?

1. Fix {a,b,c,d,e} = [8] \ {7,7,k}. Compute an automorphism g of P? sending
PasPb,De to [1,0,0],0,1,0],[0,0, 1], respectively.

2. Compute the set
73, = {[1’07 0]’ [07 1’0]7 [07 07 1]} U ¢ og(P \ {pa7pb7pc})'

3. Compute the two cubics u’ and v’ resulting from dividing uog=to¢ and vog=tog
by zyz, respectively.

4. Return the plane quartics obtained by applying Algorithm 4 to the 8 points P’,
the two indexes d, e and the two cubics v/, v’.

Example 1.5.8. Consider the 8 points P and the cubics u and v as in Example 1.5.5.
We aim to compute the plane quartic corresponding to the (—1)-curve Qu56. The first
three steps of Algorithm 5 corresponds to the computation of P', u' and v' as in Example
1.5.7. The remaining step is to apply Algorithm J to the 8 points P’, the cubics u' and
v and the indexes 7 and 8. To do so, we consider the change of coordinates g given by
the matriz

3 2 2
g=10 =2 1
0 1 =2

Note that
g(p}) = [1,0,0], 9(p%) = [0,1,0] and g(pg) = [0,0,1].

We compute the 8 points P obtained from applying ¢pog to P as in Step 2 of Algorithm
4. These eight points are

ﬁl = [17070]7 ﬁ? = [_27 27 _4]7 ﬁ:’) = [_27 _472]7 ﬁ4 = [17 _77 _7]7
ps = [4,—-28,—112], ps = [4,—112,-28], pr =0,1,0], ps = [0,0,1].

The two cubics U and U obtained from applying the third step of Algorithm /j are

0 = 217x%y — bay? + 224x°%z + 84zyz + y*z — 16222 — y22,
0 = T2y + 37xy® + 56222 + 122y2 + Ty?z — 40222 — Ty22.
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Applying Algorithm 3 to the 8 points P, the cubics @ and ¥, and the index i = 1 we
obtain the quartic form

8222942755r% + 1015145908473 s + 3099430482252 + 413694618873+
2381975203s* — 136787702473t — 1733991753612 st — 226321594567 5%t —
408376771253t + 1907639424122 4+ 90726013447 s>+
44576697605t — 79576473613 — 11301949445t% + 80621568t

defining the plane quartic corresponding to the (—1)-curve Q456.

Algorithm 5 allows us to compute the 56 plane quartics corresponding to the 56 (—1)—
curves of the form Q) for 4, j, k € [8] distinct. Together with Algorithms 3 and 4,
we can compute 92 of the 120 plane curves. The remaining 28 plane quartics can be
similarly obtained using the fact that ¢*(Cl;) = Q) for i > 4. In particular, we can
compute the plane quartic associated to a (—1)-curve of the form C;; by applying a
Cremona transformation and Algorithm 5. We present now the steps of this recovery
algorithm.

Algorithm 6

Input: The set of 8 plane points P = {p1,...,ps} in general position, two distinct
indexes i, j € [8] and two cubic forms u, v vanishing at P.

Output: A plane quartic corresponding to the (—1)-curve Q;jx of BlpP?

1. Fix k,m € [8] \ {i}. Compute an automorphism g of P? sending p;,px,pm to
[1,0,0],]0,1,0],[0,0, 1] respectively.

2. Compute the set
P'={[1,0,0],[0,1,0],[0,0, 1]} U ¢ 0 g(P \ {pa; Db, Pe})-

3. Compute the two cubics u’ and v’ resulting from dividing uog='o¢ and vog=tog
by zyz respectively.

4. Return the plane quartics obtained by applying Algorithm 5 to the 8 points P’,
the two indexes j, k, m and the two cubics v/, v'.

Using Algorithms 3, 4, 5 and 6 we can recover from a base locus B, the 120 plane
quartics corresponding to the 120 fibers of the branching morphism. We present a
summary of the steps of the recovery algorithm.
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Algorithm 7

Input: The set of 8 plane points P = {p1,...,ps} in general position and two cubic
forms w, v vanishing at P.

Output: A list of 120 plane quartic corresponding to the 120 points in the fibers of the
branching morphism.

1. For every i € [8], compute the plane quartic obtained by applying Algorithm 3
to P, ¢ and u, v.

2. For every i,j € [8] distinct, compute the plane quartic obtained by applying
Algorithm 4 to P, 4,5 and u, v.

3. For every i, j, k € [8] distinct, compute the plane quartic obtained by applying
Algorithm 5 to P, 4, j, k and u, v.

4. For every i,j € [8] distinct, compute the plane quartic obtained by applying
Algorithm 6 to P, i,j and u,v.

5. Return the list of the 120 plane quartics computed in the previous steps.

1.5.4 Real branch locus and construction of examples

In our recovery problem for plane quartics, two different integer numbers related with
real geometry arise. One of them is the real plane Hurwitz number h52(B) for a given
real branch locus B, whose possible values were computed in Theorem 1.5.2. The
second value is the number of real points in B, which will be denoted by #(B). Note

that ¢(B) € {0,2,4,6,8,10, 12} since B is a degree 12 form.

In this section we study the relation between this two numbers. For instance, we
deal with questions as: can it happen that hi*®(B) = 64 and ¢t = 0? What about
hel(B) = 64 and t = 12?. The following result gives a complete description of which
pair (h1°*(B),t(B)) can happen for B € V,(R).

Theorem 1.5.9. There is no B € V4(R) such that the tuple (h'*(B),t(B)) corresponds
to red entry in Table 1.4. For each green entry (h,t) of Table 1.4, there exists B € V4(R)
such that the tuple (h*(B),t(B)) = (h,t).

Proof. Let B be a real branch locus in V,, and assume that hi**(B) # 24. By Theorem
1.5.2 and Table 1.2, we can assume that the real structure of the corresponding del
Pezzo surface Xg comes from the blow up of 8 points P, ¢ real and 4 — ¢/2 complex
conjugates pairs. The 12 points in P! which are zeros of B correspond to the singular
fibers under the map P? --» P : [z,y, 2] = [u, v]. This is the map given by two cubics
u,v through P. Algebraically, we seek points (c : 8) € P! such that the cubic 8-u—a-v
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is singular. There are 12 such rational cubics, and the ¢ real roots of B correspond to
those rational cubics that are real.

The Welschinger invariant W,(P?,3) is defined as the signed count of real rational
cubics passing through t real points and 4 — r pairs of complex conjugate points. By
definition, W,.(P?,3) < ¢. Example 4.3 in [113] provides a tropical computation of the
Welschinger invariants for cubics and yields W,.(P?,3) = 2r. We conclude that 2r < t.

Assume now that b (B) = 24 and let C be the space sextic associated to B. We
distinguish two cases: C' has 3 big ovals or 1 big oval and 2 small. Let @) be the real
cone containing C' and let ¢ be its unique singular point, which is real. The restriction
of the projection 7, : P? --» P? with center ¢ to C' gives a degree 3 simple covering of
P! ramified over B. Each root of B corresponds to a tangent line of C' passing through
g. Assume now that C' has two small ovals. Then, each small oval has two real tangents
passing through ¢. Therefore, t > 4. Now assume that C' has 3 ovals. If t is positive,
then there exists a real line L passing through ¢ that it is tangent to C. Since L is real,
it intersects each big oval of C' with multiplicity at most 1. In particular, L intersects
C in at most 4 points counted with multiplicity. This is a contradiction since m,|¢ is a
degree 3 cover. We conclude that ¢t = 0.

It remains to prove that the rest of the possible cases happen. The rest of this section

will be devoted to find examples for each of these cases. O
t
Xr Ovals el o246 [8]10]12

P%(0,8) 1 big 8

P%(2,6) 1 big + 1 small 16
P%(4,4) 1 big + 2 small 32
P%(6,2) 1 big + 3 small 64
P%(8,0) 1 big + 4 small 120
Dy4(3,0); 3 big 24
D,4(3,0)3 | 1 big + 1 + 1 small | 24

Table 1.4: The first column of the table represents the real del Pezzo surface associated
to a real branch locus B. The second column is the type of ovals of the space sextic
associated to B, and the third column corresponds to the real plane Hurwitz number.
Finally, ¢ denotes the number of real roots of B.

The goal for the rest of this section is to find examples for each green entry of the
Table 1.4. Our first approach for finding these examples was to randomly sample
point in V; and use the numerical methods described in Section 1.2 to compute the
corresponding values of hi® and t. However, this method failed since most of the cases
with 8l > 24 were not obtained. A better result was achieved after sampling the

points of V, as points (Uy, Ug) € P(3%,27) such that U, and Us have only real roots.
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Unfortunately, using this sampling method there were still green cases of Table 1.4 that
were not achieved. We now present two methods for constructing examples using the
real algebraic geometry of plane quartics and space sextics, respectively.

The first approach for finding examples relies on the real structure of plane quartics
and their relation with elliptic fibrations. Let B be a real branch locus in V; with ¢
real points and let X be the corresponding del Pezzo surface. Assume that the real
structure of X is Xg = P%(2a, 2b) for 2a 4+ 2b = 8. In other words, X is the blow up of
8 generic points P = {p1,...,ps} in the plane, where 2a points are real and there are
b conjugate pairs of points. This places us in the first four rows of Table 1.4. Let pq
be the ninth point in the base locus of the pencil of cubic vanishing at P. Since P is
real, po is real. The blow up of P? at P U {py} is an elliptic fibration denoted by X'.
Note that X’ inherits the real structure from the blow up. Therefore, the topological
Euler characteristic of X, (R), as a real manifold, is

X'P(XE(R)) = X'P(PE(R)) — 2a = —2a. (1.23)

Among the 12 singular fibers of the elliptic fibration, ¢ of them are real nodal plane
cubics.

Definition 1.5.10. We say that a real nodal fiber is hyperbolic if around the singularity,
the real points of the curve look like the real points of the plane curve x3 — y? + 22 =
0 around the origin. In other words, locally the singularity looks like the left curve
in Figure 1.2. Analogously, we say that a real nodal fiber is elliptic if around the
singularity, the real points of the curve look like the real points of the plane curve
2 —y? — 2% = 0 around the origin. This local picture is illustrated in the right curve

i Figure 1.2.

We denote the number of hyperbolic and elliptic fibers X by h and e. Since every real
singular fiber of Xp is either elliptic or hyperbolic, we conclude that

t=ec+h. (1.24)

The hyperbolic and elliptic fibers have topological Euler characteristic —1 and 1 re-
spectively, and we get that

—2a =€ — h. (1.25)

From Equations (1.24) and (1.25) we deduce that we can compute ¢ and a from e and

h. By Theorem 1.5.2 and Table 1.2, we can recover hi*® from a. Therefore, we can
real

compute the tuple (¢, h ) from e and h.
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Figure 1.2: The left hand side illustrates the local picture of a real hyperbolic nodal
singularity. The figure on the right hand side illustrates the local picture of a real
elliptic nodal singularity.

We now explore the relation between e and h and the real geometry of plane quartics.
Let @ be a real plane quartic in the fiber of B through the branching morphism. Recall
that the twelve points of B correspond with the 12 tangent lines of () passing through
the point of projection p = [0,0, 1]. These tangent lines can be of two types.

Definition 1.5.11. Let F' be the real quartic form defining Q and assume that F(p) >
0. Given q € Q(R), we say that the tangent line T,() is hyperbolic if the restriction
of F to T,Q(R) is nonnegative around q. Similarly, we say that the tangent line T,()
is elliptic if the restriction of ' to T,Q(R) is nonpositive around q. In Figure 1.5 we
tllustrate in green and blue a hyperbolic and elliptic tangent, respectively.

Figure 1.3: Picture of the real points of a real plane curve whose defining polynomial
is negative in the bounded region and positive in the unbounded region. The green
tangent line is a hyperbolic tangent. The blue tangent line is elliptic.

Lemma 1.5.12. Let C = V(F) be a generic real plane quartic such that F(p) > 0.
Let X' — P be the elliptic fibration corresponding to the branch locus of C. Then, the
number h of hyperbolic singular fibers of X' equals the number of hyperbolic tangent
lines of C' through p. Analogously, the number e of elliptic singular fibers of X' equals
the number of elliptic tangent lines of C through p.
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Proof. We start recalling how to obtain the elliptic fibration X’ from C. We consider
the blow up X of P? at the projection point p = [0,0,1]. We denote the strict trans-
formation of C' again by C'. We obtain the elliptic fibration X’ as the double cover of
X ramified over C. The elliptic fibration X’ — P! is given by the composition of the
double cover X’ — X with the map X — P! given by the exceptional divisor of X.

Now, let L be a real tangent line of C' at ¢ € C passing through p. Then, L corresponds
to a real singular fiber E' of the elliptic fibration and we get a double cover ¢ : ' — L.
Let ¢ be the singular point of E, i.e. ¢ = ¢ !(q). Now assume that L is elliptic. Then,
there exists an open neighbourhood U of ¢ in L such that ¢ is the only ramification
point in U and F|ym) is nonpositive. Then, ¢~*(U) is an open neighbourhood of ¢
whose only real point is ¢'. We deduce that the singularity at ¢’ is elliptic. One may
apply the same argument to show that hyperbolic tangent lines to C' passing through
p correspond to hyperbolic singularities. O

Our strategy is to use Lemma 1.5.12 to construct examples corresponding to green
entries of the Table 1.4. In [63], Harnack degenerates singular plane quartics to con-
structs plane curves of given genus with a prescribed number of ovals (see [10, 125]
for a modern reference). For instance, the same strategy is followed in [9] for the con-
struction of the Trott curve. We use this classical real algebro-geometric technique to
construct our examples. We exhibit this method in the following example.

Example 1.5.13. Consider the two polynomials

= 1
Fy = —(0.707x — 0.7072)* + (0.707z 4 0.707x)? — ¢,
| (1.26)

1
Fy = (08662 — 0.52)” + (0.52 + 0.8662)° — 3/,

and let F be the product of Fy and Fy. The plane quartic C defined by F has two
irreducible components, each of them has degree 2 (see Figure 1.4). As in the construc-
tion of the Trott curve, we slightly modify our curve adding a degree 4 non-negative
polynomial:

n o 20,2 2
F:F—i—l—my(x + 27). (1.27)

Let C' be the plane curve defined by F'. Then, C is a smooth curve with 12 real tangent
lines passing through [0,0,1]. Ten of them are hyperbolic and two of them are elliptic
(see Figure 1./). From equations (1.24) and (1.25) we deduce that H = 120 and
t=12.

Similarly, in Table 1.5 we provide pictures of the plane quartics corresponding to the
examples of the first five rows of Table 1.4. These examples have been constructed
using the same method exhibited in Example 1.5.13: we obtain a smooth plane quartic
by deforming a reducible plane quartic. The first two columns of Table 1.5 represent
the real plane Hurwitz number and the number of real roots of the branch locus. The
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Figure 1.4: The curve on the left is the real picture of the plane quartic defined by the
product of the polynomials in (1.26). The curve on the right is the real picture of the
plane quartic defined by the polynomial (1.27). The tangent lines in green represent
the hyperbolic tangent lines passing through the point of projection. The tangent lines
in blue are elliptic. It has ten hyperbolic tangents and two elliptic.

third and fourth columns represent the number of hyperbolic and elliptic real tangents
to the plane quartic. The fifth column of Table 1.5 shows the picture of the reducible
real curve we start with. The last column corresponds to the smooth real plane quartic
obtained by deforming the reducible curve on the fifth column. The values b ¢, h, e
of these plane quartics are given by the corresponding entries of the row. In the figures
in the last row, the tangent lines in green are the hyperbolic tangents passing through
the projection point, and the ones in blue correspond to the elliptic tangents.

ral | ¢t | h |e Singular quartic Plane quartic
8 2 1|1 )
8 4 1 2 |2
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Table 1.5: List of examples corresponding to the first 5 rows of Table 1.4. The first
and second columns correspond to the real plane Hurwitz number and number of real
points in the branch locus. The third and fourth columns are the number of hyperbolic
and elliptic tangents. The fifth column corresponds to the reducible plane quartic we
degenerate to obtain the smooth plane quartic. The last column provides the picture of

the real plane quartic whose values of b ¢, h, e are given by the first fourth columns.

Note that the previous method for constructing examples uses that the real structure
of the del Pezzo surface coming from the blow up of real points and complex conjugate
points. Therefore, this method can not provide examples where the real plane Hurwitz
number is 24. This corresponds to the last two rows of Table 1.4. We use the real
geometry of space sextics to construct those examples.

Recall that the real Hurwitz number of a real branch locus can be obtained through
the oval distribution of corresponding real space sextic (see Table 1.4). Let B € V,(R)
and let C' be a real space sextic lying on the real quadric cone (). Let ¢ be the
unique singular point of ). Recall that the restriction to C' of the linear projection
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7, : P2 ——» P? from ¢ is a degree 3 simple branched cover of P! ramified over B. The
real points of B correspond to real tangent lines to C passing through C. In particular,
we can compute b and ¢ from the real picture of the space sextic. In the following
example we illustrate how to do so.

Example 1.5.14. Let zg, 21, T2, x5 be the coordinates of P3. We fix Q to be the quadric
cone defined by the polynomial G = % + 23 — 4x3. The singular point of Q is ¢ =
0,0,0,1] and the linear projection m, : P3 --» P? sends [xo, 21, 22, x3] to [xg, 21, Ta).
Now, Q" = m,(Q) is the smooth plane quadric defined by G which is isomorphic to P*.
The set of real points of Q\{q} equals the cylinder R x PL. The blue surface in Figure
1.1a is a picture of the real points of Q\{q}. The fibers of the projection m, corresponds
to vertical lines in the cylinder in Figure 1.5a. Consider the space sextic C' given by
the equations

3 2 2, .2 2
Ty — LT3 — 105 = T + o7 — 4oy = 0.

The real picture of this space sextic is illustrated in Figure 1.5a. Moreover, from the
picture one can observe that C has two tangent lines passing through the singular point
of the quadric surface. Hence, it corresponds to the case b =8 and t = 2 in Table
1.4. Similarly, Figure 1.1b corresponds to the case b = 16 and t = 4, Figure 1.5¢
corresponds to the case bt = 32 and t = 10, Figure 1.5d corresponds to the case
hieal = 64 and t = 10, Figure 1.5¢ corresponds to the case hie® = 120 and t = 8, and
Figure 1.5b corresponds to the case b = 24 and t = 4. Some of these examples were
constructed using the same method used for constructing the examples in Table 1.5,
but for space sextics. We refer to [48, Figure 1] for an application of such methods to

space sextics.

We now focus on the case b = 24 and ¢ = 12. The idea to find such an example is
to interpret the cubic surface that intersects the quadric cone as a family of real plane
cubics such that two of the fibers of the family are real plane cubics with 6 tangent
lines through [0, 0, 1]. We consider the cubic surface Y given by the affine equation

1
(2] + 25— 1) (1:2 - §x0> + %(w% +a3) = 0. (1.28)

We see Y a family of plane cubics in the parameter xy. The fiber Y, at zp = —1.5
and zo = 1.5 has 6 tangent lines through [0, 0, 1] each (see Figure 1.6). Note that, for
each value of zy # 0, the plane cubic is constructed applying the same technique used
in Example 1.5.13. We start with a reducible cubic that is the union of a conic and a
line, and we add a extra factor to correct the singularities.

Let C be the space sextic given by the intersection of Y with V(a3 + 27 — 4). The real
picture of C'is shown in Figure 1.7. The number tangent lines through [0, 0,0, 1] is 12.
These 12 vertical tangent lines arise from the six vertical tangent lines to Y, 5 and Y_; 5
(see Figure 1.6). Hence, in this case, b = 24 and t = 12.
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@ » =

(a) Case (e, ) = (8,2). (b) Case (05, 1) = (16,4). (o) Case (el ) = (32, 10).

< =

(d) Case (B3, £) = (64,10). (e) Case (b7l £)=(120,10). (f) Case (b, t)=(24,4).

[

Figure 1.5: Real pictures of a space sextic obtained by intersecting the affine cone
224+ y% —1, in light blue, with a cubic surface in light orange. The real vertical tangent
lines of the space sextic are illustrated in orange.

PanN
\ ) & |
___/ "

(a) Plane cubic Yy, for o = 1.5. (b) Plane cubic Yy, for g = —1.5.

Figure 1.6: Plane cubics obtained by fixing the value of g in (1.28).



1.6. SEGRE-HURWITZ NUMBERS 53

=
=

Figure 1.7: Real picture of the space sextic given by the Equations (1.28). It corre-
sponds to the case hi*d = 24 and t = 6.

Using the same strategy one can construct the remainder cases of the last row of Table
1.4. In Figure 1.8, we present the real pictures of space sextics corresponding to these
cases.

)

Figure 1.8: Real pictures of space sextics corresponding to the cases t = 6,8, 10 (sorted
from left to right) of the last row of Table 1.4.

1.6 Segre-Hurwitz numbers

The restriction of the Hurwitz theory to plane curves gives rise to the notion of plane
Hurwitz numbers. As shown in [99, Proposition 5.2.1], the plane Hurwitz numbers is
compatible with the classical Hurwitz numbers. This restriction allowed us to analyze
the recovery problem associated to these enumerative problems. A natural question
arises from the construction of plane Hurwitz numbers: what does it happen if, instead
of the plane curves, we consider curves contained on other algebraic varieties? The
theme of this section is to develop an analogous theory to plane Hurwitz numbers for
curves lying on the Segre variety S := P! x P!

Let [xo,21] and [yo,y1] be the coordinates of the first and second factor of S, re-
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spectively. In addition, we consider the two projections m,m : S — P! sending
([zo, 1], [Yo, y1]) to [zo,x1] and [yo,v1], respectively. For dy,dy > 0, we denote the
vector space of bi-homogeneous polynomials of bi-degree (dy,ds) by Vg, 4,. In other
words,

‘/1117512 = HO(S, Os(dl, dg)) ~ HO(PI, O[p:l (dl)) & HO(PI, Opl (dg))

Thus, the dimension of Vj, 4, is (di + 1)(d2 + 1). Similarly, |Og(dy,dz2)| denotes the
projectivitation of Vy, 4,. Let C' be a curve in S defined by a polynomial in |Og(dy, da)|.
A computation on the Chow ring of S together with the adjunction formula shows that
the genus g of C'is g = (dy — 1)(ds — 1).

Given F € |Og(dy,ds)| generic, the restriction of my to V(F') is a degree d; branched
covering of P'. Indeed, given a point p = [po, p1] € P, the fiber through ms|y(p) is given
by the solutions to the equation F'(xg, 1, po, p1) = 0, which has d; solutions. Since F'
is chosen generic, we assume that this branched covering is simple. By the Riemann-—
Hurwitz formula, the number of branch points of such covering is 2dy(d; — 1). Similar
to the construction presented in Section 1.1.2; we consider the branching morphism

br: |Og(dy, dy)| --» PX2(d=1) (1.29)

sending F' € |Og(dy,dy)| to the branch locus of m : V(F) — P!. In order to give an
algebraic expression of the map (1.29), we write a polynomial F' € |Og(dy,ds)| as

di
F = Z Fi<y07 yl)xgliz‘r?iv
=0

where F; are homogeneous polynomials of degree do in 1o,7;. A point ¢ € P! is a
branch point if and only if the polynomial F'(z¢,x1,qo,q1) has a double root. We can
translate this condition algebraically using discriminants. The discriminant disc,,F
of F(xo,1,90,y1) W.r.t. xo is a homogeneous polynomial of degree 2dyd; — dy in the
variables yo and y;. Thus, if ¢ € P! is a branch point, then disc,, F'(q) vanishes. Note
that the number of branch points is 2dyd; — 2d, while disc,, F' has degree 2dyd; — do.
This means that V(disc,,F') is the union of the branch locus of 7 and d extra points.
Note that disc,, F' is the multiplication of Fy with a polynomial 2ds(d; —1). We denote
this polynomial by AF. In particular, the dy extra points in V(disc,,F') are given by
the roots of Fy, and the branch locus of my is given by AF'. Therefore, algebraically,
the branching morphism is the rational map sending F' to AF.

Example 1.6.1. Fiz dy = dy = 2. We write F € |0g(2,2)| as F = Fyx + Fizor, +
Fyx?, where F; are binary quadrics in the variables yo,y1. The restriction of wy to V(F)
is a degree 2 simple branched covering of P! ramified over 4 points. The discriminant
of F(zo,1,y0,y1) w.r.t. xo equals Fo(F? — 4FyFy) and the branch locus of 7y is given
by the roots of F2 — 4FyFy. Thus, the branching morphism sends F to F| + 4FyF,. A
computation in Macaulay 2 shows that this map is dominant.
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In the definition of plane Hurwitz numbers, we considered plane curves up to the
action of the group G, defined as the group of automorphisms P? commuting with the
linear projection. In this section, we are interested in the group of automorphisms of
S commuting with the projection my. Such group is PGL(2) acting on S through the
first factor. In other words, g - (p,q) = (9(p),q) for g € PGL(2) and (p,q) € S. This
induces an action of PGL(2) on |Og(d,ds)| as follows:

b

g-F = F(axg + bxy, cxo + dxy, yo,y1) for g = (CCL g

) € PGL(Q) and F' € |Os(d1,d2)‘.

Since PGL(2) is reductive, we get a good quotient SHg, a4, := |Os(di,ds)|//PGL(2)
(see [94, 68]). Now, note that the map (1.29) is invariant under the action of PGL(2).
Therefore, we obtain a map

br : SHd1,d2 N
F] — AF, (1.30)
called the branching morphism. We denote the closure of the image of br by Vg 4,.
For instance, from Example 1.6.1 we deduce that V,5 = P*. Next, we consider the
morphism

vi SHaydy, -+ Hdy(di—1)(da-1)
[C] —  [r:C — P,

and let gﬁdh@ be the closure of the image of ¢. It follows that br is the composition of
¢ with the branching morphism from the Hurwitz scheme Hg, (4, -1)(d,~1) to [p2d2(di—1)
In order to have an analogous plane Hurwitz number in this setting, we need br and ¢
to be generically finite into their image.

Definition 1.6.2. We define the Segre-Hurwitz number sb, ,, as the degree of the
branching morphism (1.30), whenever br is generically finite. If br is not generically
finite, we fix ha, 4, = 00.

Note that the branching morphism br is generically finite if and only if ¢ is generically
finite. We are particularly interested in the case where ¢ is injective. In such situation,
the counting done through the Segre-Hurwitz numbers is compatible with the classical
Hurwitz number. In the case of plane Hurwitz numbers, this compatibility is a conse-
quence of [99, Proposition 5.2.1], where it is shown that the map PHy — Hg4, sending
a plane curve to the branching cover given by the linear projection, is injective. We
aim to understand for which values of d; and d,, the map ¢ is injective.

Lemma 1.6.3. Let C € |Og(dy, dy)| with dy > 2, then h°(C,O¢(0,1)) = 2.
Proof. We consider the following short exact sequence of sheaves

0— Os(—dl, —dg) — Og = Oc — 0.
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Tensoring by Og(0, 1), we obtain that the sequence
0— Og(—dy, 1 —dy) = Og(0,1) = Oc(0,1) = 0
is exact. By taking global sections we get the following long exact sequence

0 — H(S,0g(—dy, 1 — d2)) — H'(S,05(0,1)) — H(C,0c(0,1)) —
S HY(S, Og(—di, 1 — ds)) — - '

By the Kiinneth formula (see [44, Theorem 2.10]), for do > 2 we have that
H°(S,05(—dy,1—dy)) and H'(S,Og(—dy,1—dy)) are zero dimensional. We conclude
that

h(C,0c(0,1)) = B°(S, 05(0,1)) = h°(P', Op1 (1)) = 2.

Using Lemma 1.6.3, we derive the following proposition.

Proposition 1.6.4. Let d; = 3 and dy > 2. Then, for Cy,Cs € |Og(dy,ds)|, my : C1 —
P! and 7y : Cy — P! are isomorphic as branched covering if and only if Cy and Co are
equal as points in SHs q,. In particular, for di = 3 and dy > 2, the map ¢ is injective.

Proof. 1If Cy and Cy are equal as points in SH, 4,, then there exists g € PGL(2) such
that g x Id(C}) = Cy. In particular, g x Id is an isomorphism between the two branched
coverings.

Conversely, let ¢ : C} — C5 be an isomorphism such that my = m0¢. We need to check
that ¢ comes from an automorphism of S. Since 7y is the projection to the second
factor of P! we deduce that 750pi(1) ~ O¢,(0,1) for ¢ € {1,2}. Since ¢ commutes
with m we get that

O, (0,1) = T0p (1) ~ ¢* 13 Op (1) = ¢* O, (0, 1). (1.31)

By Lemma 1.6.3, |O¢,(0,1)] = PL. In particular, we get an automorphism ¢, of P!
such that ¢y o™ = ¢ om. Since m = 7 o ¢ we conclude that ¢, = Id. Now, ¢* K¢, and

K¢, are isomorphic. By the adjunction formula, we deduce that

(dy — 2)Oc(1,0) + (ds — 2)O0c(0,1) = Oc(dy — 2, ds — 2) = ¢*Oc(dy — 2,ds — 2) =
(dy — 2)6*Oc(1,0) + (dy — 2)Oc(0, 1).

Together with equation (1.31), we deduce that
(dy —2)O¢(1,0) = (d1 — 2)9"Oc(1,0).

Thus, for d; = 3 we get that O¢(1,0) = ¢*Oc(1,0). Again, by Lemma 1.6.3, we get
an automorphism ¢, of P!. In particular, we get an automorphisms ¢; X ¢ = ¢; x Id
of S that maps C, to Cy, and C) and C; are equal as points in SHs 4,. O
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The condition dy > 2 in Proposition 1.6.4 is not very restrictive since for dy = 1, C
has genus zero. Now, the dimension of Hg, (4,-1) is 2da(d; — 1), while the dimension of
SHay a, is (d1 +1)(dy + 1) — 4. In particular, we get that

dim SHdth — dim Hdl,(dlfl)(dgfl) = (d1 — 3)(d2 - 1) (132)

We deduce that for d3 = 3 and dy > 2, 25’\7-/[3@2 = H32(4,—1)- Moreover, from Proposition
1.6.4, we derive the following result.

Corollary 1.6.5. For dy = 3 and dy > 2, ¢ is a birational morphism between SHs 4,
and H3 24,2, and Vs 4, = P49z - In particular, the Segre- Hurwitz number shs 4, coincides
with the Hurwitz number Hs oq,—2

We finish this section introducing the real version of the Segre-Hurwitz numbers. We
say that a point in SHg, 4, is real if the corresponding PGL(2)-orbit contains a real
algebraic curve. Given a real branch locus B in 24, 4,(R), we define the real Segre-
Hurwitz number 5[]2?;2(B) as the number of real point in the fiber of B through the
branching morphism, whenever the branching morphism is finite. As a consequence
of Corollary 1.6.5, we get that for d; = 3 and dy > 2, the real Segre-Hurwitz number

coincides with the real Hurwitz number ng;(ldQ—l)'

1.6.1 Segre-Hurwitz numbers for (4,2)-curves

From Equation (1.32) we deduce that, for d; > 4 and dy > 2, the dimension of SHg, 4,
is lower than the dimension of Hg, (4,-1)(d.—1). In particular, for d; > 4 and dy > 2, the
map ¢ is not dominant and 3\7-/[(1;17,12 has positive codimension in Hg, (4,-1)(dp—1)- The
topic of this section is the first case where this behaviour happens: (d;,ds) = (4,2). In
this case :9\7-/[4,2 is a hypersurface in H43 We start by deriving the following result for
d2 = 2.

Proposition 1.6.6. For dy > 3 and dy = 2, the map ¢ is injective.

Proof. Let C; and Cy be two curves in SHg, a4, such that ¢«(Cy) = «(Cy). We say that
a line bundle is g} if its global sections define a degree d branched cover of P! (see
2]). Then, both O¢, (1,0) and ¢*Oc,(1,0) are g} . Indeed, the map associated to both
line bundles are m; and m; o ¢, and both maps are degree dy covers of P!. For dy = 2,
Oc, (1,0) and ¢*Oc, (1,0) are gy, . From the uniqueness of g line bundles on curves with
genus at least 2 (see [124, Proposition 20.5.7]), we deduce that O, (1,0) ~ ¢*O¢, (1, 0).
Now, the proof follows using the same argument as in Proposition 1.6.4. n

A direct consequence of Proposition 1.6.6 is that the Segre-Hurwitz number sb,, o is
compatible with the counting performed through the Hurwitz number Hgy 4,—1. In
particular, sh, , < Hy, 4,1 for dy > 4.

For the rest of the section we fix (dy,ds) = (4,2). A generic curve C in |Og(4,2)| has
genus 3, and the projection my : C' — P! is a simple branched cover of degree 4 with 12
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branch points. These branched coverings are of the same type as the ones considered
while studying the plane Hurwitz number for quartic curves. This connection was
observed in [122]. There, the author introduce the subscheme D of H, 3 of degree 4
simple branched covers of P! ramified at 12 points whose source curve is hyperelliptic
and of genus 3. Vakil proves that the map from D to P!? sending a branched cover
to its branch locus has degree 135 onto its image, whose closure is the hypersurface
Vi. Recall that for dy = 2 the curves in |O(dy,2)| are hyperelliptic. By Proposition
1.6.6, we deduce that ¢ is a birational morphism between SH4» and D. Therefore, we
conclude that Vo =V and the Segre Hurwitz number sb, , is 135. We now compute

the real Segre-Hurwitz number i,

Theorem 1.6.7. Given B real branch locus, 5hreal(B) 15 either 7,15,31, 39,63 or 135.

Proof. Let B be a generic branch locus in V, and let C' be the corresponding space
sextic. We denote the cone containing C' by (). Using Theorem 1.1.11, we get that
the number of even theta characteristics of C' is 136. Note that this number equals
sh,, + 1. This is because among these 136 even theta characteristic, one of them is
obtained from @ as follows. Let 7 : P3 --s P? be the projection from the singular point
of Q. The restriction of 7 to C is a degree 3 branched cover of P! ramified over B. A
fiber of this branched cover is a degree 3 divisor. Let © be the line bundle associated
to this divisor. Then, © is an even theta characteristic. Indeed, h°(C,©) = 2 since
the global sections of © define the degree 3 covering of P!. Now, by the adjunction
formula, the canonical bundle of C' is O¢(1). Since the fiber of two points via 7 is a
divisor in |O¢(1)], we conclude that 20 = O¢(1).

In [122, Section 4], Vakil uses Recillas’ trigonal construction to build a bijection among
the 135 fibers of B through the branching morphism of SH,» and the set of even theta
characteristics of C' distinct than ©. For further literature of Recillas’ construction we
refer to Recillas’ original paper [108]. Now, assume that B is real. Then, © is a real
theta characteristic. Moreover, using the fact that Recillas’ construction preserves the
real involution, we deduce that the above bijection sends real fibers of B to real even
theta characteristics. The proof follows from Theorem 1.1.13. O

The same study carry out in Section 1.5.4; allow us to analyse the relation between
sb™(B) and the number of real roots of B for B € V4(R). In particular, as a conse-
quence of the proof of Theorem 1.5.9 and the examples constructed in Section 1.5.4,
we derive the following result.

Corollary 1.6.8. There is no B € V4(R) such that the tuple (5[)2‘?31(3),&3)) corre-
sponds to a red entry in Table 1.6. For each green entry (sh,t) of Table 1.0, there
exists B € V4(R) such that the tuple (shfgl,t(B)) = (sh,t).
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t
Xg Ovals shrat o] 2]4]6]8]10]12

P2(0,8) 1 big 7

P%(2,6) 1 big + 1 small 15
P%(4,4) 1 big + 2 small 31
P%(6,2) 1 big + 3 small 63
P%(8,0) 1 big + 4 small 135
D4(3,0)} 3 big 39
D4(3,0)0 | 1 big + 1 + 1 small | 39

Table 1.6: The first column indicates the real del Pezzo surface associated to a real
branch locus. The second column describe the oval distribution of the corresponding
space sextic, and the third column indicates the value of the real Segre-Hurwitz number.
The rest of the columns indicate the number ¢ of real points in the branch locus.

1.7 Open problems

We finish this chapter with a section devoted to list, and comment, some open questions
and future research lines.

One of the main open problems of this chapter is related to the computation of new
(real) plane Hurwitz numbers. Only for d < 4 the plane Hurwitz numbers, and its real
version, are known. The value of these numbers remains open for d > 5.

Question 1.7.1. What are the values of bq and b for d > 572

Of particular interest is the case of plane sextics. In [122], for the computation of by,
Vakil exploits the fact that the double cover of the blow up of P?, at a point ramified
over a plane quartic, is an elliptic fibration. For the case d = 6, the double cover of P2,
ramified over a plane sextic, is a K3 surface. Based on this observation, one may try

to determine hg and hicd! using the geometry of K3 surfaces.

In the study of plane Hurwitz numbers, we focused on simple branched covering. We
can state the analogous enumerative question for nonsimple plane branched coverings
giving rise to (real) nonsimple plane Hurwitz numbers.

Question 1.7.2. What are the values of (real) nonsimple plane Hurwitz numbers?

For instance, a plane cubic has 9 flex points. If a flex line passes through the center
of the projection the corresponding ramification point (the flex point) has multiplicity
3. For plane quartics, we also could have bitangent lines passing through the center of
projection. This will lead to branch points whose fibers are two ramification points,
each with multiplicity 2. A future research line is the computation of the corresponding
(real) plane Hurwitz numbers for not simple branched coverings. For instance, the
Trott curve has its 28 bitangent real. Among these bitangents, we can find 4 of them
passing through a point. The projection centered at this point leads to a degree 4 non
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simple branched covering of P!. Its branch locus consists of 6 points, four of them
with multiplicity 2. The fiber of each of these four points consists of two ramification
points with multiplicity 2. What is the real plane Hurwitz number in this case? We are
aiming to answer these questions in an ongoing project together with Clemens Nollau.
Analogously, a recovery problem can be stated in this situation from a numerical and
symbolic point of view.

Concerning the (real) Segre-Hurwitz numbers introduced in Section 1.6, the compu-
tation of most of these numbers remains open. In general, it is not known for which
values of d; and dy, the Segre-Hurwitz number sb, 4 is finite. In this chapter, we
have seen that for (di,ds) = (dy,2) and d; > 3, the Segre-Hurwitz number is finite.
Moreover, we have computed sb; , and sb,,. The following question remains open.

Question 1.7.3. What are the values of sh,, , and 5[]2‘?7‘12 fordy > 5%

From a computational point of view, in an ongoing on project with Clemens Nollau,
we are studying the recovery algorithm for the 135 curves of bidegree (4, 2) studied in
Section 1.6.1.

The introduction of Segre-Hurwitz numbers in Section 1.6 creates a new frontier in the
field of plane Hurwitz numbers. In this section we moved from plane curves to curves
in P! xP!. What happens if we consider curves on other varieties? For instance, we can
consider curves in the blow up of a point in P2. We have two natural projections from
BL,P? to P! given by the hyperplane class and the exceptional divisor, respectively.
Each type of projection leads to a branched covering C' — P!, where C' is a curve in
BL,P2. Up to the correct notion of isomorphism, what is the number of such branched
coverings sharing the same fixed branch locus? Can we recover these curves in B, P?
from their branch locus? We can consider a more general setting. Let H, be the
Hirzebruch surface associated to the bundle Opi(—n) @ Op1 of P! and consider the
bundle projection 7 : H,, — P!. Given a generic smooth curve C in H,,, the restriction
of ™ to C is a simple branched covering of P!. Up to isomorphism, can we count the
branched coverings of this form with fixed branch locus? Similarly to the definition of
plane Hurwitz number and Segre-Hurwitz numbers, such value can be properly defined.
We call these numbers the n—Hirzebruch Hurwitz numbers. For instance, for n = 0
Hy = P! x P! and the 0-Hirzebruch Hurwitz number coincide with the Segre-Hurwitz
numbers. Moreover, the real version of these numbers can also be defined.

Question 1.7.4. What are the values of the n—Hirzebruch Hurwitz numbers and their
real version?

Another way to generalize plane Hurwitz numbers is, instead of considering linear
projection from P? to P!, we can consider linear projections from P" to P!. These
projections have center a codimension 2 linear subspace. An analogous enumerative
problem can be stated in this setting. An interesting case is when canonical curves
are considered. Let C' be a generic canonical genus g curve embedded in P9~1. A
projection 7 : P91 -5 P! leads to a degree 2¢g — 2 simple branched covering of P! such
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that 7*Op:1 is isomorphic to the canonical bundle of C'. Up to isomorphism, what is the
number of such branched coverings with the same fixed branch locus? For instance, a
genus 4 canonical curve in P? is a space sextic. A line in P? defines a linear projection
P3 --s P! whose restriction to a generic space sextic is a degree 6 simple branched
covering of P'. How many of such coverings share the same branch locus?

We can slightly change the above problem as follows. Instead of considering arbitrary
curves in P2, we can fix a normal surface S and count branched coverings obtained from
projecting linearly curves in S to P!. By requiring S to be normal, we can assume that
the curves we are counting do not intersect the singular locus of S. For instance, we
can fix S to be P! x P! embedded in P2. Note that this is not the same situation
analysed in Section 1.6. There, we studied maps to P! defined by |O(0,1)]. In this
case, the projection is defined by |O(1,1)]. We could also consider curves in a quartic
cone @, In this situation, we can also consider the projection with center the singular
point of ). Given a curve in C' in @, this projection defines a branched covering of P*.
Similar enumerative problems can be considered in this setting. For instance, for space
sextics in @), the birationality between £ and V), shows that there is only one class of

space sextics in () whose above projection has a fixed branch locus (see [122, Theorem
2.12]).
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Chapter 2

Hessian correspondence and
catalecticant enveloping varieties

Throughout this chapter, we will work with an algebraically closed field K of charac-
teristic 0. Moreover, let V := K"*! for n > 1, with coordinates xy, ..., z,, and let
SV denote the d-th symmetric power of V.

Given a polynomial F' € P(SV), the Gaussian map is the rational map that sends a
smooth point of V(F') C P" to its tangent hyperplane. Here we see this hyperplane as
a point in the dual projective space (P")*. In other words, the Gaussian map is the
rational map defined by the first order derivatives of F'. The dual variety of F', denoted
by V(F)*, is the closure of the image of the Gaussian map. Dual varieties are classical
objects in both differential and algebraic geometry. We refer to [40, 55, 110] for further
details on this topic. One of the most celebrated results concerning these varieties is
the Biduality theorem (see [40, Theorem 1.2.2]), which states that (V(F)*)* = V(F). A
first consequence of the Biduality theorem is that the map associating to a hypersurface
its dual variety is birational onto its image. Moreover, given a dual variety X, we can
effectively compute the fiber of X through this map by computing X*. In this chapter
we we analyse the analogous construction for the second order derivatives.

Given I’ € P(S?V), the Hessian map or second polar map is the rational map
hp : V(F) --» P(S?V)

sending a point p to the evaluation of the Hessian matrix of F' at p. Here we use
the identification of S?V and the space of symmetric matrices. The Hessian variety or
second polar variety is defined as the closure of the image of the Hessian map. In other
words, the Hessian variety consists of all Hessian matrices of the hypersurface. By
abuse of notation, we will often consider hr as a rational map from P” instead of from
V(F). By Euler’s formula, both rational maps have the same base locus. The Hessian
map was studied in [27], where it is proven that hp is finite when V(F') is smooth
(see [27, Proposition 6]). In particular, the Hessian variety of a generic polynomial has

63
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dimension n — 1. In [87] it is shown that if hp has no base locus, then the Hessian
variety has degree d(d — 2)"~!. In this chapter we carry out a further investigation
of Hessian varieties by analysing the relation between a hypersurface and its Hessian
variety.

The Hessian map and the Hessian variety is closely related to the classical Hesse prob-
lem. The Hessian polynomial of F' € P(SV) is the determinant of the Hessian matrix
of F. The (d,n)-Gordan-Noether locus is the locus of polynomials in P(S?V) whose
Hessian polynomial vanishes. The Hesse problem deals with the description of the
(d, n)-Gordan-Noether locus. For n < 3, a polynomial lies in this locus if and only
if it is a cone (see [58]). Some remarkable contributions about Hessian polynomials
and the Hesse problem are [18, 49, 53, 57, 88, 126]. We refer to [29, 110] for further
information on the Gordan-Noether locus. In our setting, a polynomial F' lies in the
(d, n)-Gordan-Noether if and only if hp(P") is contained in the hypersurfaces of sym-
metric matrices with vanishing determinant. In [27] the authors use the Hessian map
to study the subvariety S,(F) of V(F) defined as the Zariski closure of the points of
V(F) where the Hessian matrix has rank r. This variety is strongly connected with
the following generalization of the Hesse problem: can we describe the locus of the
polynomials whose Hessian matrix has rank at most rank r? Note that for r = n this
locus is the Gordan-Noether locus previously defined.

Motivated by the Hesse problem, the relation between a hypersurface and its Hessian
polynomial has recently gained the attention of algebraic geometers. We highlight the
works [28], [38] and [39], where the birationality of the map associating a polynomial
its Hessian polynomial is studied for certain d and n. In these papers, this map is
called the Hessian map, and the image of this map is the Hessian variety of type (d,n).
It should be noticed that our notion of Hessian map and Hessian variety differs from
the concept introduced in these papers. We expect that our study of Hessian varieties
could enlighten new ideas for approaching the Hesse problem and its related questions.

The Hessian correspondence H,,, is the rational map associating to a degree d hyper-
surface in P" its Hessian variety. This is the main object of study of this chapter, and
our goal is to study the fibers of this map. In the case of dual varieties, the analogous
map is birational onto its image by the Biduality theorem. Therefore, the following
questions appears naturally. Is it birational onto its image as its analogous for dual
varieties? Is the Hessian correspondence generically finite? Is the fiber a unique poly-
nomial up to change of coordinates in P*? Or up to isomorphism or birationality of
the corresponding hypersurfaces? We are also interested in a computational approach
to these questions. In the case of first order derivatives, we can effectively recover a
hypersurface from its dual variety. Can we reconstruct a hypersurface from its Hessian
variety? This is equivalent to find an effective algorithm for computing the fibers of
the Hessian correspondence. In this chapter we answer the above questions for low
Waring rank hypersurfaces, and for hypersurfaces of degree 3 and 4.



65

In Section 2.4, we will consider the rational map
a,: P(S3V) --» Gr(n+1,5%V)
oF 8F> .

— <8x0’ ’8$n

This map is called the gradient map and in [6, 7] it was shown that its is birational
onto its image. We refer to [20, 46] for a modern reference. In Section 2.4, we derive
the birationality of Hj, for n > 2, which follows in a rather straightforward way
from the birationality of a,,. However, here we present an alternative approach to the
birationality of v, that in Section 2.4.3 can be turned into an effective algorithm for
recovering a cubic from its Hessian. On the other hand, for the case of quartics, we
need to use different ideas, coming from syzygies of Veronese varieties.

Of particular interest is also the closure of the image of gradient map. More generally,
we define the variety Z.; as the Zariski closure of the set

Z2  ={T € Gr(k+1,8°V) : (V°F) =T for some F € SV},

where V°F denotes the set of all e-th partial derivatives of F'. The motivation behind
the study of this variety comes from tensor decomposition and apolarity theory. Among
the distinct notions of ranks, partially symmetric ranks have recently attracted the at-
tention of the tensor community. One of the main questions about partially symmetric
ranks was posted by Comon (see [98, Problem 15]): if we regard a symmetric tensor
as a partially symmetric tensor, are the symmetric rank and the partially symmetric
rank equal? In the last years, affirmative answers have been given to this questions
under certain assumptions in [4, 32, 50, 111, 127].

In [56], Comon’s question is approach using simultaneous Waring ranks. More con-
cretely, through the notion of e-th gradient ranks. Given a polynomial F € SV,
the e—th gradient rank is defined as the minimum r such that there exists linear forms
ly,...,l, such that any e—th partial derivative of F' can be written as a linear combi-
nation of [{7¢ ..., 197¢. It turns out that the study of the e-th gradient rank is closely
related to the geometry of the variety Z. ;. Our goal is to analyse this variety through
the catalecticant enveloping variety, defined as

i :={FE€Cr(k+1,8°)V): (V°F) C E for some F € SV}.

This chapter is structured as follows. In Section 2.1 we introduce the background re-
quired in the rest of the chapter. This preliminary section is divided in two subsections.
Dual varieties, polar varieties and polar maps are presented in Section 2.1.1, and a brief
introduction to Waring rank, secant varieties and apolarity theory is given in Section
2.1.2.

In Section 2.2 we introduce the main objects of study: Hessian maps, Hessian varieties
and the Hessian correspondence Hg,. We also introduce the rational map Hg, x,
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defined as the restriction of the Hessian correspondence to polynomials with Waring
rank k.

Section 2.3 is devoted to the study of the Hessian correspondence for polynomials with
Waring rank at most n + 1. In Section 2.3.1, we compute the degree of Hg, for
k < n+ 1 and, in Section 2.3.2, we provide a numerical algorithm for recovering the
fibers of Hy 1, for k <mn 4+ 1.

Section 2.4 studies the Hessian correspondence for cubic hypersurfaces. More precisely,
in Section 2.4.1, we study Hj;, its image and the computation of its fibers in detail.
Afterwards, in Section 2.4.2, we analyse H,, for n > 2. We use the gradient map «,, to
study the fibers of Hj,. Finally, in Section 2.4.3, an algorithm for recovering a cubic
hypersurface, from its Hessian variety, is provided.

Section 2.5 is devoted to the Hessian correspondence for d = 4. In Section 2.5.1 we
focus on Hy ;. In Section 2.5.2 we study Hy,, for n > 2 and in Section 2.5.3 an effective
algorithm for recovering F' from Hy,(F'), when n even, is derived.

Section 2.6 focuses on the generalization of the map «,, and on the varieties Z,; and
®¢. We consider the variety Sub, ; as the closure of the set of polynomials F' € P(SV)
such that dim (V°F) = k + 1 and we introduce the rational map a. : Sub.j --»
Gr(k + 1,59°¢V) sending F to (V°F). The map aj, is the gradient map, whose
birationality was studied in [6, 7, 46]. In Section 2.6.1 we provide a new proof for the
birationality of oy, which inspired the techniques use in Section 2.6.2 to analyse the
irreducible components of the catalecticant enveloping variety for d = 1. Finally, in
Section 2.6.3 we generalize the Hessian correspondence to higher order derivatives. We
define the [-th polar correspondence inm as the rational map sending a polynomial
F € P(S?) to its [-th polar variety. We study the (d — 1)-th polar correspondence
and the corresponding recovery problem.

The main contributions of this chapter are:

e For £ < n + 1, we prove that the Hy,, j is birational onto its image for d even,
and generically finite of degree 2¥*! for d odd. Moreover, we provide a numerical
algorithm for reconstructing a hypersurface of Waring rank at most n + 1 from
its Hessian variety.

e We show that H3; has generically degree 2, we compute its image and the ra-
tional involution preserving the fibers. We present an effective algorithm for
reconstructing the two cubic binary forms with same Hessian variety from their
Hessian variety.

e We prove that Hy,, is birational onto its image for d = 3,4 and (d,n) # (3,1).
Moreover, we compute the image of Hy ;.

e We provide an effective method for recovering a generic hypersurface from its
Hessian variety for d = 3 and n > 2, and for d = 4 and n even or n = 1.
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e We provide an effective algorithm for computing the parametrization of a
Veronese variety of order 2 and of even dimension.

e We compute the irreducible components of ®; and their dimension. We determine
the dimension of Z; ; and a irreducible component of its boundary.

e We prove that the (d — 1)-th polar correspondence is birational onto its image.

2.1 Preliminaries on polar varieties and tensors

The background require for the development of this chapter is presented in this section.
We give a brief introduction to some classical objects as dual varieties, polar varieties,
Waring rank, catalecticant matrices and apolar ideals.

2.1.1 Polar varieties

This section is devoted to polar varieties. The main example of these varieties are dual
varieties. The dual variety is a classical object in the fields of algebraic and differential
geometry. This notion can be defined for varieties of arbitrary dimension, although
in this section we only focus on dual varieties of hypersurfaces in P*. We refer to
[40, 55, 110] for further details on this topic.

Definition 2.1.1. Given F € P(S9V), the Gaussian map or first polar map is defined
as the rational map

gr: V(F) --» (P)

p o V@) = [2E(p).... 2 (). 21)

In other words, the Gaussian map associates to each smooth point of V(F) its tangent
hyperplane. The dual variety of V(F'), denoted by V(F)*, is the Zariski closure of the
image of the Gaussian map, namely, the closure of gh(V(F)).

The first natural question on dual varieties, that is answered in the next theorem, is
about its dimension.

Theorem 2.1.2. [55, Corollary 1.2] The dual variety of V(F') is a hypersurface if and
only if V(F) is not a cone.

Moreover, from [55, Proposition 3.2] one can deduce that, for generic F' € P(SV),
the dual variety V(F)* is a hypersurface of degree d(d — 1)"~ 1. Let F € P(S?V) be
such that V(F) is not a cone. The F—discriminant A is the defining polynomial of
the dual variety of V(F') up to scalar. Then, for generic F', A is a degree d(d —1)"*
polynomial. Note that, even when the dual variety of F' is a hypersurface, it might
happen that its degree is not d(d — 1)"~!. This phenomenon is exhibited, for instance,
in the Pliicker formulas (see [40, Section 1.2.3]), which relate the degree, genus and
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singularities of a plane curve and its dual curve. For instance, let C' be a degree d plane
curve whose singularities are § nodes and x cusps. Then, the degree of the dual curve
is d(d — 1) — 26 — 3k, which differs from the expected degree.

Example 2.1.3. Fiz n =2 and d = 3 and consider the polynomial F = x§ + 3} + 3.
Let C be the smooth plane curve defined by F. The Gaussian map gr : C — (P?)*
sends a point p = [po, p1,pe] € C to [p2,p?,p3]. One can check that the dual variety C*
is the plane sextic defined by the polynomial

6 6 6 3.3 3.3
Zo + 21 + 2y — 2(2525 + 2723).

Here 2y, 21, 29 are the coordinates of the dual projective plane. Now let G = x3+xo (23 —

23). The dual curve is given by the equation

4og + 4z] — 82223 + dagry — 3620202 — 272525,
Note that the plane curve defined by G has a nodal singularity and the degree of V(F)*

agrees with the Plicker formulas.

Suggested by many dual phenomena in mathematics, the name dual variety suggests
that the dual variety of the dual variety is the initial hypersurface. Indeed, this phe-
nomenon is known as the Biduality Theorem

Theorem 2.1.4. [55, Theorem 1.1] Let X be a hypersurface which is not a cone. Then,
X = (X"

A direct consequence of the Biduality Theorem is that we can recover effectively a
generic hypersurface X from its dual variety by computing the dual variety of X*.

Example 2.1.5. Consider the polynomial
G =2 +2 + 2 — 252 + 212)
defining the a plane sextic in the dual projective space (P?)*. The Gaussian map for G

sends a point q = [qo, q1, 2] to

[0 — 604} — BB 4 — G108 — G5y 5 — Gy — Ba5)-

One checks that the image of V(G) through this map is the plane curve defined by
xy + a3 + x3. Note that this computation is compatible with Example 2.1.5.
Next we consider the rational map

Gi,: P(SWV) --» P(Sdd-D")

which associates to a hypersurface its dual variety. By the Biduality theorem, g;vn is
injective, and hence, it is birational onto its image. Moreover, the fibers of Q’in can be
recovered effectively. Given a dual variety X, the fiber gdfi(X ) is X*.
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Note that the construction of the dual variety of V(F') is based on the first order
derivatives of F'| since the tangent space at a smooth point of V(F') is given by the
gradient of F'. The generalization of the Gaussian map to higher order derivatives is
called the k—polar map.

Definition 2.1.6. For k > 1 and F € P(S9V), the k—polar map of F is the rational
map
g V(F) --» P(S*V)

oFF (2.3)

N : Z 3@-1

- Oy,
The k—th polar variety is defined as the closure of the image of gk..

Note that, P(S'V) can be identified with (P")* and thus (2.3), with ¥ = 1, yields the
usual Gaussian map (2.1). By abuse of notation, we will often consider g} as a rational
map from P” instead of from V(F). Note that by Euler’s formula, both rational maps
have the same base locus. Moreover, this base locus is contained in the singular locus
of V(F). In particular, for generic F' € P(S?V), the k—th polar map has no base locus.
In [87], the author proved that if g§ has no base locus, the k—th polar variety has
dimension n — 1 and degree d(d — k)"~ L.

Example 2.1.7. Let n = 1 and consider the binary form F = z§ + z3z, + 2222 +
zox? + xF. The 3—th polar map g3 : V(F) — P(S3V) ~ P is a linear map that sends
a point p = [po, p1] to

[12po + 3p1, 3po + p1. po + 3p1, 3po + 12p1].
In this case, the 4—polar variety is defined by the ideal

321 — 629 + 23, 20 — 920 + 223, 332125 — 30512325 4+ 10712222 — 1712925 4+ 1123).
2 2 273 3 3

One of the main objects we will study in Chapter 2 are Hessian maps and Hessian
varieties. They will be defined in Section 2.2 as the second polar map and second polar
variety respectively.

2.1.2 Waring rank, Secant varieties and apolar ideals

In this section we introduce some tensor related objects that will make their appearance
in Chapter 2. For further details in these topics we refer to [5, 74, 84]. We start with
a classical notion in tensor decomposition.

Definition 2.1.8. The Waring rank of a polynomial F € P(S?V) is defined as the
minimum integer r > 0 such that F = [{+- - -+1¢ for some linear formsly, ... I, € S'V.
In this situation, the expression of F' as sum of r powers of linear forms is called a
Waring decomposition. The border rank of a polynomial F € P(S?V) is the minimum
integer v such that F' is contained in the Zariski closure of the set of degree d polynomaials
with Waring rank r.
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From these definitions it follows that the border rank of a polynomial is lower or equal
than its Waring rank. However, the equality does not always hold. For instance, the
Waring rank of zoz? is 3 but its border rank is 2 (see [78, Example 1.4 and Example
2.10]).

We denote the Veronese variety of all polynomials of the form (¢, for [ € P(S'V), by
Vdn  Then, the closure of the set of degree d polynomials of symmetric rank & is
the k—th secant variety of V4" denoted by o3 (V4"). Therefore, the border rank of
F € P(S?V) is the minimum integer k > 1 such F € o3(V%"). The expected dimension
of the secant variety oy (V%") is

expdimak(Vd’”) = min {sn +s5—1, (n + d) — 1} .

n

In general, the expected dimension of o (V%") bigger or equal to its dimension. The
k—defect, denoted by &y, is defined as the difference expdimoy, (V%) — dim oy (V™).
We say the secant variety oy (V%") is k—defective if d;, > 0. The Alexander—Hirschowitz
Theorem shows when oy, (V%) is k—defective.

Theorem 2.1.9. [12, Theorem 1.2/ The dimension of the higher secant varieties
ox(V4") equals the expected dimension except for the cases shown in Table 2.1.

d n k 6k dim ak(Vdvn)
2[>2[2<k<n| () [knt+tk—1-)
3] 4 7 1 33

4] 2 5 1 14

4] 3 9 1 33

4] 4 14 1 68

Table 2.1: List of7 secant varieties of V%" that are defective.

For further references on decomposition of tensors and their relation to secant varieties
we refer to [5].

Now we shift our point of view on tensor decompositions from secant varieties to apolar
ideals. Consider the graded rings S = K|xy, ..., x,] and T = K[y, . .., y»]. We denote
the d—graded piece of S and T by S; and T, respectively. In terms of the notation
used in Section 2.1.1, Sy is identified with S¢V . The apolarity action is the action of T’
on S where y; acts on S as the partial derivative % On the monomials, this action
is defined on monomials as follows. Consider the monomials #* = =25°---z0m € S and
y? = yg°-~y£” €T for a = (ag,...,an), 8= (Bo,-..,B:) € N*T1. Then ny acts on
by
a—pf
o = g Zx 1fa26’
0 else
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where o > [ if and only if a; > §; for every i. The apolaritity action defines for every
J € N a perfect pairing
Sz' x T, — S() ~ K

sending the tuple (F,G) to G o F.

Definition 2.1.10. Given a polynomial F' € Sy, the (i,d — i)—catalecticant map of F
1s the linear map
Foai: T, — Si

G s GoF (2.4)

A first consequence of this definition is that the image of F; ;_; equals (ViF). Recall
that V'F is the set of all i—th partial derivatives of F. For instance, the catalecticant
map [ 41 is the map from 7 to Sq_; sending y; to the first order derivative of F' with
respect to x;.

Example 2.1.11. Fiz n = 2 and d = 4, and consider the polynomial F = x§ + x} +

x%%—x%x% The catalecticant map Fy 3 : Ty — S3 acts on the monomials of T} as follows

Yo > 4TS + 2x02, yy > 4ot + 222wy, yo > 4ol

In particular, F\ 3 is injective, i.e. it is a linear embedding. Similarly, the catalecticant
map Fyo : Ty — Sy acts on the basis of monomials of Ty as

yg — 12x3 + 222 yoyr = dxory yoyo — 0 yP e 1227 + 2x3 iy — 0 Y2 12232,

In the basis of Ty and Sy given by the degree 2 monomials, the matriz of Iy is

120 0 2 0 O
0 40 0 0 0
0 00 0 0 O
2 00 120 O
0 00 0 0 O
0 00 0 0 12

In particular, the rank of Fyo is 4 and its kernel is generated by yoy> and y1ys.

In Example 2.1.11, we show that the under certain basis, the matrix of the catalecti-
cant map Fho is symmetric. This is consequence of a more general fact. We write a

polynomial F'in S, as
F= Z a,T”.

|ul=d

In T; we fix the standard basis given by the monomials, whereas in S;_; we fix the

basis given by the elements of the form uo!“l.un!x“ for u € N with |u| = d —i. Under

these bases, the catalecticant map F; 4_; is given by the matrix

Catp(d —i,1) == (aysv) (2.5)

ful=iJv|=d—i -
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The matrix (2.5) is called the i—th catalecticant matrix. On of the first properties of
catalecticant matrices is that for any F' € Sy, Catp(d — i,1)" = Catp(i,d — i) (See [77,
Section 1]). In particular, when d is even, Catp(d/2,d/2) is symmetric.

Example 2.1.12. For degree d binary forms, the catalecticant matriz Catp(d —i,1) is
the (d —i+ 1,1+ 1)—matriz

Qd.0 Aq—1.1 T Qd—ii
ad—1,1 ad—22 T Ad—i—1,i4+1
Qi d—i Qi—1,d—i+1 ao,d

Definition 2.1.13. Given F € S, the apolar ideal of F', denoted by F*, is the ideal
of T defined as

Ft={GeT: GoF =0}.

The apolar ideal F'* is a graded ideal of T and for i < d, its i-th graded component is
equal to the kernel of the catalecticant F; 4_,. For ¢ > d+1, the ¢~th graded component
of Ftis T,.

Example 2.1.14. Fiz n = 2 and d = 4, and consider the polynomial F = x§ + x| +
x%—i—x%:ﬁ € Sy. In Example 2.1.11 we saw that F} 5 is injective and the kernel of Fy o is
generated by yoy2 and y1yo. Therefore, (F+); = 0 and (F1)y = (yoyo, y11y2). One can
check that all the generators of (F'4)s are in the ideal generated by (F+)y. In degree
4, the elements of (F*), that are not obtained from (F*1)qy are linear combinations of
yeyr and yoyi. We conclude that the apolar ideal of F is

F* = (Yoy2, 112, Y1, Yoy ) + (Ts).

A celebrated result concerning apolar ideals is the Apolarity Lemma which relates
apolar ideals with Waring decompositions (see [5, Lemma 2.80]). Using the apolar
ideal, we consider the quotient Ap := T//F+. Then, Ap is an Artinian Gorenstein ring
(see [74, Section 2.3]). We call Ap the apolar Artinian Gorenstein ring of F'. For further
literature on Gorenstein rings we refer to [74]. One of the main results concerning
apolar Artinian Gorenstein rings is due to Macaulay (see [89, Section 4])

Theorem 2.1.15. [7}, Lemma 2.12] There is a bijection between Syq and graded Ar-
tinian Gorenstein ring A =T /1 with socle in degree d.

Note that the i—th graded component of A vanishes for ¢ > d + 1. A consequence of
Theorem 2.1.15 is that the Hilbert function ha,(t) of Ap is symmetric. In other words,
hAF(t) = hAF(d — t) for 0 S t S d.
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2.2 Hessian varieties and Hessian correspondence

The aim of this section is to present the main objects of study of this chapter: Hessian
maps, Hessian varieties and the Hessian correspondence. These are the analogous to
Gaussian maps, the dual varieties and the map Qé,n to second order varieties. Given a
polynomial F € S?V, we denote the Hessian matrix of F by Hp.

Definition 2.2.1. The Hessian map is defined as the rational map

hrp: V(F) --» P(S?V)

b Hp(p). (2.6)

The Hessian variety of F' is the closure of hp(V(F)).

Clearly the Hessian map generalizes the Gaussian map and, taking into account that
P(S%V) can be identified with the set of the symmetric matrices, the Hessian map can
be seen as the degree 2 polar map. In this case, the Hessian variety is the second polar
variety. Let z; ; be the coordinate of P(S?V) representing the monomial z;z;. By abuse
of notation, we will often consider hp, in (2.6), as a rational map from P" instead of
from V(F).

Example 2.2.2. For d = 4 and n = 2 we consider the polynomial F = x§ + x} + 3.
The Hessian matrix of F is

1222 0 0
Hp = 0 1222 0
0 0 1223

In particular, the Hessian map of F' is

he: V(F)CP? —s P
[0, 1, 9] +—— [1223,0,0,122%,0,1223] °

and the Hessian variety of F' is given by the ideal

2 2 2
<ZO,1> 20,25 21,25 20,0 T 211 T 22,2>-

Similarly as in the case of the map Q’in, our goal is to define a rational map that
associates a polynomial FF € P(S?V) to its Hessian variety. The first difficulty we
encounter is that the Hessian variety is not a hypersurface in P(S?V'). Therefore, the
target space of such a map can not be a space of polynomials of certain degree. We
have to consider a Hilbert scheme as the target space. Let Z4,, be the closure of the set
{(z,F) e P(S?V) x P(S¥V) : € hp(V(F))}. The projection Z4,, --+ P(S4V) defines
a family of algebraic varieties parametrized by an open subset of P(S?V). By [27,
Proposition 6], the Hessian map of a smooth hypersurface is finite. Hence, the Hessian
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variety of smooth hypersurfaces is irreducible of dimension n — 1. Therefore, there
exists a dense open subset of P(S4V) where the fibers of the family =4, are irreducible
and they all have the same dimension. Let p,,(t) be the Hilbert polynomial of the
Hessian variety of a generic hypersurface in this open subset. In particular, pg,(t) is
the Hilbert polynomial of the Hessian variety of a generic element in P(S4V).

Definition 2.2.3. We define the Hessian correspondence as the rational map

Hy,: P(S?V) --» HilbPeO(P(S2V))

S (2.7)
F o hp(V(E)).

In other words, Hy,, sends a hypersurface to its Hessian variety.

Therefore, hp and Hy,, can be seen as the generalization, to the second order of deriva-
tion, of the Gaussian map and gﬂ}’n, respectively.

Example 2.2.4. For d = 3 and n = 2, we consider the polynomials F' = xox129 and
G = x} + 23. Their Hessian matrices are

0 To T 61‘0 0 0
HF = i) 0 Zo and HG = 0 61’1 0
r1 x O 0 0 0

respectively. One can check that the Hessian varieties of F' and G are
3 3
V (20,0, 21,1, 22,2, 20120221,2)  and V(Zo,1720,2721,2,22,2>Zo,o+Z1,1)

respectively. We observe that the Hessian variety of F is a singular cubic curve in a
plane in P°, whereas the Hessian variety of G consists of three distinct points in a line
in P5. In particular, the Hilbert polynomials of these two Hessian varieties are distinct.
In Section 2./, we will see that ps,(t) = ("7") — ("*"%). We conclude that G lies in
the base locus of Hs .

Example 2.2.4 shows that the family of Hessian varieties Z},, --» P(S?V) is not flat
since different fibers may have different Hilbert polynomial (see [67, Theorem 9.9]).
As a consequence, we get that the Hessian correspondence has a base locus consisting
of the polynomials F' whose Hessian variety does not have Hilbert polynomial pg, ().
Analogously, we could define the Hessian correspondence for varieties of polynomials
contained in this base locus. The main example we are interested in is the case of the
variety of polynomials with Waring rank k.

Definition 2.2.5. We define the Hessian correspondence of polynomials with Waring
rank k as the rational map
Hypg o op(VE) -5 HilbPensO(P(S52V))

o (2.8)
F o e (V(E)).

where pan(t) is the Hilbert polynomial of the Hessian variety of a generic hypersurface
in o (V).



2.3. HESSIAN CORRESPONDENCE AND WARING RANK 75

Example 2.2.4 shows that ps2(t) and p322(t) are distinct. In general, it does not hold
that pgn = Pank and Hg, and Hg, ) are distinct maps. However, for any d and n
there exists a k such that o,(V4") = P(S?V), and Hy, = Hg,y; for instance, if k
is the Waring rank of a generic polynomial. This Waring rank is achieved when the
dimension of o1,(V%") (see Theorem 2.1.9) equals the dimension of P(SV).

The natural question, and the central aim of this chapter, is the extension of the
results concerning the maps ¢! and g;,n to hp, Hyp and Hy,, . More concretely, we
analyse whether Hy,, and Hg, , are birational onto its image. From a computational
approach, given a generic variety X in the image of Hy,, (Hanx, respectively), our goal
is to recover, when possible, the polynomials whose Hessian variety is X. That is, to
determine F' € P(SV) such that Hy, (F) = X.

We observe that the cases d = 1 and d = 2 have a direct answer. For d = 1, the problem
is trivial since the Hessian is the zero matrix. Let now d = 2. For F' € P(S%V), the
Hessian matrix Hp is a symmetric matrix with constant entries. Therefore, for F' €
P(S?V), the Hessian map is a constant map sending V(F) to the point Hr € P(S?*V).
We get that py,(t) = 1 and Hilb?2"(P(S2V)) = P(S?V). Therefore, the Hessian
correspondence for quadrics is the map Ha, : P(S?V) — P(S?V) that sends F to
Hp. Applying Euler formula twice, we get that 2F = (xq,...,x,)Hp(zo,...,2,)" In
particular, we get that Hj,, is the isomorphism between degree two polynomials and
symmetric matrices.

2.3 Hessian correspondence and Waring rank
Let us start this section with a motivating example. Let n = 3 and d = 3, and consider

the polynomials F' = z3 + 2% + 23 and G = 23 + 23 — 23. Both F and G have Waring
rank 3 and their Hessian matrices are the diagonal matrices

6xg O 0 6xg O 0
0O 6x; O and 0 6z 0
0 0 6x 0 0 —6x,

respectively. In particular, the corresponding Hessian maps hp and hg factors through
the closed embedding of V(zq1, 202, 212) in P(S?V). Moreover, one can check that the
Hessian varieties of F' and G are both equal to

V (201, 202, 212, 209 + 25 + 255) C P(S?*V) =~ P°.

Similarly, the Hessian varieties of zj — 2% + x3 and —z3 + 2% + 23 equal Hso(F) too.
In particular, we deduce that there exists a locus in P(S3V) where Hj is not injective
but has degree at least 4. In this section we study how the Hessian correspondence
acts on the locus of these type of polynomials.
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In (2.7), we defined the Hessian correspondence as a rational map from P(S?V) to
certain Hilbert scheme. Similarly, in (2.8), we defined H,,, » as the Hessian correspon-
dence for polynomials in o (V4"). In this section we analyse the Hessian correspon-
dence Hg,; for polynomials with Waring rank & < n + 1. In this case, under this
assumption, the secant variety oy (V4") has a dense PGL(n + 1)-orbit. We analyse the
interaction of the action of PGL(n + 1) on P(S?V) and the Hessian map. This study
allows us to conclude Section 2.3.1 with the computation of the degree of Hg, ; for
k <n+1. In Section 2.3.2, we provide a numerical algorithm for computing the fibers
of H, dn,k-

2.3.1 Degree of Hy, for k <n+1

For any d we consider the group action of PGL(n+1) on P(S¢V) given by ¢g- F = Fog
for g € PGL(n + 1) and F € P(S4V). This defines a representation p : PGL(n + 1) —
PGL(S4V). Since the target space of the Hessian map is P(S?V), the representation p
for d = 2 will play a fundamental role.

Example 2.3.1. Fixn = 1 and d = 1. Consider the basis of S*V given by the
monomials x3, voxy, 3. Then,

g 12 = a’x} + 2acrory + Aot b
g - ory = abz? + (ad + be)zgry + cdx? | for g = ( d) € PGL(2).
g-x? =b*xd + 2bdxoz, + d*x3

Therefore, the representation p is the map

b a ab b2
(a d) — | 2ac ad + bc 2bd
¢ R A

The next lemma analyzes how this action interacts with the Hessian map.

Lemma 2.3.2. Letn > 1 and d > 3. Then, for F € P(SV) and g € PGL(n + 1), we
have that hy.p = p(g*)* o hp o g'. In other words, the following diagram commutes:

V(F) — " P(S2V)
g° plg®)t -

In particular, we have that Hy,(g- F) = p(¢")"(Han(F)).
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Proof. By the Leibniz Rule, for i,j € [n] we have that

t t
81‘181'] Z ]“gljax 895 °g-

Hence, the coordinate z; ; of the composition hge.p 0 (¢*)~! is

Z =S g+ 9L S g ZE 29)
9; kg]lax a < gz,kgj,l gz,lg],k axkaycl - gz,kgj,k ax}% . .

On the other hand, the coordinate z; ; of p(g*)" is

Z(gi,kgj,l + 9i9j k) 2k + Z 9i kg kZk k-
k<l k

By (2.9), the coordinate z; ; of p(g*)' o hp is equal to the coordinate z; ; of hy.po (g*) .

The equality Hy (g F) = p(¢") (Han(F)) follows from the first part of the lemma and
the fact that V(g - F) = (¢") "1 (V(F)). O

As a consequence of Lemma 2.3.2, we derive the following result.

Proposition 2.3.3. Let F € P(SV) and g € PGL(n+1). Then, g- Hy, Y Hyn(F)) =
Hd_’i(den(g - ). In particular the fibers of Hyn(F) and Hyn(g - F) via Hg, are
1somorphic.

Proof. Let F € P(S9V) with same Hessian variety as F. By Lemma 2.3.2, we get that

Han(g - F) = p(g")" (Hyn(F)) = p(6") (Han(F)) = Hyn(g - F).

In particular, ¢-F has same Hessian Varlety as g-F. Hence, g-H; , '(H,, n(F )) is contained
in Hy (Han(g-F)). Snmlarly, since g~1-g-F = F, we deduce that g~ H\ (Han(g-F))

is contained in H. Y(Hy,(F)). Now, the proof follows applying g to the previous
inclusion. o

Note that Lemma 2.3.2 and Proposition 2.3.3 also hold if Hy,, is replaced by Hg,, k, for
any k. Now, assume that k < n+1 and let U}, C o4(V%") be the subset of polynomials
of the form 19 4 - -- 4 1 such that [y, ..., € STV are linearly independent. Note that
Uy, contains a nonempty dense open subset of o3 (V4™). Moreover, since k < n+1, it is
the PGL(n+1)-orbit of the polynomial F}, := zd+---+2¢_,. Therefore, by Proposition
2.3.3, in order to understand the fibers of H,,, ; restricted to Uy, it is enough to study
the fiber of the Hessian variety of the polynomial F}, := xd + -+ + z¢_,.
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Note that up to scalar multiplication, the Hessian matrix of Fj is the diagonal matrix

In particular, the Hessian variety of F} is a hypersurface in the (k — 1)-th dimensional
linear subspace

P(U) :=V(z, : (i,5) € {(0,0),...,(k— 1,k —1)}) C P(S*V). (2.10)

Note that P(U) equals hg, (P?). Now, let G € P(S%V) with the same Hessian variety as
F}. This implies that 2% = 0 for (i, §) € {(0,0),..., (k—1,k—1)}. From the Euler’s
formula we deduce that the first order derivatives of G, with respect to xy, ..., x,,
vanish. Hence, GG is a polynomial in the variables xy, ..., z;_;. Therefore, in order to
study Hgpx, we assume that k =n + 1.

Lemma 2.3.4. Let G € P(S%V) with the same Hessian variety as F, 1. Then, G =
Noxd + -+ Nzl for Ng, ..., A, # 0.

Proof. Let a,, be the coefficient of ¥ := zy° - - -z for w = (wy, ..., w,) and |w| :=
wo + -+ + w, = d. Now, fix w such that |w| = d and w # de; for some i. Here,
e; is the i—th standard vector (0,...,0,1,0,...,0). In particular, there exists ¢ # j
with w;,w; > 1. We deduce that a,, is the coefficient of the monomial 2*~%~% of

8‘9;(; . Since G and F,,; have the same Hessian variety, from equation (2.10) we get

that 8 G = 0. Therefore, a,, = 0 for w & {dey,...,de,}, and G = N\gzd + -+ - + N\, 2¢
for )\ G K Now assume that A\, = 0. Then, the Hessian variety of G would be a
hypersurface in a projective space of dimension n — 1. This is a contradiction since the
Hessian variety of F},;1 has dimension n — 1. We conclude that \; # 0 for every i. [

Let T' be the linear subspace spanned by zg ..., 2% in S4V. We identify a point
A= [Ao, ..., Ay] € P(I') with the polynomial F) := )\0350 -+ Az, Using this
notation £, equals Fy, where 1 :=[1,...,1]. We denote the n—dimensional torus of
P(I") by T. From Lemma 2.3.4, we deduce that if G has the same Hessian variety as
Fy, then G must lie in the torus T. Given F) € P(I"), we consider the rational map

h)\ : P" -=> P(U)
(20, .-y xn] > ozt ? .. Aad?]

Note that for Fy € T, hy is well-defined everywhere and it has degree (d — 2)". The
image of V(F)) is a hypersurface defined by a homogeneous polynomial F\. We denote



2.3. HESSIAN CORRESPONDENCE AND WARING RANK 79

the degree of Fy by d. Note that the Hessian variety of F) is the intersection of the
hypersurface defined by F\ and P(U).

Lemma 2.3.5. For F\ € T, the degree d of the polynomial Fy equals d(d — 2)"~' if d
is odd, and d(d —2)"1/2" if d is even.

Proof. Since h, is finite,the product of the degree of F and the degree of the restriction
of hy to V(F)) equals d(d—2)"~". By Lemma 2.3.2, it is enough to prove the statement
for Fy;. Hence, it is sufficient to check that

1 if d is odd,

2™ if d is even.

deg h]l |V(F1) = {

Let p be a generic point in V(Fy) and let ¢ € V(F}) be such that hy(p) = hy(q). Then,
there exist u # 0 and &, . .., &, (d—2)-roots of the unit, such that ¢; = u&;p; for every
i €{0,...,n}. Since Y ¢? = 0, we deduce that

&po+- G =po+ o+ =0.

In particular, we have that (2 — 1)pd + -+ + (€2 — 1)p? = 0. Assume that n > 2.
Since this equality holds for p € V(Fy) generic and dim V(Fy) > 1, we get that £ =1
for every i. Since 6;1_2 = 1, we deduce that & = 1 if d is even or & = 1 if d is odd.
For n = 1, we have that pg = —p¢, po,p1 # 0 and pd = —&pd. This implies that
& = &2, Since we can assume that & = 1, we deduce that & = ¢ = 1. Hence, we
conclude that the fiber hy'(hq(p)) is the point p if d is odd or the 2" points of the form
[£po, - - ., £pn] if d is even. ]

A first consequence of Lemma 2.3.5 is the computation of the Hilbert polynomial
Pank(t) for K <n+1. By Lemma 2.3.2, py,, 1 (t) is the Hilbert polynomial of Hy, 1 (Fy).
The Hessian variety of Fy is the intersection of P(U) ~ P*~! and a hypersurface of
degree d. From Lemma 2.3.5 we conclude that

t t —d(d—2)""1/2n
<—|—n)_<+n ( ) /> for d even

n n
pd,n,k: o - n—1
<t+n)_<t—l—n d(d —2) ) for d odd
n n
for k<n+1.

Lemma 2.3.5 allows us to consider the rational map
Hy, : P(T) --» P(SU)

sending F) to F}\. Note that ﬁdm is well defined in the torus T. In general, using Lemma
2.3.2, and the fact that the PGL(n + 1)-orbit of F}, is dense in o, (V%") for k < n +1,
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we get that the Hessian variety of a generic element in oy(V%") is a hypersurface of
degree d in a k-dimensional subspace of P(S?V). In particular, the target space of
Hg 1 is the projectivization of the d—th symmetric power of the universal bundle of
Gr(k+1,5%V) and FIM is the restriction of Hy,, s to P(I'). Hence, to study the fibers
of the map H,, \ it is enough to focus on PNIdyn.

Proposition 2.3.6. For d > 3, the restriction of I:Id,n to the torus T s finite and
unramified. For d odd it has degree 2™ and for d even it is an isomorphism.

Proof. We first compute the set theoretical fiber of Hy,(Fy). Let F\ € P(T") such that
F\ = Fy. Consider a point p = [po, p1,0,...,0], with pop; # 0, in the hypersurface
defined by Fy. In other words, Aopd + \ip? = 0. Since Iy = F), there exists ¢ =
[q0, - - -, gn] € V(Fy) such that hy(p) = hy(q). In other words, there exists a solution to
the system of equations

Aop§ + Mipf =
ad + qf =
Aovp P = api g5
qd72 g

(2.11)

fori=2,...,n.

Since \;, p;, q; # 0, for ¢+ = 0,1, we have that

d—2 d
(22) - ()
Poq1 Po

Multiplying by (qo/q1)? the previous equation we get that
Podi = Didy- (2.12)

Assume first that d is even, i.e., d = 2a for a € N. Using equations (2.11) and (2.12)
we get that

Mo(pod)'™* = (p190) M = (B1g5)" ™" A = (05a)" ™" M = (poar) > Au.

In particular, we deduce that A\g = A;. Applying this argument to points in V(F))
of the form [py,0,...,0,p;,0,...,0], we deduce that Ay = );, and we conclude that
F, =F,.

Assume now that d is odd. Applying the same reasoning as in the even case to the
equation

Ol = Ot

we deduce that A2 = A} = .- = A2, Now assume that \} = \} = - = A2 ie.
F\ =" +a?. Thus, h, is the map sending [z, ..., z,] to [z 2, ..., £2972]. Let p be
a point in V(F}). Then, there exists ¢ € V(Fy) such that hy(q) = [¢32,...,¢%?] = p.
Consider the point ¢ = [£qo, . .., £¢,]. Then, we have that

F(¢) =) +(q)" =) (£)%¢ = Filg) =0,
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and we derive that ¢’ € V(F)). Now, we get that

ha(d) = [£(Fq)", - £ (Ea) ) = ()67 ()00 = lalg) = p.

We conclude that hy(V(Fy)) = hy(V(F})), and hence, Fy and E; are equal. In par-
ticular, we deduce that the reduced structure of the fiber H a TIL(FH) is the point Fj if
d is even or the 2" points of the form 3~ +2¢ if d is odd. By the Generic Smoothness
Theorem (see [67] Corollary 10.7), we get that a generic fiber of Hy,, is reduced. By
Proposition 2.3.3, all the fibers of the restriction of ]:Idm to T are isomorphic via the
torus action and we conclude that the schematic structure of the fibers is reduced.
Moreover, since the fibers of f{[dm"ﬂ‘ are all reduced of the same degree, we deduce that
ﬁd7n|'[[‘ is étale. In particular, for d even it is an isomorphism. O

Recall that for k < n + 1, Uy C 0 (V4") is the nonempty open subset of polynomials
of the form I + -+ + ¢ such that ly,...,l;, € S'V are linearly independent. As a
consequence of Proposition 2.3.6, we derive the following theorem.

Theorem 2.3.7. Ford > 3 and k < n+1, Hy, is generically finite. Furthermore,
for d odd, it has degree 28~ and, for d even, Hy, is birational onto its image.

Proof. By Proposition 2.3.3, the fibers of the restriction of Hg, ; to U are all isomor-
phic to the fiber of Hy,, x(Fj) via the action of PGL(n + 1). In particular, by Lemma
2.3.4, these fibers are isomorphic to the fibers of the restriction of H’d,k to the torus T.
Then, the proof follows from Proposition 2.3.6. O]

A first consequence of Theorem 2.3.7 is the case of the Hessian correspondence for n = 1
and d = 3. In this setting, a generic polynomial in P(S®C?) has rank 2 (see Theorem
2.1.9), and hence, H3 12 and Hs; coincide. In particular, we derive the following result.

Corollary 2.3.8. The restriction of Hs; to the open subset of cubic binary forms with
distinct roots is €tale of degree 2.

2.3.2 Recovery algorithm

Now we present an algorithm for computing the fibers of Hy, for K < n + 1. In
other words, given a generic variety X in the image of Hy, 1, we aim to compute the
polynomials F' such that the Hessian variety of F' is X. By Theorem 2.3.7 we know
that, for d even, such polynomial is unique whereas, for d odd, the fiber of X consists in
2F=1 polynomials. As before, the main idea is to exploit Lemma 2.3.2. We recall that
in P(S?V), the Veronese variety V?" coincides with the variety of rank one symmetric
matrices.

Lemma 2.3.9. Let F' € U, and let H be the smallest linear subspace containing the
Hessian variety of F'. Then, H intersects V*" in k points.
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Proof. By Lemma 2.3.2, we can assume that F = 2@ + .-+ + z¢ . Under this as-
sumption, the equations of H are z;; = 0 for ¢ # j and z; = 0 for ¢ > k. One can
check that the only rank one matrices in H are the diagonal matrices whose diagonal
is the standard vector e; for i < k — 1. Moreover, the multiplicity in the intersection is
one. [

Now, assume that we are given X in Hgy, (Ux), and let H be the smallest linear
subspace containing X. We know that H has dimension £ — 1 and, by Lemma 2.3.9,
we has that H intersects V2" in k points, which correspond to the squares of certain
linear forms lq,...,l. Then, by Lemma 2.3.2, any F € H;;k(X) can be written as
F = MNI{+ -+ M\l& In general, determining [y, ..., [ requires solving a system of
quadratic equations, which in some cases needs to be solved by numerical methods as
HomotopyContinuation.jl [17].

Once we have determined [y, ...,[; from X, we construct the linear change of coordi-
nates g € PGL(n + 1) such that g- (I¢ + -+ 1) = & + --- + 2¢_,. By Proposition
2.3.3, we reduce the computation of the fibers of Hy 1 to the computation of the fibers
of Hng.

Lemma 2.3.10. Let F\ be an element of the torus T C P(I') and let pn = (po, - - -, pin)
be such that ul = \; fori=0,...,n. Then,

! 1
F)\:F]l (_207-'-7_2271)'

1 12

Proof. Let A € T and p = (uo, - - ., i) such that ué = \; for i = 0,...,n. We consider
the diagonal matrix g, € PGL(n+1) whose diagonal is (uo, . . ., ft,). Similarly, consider
the linear automorphisms g,2 of P" given by the diagonal matrix whose diagonal is
(1§, - .-, p2). Analogously to Lemma 2.3.2, the composition g,2 o hy equals hy o g;l

Since g, - Fy equals Fy, we deduce that g,2(V(Fy)) = V(F)). This implies that F) =
Fﬂ (%Zo,...,%2n>. ]
Ko Hn

Now, let X be an element in the image of ]:Id,w Recall X is a hypersurface of P(U) of
degree d as in Lemma 2.3.5. Let F be the polynomial defining X. By Lemma 2.3.10,
we get that F = Fﬂ(u—%zo, e ézn) for some p € T. This identity defines a system of
polynomial equations in the coordinates of p. A solution y of this system of equations
gives a polynomial F)q such that I:.,dJ—L(FMd) = F, where p¢ = (ud, ..., u%). Moreover,
this system of equations can be solved by radicals.

In Algorithm 8 we summarize the steps of the recovery algorithm for reconstructing a
generic hypersurface of rank £ < n + 1 from its Hessian variety.
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Algorithm 8

Input: the ideal I defining a variety X in the image of Hgy, s for & <n + 1.
Output: The polynomials in the fiber of X via Hy,, .

1. Compute the smallest linear subspace H containing X by taking the linear gen-
erators of the saturation of I.

2. Determine (numerically) the k& points in the intersection H N'V?2™. Let Iy,. ..,
the linear forms obtained by pulling back these k& points thought the Veronese
embedding of V2",

3. Compute g € PGL(n + 1) such that g- (I¢+ - +1{) = 2{+ - - + 2¢.

4. Determine X := p(g")'(X), which is a hypersurface in P(U). Let F be the
defining polynomial of X.

5. Determine a solution y = (p1, ..., ux) € (K*)¥ to the system of equations given
by F = F]l (I.%%Zo, ey uLiZk,1>.

6. If d is even return
() + - + (pli)?

else return the 2¢~! polynomials

() £ £ (li)”.

Example 2.3.11. Consider the variety X € Im Hj 19 given by the ideal
(200 — 211, 328’71 + 252'61712171 + 302&1251 + 50237125’71 + 1520,121{1 + 5231}.

We apply Algorithm 8 to compute the two polynomials Fy, Fy € P(S°V) whose Hessian
variety is X. The smallest linear subspace H containing X is defined by the equation
200 = 211. The equation of the Veronese variety V*' C P? is defined by the polynomial
23’1 — 4z00211. Then, the intersection H N V%! consists of the points [1,2,1] and
[1,—2,1]. The pullback of these points through the Veronese embedding are the linear
forms Iy = xg + x1 and ly = xg — x1. We consider the matrix

(1)

Then, g- (I3 +13) = x3 + 3. Now, using Example 2.5.1 we get that

1 2 1

plg) =11 0 -1
1 -2 1
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One can check that p(g*)"(X) is defined by the ideal (201,423 + 27,). On the other
hand, the Hessian variety of Fy = xf + 3 is defined by the ideal (201,250 + 271). In
particular, Fy = 25, + 23 ,. Let (po, t11) € (K*)? be such that

1 1
5 5 5 5
42070 + 274 and _,ulo 200+ 5411

0 1

are equal up to scalar. This implies that ui° = 4ul’, and hence, p} = +2u3. Then, the
polynomials Fy and Fy are of the form udlo+ p3l3. We conclude that Fy = (xo+x1)° +
2(zg — x1)° and Fy = (xo +x1)° — 2(wg — x1)®. One can check that the Hessian variety
of these two polynomials is indeed X .

2.4 Hessian correspondence of degree 3 hypersur-
faces

In this section we carry out the study of the Hessian correspondence for cubic hyper-
surfaces. For F' € P(S3V), its second derivatives are linear forms and the Hessian map
is a linear map. In [87, Theorem 3.1], it is shown that for F' € P(S®V), hp is not a
linear embedding if and only if F' is a cone. Therefore, for generic F' € P(S®V), the
Hessian map hp is a linear embedding. Moreover, we deduce that, for F, G € P(S3V)
generic such that H;, (F) = H;,(G), it holds that V(F') and V(G) are isomorphic as
varieties. The next proposition analyzes the relation between two generic hypersurfaces
of degree three with same Hessian variety:.

Proposition 2.4.1. Let F € P(S*V) be generic and G € P(S®V) be such that
H; . (F) = Hs,(G). Then, there exists g € PGL(n + 1) such that F o g = G.

Proof. Hs,(F) is contained in hp(P") N hg(P"). Assume that hp(P") # hq(P™).
Since F' is generic, the Hessian map of F' is a linear embedding and dim H; ,(F) =
dim hp(P?) N hg(P?) = n — 1. Then, V(F) is contained in hx'(hg(P")), which is a
hyperplane. This implies that the linear form defining this hyperplane is contained in
the ideal defined by F'. We reach a contradiction since F' has degree 3, and we get that
hp(P") = hg(P"). Let g = h' o hg. Now, the proof follows from the fact that g is an
automorphism of P that maps V(G) to V(F). O

Remark 2.4.2. As a consequence of the proof of Proposition 2./.1 we deduce that, for
generic F € P(S3V), hp(P") is the unique n dimensional linear subspace containing
the Hessian variety. In particular, hp(P™) is the smallest linear subspace containing

hs . (F).

We are interested in giving a better description of the fibers of Hs,. For instance,
we saw in Corollary 2.3.8 that for d = 3 and n = 1 the Hessian correspondence has
generically degree 2. However, to derive this result we used that a generic cubic binary
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form can be expressed as a sum of two cubes. In general, it is not true that a cubic
form in n 4 1 variables has Waring rank n + 1. As a consequence we distinguish two
cases in our study, n =1 and n > 2.

2.4.1 Casen=1

In this section we set d = 3 and n = 1. In Corollary 2.3.8 we showed that the restriction
of Hs, to the open subset of polynomials with distinct roots is a degree 2 étale map.
The aim of this section is to find the involution preserving the fibers of Hj;, to provide
a recovery algorithm for Hs; and to compute the image of Hs ;.

For F € P(S?V), V(F) consists of three points and hz is a linear map. The locus
where hp is not a linear embedding coincides with the twisted cubic V3! in P(S3V)
of cubes of linear forms. Indeed, let I € V3! After a change of coordinates we may
assume F = z3 for which hp is not a linear embedding. Now, assume that F' is not
in V31, We can assume that F is 22z, or zoz;(zo + z1). One can check that hp is a
linear embedding in both cases. Hence, for F' & V3! hp is an embedding and Hs;(F)
consists of 3 points in P? counted with multiplicity. This implies that the Hilbert
polynomial ps;(t) is constantly 3. For our computational purposes, we will replace
the Hilbert scheme Hilb®P? by the third symmetric power of P?, denoted by Sym®P2.
Based on this, we consider Hj; as the rational map Hs; : P(S3V) --» Sym’P? sending
F to its Hessian variety. In Corollary 2.3.8 we showed that the restriction of Hs to the
open subset of polynomials with distinct roots is a degree 2 étale map. Moreover, in
Section 2.3.1 we saw that z3 + 2% and z} — 23 have the same Hessian variety. However,
for our purposes, it will be useful to focus on a different example.
Example 2.4.3. Consider the polynomials F' = xox1(xo—2x1) and G = (xg—2x1) (220 —
x1)(zo+x1). Then, one can check that the Hessian varieties of F' and G are both equal to
{[1,-1,0],[0,—1,1],[1,0, —=1]}. In particular, there is no other polynomial in P(S3V)
with the same Hessian variety as F' and G.
Let F,G € P(S3V) with distinct roots. Then, since PGL(2) is 3-transitive in P!, the
set of elements g € PGL(2) such that g- F' = G consists of 6 elements corresponding to
the permutation of the roots of F'. If F' and G have 2 distinct roots, then the above set
is isomorphic to 6 copies of P'. In this situation, for F' € P(S?V) \ V*!, we introduce
the subgroup

Yp = {g € PGL(2) : p(¢")"(H3.1(F)) = H3:(F)}.
As a consequence of Lemma 2.3.2 we deduce the following proposition.
Proposition 2.4.4. Let F € P(S*V)\ C' . Then, there is a surjection

. o o F (2.13)

Moreover, the preimage of a polynomial G consists of the elements of PGL(2) that map
the three roots of G to the three roots of F.
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Proof. Let g € PGL(2) be such that p(g*)" preserves Hs;(F) and let G = g - F. By
Lemma 2.3.2, we deduce that Hs1(G) = p(¢*)"(H31(F)) = H31(F), and we conclude
that F' and G have the same Hessian variety. Hence, the map (2.13) is well defined.
Now, let G € P(S*V) with same Hessian variety as F. Since the action of PGL(2) on
P! is 3-transitive, there exists ¢ € PGL(2) such that ¢ - F' = G and by Lemma 2.3.2,
p(g") (H31(F)) = H31(G) = H31(F). Hence, we conclude that g lies in X and the
map (2.13) is surjective. O

Example 2.4.5. Let F' and G be the polynomials in Example 2./.3. Then, X consists
in the matrices

o9 ) (o) Ch 5) o ) (0 ) (o),
(L 2) (20 (2 (A (o h)

The first siz matrices are the automorphisms of P! that preserve V(F). The last six
matrices are the automorphisms g of P! such that g-F = G. In particular, the surjection
in (2.13) sends the first six matrices to F' and the last six matrices to G.

In Corollary 2.3.8, we restrict the study of Hs; to the open subset of polynomials
with Waring rank 2, which coincide with the polynomials with distinct roots. Now, we
focus on the case where the polynomial has a double root. For F' = a3z, Hs(F) =
{2[1,0,0],[0,1,0]} where 2[1,0,0] denotes the point [1,0, 0] with multiplicity 2. Then,
Y. consists of g € PGL(2) such that p(¢g*)*([1,0,0]) = [1,0,0] and p(g*)*([0,1,0]) =
[0,1,0]. One can check that

_ a 0\ . 1l oo
ZF—{(O al).[ao,al]GP}_P.

Since for every g € Sp, g+ F = F, we get that Hy{(Hs,(F)) = {F}. By a similar
argument as in the proof of Proposition 2.3.8, we get that for F' € P(S3V), with two
distinct roots, Hy (Hs1(F)) = {F} set-theoretically.

Remark 2.4.6. (Recovery of the fibers of Hy1) The above study provides an effective
method for computing preimages through Hs,. Assume that we are given {pi,p2,ps}
in the image of Hs, where py,pa, ps are distinct. Consider the ideal I defined by the
2 X 2 minors of the matrices

( a(a —2b) ac—ad—be c(c—2d) ) ( b(b—2a) bd—ad—bc d(d— 2c) )
P1,0 D11 D12 D2,0 D2.1 D2,2 ’

(az—b2 ac — bd 02—d2)
and ,
P30 P31 D32
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where p; = [pio, i1, Pi2). Then, V(I) is the subvariety of PGL(2) consisting of the

b) € PGL(2) such that

elements g = d

p(gt)t([lv _170]) = D1, p(gt)t([()? -1, 1]) = p2, and p(gt)t([lvov _1]) = Ds3-

Then, V(I) consists of two involutions g1 and go. In particular, these two involutions
can be explicitly computed, since the polynomials

P2.0(P11P30 — p1,0P3,1)@2 + 2p3.0(P1,0P2,1 — P1,1P2,0)ab + p1o(P2ops1 — p2,1p370)b2,

P22(p12ps1 — p1,1p3,2)02 + 2p3.2(p1,1D2,2 — P1,2P2,1)cd + p12(P2aps2 — p2,2p3,1)d2
(2.14)

lie in I. For instance, the first polynomial in Equation 2.1/ is given by the sum
a(a — 2b) ac— ad — bc
P10 P11

b(b—2a) bd— ad— bc
P20 P21
a?—b* ac—bd
P30 P31 ‘ '

P2,0P3,0 — P1,0P3,0

—P1,0P2,0

Solving these equations lead to 4 possible solutions. Discarding the two solutions that
do not vanish at I, we get g1 and go. Then, the two polynomials in H?le({pl,pg,pg})
are gy - Tox1(xo — 1) and go - xox(To — X1).

Example 2.4.7. Consider the variety X in P? consising on the points [0,0,0],
[3,—1,—1] and [3,1,—1]. Following the algorithm presented in Remark 2.4.6, we con-
sider the polynomials in Equation (2.14) which, in this case, are

fi=—ala—2b) and fy=c(c—2d) .

One can check that the solutions of {f1 = fo = 0} of the forma=¢=0 ora—2b=
¢ — 2d = 0 together with the 2 x 2 minors of the matrices in Remark 2.4.6 lead to the
solution a = b= ¢ = d = 0, which is discarded. From the solutions of {f1 = fa = 0} of
the forma =c—2d =0 and ¢ = a — 2b = 0 lead to the matrices

IORE Ja (21

We obtain the polynomials

Fi = g1 - xox1(xg — 21) = 221 (320 + 1) (—320 + 1),

Fy = gy - wox1 (29 — 1) = xo(20 + 21) (20 — 21)-

One can check that the Hessian varieties of Fy and Fy consist of the three initial points
[0,0,0], [3,—1,—1] and [3,1, —1].
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As a consequence of Corollary 2.3.8, there exists a rational involution in ¢ in P(S3V)
that preserves the fibers of Hs;. Let F,G € P(S3V) with distinct roots such that
H;31(F) = Hs31(G). Let hy € PGL(2) be such that hy - F = x¢z1 (2o — 21) and consider

the automorphism
1 2
o= 2)

appearing in Example 2.4.5. Then, for g = h; 'hyh; we get that g- F = G. This defines
a rational map ¢ : P(S?V) --» P(Mat(2,2)) sending F to hj 'hoh; given by

9 — 202 — 6
asag — ajas  2aj a2a0> | (2.15)

20, a1, 0, a5] 1= (Gagal —2a2  asa; — 9Yazag
where ay, ..., a3 are the coordinates of P(S®V). Note that the determinant of the
matrix in (2.15) is the equation defining the secant variety of V*!. Then, the desired
rational involution ¢ : P(S3V) --» P(S3V) sends F to ¢(F) - F. In coordinates, ¢ is
given by four homogeneous polynomial of degree 7. One can check that the determinant
of the matrix in (2.15) divides these four polynomials. We conclude that ¢ is given by
three polynomials of degree four. A computation using the software MACAULAY2 [60]
shows that the four polynomials defining the involution ¢ are

—2a3 + 9agaras — 27adas, 3(—aiay + 6apa3 — Yapaias), 3(ajas — 6aias + Yagasas)

2a3 — 9ajasaz + 27aga?.

Moreover, the radical of the ideal generated by these polynomials is the ideal of the
twisted cubic C.

We finish this section with the computation of the image of Hs;. To do so, we embed
Sym®P? in P? through the global sections of Opz)s(1,1,1)%.

Proposition 2.4.8. The image of Hs; is a subvariety of P of dimension 3, degree 10
and its ideal is generated by 3 linear forms and 10 cubic forms.

Proof. The result is obtained by a direct computation using the software MACAULAY2
[60]. O

2.4.2 Casen>2

In Section 2.4.1 we gave a precise description of the fibers Hs;, proving that Hs; is
generically finite of degree 2. For n > 2 we prove that Hj,, is birational onto its image.

To achieve this goal, first we introduce the required algebraic objects for studying the
map Hj,, for n > 2. For F' € P(S®V), we consider the image of the catalecticant map
Fi 5 (see Equation (2.4)). This is the linear subspace (V'F) of S?V generated by the
first order derivatives of F. The strategy for studying the map Hs, for n > 2 is to
look at hp(P") instead of Hj,(F). The following result connects (V'F) and hp(P").



2.4. HESSIAN CORRESPONDENCE OF DEGREE 3 HYPERSURFACES 89

Lemma 2.4.9. For F € P(S*V), P((V'F)) = hp(P").

Proof. By the Euler formula, the (a,b)-th entry of 2%, as a symmetric matrix in

P(S?V), is the third derivative 8351-83—1:‘ On the other hand, let {eo,...,e,} be the

Oz, 0T
canonical basis of P". Then, hp(P") is the span of {hr(eg),...,hr(e,)}. The (4, k)-th

entry of hp(e;) is the coefficient of x; in 69(??81; -, which is #ﬁaxk. Hence, the symmetric
[3 J 3 J
matrices 23—5 and hr(e;) coincide, and P((V'F)) = hp(P"). O

Inspired by Lemma 2.4.9 and Remark 2.4.2, we consider the gradient map, which is
defined as the rational map

a,: P(SYWV) --» Gr(n+1,541V) 516
F — (VIF) (2.16)
The birationality of the gradient map onto its image was studied by Bertini in [6, 7],
where it is shown that for cubic forms, «,, is birational for d > 3 and (d,n) # (3, 1).
Moreover, in [90] the locus where «,, is not injective is described. We refer to [46,
Theorem 3.2| for a modern version of these results. A further reference on this topic is
[20]. Our strategy is to use by Lemma 2.4.9 and Remark 2.4.2 to derive the birationality
of Hs, from the birationality of c,.

Example 2.4.10. For n = 1, the Grassmannian Gr(2,S%V) is isomorphism to
P(S?V)* ~ P2. Then, «y is a rational map from P3 to P2 Let [ag,ay,as,as3] be a
point in P corresponding to the polynomial F = agxy + a1x3x) + asror? + azxi. Then,
ay(F) is the line in P? generated by the points [6ag, 2a1, as] and [ay,2as,6a3]. Using the
expression of this line as a point in the dual projective plane, we get that in coordinates
aq corresponds to the map

[ag, ai, as, as] — [12a1a3 — 2a3, ayay — 36agas, 12apas — 2a3).

Note that in these coordinates, the base locus of o coincide with the twisted cubic V31,
Moreover, one can check that ay is dominant and the generic fiber is one dimensional.

We now present a proof for the birationality of the gradient map distinct from the ones
appearing in the literature. As we will see in Section 2.4.3, one advantage of our proof
is that it can be used to reconstruct a cubic hypersurface from its Hessian variety.
Another advantage of our method is that, as we will see in Section 2.6, it can be used
to compute the irreducible components of the catalecticant enveloping variety.

For 0 < k < n, let Suby, be the variety of polynomials F' € P(S3V) such that rank Fi, <
k+1. In other words, Suby, consists of all polynomials such that the dimension of (V! F’)
is at most k + 1. Therefore, the ideal of Suby is described by the (k + 2) x (k + 2)
minors of the corresponding catalecticant matrix (see [77]). We denote the open subset
of Suby consisting of the polynomials F' with rank Fi o = k + 1 by Suby.
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Example 2.4.11. For k = 0, Suby is the variety defined by the 2 X 2 minors of the
Catalecticant matriz Cat(2,1). In [7{, Remark 1.24] it is shown that these minors
coincide with the equations of the Veronese variety V3", and Suby equals V3™,

Our interest on the varieties Suby, lies in the fact that Sub,,_; is the base locus of «,.
In [74, Lemma 1.22], the following description of Suby, is given:

Sub, = {F € P(S?V) : 3U € Gr(k +1,V) s.t. F € P(S*U)}, (2.17)

i.e. Subj consists of all the polynomials that, after a change of coordinates, can be
written by means of at most k + 1 variables. Moreover, by [74, Proposition 1.23], we
get that Suby is an irreducible variety of dimension

(k+1)(n—k) + (32’“) 1 (2.18)
Example 2.4.12. For k = 1, the dimension of Sub; is 2n + 1. Note that oo(V>") is
contained in Sub,. Indeed, a generic element F of ao(V3™) is of the form I3 + 13 for
Iy, 1y linear forms. Up to a change of coordinates, we can assume that F = z3 + 3.
Then, (VF) is generated by x% and x%, and F lies in Suby. Therefore, we conclude
that oo(V3™) is contained in Suby. By Theorem 2.1.9, we get that dimoy(V3") =
dim Sub; = 2n+ 1. Since Sub; is irreducible, we conclude that the reduced structure of
Sub, s the second secant variety of V3™, This statement is improved in [77, Theorem
3.8], where the author shows that the scheme structure of Suby and V3™ is the same.

Similarly to the definition of a,, for 0 < k£ < n + 1, we consider the rational map

ap: Suby --» Gr(k+1,5%V)

oo (VIF) (2.19)
The domain of definition of oy is Sub,, and its base locus is Suby_;. For instance, v,
is the analogous to the gradient map (2.16) but for the base locus of «,. We denote
the image of oy, and its closure by Z; and Zj, respectively.

Example 2.4.13. For k = 0, the target space of ag is P(S?*V). On the other hand,
by Example 2.4.11, the domain of ag is the Veronese variety V3™, In particular, any
F € Subqy can be written as F = 1> for | € P(S'V), and (V'F) is the line of S*V
generated by 12. We deduce that o sends I® to 1?. Hence, o is the composition of the
inverse of the Veronese embedding of V3™ and the Veronese embedding of V*". We
conclude that Zy = V™.

Example 2.4.14. For k = 1, we saw in Ezample 2.4.12 that Sub; = oo(V3™"). Let
F € Suby \ Suby. Then, either F =13 + 13 or F = [3ly for distinct ly,lo € S*V. In the
first case, (VIF) = (13,13). Therefore, ay(F) is the secant line of V*™ passing through
I3 and I3. In the second case, (V'F) = (I, 11l3), and hence, a;(F) is a tangent line of
V2n at 2. We deduce that Z, is the variety of secant and tangent lines to V",
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From the irreducibility of Sub, we deduce that Zj is irreducible for every k. A chal-
lenging question concerning the variety Z is the study of the boundary

8Zk = Zk \ le

With the purpose of investigated this boundary, in Section 2.6 we will introduce the
catalecticant enveloping variety. Once we have introduced the map oy, we are interested
in its birationality. Using the birationality of th gradient map (see [46, Theorem 3.2])
and (2.17), one can check that «y is birational onto its image for k # 1. The case k = 1
is exhibit in the following example.

Example 2.4.15. We fix k =1 and let F' € Suby. Up to linear change of coordinates
we can assume that F' is a polynomial in the variables xo and x,. In other words,
F € P(S3U) where U is the linear subspace of V' generated by the first two coordinates.
Let G € Suby such that ay(F) = a1(G). Then, G is also contained in P(S2U). Indeed,
assume on the contrary that for instance the variables xo appears in G. Then, there
exists a derivative of G where xy appears. This is a contradiction since (V'G) =
(VIF) is included in S?U. Therefore the fiber ay*((V'F)) is included in P(S3U).
The restriction of oy to P(S3U) is exactly the map presented in Example 2.4.10. We
conclude that the generic fiber of ay is one dimensional.

Now we provide a different proof for the birationality of aj; motivated by our com-
putational approach to the recovery problem. Consider the vector space (S2V)®n+!
with coordinates yf’j, where yé’j corresponds to the monomial 2z;z; if 7 # j or to the
monomial z? if ¢ = j in the [-th direct summand. Let W be the image of the linear
map
L P(SPV) —  P((SPV)ertl)
7 = (8F - 8_F) (2.20)

oxy ' Oz,

By the Euler’s formula, ¢ is a linear embedding and W ~ P(S3V'). The following lemma
exhibit the connection between «y, and the projective subspace W.

Lemma 2.4.16. Let I € Imay,. Then F € Suby, is in the fiber a; '(T') if and only if
((F) € P(I®"*Y). In particular, the closure of the fibers of oy, ' (T) is the linear subspace
THW N P(0E).

Proof. Let I' € Im oy, and consider F' € Sub;, such that oy (F) = I'. This implies that
(V'F) =T and all the first partial derivatives of F' lie in I". Therefore, ((F) € P(I'®"1).
Conversely, assume that ((F) € P(T®"*!), then all the first partial derivatives lie in I
Hence, (V'F) is contained in I'. Since F' € Suby, we get that dim(V'F) = dim " and
we conclude that I' = ay(F').

From the above, we deduce that a; ' (I") is equal to the intersection of Subj and ¢~ (W N
P(I'®"+1)). Now, the proof follows by taking closures. O
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Note that Lemma 2.4.16 provides a method for computing the fibers of ay, by means of
linear algebra. Let I' € Im . Then, the closure of a; '(I') equals . ~1(W N P(Ien+L)).
Since ¢ is an embedding, the computation is reduced to determine the intersection
W NPT ). In order to carry out explicit computations, we first compute the
equations of the linear subspace W.

Lemma 2.4.17. The equations of W are
vij = Yl for i < j,
i =yl for j < i, (2.21)
yii=ul =y, fori<j<l

Proof. We write G € P(S3V) as

G = Z aixf’ + Zbi7jz?xj + Z 2¢; jivixjry  for a;, by, ¢ € K (2.22)
i=0 i#j i<j<l
Then, its first order derivatives are:

oG
8xi

n n
= 3&11’12 + Z(Qb@j.fﬂfj + b],zlg) —+ Z QCZ',]"[ZU]'ZL'Z.
J#i J<ligl#i

Now, the proof follows from the following equalities

3a; ifi=75=1,
by, ifi=1landj#r1,
yij: b, ifj=1landj#1,
b ifi=j#1,
¢ if 4, 7,1 are distinct.
]

By Lemma 2.4.16, the strategy to study the birationality of ay is to find an F' € Suby,
such that W NP((V!F)®" ) has dimension zero. In the following example we analyse
the case k = 2.

Example 2.4.18. Let k = 2 and consider the polynomial F = zox1x9. Then (VF) is
generated by the monomials x1x2, Toxs and Toxi. Now, the equations of P({(V1F)®ntl)
are

Yoo = Y1 = Yoo = Yoo = Y11 = Yas = Yoo = Y11 = Yz = 0.
On the other hand, the equations of W are
Yor — Yoo = Yoo — Yoo = Ylo — Ut = Yor — Y1 = Yoo — Yo = Yo — Yzp = 0

9(2)1 - y(l)z = ?J(2)1 - ygz =0



2.4. HESSIAN CORRESPONDENCE OF DEGREE 3 HYPERSURFACES 93

From these equations, we deduce that the intersection W NP((VEF)®" 1) is the point
[x129, xoTa, Xox1]. By Lemma 2.4.16, we conclude that

ozfé(F) = Lfl([xwza ToZ2, l’ol‘l]) = [xﬂzl‘o + Toxox1 + Iomxz] =F,

and hence, as is birational onto its image.
The next result generalizes this example for k£ > 3.
Lemma 2.4.19. Let k > 3 and let F = Zf:_ol ririy + xixe. Then, P(W) N

P(VIFY*" 1) has dimension zero.

Proof. From the first order derivatives of F' one can check that the equations of I' :=
P(W)NPHVIEF)®" 1) are

I, .
Yii = Yit1i42 fori < k — 2,

I _
Ye—1,k—1 = Yo,k 5

I (2.23)
Yee = Yo,15
y,fj =0 for (z,7) € {(0,0),...,(k,k),(0,1),...,(k—1,k),(0,k)}.
together with the equations (2.21). We claim that the non vanishing coordinates of I
are Yoo, - -+ Y—1.e—1> Vg a0d Y01, Yl 9 - - - y’gj’k, Yo - First of all, note that for i, 7,1 <

n, yij = 0 is an equation of I' if 7, j or [ is greater than k. Indeed, it holds for ¢ or
Jj greater than k. Assume that 7,7 < k and j > k. By equation (2.23), if i # j we
get yl, = yf’l =0. If i = j, yi; = yi, = 0. Similarly, we claim that for i < j <,
yf] = yf’l = yfvj = 0. The first three equalities appear in (2.21). Since i + 1 < [ we
get that, by equation (2.23) yfl =0 for (4,1) # (0,k). Assume that (i,1) = (0, k). For
j>1, y'g,j = 0. So we assume that 7 = 1. Then, since k > 3, y?}k = 0. Using that for
1< g <l ny = 0, one can check that yjl = 0 for i < n. For example, for i < k—2, we
get that by equation (2.21), y/; = yi, ;4o = 0. Now, for i # kand [ # i+ 1, y/, = 0.
Indeed, it is enough to check this for i,/ < k and [ # i. Assume first that [ > i + 1.
Then, y!; = y.;, which, by equation (2.21) equals to zero for (i,1) # (0, k). In this case,
y(’)“,o = y’&l = 0. A similar argument shows that yfz =0forl<it—1. Forl=1—1,1the
claim follows from equation (2.21) and the fact that for i < j <, yf] = 0. Similarly,
one can check that yj , = 0 for [ # k.

Finally, the proof follows from the fact that the coordinates g, ..., Y5_1 1, Y, and
Yo Ylas - - .y’g:ik, ys 1, are all equal by equations (2.21) and (2.23). O

Remark 2.4.20. Fuler’s formula allows us to write an homogeneous polynomial by
means of its first order derivatives. In this sense, Lemma 2.4.19 is a generalization
of Fuler’s formula for generic polynomials since it allows us to recover a homogeneous
polynomial F of degree 3 from (V'F).

As consequence of Lemma 2.4.19 we derive the birationality of «.
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Proposition 2.4.21. For 2 < k < n, ai is birational onto its image and dim Z =
dim Suby,.

Proof. Let F be as in Lemma 2.4.19, and G € P(S*V) such that an(F) = ax(G).
Then, «(F) and «(G) lie in W N P((VIF)®"*1) By Lemma 2.4.19, «(F) = «(G).
Since ¢ is injective, we deduce that F' = G. So, since F' € Suby, we deduce that

{F} = a;'(ax(F)). In particular, we conclude that ay is birational onto its image and
that dim Sub, = dim Z,. O

Now, using Proposition 2.4.21 we can prove the main result of this section.

Theorem 2.4.22. For n > 2, Hs,, 1s birational onto its image.

Proof. Let F be a generic polynomial in P(S3V). As mentioned in Remark 2.4.2,
hr(P") is the unique n—dimensional projective subspace containing Hs ,(F). We con-
sider the rational map 3, : ImHs,, --» Gr(n + 1, S?V) that sends X to the smallest
projective subspace containing X. By Lemma 2.4.9, we get that o, = ,, 0 H3,. The
proof follows now from Proposition 2.4.21. O]

2.4.3 Recovery algorithm

The goal of this section is to present a recovery algorithm for the Hessian correspon-
dence for d = 3 and n > 2. In other words, given X in the image of Hj,, we give an
effective method for computing the unique polynomial F' (up to scalar) whose Hessian
variety is X. We exploit the relation between «,, and Hj,, exhibited in Section 2.4.2.

We fix n > 2. Assume that we are given the ideal I of a generic variety X in the image
of H3,. By Theorem 2.4.22, we deduce that there exists a unique F' € P(S*V) such
that Hs, (F) = X. Let P(I') be the smallest linear subspace containing X. Then, by
Lemma 2.4.9, we have that P(I') = hp(P") = «,(F), In particular, F' is the unique
element in the fiber o;*(T"). Therefore, we can determine F by computing o, *(T) as
shown in Lemma 2.4.16. In Algorithm , we outline the main steps for this purpose.

Let us illustrate the algorithm in the following examples.

Example 2.4.23. For n = 2 the Hessian variety of a polynomial in P(S?V) lies in
P5. Consider the variety X = V(20,05 21,1, 22,2, 201%02%1,2) C P5. The smallest plane
containing X is V(200, 21,1, 22,2). In Ezample 2./.18 we computed the intersection of W
with V(z0,0, 211, 22.2) """, which consists in the point (1179, ToT2, xox1]. Using Euler’s
formula we get that F' = xox1x9 + T120%2 + Toxor1 = 3x0T 122 1S the unique polynomial
such that H372(F) = V(ZQQ, 21,15 22,2, 2’0712’0722172).

Example 2.4.24. For n = 3, the Hessian variety of a polynomial in P(S3V) lies in
PY. Consider the variety

2 2 2 2
X = V(202, 21,3, 200— 21,2, 21,1 22,3, 222 20,3, 233~ 20,1, 21 272,322,273 325 923 321,223 3)
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Algorithm 9
Input: the ideal I of X € ImHj,,.
Output: the unique polynomial F' € P(S*V') such that Hs,(F) = V(I).

1. Compute the smallest projective subspace P(I') containing V(I) by taking the
degree one part of the saturation of [.

2. Determine W NP(I'®"+1) C P ((S*V)®"*!). By Lemma 2.4.19, this intersection
is a point [Fy,--- , F,] € P((S?V)®n+l).

3. Compute F via Euler’s formula: F'= )" x;F;.

in Y. The smallest linear subspace containing X is
P(E) = V(Zo,m 213,200 — 212, 21,1 — 22,3, 222 — 203,233 — 20,1)-

One can check that the equations of P(E*) are exactly the ones described in (2.23). In
particular, the intersection P(E*)NW was computed in Lemma 2./.19. We deduce that
the unique form in P(S®V') whose Hessian variety is X is

2 2 2 2
F = xjr + 2700 + 2573 + 2370.

Remark 2.4.25. In [90, /6], the locus where o, is not injective is described as the
Zariski closure of the set of forms F in P(S?V) that, after a change of coordinates F
can be written as the sum

F(xg,...,x,) = Fi(xo, ..., ) + Fo(Tas1,. .., Tn),

for0<a<n—1and Fy, F5 # 0. This is exactly the locus where Algorithm 9 fails.

We conclude this section with some comments on how to apply Algorithm 9 to the
restriction of Hj,, to Suby. The proof of Theorem 2.4.22 uses the birationality of a,
onto its image. As a consequence, the input of Algorithm 9 must be the Hessian variety
of a polynomial in Sub,,. Nevertheless, in Proposition 2.4.21 we prove the birationality
of ay, for k > 2. Therefore, for k > 2, the restriction of Hj, to Suby is birational onto
its image and Algorithm 9 provides a method for recovering its fibers.

2.5 Hessian correspondence of degree 4 hypersur-
faces

In this section we study the Hessian correspondence for d = 4. In Section 2.4, the
crucial idea was to, focus on hr(P") instead of on the Hessian variety of F. For cubic
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hypersurfaces we saw that hp is linear and hp(P") is the smallest linear subspace
containing the Hessian variety. In the case of d = 4, the Hessian map is not linear, but
it is defined by degree 2 polynomials. We will see that for d = 4, the Hessian map of a
generic quartic hypersurface is a Veronese embedding of order two. Along this section
we analyze the Hessian correspondence Hy,, through the Veronese variety hp(P").

Let U C P(S*V) be the open subset of polynomials F' whose second order derivatives
are linearly independent as elements in S?V. In particular, for F € U, its second
derivatives form a basis of S?V.

Example 2.5.1. Let F' = Z#j mfx? € SY. Its second order derivatives are

2F 23 ap ifi=j

il B -

One can check that the set of all second order derivatives form a basis of S*V if and
only if the (n+ 1) x (n + 1)-matriz

01 11
10 11
A (2.24)
11 -+ 01
11 --- 10

has mazimal rank. Now, the determinant of the matriz (2.24) is (—1)"n, and we
conclude that the set of second order derivatives of F is a basis of S*V .

Example 2.5.1 shows that the open subset U is nonempty. Therefore we get that, for
F € U, hp is a Veronese embedding and hr(P") is a Veronese variety. In particular,
we deduce that the Hessian variety of ' € U is the intersection of the Veronese variety
hp(P™) and a quadric hypersurface. This is because a quartic hypersurface in P"
corresponds to a quartic under the Veronese embedding.

Example 2.5.2. Fiz n =2 and consider the polynomial F = z2x? + 2322 + 2223 as in

Example 2.5.1. Then, the Hessian map hr extends to a Veronese embedding of P™ to
P(S*V):

he: P — P(S2V) =~ P*
[z0, T1,20] —— [23 + 23, 22071, 2000, , 2 + 3, 20139, 25 + 23]

The 1mage of hg is a Veronese variety defined by the ideal

2 2 2
(250 + 212 — 2200222 — 2211202 + 229 5, 20,1202 + 20021, 2 — 211212 — 212222,
2 2 2
20,0202 — 20,271,1 — 20,1212 T 202722, 201 — 220021,1 + 2271 + 219 — 2211222,
2 2 2 2
20,020,1 T 20,1%21,1 — 20,2%1,2 — 20,1%2,2, 20,0 T A1l T R12 + 221,122,2 - 22,2>
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Moreover, one can check that the pullback of the polynomial G = —2370 + 2200211 —
zil + 2200222 + 2211222 — 2372 via hp is F'. We conclude that the Hessian variety of F
is the intersection of hp(P™) and the quadric hypersurface defined by G.

A first consequence of hr being a Veronese embedding is the computation of the Hilbert
polynomial py,,.

Proposition 2.5.3. The Hilbert polynomial py,(t) is

pin(t) = (%Zn) B (2t—s+n)'

Proof. Let F € P(S*V) be generic and denote its Hessian variety by X. Then, hr is a
Veronese embedding and X is the intersection of a Veronese variety V and a quadric
hypersurface. A method for computing Hilbert polynomials is to use the equality
pan(t) = x(Ox(t)) (see [67, Section 3 Exercise 5.2]). Using the short exact sequence

0—>OV(—2)—>OV—>0X—>0

we get that x(Ox(t)) = x(Oy(t)) — x(Oy(t —2)). The proof follows from the fact that

Another consequence of hp being an embedding is that, for generic F, G € U with same
Hessian variety, one has that V(F') and V(G) are isomorphic. However, a priori this
isomorphism might not extend to an automorphism of P*. We improve this statement
in two steps. First we show that if Hy ,,(F) = Hy,(G), then there exists g € PGL(n+1)
such that g - F' = G. In Theorem 2.5.10 we prove that the only possible g such that
g - F = (G is the identity. Moreover, for n even we provide an effective algorithm for
computing F' from its Hessian variety.

For proving the main results of the section, we show that for n > 2 hp(P") is the
unique Veronese variety containing the Hessian variety of F. Note that this is not true
for n = 1. Indeed, for n = 1, the Hessian variety of a binary quartic consists of 4 points
in the plane that are the intersection of 2 smooth conics. In particular, the Hessian
variety is contained in a pencil of Veronese varieties. Therefore, we need to carry out
separately the case n = 1.

2.5.1 Casen=1

In this case, for F € P(S*V) ~ P* generic, Hy1(F) consists of 4 points in P2 These
four points define a pencil of quadrics denoted by ()r. We consider Hy; as the map
Hyy @ P* ——» Gr(2, H(P?, Op2(2))) sending F to Qp. In the next proposition we
analyze the birationality of Hy ;.

Proposition 2.5.4. For a generic F € P(SV), Hy, is birational onto its image.
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Proof. Let ay, ..., a4 be the coordinates of P* and let F' = > a;xg ‘al. Let by, ..., bs
be the coordinates of P° =~ P(H°(P? Op2(2))) corresponding to the monomials
2805 20,0%0,1, 2315 20,071,1, 20.1741,1, 21,1-  Using the software MACAULAY2 [60], one can
check that the ideal of hp(V(F")) is generated by the quadrics

Q1 = 3a4z§70 — 3azz00201 + 2&22’371 + asz0021.1 — 301201211 + 3a0zfl
QQ = 9@:2323’0 + (—3661,2@3 + 72@1&4)20702’071 + (20(1% — 144&00/4)2311—’— (225)

(16a3 — 18ayas)zp 0211 + (—36a1az + 72a0a3) 20,1211 + 9a327 ;.

In particular, we see that for generic F', the pencil of quadrics Hy 1 (F) is not contained
in the hyperplane {by — 2b5 = 0}. Hence, we deduce that H,;(F) and this hyperplane
intersect in the quadric ();. Since F' is uniquely determined by (); and viceversa, we
conclude that Hy; is generically injective. O]

In Remark 2.4.6, we showed how to determine the fiber of Hs3;. The proof of Proposi-
tion 2.5.4 provides a method for computing the fibers of Hy ;.

Remark 2.5.5. (Recovery of the fiber of Hy1) Let X € Im Hy,, and let QQ be the
unique quadric in the intersection of X with the hyperplane defined by the equation
by — 2b3 = 0, where by, ..., bs are the coordinates of P°; as in the proof of Proposition
2.5.J. Then, using equation (2.25) we can compute the unique element in H;ll(X).

Example 2.5.6. Consider the variety X € Im Hy; whose ideal I is generated by the
quadrics
2371 — 200211 and 2310 + 2200211 + Zil.

Therefore, the degree 2 component Iy of I is a line of P(H°(P?, 0O3(2))). The intersec-
tion of this line with the hyperplane given by the equation by — 3bg = 0 is the quadric
3250 + 4201 + 2200711 + 371 1.

Using the method exhibited in Remark 2.5.5, we get a quartic binary form
F = a4 223a] + 7.

One can check that the Hessian variety of F is X.

We finish this section with the computation of the image of Hy;. Using the Pliicker
coordinates, we compute this image in P,

Proposition 2.5.7. The image of Hy; in P has dimension 4, degree 29, and is
generated by 3 linear forms, the quadrics generating the ideal of Gr(2,6) and 7 cubic
forms.

Proof. This result is obtained by a direct computation using the software MACAULAY?2
[60]. O
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2.5.2 Casen>2

As mentioned at the beginning of this section, the idea for studying H,, is to look at
the Veronese variety hp(P"). For n > 2 we will prove that for F' € U, hp(P") is the
unique Veronese variety containing the Hessian variety. In the rest of the subsection
we fix n > 2. The strategy to study the Veronese varieties containing the Hessian

variety is to look at its first order syzygies. Let R be the homogeneous coordinate ring
of P(S%V) and let M be a finitely generated graded R—module. Let

M%Fg(6—1F1<6—2F2%

be the minimal free resolution of M where F; = @;R(—j)%i. The integers 3;; are
called the graded Betti numbers and the image of ¢, is called the module of first order
syzygies of M. We say that the first order syzygies are linear if the image of §; is
generated by elements of degree 1, or equivalently, the entries of the map d; are linear
forms (see [43] for further details).

Lemma 2.5.8. Let X; and X, be two projective subvarieties of P of codimension
greater than 1, with ideals generated by the same numbers of quadrics and with linear
first order syzygies. Moreover, assume that X is irreducible, nondegenerate and X N
Xo = X1 NQ where Q is a quadric hypersurface. Then, X1 = X5.

Proof. Let I and Iy be the ideals of X; and X, respectively, and let ¢ be the quadratic
form defining ). Then, I) + I = (a1, ...,qQn,q), where oy, ..., «,, are the quadrics
generating /;. We can assume that I, is generated by ¢, as, ..., a,,. Since the first
order syzygies of X; and X, are linear, there exist [; and [y linear forms such that
D) N X =V(ag,...,a,) and D(l3) N Xy = V(as,...,a,,). Since X is generated
by quadrics, it is nondegenerate. Therefore, D(l;) N X; and D(ly) N X, are non-empty.
Since the ideal of X is irreducible, D(l;) N D(ly) N X3 # 0. Similarly, D(ly) N Xy # 0.
Hence, D(l;) N D(ls) N X7 C D(ly) N Xy # (). Since X; is irreducible, we get that
X1 C Xs, and therefore, I, C I;. Since I; and I are generated by the same number of
linearly independent quadrics, we conclude that X; = Xo. O

Using this lemma, we derive the following proposition.

Proposition 2.5.9. For F' € U, hp(P") is the unique Veronese variety containing
Hyn(F).

Proof. Assume that the Hessian variety is contained in two Veronese varieties V; =
hp(P™) and V,. Then, there exists a quadratic form ¢ in the ideal of V5 such that
Hy,(F) CV(g)NVi € Vi. Since both V(F) and hz'(V(q)) have degree 4, we deduce
that Hy,,(F) = V(¢) N Vi and we get that V3 NV, = V(g) N V3. By Lemma 2.5.8 we
conclude that V; = V5. O
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Let F' and G be two polynomials in U with the same Hessian variety. By the previous
proposition, Hy ,(F) is contained in a unique Veronese variety. Hence, we deduce that
hp(P") = hg(P"). Therefore, h' o hp is an automorphism of P that maps V(F) to
V(G). Thus, we deduce that a generic fiber of H,,, is contained in an orbit of the
action PGL(n + 1) on P(S*V). The following result provides a better description of a
generic fiber of Hy ,, namely as a point.

Theorem 2.5.10. Forn > 2, Hy,, 1s birational onto its image.

Proof. To prove that Hy, is birational it is enough to check that on U it is injective.
Let F,G € U such that Hy,(F) = H,,(G). By Proposition 2.5.9, hp(P") = hg(P").
Fixing g = h'ohg we get that g(V(G)) = V(F). Therefore, ¢'-F = G and hg = hrog.
As in the proof of Lemma 2.3.2, we get that

0*G 0*F 0*F
— i . 0O _|_ i . _|_ i )—— 0O
oz, 8% g Gk,iGk,j 8xi g kzd(gk gi; T g1, gk,]) 92,01, g

Let M be the automorphism of P(S?V) given by the linear forms

lig =Y OkiGkszmk + Y (Gkigr + 9uigk) 2.
K k<l

Then, hg = M o hpog. Since g = h' o hg, we deduce that M restricted to hp(P?) is
the identity. Using that hr(P") is nondegenerate, we get that M = Id. Therefore, for
every %, j we get that [; ; = A\z; ; for A € K*. For [;; = Az;; we deduce that g ; = 0 and
Gii = g for i # k. We conclude that ¢ = 1d,, and F' = G. O

2.5.3 Recovery algorithm

Once we have proven that Hy, is birational, our next goal is to find an effective
algorithm for recovering F' from H,,(F). We present an algorithm for the case where
n is even.

First step: computation of the Veronese variety Vx

Given X, a generic element in the image of Hy,, the first step of the algorithm is to
compute the unique Veronese variety Vx containing X. Let m + 1 be the number of
quadratic forms generating the ideal of X. Since n > 2, we have that m > 2. Among
these quadrics, m of them generate the ideal of Vx containing X.

Lemma 2.5.11. Let X € Hy,(U) and let I5(X) be the vector space of quadrics con-
taining X. Let W be a vector subspace of I3(X) of codimension 1. Then, V(W) is a
Veronese variety if and only if V(W) has linear syzygies.
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Proof. By [61, Theorem 2.2], the Veronese variety has linear syzygies. Conversely,
let W = (au,...,am,) C I5(X) be a subspace of codimension 1 with linear syzygies.
By Proposition 2.5.9 there exists a unique Veronese variety Vx containing X. Let
W' C I,(X) be the subspace generated by the quadrics containing Vy, which has
codimension 1 in I5(X). Assume that W # W’. Then, there exists ¢ € W such that
q+ W' = I,(X). Therefore, Vx N V(W) = Vx NV(q). By Lemma 2.5.8, we conclude
that Vy = V(W). O

From the above result, we deduce that, in order to find Vy, it is enough to find
W C I,(X) as in Lemma 2.5.11. Let J be the ideal of Vx. Then, the minimal free
resolution of J looks like

0¢— J¢— R(—=2)* +— R(-3)° ¢— -,

where R is the coordinate ring of P(S?V).

Lemma 2.5.12. Let X € Hy,(U) and let I be its ideal. Then By = 0 for j # 2,
Bo2=a+1, and B3 = b, where B; ; are the graded Betti numbers of 1.

Proof. Since X has codimension 1 in Vx, and it is the image through the Hessian
map of a degree 4 hypersurface, we deduce that [ is generated by a + 1 quadrics and
hence, fy; = 0 for j # 2 and fy2 = a + 1. Let qq, ..., g, be generators of I such that
q1i,- - -, Qe generate the ideal of Vx. Now, since X is contained in Vyx, we have that
B13 > b. Assume that ;3 > b. This implies that there exists a linear syzygy of the
form >"7 1;q;, where [; are linear forms and [, is non-zero. In particular, we get that

XND(ly)=V(q,...,q.) N D(ly) =Vx N D(lp).

Since Vx is nondegenerate, this intersection is non empty and we get that X = Vx.
Since X has lower dimension that Vx we conclude that ;3 = b. O

Let I be the ideal of X. From the previous lemma we deduce that I has a minimal
free resolution of the form

T M
0¢— I +— R(-2)"™ +— R(-3)\"® F ¢— ---, (2.26)

where F' is a free module, and M is a block matrix of the form

M:( ]‘041 Mg). (2.27)

Here M, is an a x b matrix whose entries are linear forms. By Lemma 2.5.11, the vector
subspace W of I5(X) generated by the first a coordinates of m; generates the ideal J.
In order to find generators of J, it is enough to find a free resolution of the form (2.26).
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We present a method for obtaining such a resolution using linear algebra. Assume we
are given a minimal free resolution of

T N
0¢— I +— R(—2)" +— R(-3)"®F ¢+— --- .
We obtain the following isomorphisms of sequences

0

~
e
=
|
o
2
A
Tz
=
|
Ko
©®
&S|

2 Z _ a+1 _ b
0 S I A} T R( 2) Mmgﬁ( 3) @F

where the first isomorphisms g and h; @ hy exist by the uniqueness of minimal free
resolutions and M is as in (2.27). In particular, M o (h; @ hy) is a matrix of the same
form as (2.27). Hence, there exists a g € GL(a + 1) such that

\ d |

0 < I R(—Q)a+1 (T R(—g)b o F

™

0 < I+ R(—-2)*t! X R(-3)V & F

is an isomorphism to a complex of the form (2.26). In particular, the first a entries of
the map my 0 g~! generate the ideal of Vx. The computation of g is achieved by solving
the linear system in the entries of g given by requiring the first b entries of the last row
of go N to vanish.

Let us illustrate the previous procedure by an example.

Example 2.5.13. Consider the hypersurface in P? given by the polynomial
F = zpxy + 250y + 2530 + 3050170,
The ideal of X := Hyo(F) C P is

— (22 1 2
I = (2§ — 2023 + 2023 + 42024 — 42024 — 42324 + 42125 + 32025 — 4z4z5 — 323,

1
2021 + 2224 — 22025 +352225 + 2325, 2022 + 42024 —42024 —42324 + 22125 — 22425 —z?),

2
1 1 1 1

2 1 P
2] + 17023 — 12223 — 2124 — 22125 — g2225 + 2425 + 25, 2122 — 52025 — 52225,
1
25 4 4202y — Azpzy — dzgzy + 22, 23 + Zo2a — 1 725).
(2.28)

The first part of the free resolution of I is

0+— R &Y R(—2)7 &Y R(—3) @ R(—4)°,
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where R = K|z, 21, 22, 23, 24, 25]. The submatriz N of Ay with linear entries is

—zo — 4z Lz 0 —dzy 0 21— 325 —1z3 0
—2z5 4z Lzs 0 —4zy —zp — 424 —z1 424+ L5 —zp —dzy
0 225 —z5 0 0 —4z5 20 — 23 —225
zo — 23 +824  —z1+ Sz Lzg —z5 + 824 —1z 125 tza+ s 21— 325
4zs 20 — 4z4 21 —z4 — 325 225 —zp +4z4  —z3+4z4 — 325 325 —z3 + 4z4
23 —4zq + 125 0 —t23— 325 20 — 4zy 21 — %25 0 0 Lzs
225 —4zy —325 0 4z, 20 + 424 21 — 24 — 25 2o + 424
Choosing
100 00O0O
01 00O0O0O
001 0O0O00O0
g=|000100 0],
00 0O01O0O0
00 0O0O0T1TQO
01 00O0O0T1

we get that the last row of g - N is zero. Therefore, the six generators of the Veronese
variety correspond to the first siz entries of the matriz Ago g=t. We conclude that the
tdeal of the unique Veronese variety containing X s the zero locus of the ideal J given

by

J = (28 — 2073 + 2023 + 42024 — d2924 — 42324 + 42125 + 52025 — 4zaz5 — 322,

3 1 1.2

2021 — 2123 — 52025 T 52225 + 2325 + 725,
1 1 1

Z% + 12023 — ZZQZg — 21724 — 22125 — gZQZ5 + 2425 + 252),
2022 + 42024 — 42924 — 42324 + 22125 — 22425 — z?),
1 1
2122 T 52075 T 5%2%5,
23 4 dzgzy — dzozg — dzzzy + 22).
(2.29)

Second step: computation of an isomorphism ¢ : Vx — P".

The next step of our algorithm is to find an isomorphism ¢ : Vx — P" which is the
inverse of a Veronese embedding vy : P — Vyx. We set L ~ ¢*Opn(1).

Lemma 2.5.14. For n even, L ~ wy, ® Ops2v)(k + 1)y, where 2k = n.

Proof. Since ¢ is the inverse of a Veronese embedding, we get that L& = Op(s21)(1)]vy -
Since ¢ is an isomorphism, we have that p*wpn = wy, and hence, L "1 ~ wy, . Let
k € N such that n = 2k. Then,

L=L""?® L% = Opsey (155 @ wy,
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In particular, ¢ is given by a basis of the space of global sections of
wyy ® Op(szyy (K + 1)|vy.

Let ¢ be the inclusion of Vx in PY = P(5%V). Let R = K]z, ..., 2x] be the homoge-
neous coordinate ring of PV and let J be the ideal of Vx. In [76], the Betti numbers
of the Veronese embbeding given by |Opn(2)| are computed. In particular, we deduce
that the minimal free resolution of R/J is of the form

Aq Az Ar
0+— R+— P, oo t— R(k — N)™ «—0. (2.30)

where r is the codimension of Vy in PV.

Proposition 2.5.15. For n = 2k, the line bundle L is the sheafification of the graded
R/J-module
(R/J)" /Im AL (2.31)

Proof. By [67, Corollary 7.12], we have that wy, ~ t*Extpy(t.0y,wpn). Using [59,
Proposition 7.7], we get that

wyy @ Opsevy (k4 1)y > " Extpn 1Oy, wpn (k4 1)) ~ 1*Ext" (1,0, Opn (k — N)).

Applying Hom(—, R[k — N]) to (2.30) we get the complex

04— R L2 Rk - N]«— 0.

We deduce that Ext"(1.Oy,, Opn (k — N)) is the sheafification of the r—th cohomology
group of this complex which is R"™!/TmAt. The proposition follows by tensoring this
module by R/J. O

Let M denote the graded R/J-module in equation (2.31). From Proposition 2.5.15
we deduce that the space of global sections of L is the zero graded piece of M, i.e.
My = K" Let eg,...,e, be a basis of My and let U = D(z) N Vx. We get an
inclusion

My = H°(Vx,wyy (k +1)) = H(U,wpy (k + 1)) = (Mo,

where M,, denotes the localization of M by z;. On the other hand, since L is trivial
on U, we get an isomorphism ¢ : (M,,)o — ((R/J).,)o. This allows us to define the
map
p: U — P
z — [¢leo)(2), -, dlen)(2)].

We illustrate the previous reasoning by an example.
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Example 2.5.16. Consider the Veronese surface V in P° given by the ideal J of Equa-
tion (2.29). The free resolution of R/J is

0— R — R(—2)® = R(—3)* & R(—4)* > 0,

where
Z9 + 42’4 —%2’5 42’4
225 Z9 0
-2+ 325 —%123 %25
A - 20+ 424 —z1+ 24+ %25 4z
B 23 — 4z —z1+ 24+ 325 29 — 42y
425 20 — %3 22’5
—%Z5 %123 + %25 —21 + %2’5
zZ3 — 424 + %25 %25 zZ0 — 424

By Proposition 2.5.15, L ~ wy ® Ops(2)|y is the sheafification of the graded module
M = (R/J)?/{rows of A).

The space of global sections of L is isomorphic to the zero graded piece of M, which is
K3. Let {eg,e1,e2} be the usual basis of this space. Now consider the principal affine
open subset D(zy). Then,

2

H(D(21), L) = (M)z,)o = ((R/J)2,)5" /{rows of Az,) = ((R/J)z,)o,

where A,, = —A. One can check that in (rows of A,,) we have the elements
21

1 1
e+ = @—i-é er and —eg + - —2@—1—6é—1—4§+é er.
2 21 Z1 8 21 21 Z1 21

Therefore, we get that

(eo) = 1 (@ i Q) d(e1) and (es) = é (_22—? 162 443 4 ?) o(er).

2\ z 21 21 21 1

Thus, we get an isomorphism

D(z)ny % P2
{Z_ Z_} - {_4 <@+é) ,8,_2@+6@+4§+ﬁ} |
21 21 21 21 21 21 21 21

Note that once we have the map p, we can compute a parametrization of V. This
parametrization is the inverse of @ and is given by a basis {Fy, ..., Fs} of S*’K3. In
particular, we get that for generic [z,y, z] € P* we must have that

[—4(F0 + Fg),SFl, —2F0 + 6F2 + 4F3 + F5] = [:v,y, Z]
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This defines some linear equations in the coefficients of Fy, ..., F5. A generic solution
of such linear system of equations will give a parametrization of V. In our example,
one can check that the polynomaials

2 2 2 2 2 2
Tg, XY, —Ty — 2Tox1, Ty, ToT2, 8%y + 12x071 + 8172 — 475

provide a parametrization of the Veronese variety.

Remark 2.5.17. The computation of the isomorphism ¢ : Vx — P" is the only step
of the algorithm where we use that n is even. For n odd, the canonical bundle of P"
has even degree. As a consequence, we can not write L by means of wy, and OF(2).
One needs to find a Opn —module whose restriction to Vx is a line bundle of odd degree.

Third step: computation of p(X)

Once we have computed an isomorphism ¢ : Vx — P", we compute the image of X
through (. This image is a hypersurface defined by a degree 4 polynomial G. Let
F € P(S*V) be such that H,,(F) = X. In other words, F is the polynomial we want
to compute. Then, the composition ¢ o kg is an automorphisms of P" that sends V(F')
to V(G). In particular, we get that there exists g € PGL(n + 1) such that G = ¢ - F.
Moreover, by Lemma 2.3.2 we get the following commutative diagram

pr — Ly
(9" ? p(gh)* -

P h—G> hG (I[Dn)

Therefore, we get that p(¢*)* = hg o . Note that the representation p is injective and
the preimages through p can be computed by a solving linear system of equations. In
particular, we can recover g from the composition hg o . Finally, the polynomial F' is
computed by applying ¢~! to G.

The algorithm

Summarizing the previous reasoning, we outline the algorithm
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Algorithm 10

Input: the ideal I defining a variety inside the image of Hy,, for n = 2k
Output: the unique F' € P(S*V) such that Hy,(F) = V(I).

1. Compute the unique Veronese variety V containing V(7).
2. Determine an isomorphism ¢ : V — P".

3. Compute the quartic form G defining ¢(V([1)).

4. Determine g* = p~((hg o p)b).

5. Return, F =g~ - G.

Example 2.5.18. Consider the variety X given by the ideal I in Equation (2.28). B

Ezample 2.5.13, the ideal J of the unique Veronese variety Vx is given by (2.29). B

Example 2.5.16, we have an isomorphism ¢ : Vx — P? sending (29, -+ , 23] to
[—4(20 + 22), 821, =220 + 629 + 423 + 25).

The image of X through this map is given by the polynomial

G = 2330 83:0:B1 + 6930:E1 + 550371 + 4$0£U2 48$(2)x1x2 + 12:)30:@:152 — 96$0x1$§ — 64x1$§’.

One can check that, modulo J, the composition hg o ¢ is given by the matriz

0 0 10 —4 4
0 -102 0 O
1 0 00 0 O
0 0 00 —4 8 (2.32)
0 0 04 0 O
0O 0 00 0 16
In this case, the representation p is given by
a,(2) (lobg b(Q) apgCo boCO C%
2(10&1 a1b0 + a0b1 2b0b1 a1Co + apCy b100 + boCl 20001
Zs le Zj N a% (llbl b% aicy b101 C%

e c c 2(10&2 agbg + a0b2 2b0b2 a9Co + ApCo bQCO + boCQ 20002
0 1 2

2a1a9  agby + arby 201by  agcr +ajcy bacy +bicy 2cico

asy a9 bg b% a9Co b2 Co C%
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One can check that the unique g € PGL(3) such that p(g*)" equals the matriz (2.32) is

0 1 -2
g=1—-1 0 O
0 0 —4

We conclude that Hy,(X) is the polynomial
g1 G = —256x511 — T68151179 — 2562779 — 2562075

Note that this polynomaial, up to multiplication by constants, coincides with the polyno-
maial we started with in FExample 2.5.135.

2.6 Catalecticant enveloping variety

In the study of the Hessian correspondence for cubic hypersurface the rational map «,,
associating to a polynomial F' the linear subspace (V!'F), played a crucial role. Moti-
vated by this rational map, in Section 2.4.2 we introduced the variety Z,. This variety
is strongly related to Comon’s question (see [98, Problem 15]) through the notion of
e—th gradient rank (see [56]). The goal of this section is to generalize these objects
from cubic forms to forms of arbitrary degree. To investigate these generalizations, we
introduce and study the catalecticant enveloping variety.

Fix d,n € N. We recall that V = K"*! and that S?V is the space of homogeneous
polynomials of degree d in zg,...,z,. For 0 < e < d and 0 < k we consider the closed
subvariety of P(S9V)

Sube := {F € P(S"V) | rank Fl 4. < k+1}.

In other words, Sub, ;. consists of all F' € P(S?V) such that dim (V*F) < k + 1. Let
Subg ;. be the open subset of Sub,, consisting of the polynomials F' € P(S?V) such
that rank I 4. = k + 1. By [74, Lemma 3.5], Sub(, is a dense open subset of Sub, ..
Following this notation, Sub; , corresponds to the variety Suby introduced in Section
2.4.2. Recall that T is the polynomial ring K[yo, . .., y,] acting on S*V = K|z, . .., x,]
by the apolarity action introduced in Section 2.1.2. Note that for any F' € P(S9V),

rankF, 4. < min{dim 7, dim Si=eyy.

Therefore, we can assume that k < min{ (ezn), (d_z+”)}. Note that for e < d/2 this
minimum is (”:e)
Example 2.6.1.

e In Example 2./.12 we showed that, for d = 3, Sub, o is the Veronese variety V>".
Ford > 3, Suby g is also the Veronese variety V4™ (See [7/, Remark 1.24]). More
generally, [106, Corollary 5.5] states that Sub.q is the Veronese variety Vo™ for
all 0 < e < d.
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e For k=min {(“I"), (d_ff”)} — 1, we have that Sub,; = P(SV).
In Sections 2.4.2, we used that Sub, j is irreducible for d = 3. However, Sub, ; might
not be irreducible for e > 2. For instance, in [37] it is proved that, for d = 3, Suby4
has two components of dimension 12 (see also [74, Example 3.6]). In [74, Chapter
7.2] the irreducibility of Sub,y is studied in more detail. For instance, [74, Corollary
7.10] gives sufficient conditions for Sub, ; to be reducible. Nevertheless, even if Sub,
might be reducible, it is always connected (see [74, Theorem 7.6]). Moreover, Sub
is irreducible for d > 3. This can be deduced from the following description of Sub; j
(see [74, Proposition 1.23])

Sub,, = {F € P(S%V) : 3U € Gr(k+ 1,V) s.t. F € P(SU)}. (2.33)

In other words, Sub, ;, consists of all polynomials such that, after a change of coordi-
nates, they can be written by means of k + 1 variables. Using this description, in [74,
Proposition 1.23], the dimension of Sub, j is determined:

d+k
dim Suby = (k+1)(n — k) + ( —5 ) — 1. (2.34)
In Section 2.4.2, we introduced the rational map oy C P(S*V) sending a cubic form
F to (V'F). Now we introduce the generalization of this map to any d and e. On the
variety Sub,. , we define the rational map

Qer: Subeyr --+ Gr(k+1,54°V)

F (V°F) (2.35)

Note that the domain of definition of a is Subg ;. Using this notation, the rational
map oy, defined in (2.19) coincides with ay for d = 3, and for d > 3 the map ayy is
the generalization of o to higher degrees. We denote the image of o and its closure
by 22, and Z, . respectively.

Example 2.6.2. Fiz k = 0. In Example 2.0.1 we saw that Sub, o equals the Veronese
variety V™. Moreover, the target space of agg is P(S4=¢V), and one can check that
for a linear form | € S'V, ago(1?) equals 1%7¢. Therefore, agyg is the composition of
the inverse of the Veronese embedding of V™ with the Veronese embedding of V4—em.
In particular, ogo 15 an isomorphism onto its image and Z4 = yd—en,

Example 2.6.3. Assume that d = 3 and n = k = 2. By Proposition 2./.21, we
have that a5 is a birational morphism between P(S*V) = P and Gr(3,S?V), which
is also 9-dimensional. We get that oy o is dominant and Z, o = Gr(3,S5%V). More
generally, assume that d =3 and k =2 < n. As above, for U € Gr(3,V) we have that
a12(P(SU)) equals Gr(3,5*U) C Gr(3,S*V). In particular, we get that

3172 = U Gr(3,52U)
UeGr(3,V)
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Example 2.6.4. Let d = 2 and e = 1. Then, for F € Sub, x, (V'F) equals the support
of F. Recall that the support of F' € P(S?V) is the smallest linear subspace U of V
such that F € P(SU). In particular, we deduce that, given P(U) € Im vy g, the closure
of the fiber ai,lc(IP’(U)) is P(S?U). Moreover, for d = 2 and k > 0, oy, is dominant
and the dimension of a generic fiber of oy is (dzk) —1.

For e = 1 and k = n, oy, coincides with the gradient map, which is birational onto
its image for d > 3 and (d,n) # (3,1) (see [46, Theorem 3.2]). Similarly, Example
2.6.2 shows that oy is an isomorphism onto its image for every d. On the contrary,
Example 2.6.4 shows that for d = 2, the generic fiber of «; ; has positive dimension.
With the aim of computing the dimension of Z, j, we post the following question: For
which values of d, n, e, k, is the map a. birational onto its image?

To approach this question, we introduce the dual version of the map a. ;. We define
the rational map . assigning to a form the kernel of its catalecticant map

Bek: Subep --» Gr(("+e)—k,Te)

n

) (2.36)
F — Ker Fi 4

Recall that F,4 . is the catalecticant map of F from T, to S%¢V. Since Ker F, 4 .
is the degree e component of the apolar ideal of F', 3. associates to I’ € Subg; the
vector space F- C F*. The apolarity action gives an isomorphism between the dual
space S°V* and T,. In particular, Gr(k+ 1, S°V) and Gr(("ze) — k,T,) are isomorphic
and we get the following commutative diagram relating oy, and [

d k

Subg_es ———2-2" Gr(k, S°V)
H (_)ng . (2.37)
Sub, . ---2--> Gr((”::e) -k, T,)

The commutativity of Diagram (2.37) implies that any property satisfied by ag_x is
satisfied by B, and vice-versa. The relation between . and apolar ideals allows us
to use apolarity theory to approach the birationality of c.j. Note that by Theorem
2.1.15, the apolar ideals is deeply related to Artinian Gorenstein rings.

In the setting of apolar ideals, the birationality of 3. is equivalent to ask whether we
can recover a polynomial F' € Sub,j from the e-th graded components of its apolar
ideal. This question was partially answered in the setting of Artinian Gorenstein rings
in [11] for k = k, where

e (5 (7))

This is the case where F¢; has maximal rank and Sub.; = P(S?V). Let F be a form
in SV and let I be its apolar ideal. Since the Hilbert function of the apolar Artinian
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Gorenstein ring 7'/1 is symmetric, we get that the degree d component I of I is a
hyperplane of 7,;. In particular, I; can be seen as a point in the dual vector space T};.
Through the isomorphism between the T and SV given by the apolarity action, I
corresponds to the polynomial F'. Therefore, we have an effective method for recovering
F from the degree d part of its apolar ideal. Now, assume that all the generators of
F- have degree at most d. Then, we can recover (F1)4 from (F1), for d<e<d. The
even case of the following theorem can be found in [73, Example 4.7], whereas the odd
case corresponds to [11, Theorem B].

Theorem 2.6.5. [11, Theorem A] Let d > 3 andn > 3, let F' € P(S4V) be a generic,
and let m(F) be the mazimum degree of the minimal homogeneous generators of F+.
Then,

1. Ford=2t—2, m(F) <t.
2. Ford=2t—1m(F) <t.

From Theorem 2.6.5, we deduce the following result.

Corollary 2.6.6. Ford > 3 and n > 3, we have that
1. ford=2t—2and e <t—2, aj is birational onto its image.
2. ford=2t—1ande<t—1, Qg 18 birational onto its image.

In particular, in the above cases Z, ;. is rational and dim Z_ ; = (d:") —1.

Proof. Assume that d = 2t —2 and e < {—2. By Diagram 2.37, «, is birational if and
only if 8, , ; is birational. Let F' € Sub,; = P(SV) be generic and let G € P(S?V)
be such that 8,_, ;(F) = 8,_.i(G). In other words, (F*)q_. = (G)4_. By Theorem
2.6.5, the minimal generators of F* have degree at most t < d—e. In particular, we get
that (F+); = (G1)g4, and hence, F' = G. The same reasoning shows that for d = 2t — 1
and e <t—1, Q. is birational onto its image. O

Due to the complicated structure of the variety Sub., the study of the birationality
of a.y for k < k is much complicated. In particular, the study Z. 1, becomes more
challenging. A natural, but difficult, question we can consider is the description of the
boundary

aZe,k - Ze,k \ Z;k

of Z.r. We introduce the catalecticant enveloping variety as a first approach to this
question.

Definition 2.6.7. Fore < d and l < (dff:r"), we define the catalecticant enveloping
variety of degree d as

@5 :={I' € Gr(k+ 1,57 V) : (V°F) CT for some F € Sub,} .
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In Section 2.6.2, we will show that @ is a projective variety. Since Z¢, is contained
in ®f, we deduce that 0Z,, is contained in ®f. We aim to study this boundary from
the irreducible components of ®5.

Example 2.6.8. For k =0, we have that % = Z,. In particular, by Example 2.6.2,
we conclude that ®¢ = Va-en,

2.6.1 Birationality of oy

As commented above, the map a4 ,, coincides with the gradient map, which is birational
onto its image for d > 3 and (d,n) # (3,1) (see [46, Theorem 3.2]). In this section
we present a new proof of this fact, that in Section 2.6.2 will help us to compute the
irreducible components of the catalecticant enveloping variety ®;. Moreover, the new
reasoning presented in this section will provide in Section 2.6.3 a method for recovering
a degree d hypersurface from its (d — 1)—th polar variety.

Before restricting to the case e = 1, we first study the geometry of the fibers of a. .
To do so, we consider the linear embedding

le: P(SWV) — P (HomK (Te, Sd_eV))
F — Fe,dfe '

Note that ¢, is a linear embedding by Euler’s formula. For instance, for e = 1, the
columns of F} 4_; are the first order derivatives of F'. Therefore, the map ¢; sends a
degree d polynomial to its gradient. For d = 3, ¢; coincides with the map (2.20). In
general, the map ¢, sends a polynomial to the tensor of its e-th partial derivatives. We
denote the image of ¢, by W..

Proposition 2.6.9. Given I' € Im 2., the closure of a;,ﬁ(F) consists of all the degree
d polynomials F such that (V°F) is contained in T'. In particular, the closure of a fiber
of e, is a linear subspace.

Proof. Consider the variety
Y ={(T,¢) € Gr(k+1,57°V) x W, : Imy C T}

together with the projection 7 : ¥ — Gr(k + 1,5%¢V). Note that the image of this
projection is Z ;. Given I' € Z7,, the fiber X := 7~ }(T) is the linear subspace of
maps ¢ € W, whose image is contained in I'. We now consider the map

Qe X et Subg, — by
Fo— (aer(F),te(F)) -

This map is well-defined since the image of t.(F) equals (V¢F) = a.x(F) for
F e Subz’k. Moreover, . X L. is an isomorphism onto its image since ¢, is a lin-
ear embedding. The inverse map is given by the composition of the projection to W,
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and ¢ '. Now, the composition 7 o (a ) X t¢) equals a,. Thus, for T € Z2 ), we get
that

a1 (F) = (aes x te) (1) = 1. (Sr).

The proof follows from the fact that ¢, is a linear map and that Xr is a linear subspace
of W.,. O

Remark 2.6.10. Note that Proposition 2.6.9 provides an effective method for com-
puting the closure of the fibers of . using linear algebra. Recall that W, is a linear
subspace. Gwen I' € Ima,y, we can compute its fiber by computing the intersection of
We with the linear subspace of maps whose images are contained in I'.

For the rest of this section we fix d = 1. In order to derive the birationality of oy 4, we
follow the same strategy used in Section 2.4.2: find a polynomial F' € Subj , such that
the intersection of W) and the linear subspace of maps whose images are contained in
Im F} 4_; has dimension zero. For this purpose, we first compute the equations of W;.

As mentioned above, we identify the target space of ¢; with P((S?1V)®"+1), Through
this identification, we can rewrite the map «; j as the rational map sending a polynomial
F to its gradient VF. For 0 < i < n and w = (wy, ..., w,) such that |w| := wy +
c+w, =d—1, let y¢, be the coordinate of P((S?1V)®"+1) representing the term
(w; + 1)z in the i-th direct summand.

Lemma 2.6.11. The equations of Wi in the coordinates y', are
/y’li}jfeil - y”il?fezé = 07 (238>
for every w € N with |w| = d and 0 < iy < iy < n such that w;,,w;, > 1.

Proof. Let z, be the coordinate of P(S9V) representing the monomial 2*. In other
words, a point in P(S?V) is a degree d homogeneous polynomial of the form

G = Z Zwx®.
|w|=d
In particular, the first order derivatives of G are

gg - Z (wi + 1)awxw_ei-

We deduce that for |v| = d—1, the coordinate ¢1(G)’ of ¢1(G) equals 2,.,. In particular,
Le is a monomial map and the equations of W, are linear binomials. The proof follows
from the fact that the only linear binomial relations among the coordinates of the map
1 are of the form

1 (G)H =14, (G)2

w—eijy w—ej,

for |w| = d and w;,, w;, > 1. O
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Using Lemma 2.6.11, we address the birationality of a .

Theorem 2.6.12. The rational map oy ts birational onto its 1mage except in the
following cases:

1. Ifd=2 and 1 < k < n, then the fibers are ozl_}c(U) = P(S%U) C P(S*V).
2. If d =3 and k = 1, the fibers are one-dimensional.

Proof. The case d = 2 was presented in Example 2.6.4. The case d = 3 and k = 1
was explored in Section 2.4.2. So we can assume that d > 3 and (d, k) # (3,1). In
Proposition 2.4.21 the result was proved for d = 3. Assume now that d > 4. To prove
that a; is birational it is enough to find F' € Subj, such that aii(al,k(F)) is the
point F'. By Proposition 2.6.9, we get that a fiber of oy is a point if and only if it is
zero dimensional. Moreover, given F' € Subj ,, the closure of the fiber o, ((V'F)) is
isomorphic to Wi NP(((V!F))®"*1) via ¢;. Therefore, it is enough to prove that there
exists F' € Sub{ ; such that the dimension of Wy NP(((V'F))®"!) is zero.

Assume that £ = n. As in the proof of Proposition 2.4.21, we consider the polynomial

_ d—1
F= E TP T,

1€2Lnp+1

where Z,.1 = Z/(n + 1)Z. Note that using this notation x,,1 = xy. For every
0 <i < n, the i-th first order derivative of F is

oF
(9@- N

(d = V)af 2z +aiZ].

Note that the two monomials appearing in a first order derivative do not appear in
the other first order derivatives. Therefore, the first order derivatives of I’ are linearly
independent as elements in S* 'V and F € Suby,.

Now, we compute the equations of the image of Fy 4 in P(S471V). Let z, be the
coordinate of P(S?~1V') corresponding to the monomial z* for |w| = d—1. Fori € Z, 1,
we consider the vectors

a; = (d — 2)6Z + eit1 and bz = (d — 1>6i—17 where €; = (07 ce ,O, (]_), 0, e ,0)

Note that a, = ey + (d — 2)e,, and by = (d — 1)e,. Using this notation, we get that
g—z = (d — 1)z% + x%. Then, the equations of (V1F) are
for jw| =d—1, w # a;,b;Vi € Zpy1,

Zw =10
2y — (d—1)zp; =0 for i € Zp41. (2.39)
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In particular, the equations of P((V!F)®"*1) in the coordinates y! used in Lemma
2.6.11 are

gl =0 for w # a;,b;Vj € Zp41,

yzj_d%dlyéj:o for j =14—1,

y(ilj _ yij =0 for j =1, (2.40)
yéj_%yéj:() for j=i+1,

yzj —(d— 1)yéj =0 otherwise.

Let Wr be the intersection of P(((V!F))®" 1) and W;. We claim that Wr is zero
dimensional. The equations of W are given by the Equations (2.38) together with the
Equations in (2.40). Let iy,iy € Zyy1 with i1 # iy. By Equation (2.38) we get that
yﬁ}b = yﬁfiﬁeil_%. Since d > 4, a;, +e;, — €, # aj,b; for every j € Zy1. Therefore, by
Equation (2.40) we deduce that for iy # i, yfll2 = 0 is among the equations defining
Wg. Moreover, using Equation (2.40) we get that yé; = 0 for i, # iy are also equations
of Wg. Now, by Equations (2.40) and (2.38) we get that for every i

. . - -
y;i = yll)i = yéi“l‘ei_ei—l = y(zlifl'
Hence, we deduce that the equations of Wy are

yllu = O fOI' (va) # (Z7 ai)? (27 Bz)v
Yo = Yoy = Yoy =Y, = = Yo = b

From this system of equations we derive that Wy is zero dimensional. In particular,
ain((VIF)) is equal to the reduced point {F}, and oy, is birational onto its image
for d > 4.

It remains to check the case k < n — 1. Let F' be a generic element in Sub; ;. By
Equation (2.33), there exists U € Gr(k + 1, S'V) such that F' € P(S?U). Without loss
of generality, we can assume that U is generated by the linear forms xg, ..., x;. Now
let G € Sub,; be such that a.x(G) = aex(F). Then, the partial derivatives of G with
respect t0 Tpy1,..., T, vanish. This implies that G € P(S9U) and a;,ﬁ((vlF)) equal
(e klp(sary) F((V'F)). The birationality of aep|pgar) follows from the case n = k.
Therefore, we conclude that a;i((V1F>) = {F} and a; is birational for d > 4. [

Corollary 2.6.13. For d > 3 and (d, k) # (3,1), the dimension of 2, is

dimZ,, = (k+1)(n— k) + (d;k) -1

Proof. Follows from Theorem 2.6.12 and Equation (2.34). O
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A direct consequence of Theorem 2.6.12 is that S._ ; is also birational onto its image
for d # 2 and (d,k) # (3,1). In particular, this means that in these cases we can
recover a generic polynomial F' € Sub, ; from the degree d — 1 component of its apolar

ideal.

2.6.2 Irreducible components of catalecticant enveloping va-
riety for d =1

In this section we study the catalecticant enveloping variety ®f, which is defined as
@5 :={I' € Gr(k+ 1,57 °V): (V°F) CT for some F € Sub,}

Our goal is to analyse Z.; and 0Z. ) through the investigation of ®;. We start this
study by checking that it is a projective algebraic variety.

Proposition 2.6.14. The catalecticant enveloping variety ®, is a projective subvariety
of Gr(k +1,8%7¢V).

Proof. Consider the incidence variety
Y= {([,¢) € Cr(k+1,8°V) x W, : Imp C T'}

together with the projection m : ¥ — Gr(k + 1,597¢V). We claim that 7(X) = ®¢.
Indeed, T' € Gr(k + 1, 8%7°V) is contained in 7(3) if and only if Im F. 4. C T'. Since
ImF, 4. = (V°F), this is equivalent to I" being contained in ®¢. The proof follows
from the fact that X is projective. m

Example 2.6.15. Fiz d =3 and k =1, and let T € ®{. Then, there exists F' € Sub,
such that (V'F) C T'. If F is contained in Suby, we get that ' € Z,. By Ezample
2.4.14, T is a tangent or secant line to V*™. If F € Suby, then the only requirement
imposed to T is that P(T') and V*" have nonempty intersection. We conclude that ®}
is the variety of projective lines in P(S?V') intersecting the Veronese variety V™.

For 0 <[ < k, we consider the variety
o7, ={T € Gr(k+1,8°V) : ACT for some A € Z.;}.

Using this notation, ®f , = Z.x. Since Z., is closed, ®f, is also closed because it is
the image of a bundle of Grassmannians. Moreover, @7, is contained in ®j. Indeed,
for a generic element I' in ®f, there exists A € Z2; such that A C I'. In particular,
there exists F' € Subg; such that A = (VF) C I'. Therefore, I is contained in ®. By
Proposition 2.6.14, we deduce that @7, is contained in ®f, and we obtain that

o= | J @ (2.41)

0<i<k
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Example 2.6.16. By Ezample 2.6.8, we have that ®} = Z, 9 = V1" Then,
®p, ={l € Gr(k+1,5"'V): P(L)n V=" £ ().

In other words, O, is the variety of k—planes in P(S*'V') that intersect the Veronese
variety V44" Now, we consider the incidence variety

Y= {(p,I) € V" x Gr(k +1,8"'V) . p e P(I)}

together with the projections m : ¥ — V=" and mo : ¥ — Gr(k +1,5471V). Note
that mo 1s generically finite onto its image, which is <I>(1),k. Thus, dim (13(1)’/,C =dim>. On
the other hand, the fibers of mo are all Grassmannians of the form Gr(k, (d_if") —1).
We conclude that ® . is irreducible and its dimension is

n+k(<n+§_1)—k—1). (2.42)

In Example 2.6.16 we showed the irreducibility og q)(l),k' Here we used that Z; is
irreducible. In general, Z.; might not be irreducible and, hence, ®f, might be reducible.
This obstacle arises from the fact that Sub, ; is possibly reducible for e > 2. This is the
main reason why we focus on the case e = 1. For the rest of this section, we set e = 1.
By abuse of notation, during this section we simplify the notation and we denote @}
and @l{k by ®; and ®;; respectively. Similarly, we denote o, and Z; ; by o and Zj.

Proposition 2.6.17. For | < k < n, &, is wrreducible. Moreover, the irreducible
components of @y, are of the form @,y for some | < k.

Proof. Consider the incidence variety
={(E,T)e Z xCr(k+1,8"'V): ECT}

together with the projection 7 : ¥ — Z; and 7o : ¥ — Gr(k + 1,S1V). All the
fibers of 7; are irreducible and of the same dimension. Since Z; is irreducible, by [66,
Theorem 11.14] we deduce that X is irreducible too. Since the image of my is @y, we
conclude that ®; is irreducible. Hence, from (2.41), we conclude that the irreducible
components of @, are of the form ®;;, for some [ < k. O

From Proposition 2.6.17, the following question arises: for which values of [ and k,
is ®; an irreducible component of ®;? For instance, Example 2.6.15 shows that for
d =3, & = P9y and ®;; = Z; is contained in ®¢;. In particular, we get that
D, C Doy for d = 3.

Example 2.6.18. Fix d = 3. For k =2, ®; is the union of Pp2, P12 and Py = Zs.
Since Z; is contained in ®o; we deduce that ®,9 is contained in ®oo. For n = 2,
we showed in Example 2.0.3 that ®y = P9y = Gr(3,5?V). Assume now that n > 3.
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Then, the catalecticant enveloping variety ®o is the union of oo and Z5. Now, by
Proposition 2.4.21, the dimension of Z5 is equal to 3n + 3. On the other hand, using
Equation (2.42), and that n > 3, we deduce that dim &5 > dim Zy. Hence, ®¢ 2 is an
wrreducible component of ®5. Now we show that Z5 is also an irreducible component of
®y. As in Example 2.4.18, we consider the polynomial F' = xgxix9 € Suby. We claim
that (V'F) € Z, does not lie in ®y5. On the contrary, assume that (V'F) € ®,.
Then, there exists G € Subg such that (V'G) C (V'F). In particular, «(G) lies in
W N PAVIEY*" Y By Ezample 2./.18, we derie that 1(G) = «(F), and hence,
F = G. This is a contradiction since F' ¢ Subgy. Therefore, we conclude that Z5 is not
contained in ®oo and that the irreducible components of ®4 are Zy and Do .

In Example 2.6.18, the two main ingredients for computing the irreducible components
of @, were the dimension of ¢;9, for [ = 0,2, and Example 2.4.18. This example is
generalized in the proof of Theorem 2.6.12. In order to extend these arguments to any d
and k, we start by generalizing the computation performed in Example 2.4.18 as follows.
Consider the polynomial F = zgz17y € P(S?V). Then, (V'F) = (z129, 272, ToT1).
Now, we consider the vector space I'yy, = (VI F) + (wox3, 924, . . . Towx). One can check
that W N P(F?Z“) has dimension zero. This implies that, for every G' € P(S®V) such
that (V'G) C 'y, one has G = F. We now generalize this example to any d and k.

Fix 1 <1 <k <n. As in the proof of Theorem 2.6.12, we consider the polynomial

F=Y af "z, (2.43)

’L‘EZ[+1

where Z;.1 = Z/(l + 1)Z is identified with the set {0,1,...,l}. Following the notation
of Theorem 2.6.12, let z, be the coordinate of S~V corresponding to the monomial
x*. For i € Z;+1, we consider the vectors

a; = (d—2)e; + €41 and b; = (d — 1)e;_q.

Here, a; = eg+ (d—2)e; and by = (d —1)e;. Similarly to Equation (2.39), the equations
of (VIF) in S4-1V are

2w =0 for lw|=d—1, w # a;,bVi € Zy 41,
Za, — (d— 1)z, =0 fori € Zyyy.

Note that dim(V'F) = [ + 1, and hence, F' € Subj,. We now consider a slightly
different linear subspace of S 'V. Let I' be the linear subspace

[i= (VF) + (20200, .., 08 2ay). (2.44)

For | = k, we have that T = (V'F). Moreover, dimT = +1+ (k—1) = k + 1,
and hence, I' is contained in ®;;. For [ +1 < ¢ < k we consider the integer vector
ci = (d —2)eg + e;, i.e. 2% = 28722, The equations of I' in P(S?~'V) are obtained by
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removing the equations z.,, = -+ = z, = 0 from the equations of (V'F). In other
words, the equations of I' are

=0 for w # a;, b; for i € Zy 1 and w # ¢; for [ +1 < i <k,
—(d—=1)z, =0 fori € Z4.

As in Section 2.6.1, we identify the space P(Homg (77, S1V)) with P((S4-1V)®n+1),
We use the coordinates y¢, of P((S?1V)®"*1) introduced in Lemma 2.6.11.

Lemma 2.6.19. For 1 <1<k andd >3 and (I,d) # (1,3),(2,3), the intersection of
W1 and P(T®"Y) 4s zero dimensional. In particular, F is the unique polynomial such

that (V'F) CT.

Proof. For | = k, T' = (V!F) and the proof follows from the proof of Theorem 2.6.12.
Assume that [ < k. As in Theorem 2.6.12, the equations of P(T'®"!) are

yl, =0 for w # a;,b,Vj € Zj1q and w # ¢; for I +1 <13 <k,
ygj—dglygjzo for j=i—1,

Yo, = Yp, =0 for j =1, (2.45)
yij—dglyéj—o for j=i+1,

Yo, — (d=1)y;, =0 otherwise.

In the proof of Theorem 2.6.12, Wi NP((V!F)®"*1) is zero dimensional. Therefore, it
is enough to check that

Wi NPUVIEY®™ Y = W NPT,

To derive this equality, we show that y. vanishes at W) N P(I®"*!) for i = 0,.
and [ + 1 < j < k. Assume that i # 0. By Equation (2.38) we obtain that

i _ ,0
ij - y(d73)60+e¢+ej‘

Since j > 141 and i # 0, we get that (d — 3)eq + ¢; + ¢ is distinct from ay,, by, ¢,y for
every 0 < m <l and [+ 1 < m/' < k. Therefore, by Equation (2.45), we deduce that
yéj:()forz'#o.
Assume now that ¢ = 0. Since 1 <[ and [ + 1 < j, we deduce that j > 2. From the
equations of W7, we get that

0o _,J
yc~ - yb1 .

J
By Equation (2.45), yzl vanishes if and only if y/ , vanishes. Now, from the equations
of Wi we have that y/ = y(zd 2)erte; Since j > 1, we deduce that (d — 2)e; + ¢ is
distinct from a,,, b,,, ¢, for every 0 < m < l and [ +1 < m/ < k. Therefore, ya =
By Equation (2.45) we deduce that ycj = ybl = ycj = 0. We conclude that for every
i=0,..nand [ +1<j <k, yf:], vanishes at W, NP(T® 1), O
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In the next proposition, we use Lemma 2.6.19 to compute the dimension of ®; .
Proposition 2.6.20. For d > 3, the dimension of @, is

dim@l,k:(l+1)(n—l)+<d:;l) —1+(k—z>((d_””) —k;—l). (2.46)

n

Proof. Note that for [ = 0, Equations (2.42) and (2.46) agree. A similar computation
as in Example 2.6.16 shows that Equation (2.46) holds for (d,1) = (3,1). Assume now
that (d,1) # (3,1) and [ > 1. Consider the variety

Z:{(A,F)EZquDkAgF}
together with the projections m : ¥ — Z; and my : X — ®,. For A € Z;, we have that
7 (A) ~ Gr(k —1,SV/A).

Therefore, the fibers of m; are irreducible and they all have dimension

(k—l)((d_iJrn) —(l+1)—(k:—l)) :(k—l)(<d_i+n) —k;—l).

Since Z; is irreducible, by [66, Theorem 11.14] we deduce that ¥ is irreducible too. By
[67, Proposition 9.5], we obtain that

1
dimE = dim Z,; + (k — 1) ((d +”) - 1).

n

Now, note that the image of my is ®; ;. We claim that 7, is birational onto its image.
Indeed, take I' as in (2.44), and let (A, T") such that A C I". In other words, (A,T") €
7,1 (T'). Since A € Z;, there exists G € Suby,; such that (V!G) C A. In particular,
(VIG) C T, and by Lemma 2.6.19 we deduce that G = F, where F is as in (2.43).
In particular, A = (V!F) and the fiber 7, (') is a point. We conclude that for
(I,d) # (1,3) and [ > 1, &, and ¥ are birational, and hence,

-1
dlmq)l’k:dlmZLl—i‘(k?—l)((d +n) —k’—l)

n

Now, the proof follows from Corollary 2.6.13. O]

We use the formula for the dimension of ®; ;, provided in Proposition 2.6.20, to analyze
the irreducible components of ®;. For this purpose, we study the relation between the
dimensions of ®;; and ®y 4 for distinct [ and !

Lemma 2.6.21. Ford > 3, and 0 <[ < k — 1 we have that
1. dim @y > dim @yyq  for (1,k) # (n—1,n).



2.6. CATALECTICANT ENVELOPING VARIETY 121

2. dm®,_,, =dmd,, —1.
3. dim®,,_5, > dim®,,,, ford > 4. Ford =3, dim®,_,, =dim®,, +n — 3.

Proof. Using Proposition 2.6.20, we have that

d+n—1 d+1
&maﬁ—&mgﬂk:m+1—n—k+(jx:_>—(de. (2.47)

In particular, for k =n and [ =n — 1, we get that
dim®,_, —dim®,, =2n—-1)+1—-—n—-—n=—1.

Therefore, dim ®,,_; , = dim ®,,,, — 1. Similarly, for n > 2 we have that

- . d+n—1 d+n—2
dim ®,,_5, —dim®,, = 2(n—1)—2—2n+( Jo1 )—( g1 )

B d+n—-1 B d+n—2 4
N d—1 d—1
d+n—2
= — 4.
(")

For n > 2 and d > 4, (dzgz) > (3) > 4. Hence, we conclude that dim ®,,_5,, >

dim ®,,,, for d > 4. For d = 3, we get that

1
dim ®,,_5, —dim ®,,, = (ni— ) —4=n-23.

Assume now (l,k) # (n — 1,n). In order to check that dim®;; > dim @4, it is
enough to prove that dim ®;;; > dim ®;,1 ;1. Using Equation (2.47), we get

. _ d+n—1 d+1
d1m<bl,l+1—dlm<1)z+1,l+1Zl—n+( d—1 )_(d—l)‘

Since | < n — 2, we obtain that

din—1\ [(d+n—2 d+n—2
dim®yyy — dimpey o > 1—nt (T (TN g (PR,
: : d—1 d—1 n

(d+n—2> > <n+1> -
n n

Therefore, dim ®;;41 > dim @441 > for I < n — 2. We conclude that dim®;; >
dim @41, for (I, k) # (n—1,n). O

For d > 3,
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Lemma 2.6.21 together with Lemma 2.6.19 allow us to compute the irreducible com-
ponents of ®; .

Theorem 2.6.22. The only values of 0 < I < k such that @,y is not an irreducible
component of ®, are

I.l=1fork<n—1andd=3.
2.l=1n—-1fork=n and d=3.
3. l=n—1fork=mnandd> 4.

Fork <n—1andd >4, O is an wrreducible component of ®y, for any 0 <1 < k.
Moreover, ®,,_1,, is a divisor of @, .

Proof. First, we fix £k < n —1 and d > 4. Assume that ®;; is not an irreducible
component of @ for 0 <[ < k. Then, there exists m # [ such that ®;;, C ®,,;. By
Lemma 2.6.21, if | < m, then dim ®; ; > dim ®,, ;. Hence, m <l and [ > 1. Let F' and
[ be as in (2.43) and (2.44) respectively. Then, F' € Subj; and I lies in ®;;. Since
®;, C Oy, I' € @y, and, hence, there exists G € Suby , such that ImGy p_; C I
By Lemma 2.6.19, G = F. This is a contradiction since G ¢ Subj, as m < [. We
conclude that ®;; is an irreducible component of ®; for 0 <! <k <n —1.

Now assume that £ < n — 1 and d = 3. We recall that in this case ®,j is contained
in ®p;. The same argument as above shows that, for [ # 1, ¢;; is an irreducible
component of ®,

Assume now that & = n. The same argument used above shows that ®;,, is an ir-
reducible component of @, for [ # n —1 and d > 4, and for [l # 1 and d = 3. It
remains to check that ®,_,, is included in ®,,,. Let I' € ®,_;, be generic. There
exists F' € Sub{, ; such that (V'F) C T. We can assume that F is a polynomial in
the variables xg, ..., x,_1. Therefore, g—i, cee afil
generate (V1F). In particular, there exists ¢ € S41V such that T is generated by

oF oF :
oA RRRRF:=waw and g. We write g as

are linearly independent and they

d—1
g = Zgi(x(h s an—l)xfw
=0
where g; is a degree d — i — 1 homogeneous polynomial in the variables zg, ..., x, 1.

For p1 € K we consider the polynomial

-1
1 .
G,=F+u <ZH_191..;U;+1> .

1=0
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The first order derivatives of G, are

( d—1
oF 1 0dg; ; .
" - 99} fr0<j<n—1
8G,, Ox; 1 +10x;
oz, ) Gt
1Y GiT, = pg for j=n
\ =0
Since g—i, ey %, g are linearly independent, for ;1 # 0 we have that G, € Suby , and

Im (G))1,4-1 lies in @, ,,. However, for y = 0 we have that Gy = F and Im (Gp)1,4-1 =
(V'F) is not a point in ®,,,,. We consider the map

d: K\{0} — @,,
H — (V'GL)

By the Curve-to-Projective Extension Theorem (see [124, Theorem 17.5.1]), we can
extend the map § to u = 0. For ¢ =0,...,n — 1, we consider the map

5 K — P(S1V)
oG,
81‘2-

po—

Then, for p # 0, 6;(1) is contained in §(p). Since this is a closed condition, we
obtain that §;(0) = g—i is contained in 6(0). Thus, §(0) contains (VGgy) = (VIF).
Moreover, since g € Im (G},)1,4—1 for p # 0, we deduce that g € §(0). This implies that
5(0) = (V'F) + (g) =T. Hence, I € ®,,,,, and we conclude that ®,_;, is contained
in ®,,,. By Lemma 2.6.21, we deduce that ®,,_; , is a divisor of ®,, ,,. O

Corollary 2.6.23. Ford > 3, ®,,_1,, is an irreducible component of 02, ,,.

Proof. Recall that Z,, = ®,,,,. By Theorem 2.6.22 we get that ®,_, ,, is a divisor of Z,.
By Lemma 2.6.19, the intersection of Wy and P(I'®" 1) is zero dimensional for a generic
I' e ®,_1,. In particular, for a generic I' € ®,_;,, there exists a unique polynomial
Fr e P(SdV) such that (V1 Fr) is contained in I'. Moreover, Ft is contained in Suby 1.
Assume that ®,,_; , is not contained in 02 ,. Then, a generic I' € ®,,_; ,, is contained
in Zg. In particular, there exists F' € Subj,, such that (V'F) is contained in I. Since
I' is generic, we get that F' = Fp. This is a contradiction since FT is not contained in
Suby ,,. Therefore, ®,,_;, is contained in §Z,. Since dimdZ, < dim Z, —1, we deduce
that &), , is an irreducible component of 92,,. O

Example 2.6.24. For n = 1, we have that &, = ®¢, U Z,. By Theorem 2.6.22 and
Corollary 2.6.23, we deduce that &1 = Z; and 02, = (ID(IM.
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2.6.3 k—polar correspondence

In Section 2.1.1 we introduced the k—polar maps and the k—polar varieties, and in
Section 2.2 we defined the Hessian map and the Hessian variety as the second polar
map and polar variety, respectively. Using these objects, the Hessian correspondence
was introduced. In this Section we generalize the notion of Hessian correspondence to
higher order derivatives.

Recall that, for F' € P(S?V) and for 1 < k < d , the k—polar map is the rational map
gr o V(F) --» P(S*V)

oFF u "
I D D e wres (DL MR

axuo .o axun
U/O+"'+U/7L:k 0 n

and the k—polar variety is the closure of the image of the k—polar map. Let z, be
the coordinate of P(S*V) corresponding with the monomial z* = z{° - -- 2%, where
uw € N"* such that |u| = ug + -+ + u, = k. Analogously to the definition of the
Hessian correspondence, we aim to define the k—polar correspondence as the map that
associate to a degree d homogeneous polynomial its k—polar variety. Let p’j’n(t) be
the Hilbert polynomial of the k—polar variety of a generic polynomial in P(S4V). For
instance, as presented in Section 2.1.1, pclm is the Hilbert polynomial of a hypersurface

of degree d(d — 1)"~! in (P™)*.

Example 2.6.25. For d even, we fix k to be d/2. In this setting, the catalecticant
matriz of Fyy of a polynomial F € P(S*V) is a square matriz of dimension (k:”)
Since the determinant of the square catalecticant matriz Cat(k, k) is nonzero, we deduce
that for generic F', (V*F) has dimension (kj;”) In particular, for F' generic the
set of all k—th derivatives of F' form a basis of S*V. We conclude that for generic
F € P(S?**V), gk is a Veronese embedding. In this case, the pullback of a quadric
hypersurface through g% is a hypersurface of degree 2k. This implies that for F €
P(S%:V') generic, the k—polar variety of F is the intersection of a Veronese variety and

a quadric hypersurface. The same argument as in Proposition 2.5.3 shows that

. (k:t :n) B (k:(t— 3) —i—n).

Definition 2.6.26. We define the k—polar correspondence as the rational map

G, P(SUV) --» Hilba:O(P(S*V))

——— (2.48)

o= gr(V(F))
As with the Hessian correspondence, we aim to understand the generic fibers of the
k—th polar correspondence. We can extend the questions we proposed for H,, to
Gl n: for which value of k,d,n is G§, birational onto its image? And for which values
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is generically finite? If so, what is its degree? When has the generic fiber positive
dimension? Moreover, we are interested in finding effective methods for recovering a
hypersurface from its k—polar variety.

For k =1, Qin is the rational map (2.2), which is birational onto its image by the
Biduality Theorem. For k = 2, gin coincides with the Hessian correspondence. In
particular, in Sections 2.4 and 2.5 we answered the above questions for £ = 2 and
d = 3,4. In this section we show that Qi;l is birational onto its image for (d,n) # (3,1).
Moreover, we provide an algorithm to recover a degree d hypersurface from its (d —1)—
polar variety. The strategy we follow is the same used in Section 2.4.2. We use the
birationality of the map «; ,, proved in Theorem 2.6.12, to derive the birationality of
Fin

Let F' € P(S?) and k = d — 1. The (d — 1)-partial derivatives of F are linear forms.
Therefore, the (d — 1)—polar map of F is a linear map from P" to P(S?~1V). Moreover,
for ' € P(S4V), the (d — 1)-polar map g% ' is not a linear embedding if and only if F
is a cone (see [87, Theorem 3.1]). We deduce that for a generic F' € P(S?V), g% ' is a
linear embedding.

Example 2.6.27. Let F' = 2+ --+x%. The only non zero (d — 1)—partial derivatives
of F are
oy

a1
O

=(d—1)lx; fori=0,...,n.
The (d — 1)—polar map is the linear map defined in coordinates by

Ze, = (d— D)y fori=0,...,n and z, = 0 else,

(3

where e; = (0,...,0, (1), 0,...,0). We observe that g is a linear embedding of P* and

g%‘l(P”) =V(zy:ueg, ... ).

d

€n

. . . . d
The (d — 1)-polar variety of F is the intersection of the hypersurface zi +--- 4+ z
with g4 (P™).

Now, given F' € P(S9V) generic and G € P(S?V) with the same (d — 1)-polar variety,
then g}f?l and g‘é‘l are linear embeddings. We deduce that there exists g € PGL(n+1)
such that

g-F=G.

This means that the generic fibers of the (d — 1)—polar correspondence are contained
in a PGL(n+1)-orbit. We aim to give a better description of these fibers. As done for
Hs,,, the strategy is to investigate g% '(IP") instead of the (d—1)-polar variety and then
use the study of «; , performed in Section 2.6.1. We consider the linear automorphism
h of P(S471V) that sends the monomial z* to u!z®, where u! = (ug)!- - (u,)!
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Lemma 2.6.28. For F' € P(S9V), it holds that
gp(P") = h(P((V'F))).

Proof. We write F' as F' = Z|w|:d a,x™. Then, the (d — 1)-partial derivatives of F' are
of the form

IF
T Z(u + ei)ay e, Ti-

=0

Therefore,

gr(e;) = Z (u~+ e)laye,x".

|u|=d—1
On the other hand, we have that
OF
axi = Z (ul -+ ei)aweix“.
|u|=d—1
Now, the proof follows from the equality gk (e;) = h(45). O

Using Lemma 2.6.28, we can derive the birationality of Qj;ll from the birationality of
the gradient map ay, (see [46, Theorem 3.2]).

Theorem 2.6.29. The map Qj;ll is birational onto its image for (d,n) # (3,1).

Proof. We follow the same strategy as in the proof of Theorem 2.4.22. Let F' € P(S9V)
generic and let X be its (d—1)-polar variety, then g% *(P") is the unique n—dimensional
linear subspace containing X. Indeed, assume that X is contained in the two distinct
n—dimensional linear subspaces H; and H,. Since X has dimension n — 1, X must be
equal to the linear subspace Hi N Hy, which is a contradiction. As a consequence, we
can define the rational map

9y ¢ Im Qg;bl — Gr(n +1,8V)

sending a k—polar variety X to the smallest linear subspace containing it. By Lemma
2.6.28, we get

d—1
a1 = (5n o gdﬂl .

Therefore, the birationality of gg;} follows from the birationality of «;, proven in
Theorem 2.6.12 (see also [46, Theorem 3.2]). O

The proof of Theorem 2.6.29, and the study of the map a4, carried out in Section
2.6.1, allow us to develop a recovery algorithm for g;{;l. In other words, we provide an
effective method to, given a k—polar variety X, recover the unique polynomial F' (up
to scalar) whose k—polar variety is X. Now, the steps of the algorithm are presented.
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Algorithm 11
Input: the ideal I of X € Im gg;}.
Output: the unique polynomial F' € P(S4V) such that Qj;ll(F) =V(I).

1. Compute the smallest projective subspace P(I') containing V(I) by taking the
degree one part of the saturation of I.

2. Determine W, m]p(p@mrl) cP ((SZV)@TLH)- By Theorem 2.6.12, this intersection
is a point [Fy : -+ : F,) € P ((ST1V)&nt),

3. Compute F via the Euler’s formula: F' = > z;F;.

Example 2.6.30. Fizd =5 andn = 2, and consider the subvariety X of P(S*V) ~ P!
giwen by the ideal

<Z371,02370712§7171> 4+ (zp v € N st || =4 and v # (3,1,0),(3,0,1),(2,1,1)).

Let T' be the smallest projective subspace containing X. In other words, I is given by
the equation

2y =0 for v#(3,1,0),(3,0,1),(2,1,1).

The intersection W N P(L®" ) s given by Equations (2.38) and y!, = 0 for u #
(3,1,0),(3,0,1),(2,1,1). From the equations of W we deduce that

o _ .1
Y310 = Y100
which, by the equations of I', vanishes. Similarly, we have the following equalities
1 _,0 0 _,0 2 _ .0 1 _,0 2 _ .0
Y310 = Y2200 Y301 = Y4000 Y301 = Y2020 Y211 = Y1210 Y211 = Y1125

and all the variables at the right hand side of the above equalities vanish due to the
equations of I'. Now, using the equations of W we deduce that

y32,,1,0 = y?1>,0,1 = yg,m‘
We conclude that the intersection of W with P(T®" ) is the point
(232129, T 20, T3T1).

Using the third step of Algorithm 11, we conclude that x3z Ty is the unique polynomial
in P(S°V) whose 4—th polar variety is X.
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2.7 Open problems

We finish Chapter 2 by listing some of the open problems and future research lines
related to the Hessian correspondence. The main open question concerning the Hessian
correspondence is:

Question 2.7.1. Is the Hessian correspondence Hg, birational onto its image for
(d,n) #(3,1)7

In this chapter we have analysed this question for cubic and quartic hypersurfaces
and for hypersurfaces of Waring rank at most n + 1. Our results answer affirmatively
Question 2.7.1 for d < 4. A similar question could be asked in more generality for the
k—th polar correspondence.

Question 2.7.2. For which values d,n, k the map ggm is birational onto its image?

For k = 1 this question is answered by the Biduality Theorem (see Theorem 2.1.4).
Furthermore, the outcome of Chapter 2 gives an affirmative answer to this question
for k =2 and d = 3,4 and for kK = d — 1. From a computational perspective, another
intriguing question is the development of recovery algorithms. In the case where ggvn is
birational, can we recover effectively a hypersurface from its k—th polar variety?. For
instance, for the case of the Hessian correspondence for quartic hypersurfaces, Hin is
birational, but the recovery question remains open for n odd.

Concerning the catalecticant enveloping variety, lot of interesting questions arise. The
most challenging and ambitious question would be the computation of the irreducible
components of ®;. The difficulty of this problem arises from the complexity of the
irreducible components of Sub, .

Question 2.7.3. What is the relation between the irreducible components of Sub,,
Z. 1 and O} 7

A more approachable question would be the computation of the irreducible components
of @} in the cases where Sub,, is irreducible or in the cases where its irreducible com-
ponents are well understood. All these questions are deeply related to the birationality
of the map a,j. Some other interesting problems would be the computation of the
Chow classes of the irreducible components of ®;. in the Grassmannian.

The main motivation for studying the catalecticant enveloping variety is the study of
the variety Z;,. Some of the main questions concerning this variety are:

Question 2.7.4. What are the equations of Z4,, ¢ Can we describe the boundary 02, ?

In Section 2.6.2 we computed an irreducible component of 02Z;,. Does it has more
irreducible components? In an ongoing project with Leonie Kayser we are studying
these questions and their relation to tensor decomposition.

The final comment concerns the application of the analysis carried out in Chapter 2 to
the classical Hesse problem. Recall that the (d,n)-Gordan-Noether locus is the locus
of polynomials in P(S?V) whose Hessian polynomial vanishes. The Hesse problem
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concerns the description of the (d, n)-Gordan-Noether locus. For n < 3, a polynomial
lies in this locus if and only if it is a cone (see [58]). Consider the hypersurface S of
P(S52V) consisting of all singular symmetric matrices. The relation between the Hessian
map and the (d,n)-Gordan-Noether locus relies on the fact that a polynomial F' lies
in the (d, n)-Gordan-Noether if and only if hp(P") is contained in S. For instance, for
d = 3 and for F' € P(S3V) generic, hp(P") is an n—dimensional projective subspace.
Therefore, F' lies in the (3, n)-Gordan-Noether locus if and only hp(P") lies in the Fano
scheme F,,(S) of n—planes contained in S. In particular, by Lemma 2.4.9, the Hesse
problem for cubics can be translated to the study of the intersection of Z; ,, and F,,(S).
We expect that our study of hp(P") and the catalecticant enveloping variety could
enlighten new ideas for approaching the Hesse problem.
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Chapter 3

Algebraic game theory

Game theory is an area that has historically benefited greatly from external ideas. One
of the most known examples of this assertion is the application of the Kakutani fixed-
point theorem from topology to show the existence of Nash equilibria [96]. Beyond
topology, algebraic geometry has also played an important role in advancing game
theory, giving rise to the field of algebraic game theory. For instance, one can compute
Nash equilibria by studying systems of multilinear equations. This leads to finding
upper bounds for the number of totally mixed Nash equilibria of generic games which
uses mixed volumes of polytopes and the BKK theorem [92, 119].

From a game theoretic perspective, we work in the setting of normal form games. Such
a game consists on the data

(n, (dl, ... ,dn)’ (X(l)’ L ’X(n)))’

where n is the number of players and d; is the number of pure strategies the i—th player
can select. Furthermore, for i € [n], X is a tensor of the format d; x --- x d,, called
the payoff table of the i—th player. We denote by

V — Rdl---dnfl

the vector space of tensors of such a format. The entry X ](I)Jn represents the profit
the player i receives when player 1 chooses the pure strategy j;, the player 2 chooses

the pure strategy jo, etc.

A mixed strategy is a tensor p in the closed probability simplex A of V. The entry
Pjr,...j» is the probability that the player 1 chooses the pure strategy ji, the player 2
chooses the pure strategy js, etc. Once the players have chosen a mixed strategy p,
the expected payoff of the i—th player is defined as the following scalar product:

dy

dn .
PXO =3 ST XY pi,

J1=1 Jn=1

131
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A Nash equilibrium is a rank one mixed strategy where no player can increase their
expected payoff by changing their mixed strategy while assuming the other players
have fixed mixed strategies. A totally mixed Nash equilibrium is a Nash equilibrium in
the open probability simplex A of V.

In [3], Aumann introduced the concept of correlated equilibria, which is a generalization
of Nash equilibria. Recently, correlated equilibria was studied via the use of oriented
matroids and convex geometry [13]. These two classical notions of equilibria model
the situation where the players behave independently and they decide individually. In
[117], Spohn introduced yet another notion of equilibria, known as dependency equilibria.
The dependency equilibria arises from the distinction among decisions made under
individual rationality and decisions made collectively. In contrast with the individual
decisions of the players treated by the classical Nash and correlated equilibria, the
dependency equilibria models the collective behaviour of the players.

This distinction between the individual and collective behavior of the players is il-
lustrated in the classical example of the prisoners’ dilemma. The prisoners’ dilemma
describes the situation where two criminal partners (the two players) are arrested and
imprisoned. Each criminal is interrogated and they have two options (two pure strate-
gies): either they testify or they remain silent. If both criminals testify, both are
sentenced to two years of jail, whereas if both remain silent, they get one year of jail
each. However, if only one testifies, that criminal goes free and the other goes to jail
for three years. In this game, the Nash and correlated equilibrium yield to the mutual
betrayal of the players, which is not an optimal mixed strategy. In [117], it is shown
that the mutual non-betrayal is a dependency equilibrium, leading to a more optimal
mixed strategy for the game. This example highlights the significance of the collective
behaviour in certain games, showing the importance of dependency equilibria in the
field of game theory.

The dependency equilibria and Nash equilibria lie in opposite extremes of the spectrum
of dependencies among the players. The collective behaviour of the players is modeled
by the dependency equilibrium, whereas the Nash equilibrium corresponds to the case
where the players behave independently. In between these two extremes, we may
encounter more complex dependencies among the players. For instance, which notion
of equilibria models the scenario where three players behave collectively while the rest
behave independently? The gap between these extremes is filled by the concept of
conditional independence (Cl) equilibria. CI equilibria were introduced in [105, Section
6] as the intersection of the dependency equilibria and a statistical model given by a
collection of conditional independence (CI) statements. In this chapter we focus on the
case of undirected graphical models, where the dependencies among players are model
through the edges of a graph whose vertices represent the players.

Graphical models are widely used to build complicated dependency structures among
random variables. One of the early developers of the axioms for conditional inde-
pendence statements was Spohn [116], who, quite coincidentally (or not), introduced
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dependency equilibria. We model a (d; x -+ X d,)-player game X in normal form
as an undirected graphical model of a graph G = ([n], F'). The vertices of the graph
correspond to n discrete random variables X7, ..., X, which represent the players of
the game X. Their state spaces [di],...,[d,] represent the set of pure strategies of
each player. An edge between two random variables represents the dependency among
those players. The transition between edges and dependencies is done through the
global Markov properties, which give a collection of CI statements C := global(G) to be
satisfied by the players. This collection of CI statements imposes quadratic constrains
on the probability simplex A. The variety defined by these equations is the indepen-
dence variety M and its intersection with A is the independence model. The set of
totally mixed CI equilibria is defined as the intersection of the set of totally mixed
dependency equilibria and M. Using this language, the dependency equilibria and
the Nash equilibria fall in the two extreme graphs: the complete graph and the graph
with no edge respectively.

By construction, the set of totally mixed CI equilibria is a semialgebraic set. For the
graph with no edges, i.e. the Nash case, this semialgebraic set generically consists on
a finite number of points. The algebro-geometric study of the set of Nash equilibria
can be found in [119, Chapter 6]. For more complicated graphs, the geometry of
this semialgebraic set is no longer so simple. For instance, its expected dimension
is positive for graphs with at least one edge (see [105, Section 6]). One of the main
tools for studying sophisticated semialgebraic sets is through the algebro-geometric
properties of its algebraic closure. Such techniques have been proven to be extremely
beneficial in fields such as optimization, convex geometry, and algebraic statistics (see
e.g. [8, 14]).

In the case of the complete graph, i.e. the dependency equilibrium case, the algebro-
geometric examination of the set of dependency equilibria was carried out in [105]
through the analysis of the Spohn variety which, broadly speaking, is the algebraic
closure of this semialgebraic set. In other words, the algebraic version of the dependency
equilibria is the Spohn variety. For the CI equilibria, its corresponding associated
algebraic variety is the Spohn Cl variety. In this chapter we study the geometric features
of these semialgebraic sets i.e. CI equilibria, through the algebro-geometric analysis
the Spohn CI varieties. We focus on binary games, i.e. dy = --- = d, = 2 and on
Spohn CI varieties arising from the global Markov property of undirected graph.

This chapter is structured as follows. In Section 3.1, we give a brief introduction to
graphical models and algebraic game theory through two subsections. The background
on graphical models required in this chapter is introduced in Section 3.1.1. In Section
3.1.2 we define the Nash and dependency equilibria, we highlight their relation with
algebraic geometry and we present the main results concerning Spohn varieties. Finally,
Spohn CI varieties and CI equilibria are also introduced in Section 3.1.2.

In the spectrum of dependencies among the players, the next case to Nash equilibria
is the CI equilibria of one edge graphs. Section 3.2 is devoted to Spohn CI varieties of
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one edge graphical models. The section is structured in three subsections. In Section
3.2.1 we show that for generic games these varieties are curves called Nash Cl curves.
Section 3.2.2 investigates the genus and degree of these curves, and in Section 3.2.3
their smoothness is analysed.

The dimension of Spohn CI varieties is studied in Section 3.3. In Section 3.4 we analyse
the Spohn CI varieties of graphs whose connected components are complete. We call
these varieties Nash conditional independence (Cl) varieties. The properties of these
varieties are studied in Section 3.4.1. In Section 3.5 we analyse the affine universality
of certain families of Nash CI varieties.

Finally, a list of open problems and new research lines is discussed in Section 3.6.

The main contributions of this chapter are:

e We show that generic Spohn CI varieties of one edge undirected graphical models
are one dimensional. We compute the degree and the genus of Nash CI curves.
We prove that generic Nash CI curves are smooth, irreducible and connected.

e We solve [105, Conjecture 24] by computing the dimension of Spohn CI varieties
of undirected graphical models.

e We compute the equations of Nash CI varieties and their degree. We show that
Nash CI varieties are connected, and that smooth Nash CI surface are of general

type.

e We analyse the possible singularities of Nash CI varieties. We prove that the
set of totally mixed CI equilibria of a generic Nash CI variety is a real smooth
manifold, which is either empty or it has the same dimension as the Nash CI
variety.

e We analyse the affine universality, in the sense of [34], for Nash CI varieties where
connected components of the associated graph have at most one edge. We show
that the families of these varieties satisfy the Murphy’s law.

3.1 Preliminaries on algebraic game theory

The field of algebraic statistics explores the synergies between statistics and algebraic
geometry, providing algebraic methods for addressing statistical problems. In Section
3.1.1 we present the necessary background on algebraic statistics and graphical models
and we refer to [42, 120] for further details. Analogously, the goal of algebraic game
theory is to approach game theoretic problems from an algebro-geometric perspective.
In Section 3.1.2 we give a brief introduction to game theory and its relation with
algebraic geometry. In this section, we define the main object of study of this chapter:
Spohn conditional independence varieties. For further details in algebraic game theory
we refer to [105, 119].
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3.1.1 Algebraic statistics and graphical models

A brief introduction to algebraic statistics and graphical models is presented in this
section. Omne of the main synergies between algebraic geometry and statistics arises
from the concept of independence variety. These varieties allow us to approach the
geometry of independence statistical models from an algebraic perspective. We will
mainly focus on independence models arising from graphs, which are called graphical
models. For further details on these topics we refer to [42, 120].

Let X = (X; | ¢ € [n]) be an n—dimensional discrete random vector and let [d;] :=
{1,...,d;} be the set of values taken by the discrete random variable &;. Then, X
takes values in
R:= ||ld]
]

i€ln

For A C [n], we consider the subvector X4 = (X;);ca, which takes values in

Ra:=[[ldi]-

€A

We say that the random vector X" satisfies the conditional independence (Cl) statement
Xy L Xp| Xp for A, B, C C [n] disjoint subset if X4 is conditionally independent to X’z
given X¢. If C'is the empty set, Xy L Xp | Xp is denoted by Xy L X. We refer to [120,
Section 4.1] for the definition of conditional independence. We say that a CI statement
Xy L Xp | X is saturated if AUBUC = [n]. For j; € [di],...,Jn € [ds], we denote the
probability P(&X; = j; : Vi € [n]) by pj,...;,. Similarly, for A, B, C' C [n] disjoint and for
Jja € Ra, jB € Rp, jo € R, we denote the probability P(X4 = ja, X5 = jp, Xo = jc)
by Pjiigjc+- In other words, we can write p;, o+ as

Djajpic+ = Z Pjajgicip
JDERD
where D = [n] \ (AU B UC). The probability pj,..;, can be seen as a tensor of the
format d; x --- x d,,. Let V = R% " be the space of all tensors of this format. By

abuse of notation, we also denote the coordinates of V' by pj,..;, for j; € [d;]. We
denote the closed probability simplex of V' by A. In other words,

d dn
A= {p EV:Y o pjy=land pj, >0V €[], jn € [dn]} :
J1=1 Jn=1

In this chapter we are interested in positive probabilities. That is, we focus on the
open probability simplex

A = Acoil...dn—l = {p eA: Ditreoijn = 0Vy, € [d1], ey Jn € [dn]}

-----
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The following result is one of the central foundations of algebraic statistics since it
allows to translate CI statements in the discrete setting into quadratic constrains on
the variables pj,...;, .

Proposition 3.1.1. [120, Proposition 4.1.6] The conditional independence statement
Xy L Xp | Xo holds if and only if

Pisigic+Pjajpic+ — Piaigic+Piajpic+ (3.1)
fOT’ all 14,54 € Ra, ip,j € Rp, and ic € Re.
The quadratic polynomials in (3.1) lie in the coordinate ring of V. In other words,
they are polynomials in the ring R [pj,..;, : j1 € [di], ..., jn € [dn]]-
Definition 3.1.2. Given a CI statement X4 1 Xp|Xc, the conditional independence
(Cl) ideal, denoted by
Txyuxp | xcs

is the ideal generated by all the quadratic polynomials as in equation (3.1). Given a
collection C of CI statements, we define the Cl ideal 1o of C as the ideal

Ic = Z Ix,1x5 | X0

(XalXp | Xo)eC

Example 3.1.3. Fizn = 2 and consider the CI statement X, 1L X5. Here C' is empty.
Then, the independence ideal of X1 1L Xy is

I, 120 = (DirisPjrjo — PirjaPinis © 11,1 € [da] and is, j2 € [da]) .

Due to our algebro-geometric approach, we work in the setting of projective geometry.
Let P(V') be the projectivization of the vector space V' with coordinates pj,...;,. In
particular, there is the quotient map

m:V\{0} = P(V).

The image of the probability simplex is the set of points p € P(V') whose entries all have
the same sign. Moreover, the restriction of 7 to A is an isomorphism (of semialgebraic

sets) onto its image. The inverse map sends p € 7(A) to

D1
(oo B ) here pyi= Y pye
p+ jl""?.jn

This isomorphism allows us to work in the projective setting. Similarly, w(A), which
is isomorphic to A, consists of all the points p € P(V') whose entries are nonzero and
they all have the same sign. By abuse of notation, we denote 7(A) and 7(A) also by
A and A respectively. Using this notation, the CI ideal I, is an homogeneous ideal in

the graded coordinate ring of the projective space P(V).
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Definition 3.1.4. The independence variety M of a collection of CI statements C 1is
the subvariety of P(V') obtained by removing all the irreducible components of V(I¢)
contained in the hyperplanes of the form {p;,..;, = 0}. Analogously, we define the
independence model Ma ¢ as the intersection of Mc with the open probability simplex
of P(V).

From Proposition 3.1.1, the independence model M ¢ is the statistical model of all
positive probabilities distributions satisfying all the CI statements of C. From an

algebraic perspective, the ideal defining the independence variety Mg is obtained by
saturating the ideal Io by the ideals of the hyperplanes {p;,..;, = 0}.

Remark 3.1.5. In [120, Chapter 4] the independence variety Mc is defined as the
variety of P(V') defined by the ideal Io. Note that this definition differs from Definition
3.1.4. The motiwation behind this distinction comes from the game theoretic setting,
where we will mainly consider positive probabilities.

Example 3.1.6. The independence variety given by the ideal computed in Erample
3.1.5 is the Segre variety P1=1 x P21 jn P(V) = P49~ More general, forn € N let
C the set of all CI statements of X. One can check that the independence variety Mg C
P(V') equals the Segre variety (3.6). In Ezxample 3.1.11 we will provide a geometric
argument for this equality.

In the following we focus on a special class of independence models whose collection
of CI statements C arises from undirected graphs. These models are called undirected
graphical models. Let G = ([n], E) be an undirected graph. The vertex i € [n] represents
the random variable &; and each edge (i,7) € E denotes the dependence between the
random variables &; and &;. We consider Markov properties associated to the graph
GG, that is certain conditional independence statements that must be satisfied by all
random vectors X consistent with the graph G.

Definition 3.1.7. A pair of vertices (a,b) € [n| is said to be separated by a subset
of vertices C' C [n]\{a,b}, if every path from a to b contains a vertex ¢ € C. Let
A, B,C C [n] be disjoint subsets of [n]. We say that C' separates A and B if a and
b are separated by C' for all a € A and b € B. The global Markov property global(G)
associated to G consists of all conditional independence statements X4 1L Xp | Xc for
all disjoint sets A, B, and C such that C separates A and B in G.

Remark 3.1.8. There are also pairwise and local Markov properties where
pairwise(G) C local(G) C global(G).

We refer to [120, Chapter 13] for the definition of these other Markov properties. The
definition of independence variety in [120, Chapter 5] gives rise to three possibly distinct
independence varieties associated of an undirected graph:

Mpairwise(G)y Mlocal(G)a and Mglobal(G)-
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Newvertheless, for positive probability distributions, the pairwise, local and global Markov
property are all equivalent by Pearl and Paz in [102]. In particular, using our definition
of independence variety (see Definition 3.1.4) we get that Mpairwise(c), Miocal(c), and
Miobai(a) are all equal.

In this thesis we focus on independence varieties M where C is the global Markov
property of an undirected graph with n vertex. In general, graphical models refer to
independence model arising from a Markov property of a directed or undirected graphs.
During this chapter we use the notion of graphical models to refer to independence mod-
els of undirected global Markov properties. By Remark 3.1.8, the distinction among
pairwise, local and global Markov properties is not required. In the rest of this chap-
ter, unless it is specified, the collection of CI statements C denotes the global Markov
property of an undirected graph G with n vertices.

In [85], it is shown that all CI statements of global Markov properties can be derived
from the saturated global Markov property. Note that for saturated CI statements, the
quadrics in (3.1) are binomials and, hence, the independence ideal is a binomial ideal.
However, these independence ideals might not be toric in general. Recall that an ideal
is toric if it is binomial and prime. We refer to [33] for further details on toric ideals
and toric varieties.

We say that a graph is chordal or decomposable if there are no induced cycles of length
greater or equal to four. In [54, Theorem 4.4] it is shown that the independence ideal of
a graph G with respect to the global Markov property is toric if and only if GG is chordal
(see also [120, Theorem 13.3.1]). Therefore, for decomposable graphs Monai(c) equals
V(Iglobal(g)) and the independence variety is toric. During this chapter we exploit the
monomial map of these toric varieties in our game theoretic setting. However, we would
like to use this toric structure for any graph, not only for decomposable graphs. The
saturation used in Definition 3.1.4 allows us to endow the independence variety of a
nondecomposable graph with the structure of a toric variety. A clique of an undirected
graph G is a complete subgraph of G. Let D be the set of all maximal cliques of G.
For a clique C' € D, we consider the torus

Te:= ((C*)Q‘C| with coordinates a](g) for jo = (ji)ielc) € 2], (3.2)

where [C] denotes the set of vertices of C' and |C| denotes the number of vertices.

Proposition 3.1.9. [120, Proposition 15.2.5] The independence variety Mgopaic) of
an undirected graph G is the toric variety in P(V') defined by the monomial map

¢: T:=][Te — B(V), (3.3)
ceD
gien by
P = [[ o3 (3.4)

CeD
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Figure 3.1: Line graph and cycle on four vertices

Remark 3.1.10. Note that Proposition 3.1.9 does not hold for the definition of in-
dependence variety used in [120, Chapter 4]. Using this definition, the toric variety
defined by (3.3) is contained in the independence variety. By Hammersley—Clifford
Theorem ([120, Theorem 13.2.3]) and [120, Proposition 13.2.5], this toric variety is
the unique wrreducible component of the independence variety not contained in the hy-
perplanes {pj,..;, = 0}. In our notation, this irreducible component is what we defined
as independence variety in Definition 3.1./.

Example 3.1.11. Consider the graph G with n vertices and no edges. The set of
mazximal cliques D(G) coincides with the set of vertices of G. Then, the parametrization
(3.4) can be seen as the monomial map

Ph—1 x ... x Pdn—l — Me
1 1 n n 1 n
([ag),...,aél)],~--,[0§ )""7U¢(in)]) — [---’U§1)...U§n)’...].
(Pjy-jn)

This map coincides with the Segre embedding and we conclude that M is the Segre
variety (3.6).

The simplicial complex of cliques or clique complex of the undirected graph G is the
simplicial complex whose d—dimensional faces are the cliques of G with d vertices. A
formula for the dimension of Mjoha () is derived in (69, Corollary 2.7]. The following
result specifies this dimension formula for the case d; = --- =d,, = 2.

Proposition 3.1.12. Let G = ([n], E) be an undirected graph and assume that d; =
- =d, = 2. Then, dim Mgiopaia) 15 the number of non-empty faces of the associated
simplicial complex of cliques. In other words, the dimension of Mgobaa) equals the
number of cliques of G.

Example 3.1.13. Consider a 4-player game modeled with two different graphical mod-
els as in Figure 3.1. The parametrization of the independence variety Mc for the line
graph and the cycle are

_ (12) (23) (34) _ (12) (23) (34) (14)

Djrjajaja = J1j2 j2j30j3j4 and Djijajsja = J1j2 " j2j3 ~ j3ja jija (35)
respectively. For the line graph, the associated simplicial complex of cliques consists of
4 cliques of size 1 and 3 cliques of size 2. Thus, the independence variety Mc of the
line graph is 7-dimensional. For the cycle graph, the associated simplicial complex of
cliques consists of 4 cliques of size 1 and 4 cliques of size 2. Therefore, the independence
variety Mec is 8-dimensional.
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Example 3.1.14. Consider a 7-player game with binary choices modeled by the de-
composable graph G in Figure 3.2. The monomial map of the independence variety

Me of G 1is
_(123) (2345) (2356) _(567)
Djvjr = 94123 O jagajajs O jaisisie sisin
The dimension of Mc is 7+ 13 + 9 + 2 = 31 which is the number of non-empty faces
of the associated simplicial complex of cliques.

G Maximal cliques of G

Figure 3.2: The chordal decomposable graph G has 4 maximal cliques. Two of them
have 3 vertices and the other two have 4 vertices.

3.1.2 Game theory meets algebraic geometry

We work in the setting of normal form games X with n players, labelled by 1, ..., n. For
i € [n], the i—th player can select among d; pure strategies. The set of pure strategies
of the i—th player is denoted by [d;]. The game is defined by fixing n payoff tables
XW .. X™. Each payoff table X is a tensor of format d; x --- x d, with real
entries. For j; € [d1],...,Jn € [d,], the entry X j(j) ;. represents the payoff that player i
receives when player 1 chooses pure strategy 71, player 2 chooses pure strategy 7, etc.
As in Section 3.1.1, V = R% " denotes the real vector space of all tensors of format
dy x --- x dy and let p;, ;. be the coordinates of V. The entry pj,...;, represents the
probability that the first player chooses the pure strategy ji, the second player chooses
the pure strategy 7o, etc. We denote the closed and open probability simplex of V' by
A and A respectively. A point p € A is called a mixed strategy. The expected payoff of
the —th player is defined as the following scalar product:

d1

dn .
PX® — Z - Z X]('?ujnpjl“'jn'

J1=1 Jn=1

Example 3.1.15. [105, Ezample 1] Two friends want to go to a concert and they
have to decide between two artists: Kaos Urbano or Gata Cattana. In the language of
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normal form games, our game X has two players, i.e. n = 2. Fach player can decide
between two pure strategies: Kaos Urbano = 1 and Gata Cattana = 2, and dy = dy = 2.
The payoff tables of this game are the matrices

3 0 2 0
1) — (2) _
X (0 2) and X (0 3) .

The highest entry of XM is Xl(}) = 3, which means that player 1 is very happy if both
players go to the first concert. On the contrary, she will be unhappy if both friends
attend to distinct concerts. This is reflected by the entries XS) = XQ? = 0. The entry
p11 of a mixed strateqy represents the probability of the both friends choosing to go to

the concert of Kaos Urbano. The two expected payoffs are given by

PXW =3py, + 2pa and PX® = 2py; + 3pas.

The reason why we consider the positive real points is primarily rooted in the techni-
cal aspects inherent to the definition of dependency equilibrium. In particular, as we
consider the conditional expected payoffs, it is essential to avoid the cases where the
denominator in the conditional probabilities becomes zero. An additional reason is our
investigation of universality for Spohn CI varieties in Section 3.5, similar to Datta’s
universality result for totally mixed Nash equilibria [34]. The extension of the defini-
tion of dependency equilibrium to include the boundary of the probability simplex is
explored in the ongoing work [107].

The classical frame where game theory is developed is that of vector spaces and affine
geometry. As in Section 3.1.1, and motivated by our algebro-geometric perspective,
we work in the setting of projective geometry. Let P(V) be the projectivization of
the vector space V' with coordinates pj,...;,. Recall that the open simplex of P(V) is
isomorphic to A via the projection V' \ {0} — P(V'). By abuse of notation, we denote
the open simplex of P(V') also by A.

In the projective space P(V') we consider the Segre variety
Pa—t % o x Pint (3.6)

which coincides with the space of rank one tensors. This Segre variety is embedded in
P(V') via the Segre parametrization

1
Diyoojn = O'J(-l) . 'U](:), (3.7)

where aj(-i) for j € [d;] are the coordinates of P41,

Definition 3.1.16. A Nash equilibrium is a rank one mized strategy where no player
can increase their expected payoff by changing their mixed strategy while assuming the
other players have fized mized strategies. A totally mixed Nash equilibrium is a Nash
equilibrium in the open simplex A.
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In particular, a (totally mixed) Nash equilibrium lies in the intersection of the Segre
variety of rank one tensor and A or A respectively. This intersection is the image
through the Segre parametrization of the product Ay x --- x A,,, where A, is the open
simplex of P4i—1

Remark 3.1.17. The classical theory of Nash equilibria analyses the situation where
the players do not communicate between each other and they behave independently.
Geometrically, one can exhibit this fact via the Segre parametrization (3.7). Note that
the coordinates pj,...;, of a mized strategy are indexed by j1 € [d1],. .., jn € [dn]. There-
fore, all players are jointly needed for fixing a mized strategy. However, in the Nash
setting, mixed strategies are rank one tensors. In particular, the Segre parametrization
(3.7) splits the coordinate pj,...;, in the product of the coordinates corresponding to each
factor of the Segre variety. Fach of these coordinates represents the probability of an
isolated player choosing a pure strategy. Thus, the process of choosing a mized strategy
15 split into each player choosing independently their mixzed strategies.

The relation between the Nash equilibria and algebraic geometry is explained in [119,
Chapter 6], where the set of totally mixed equilibria is written as the intersection of
the open simplex A; X - -+ x A,, with an algebraic subvariety of the Segre variety (3.6).
To define this variety, we work in the affine setting. From Definition 3.1.16, we get
that a mixed strategy

p=(p ,...,p<”))eZ1><---><Zn

is a Nash equilibrium if for every player 7, we have that

(i-1) (i), (i+1) (n)
Z Z Ji- jnpjl ‘p]z qJ’L p]z+1 p > O (38)

Ji=1 Jn=1

for any ¢ € A;. Choosing ¢ to be the vertices of A; we obtain that p is a Nash
equilibrium if and only if

—

d;

dy dn
(i=1)_(i+1) (n)
- Z o Z Z J1~-k~~an31 Py Py Py, >0 (3.9)
7 R S

for every ¢ € [n| and every k € [d;]. Now, using Equation (3.9) and that p Tpot p(l) =
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1, we get that for i € [n] and k € [d;] the following holds

d; dm dn

DD D SR wE UMV BT BT

Ji=1 Jm=1 Jn=1

i i (4) (i=1), (i+1) (n) _
Z P PXO + Z Z Z g P PP R =
m#k j1=1 ]z—l Jn=1
i (7) (%) (i—1) (i+1) (n)
PX( = pk Z Z Z XJl"'k"'anjl Py ij—l “ Dy,

Jji=1 Ji=1 Jjn=1

This implies that

d1 i
@ ; Z () (i—1), (i+1) (n)
pk PX( ) — g . e E le.“k_“]npjl p],L p]1+1 p_]n S 0

Ji=1 Ji=1 Jn=1

Since pg) > 0, by Equation (3.9) we deduce that

i +1 n
p Z Z Z D g ) p P =0 (3.10)

Ji1=1 Ji=1 Jn=1

for every k. For each player ¢ and any two pure strategies k, [ € [d;], we consider the
multihomogeneous polynomial

(i) M 6 (n)
Z Z Z ( J1-kefin le---l-~-jn> 95 05 05, (3'11)

Jr€ldi]  gGi€ldi]  jn€ldn]

From Equation (3.10), we get that a totally mixed Nash equilibrium lies in the variety
defined by all the polynomials in (3.11). The following result shows that the converse
also holds.

Theorem 3.1.18. [119, Theorem 6.4] The set of totally mized Nash equilibria of a
game X consists of all rank one tensors p in the intersection of Ay x - -+ x A, and the
variety defined by all the polynomials in (3.11).

Example 3.1.19. [105, Example 5] We compute the Nash equilibria of the game in Ez-
ample 3.1.15. In this case, the Segre variety (3.6) is P x P C P2, and the polynomials
n (3.11) are

20&2) — 309) and 30%1) — 20?).
By Theorem 5.1.18, the only totally mixed Nash equilibrium is the point

6 9 4 6
25725725725 )

One can check that the only pure Nash equilibria are (1,0,0,0) and (0,0,0,1).
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The notion of dependency equilibria arises when the Segre variety (3.6) is not consid-
ered, and it describes the situation where the players behave collectively. The con-
cept of dependency equilibrium was introduced by the philosopher Wolfgang Spohn
n [117, 118]. To incorporate causal dependencies among the players, one considers
conditional probabilities.

Definition 3.1.20. The conditional expected payoff of the i—th player conditionated on
her having fized pure strategy k € [d;] is defined as the expected payoff conditioned on
player i having fized pure strateqy k € [d;], i.e. is given by the expression

/\

dn

Z Z Z . Pj1-kejn
...... Jn )

J1=1 Ji=1 Jn=1

where

a=l =1 jn=1
Note that the fraction
Djykejin
Dottt
is the conditional probability of players choosing the pure strategies ji,...,k, ..., Jn
given that the i—th player chooses the pure strategy k € [d;].

Definition 3.1.21. We say that a tensor p in A, or in A respectively, is a (totally
mixed) dependency equilibrium if the conditional expected payoffs of each player do not
depend on the pure strategy. In other words, p is a dependency equilibrium if for every
i € [n] and for every k, k' € [d;] the following equalz’ty holds:

d d; dn )
i:. .. Z .. Z Xj(i)k]n Djr ki Z Z Z X;ik’ynM (3.12)

/...
=1 ji=1 =1 Protht—+ 57 21 jo Pttt

In [105], the authors established the algebro-geometric foundations for the theory of
dependency equilibrium by studying an algebraic variety in complex projective space
obtained by relaxing the reality and positivity constraints. The Spohn CI variety arises
from this relaxation of the game theoretic constraints.

Definition 3.1.22. The Spohn variety Vx of the game X 1is the variety defined by the
2 x 2 minors of the following d; x 2 matrices of linear forms My, ..., M,:

dq1 d;

Mi = MZ<P) = Dottt Z Ce Z Z Xj(lmku-jnpjl“'k'“]n . (313)

Jji=1 Ji=1 jn=1
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Figure 3.3: [105, Figure 1] We illustrate the Spohn variety of Example 3.1.23. The three
irreducible components of Vx are illustrated in black. The open simplex is illustrated
in light yellow. The red surface corresponds to the Segre variety P! x P!. The three
green points represent the three Nash equilibria computed in Example 3.1.19.

Note that the 2 x 2 minors of the matrices M, ..., M, provide the same expressions
as those in (3.12), after getting rid of the denominators. Thus, the set of totally mixed
dependency equilibria of the game X is the intersection Vx N A.

Example 3.1.23. [105, Example 5] We continue with Examples 5.1.15 and 3.1.19.
We now compute the Spohn variety and the dependency equilibria. For the game in
Example 5.1.15, the matrices My and My are the following 2 X 2 matrices:

M, = pi1 +pi2 3pn and My — P11+ pa 2pn _
P21 + P22 2p2o P12 + P22 3pa

The Spohn wvariety Vx is the subvariety of P defined by the ideal generated by the
determinant of My and Ms. A computation in Macaulay2 shows that the ideal of Vx
15 the intersection

(P11, P22) N (2p12 — 3pa1 — Paz, P11 — Paz) N (2p12 + 3p21, 3P11Pa1 + Pr1Pe2 + 3Pa1pas).

We observe that the Spohn variety has three irreducible components: two of them are
lines and the third one is a conic. The only component of Vx that intersects the open
simplex A is the line defined by

2p12 — 3pa1 — P22 = P11 — p22 = 0.

The intersection of this line with A and P! x P! is the unique totally mized Nash
equilibria computed in Example 5.1.19. In Figure 5.3 we illustrate the three components
of Vx and its intersection with /A and P' x P*.

The dimension and degree of the Spohn variety is computed in the following theorem.
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Theorem 3.1.24. [105, Theorem 6] For generic payoff tables XV ..., X™ the Spohn
variety 1s wrreducible of codimension dy + - - -+ d, —n and degree dy - - - d,,. Moreover,
the set of totally mized Nash equilibria is the intersection

Vi (PP x oo x PR NA (3.14)

Theorem 3.1.24 shows the relation between the dependency equilibria and the totally
mixed Nash equilibria. The intersection of the set of totally mixed dependency equilib-
ria with the Segre variety (3.6) coincides with the set of totally mixed Nash equilibria.
This was shown in Example 3.1.23.

Recall that the dependency equilibria model the situation where the n players of the
game behaves collectively. On the contrary, the Nash equilibrium deals with the case
where all the players behave independently. From a game theoretic perspective there
is a big gap between both models. For instance, what happens when the players are
divided in two independent groups and each group acts collectively? The concepts of
Spohn conditional independence variety and conditional independence equilibria were
introduced in [105, Section 6] with the aim of filling this gap between the Nash equilibria
and the dependency equilibria.

From a geometric point of view, this gap can also be perceived from the dimension
of the Spohn variety. By Theorem 3.1.24, the Spohn variety is high dimensional and
it contains the set of totally mixed equilibria. On the other hand, the variety de-
fined by the polynomials (3.11) is generically zero dimensional (see [119, Section 6.4]).
The Spohn conditional independence variety fills this dimensional gap between both
varieties.

We think of the n players of the game as n random variables whose state space is
the set of pure strategies of the players. Using this probabilistic perspective, we may
see the dependencies among the players as conditional independent statements among
the random variables. This shows the importance of the independence varieties in our
construction. Let C be a collection of CI statements and let M be the correspond-
ing independence variety. Recall from Definition 3.1.4 that M has no irreducible
component contained in the hyperplanes {p;, j,..;, = 0}.

Definition 3.1.25. Let C be a collection of CI statements. The Spohn conditional
independence (Cl) variety Vxc of a game X is variety obtained after removing the
wrreducible components of the intersection Vo N Me lying in the hyperplanes

{pjija-io = 0} and {pis..s =0},
where {py+... = 0} denotes the hyperplanes defined by the linear forms in the first
column of the matrices My, ..., M, in (3.13).

Geometrically, the Spohn CI variety is the Zariski closure of the points in Vx satisfying
the CI statements in C and not lying in the above hyperplanes. Algebraically, the ideal
of Vx ¢ is obtained by saturating the ideal of Vx N M. by the ideals of the hyperplanes.
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Definition 3.1.26. The set of totally mixed conditional independence (Cl) equilibria is
defined as the intersection of the Spohn CI variety Vxc with the open simplex A.
In other words, the set of totally mized CI equilibria is the set of all totally mized
dependency equilibria satisfying the CI statements in C.

The goal of this chapter is to analyse the set of totally mixed CI equilibria arising
from the global Markov property of undirected graphs. We address this study through
the algebro-geometric analysis of Spohn CI varieties of undirected graphs. By Remark
3.1.8, the Spohn CI varieties of global, local and pairwise undirected Markov properties
agree.

In the rest of this chapter, we assume that C is a collection of CI statements coming
from the global Markov property of an undirected graph with n vertices. We identify
the players of the game with the vertices of the graph. The edges of the graph represent
the dependencies among the players.

Example 3.1.27.

o Let G be the complete graphs with n vertices. The collection of CI statements
is empty and Mc = P(V). Therefore, the Spohn CI variety coincides with the
Spohn variety and the CI equilibria with the dependency equilibria.

o Let G be the graph with n vertices and no edges. In this case, C is the collection
of all CI statements and by Example 3.1.11, Mc is the Segre variety (3.6). One
can check that the Spohn CI variety in Mec is given by the equations (3.11).
By Theorem 5.1.2/, the set of totally mized CI equilibria, for no edge graphical
models, coincides with the set of totally mized Nash equilibria.

The two graphs in Example 3.1.27 correspond to opposite extremes in the spectrum of
graphs with n vertices. From a game theoretic perspective, these graphs model the two
extremes cases in the spectrum of dependencies: the collective (dependency equilibria)
and the independent (Nash equilibria) behaviour of the players. More complex graphs
enable us to model complicated dependencies among the players, thereby filling the
gap between the the Nash and dependency equilibria in the scope of dependencies. For
instance, consider the situation where the players are divided into two disjoint groups
S1,S2 C [n] and each group acts collectively. This scenario is modeled by the graph
that is the disjoint union of the complete graphs whose set of vertices are S; and S
respectively.

The dependencies among the players described by a graph can also be illustrated
geometrically through the monomial map (3.4). In the case of the graph with no edges
this was depicted in Remark 3.1.17. The following example describes this geometric
perspective for the graph in Figure 3.4.

Example 3.1.28. Consider now the undirected graph G depicted in Figure 3.4. The CI
equilibria associated to this graph models the situation where the second and the third
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players behave collectively and the first player behaves independently. The cooperation
between the second and third player is represented by the edge among the corresponding
vertices of G. This dependency among the players can also be illustrated through the
monomial map (3.4). In this setup, this map can be seen as the Segre embedding

PAt x PR — P(V)

given by
Djijajs = 041 Tjajs for ji € [di]’

where o, and T;,;, are the coordinates of P~ and P29~ respectively. In particular,
Me is the Segre variety P11 x P2%B=1 As in Remark 3.1.17, the Segre embedding of
M splits the coordinate pj, j,j, in the product of two factors. The factor o;, represents
the probability of the first players choosing independently the pure strategy ji. The
factor 7j,;, 1s the probability of the second and third player choosing the pure strategies
72 and 73 respectively. Thus, the process of choosing a mixed strateqy is split into the
first player choosing independently her mized strategy and the second and third player
choosing collectively their mixed strategy.

In the Nash case, i.e. for graphs with no edges, the Spohn CI variety is defined by
the polynomials (3.11) and it is generically zero dimensional (see [119, Section 6.4]),
whereas the Spohn CI variety of more complicated graphs is expected to have higher
dimension (see [105, Section 6]). Therefore, the set of totally mixed CI equilibria is
expected to have positive dimension. As a consequence, the geometry of this semialge-
braic set is more complicated than in the Nash setting. Our goal is to understand this
challenging geometry through the algebro-geometric study of the Spohn CI variety. In
this chapter we approach this for binary games. In other words, in the rest of the chapter
we assume that d; = --- = d,, = 2. Thus, the ambient space where all of our varieties
lie is P(V) = P*"~1. For binary games, the matrices (3.13) are square matrices and
the Spohn variety Vyx is defined by the n determinants of these matrices. Therefore,
the codimension of the Spohn CI variety in M¢ is at most n. In [105, Section 6] the
following conjecture is proposed.

Conjecture 3.1.29. [105, Conjecture 24] Let G be the undirected graph with n vertices
that models a generic n-player game X with binary choices in normal form. Let C =
global(G) and Mg be the discrete conditional independence variety of G. Then, the
corresponding Spohn CI variety Vx ¢ has codimension n in Me.

In [105], Conjecture 3.1.29 is proven for n < 3 using a direct computation in Macaulay?2
[60].

Proposition 3.1.30. [105, Proposition 25] For generic payoff tables, the Spohn CI
variety of a graph with n < 3 vertices is irreducible and has codimension n in M.

In Section 3.2 we prove Conjecture 3.1.29 for one edge graphs. In Section 3.3 we
generalize this result to any undirected graphical model proving Conjecture 3.1.29.



3.1. PRELIMINARIES ON ALGEBRAIC GAME THEORY 149

1 2 3

L o—©

Figure 3.4: Graph with 3 vertices and one edge.

Example 3.1.31. We consider 3-player games with binary choices, i.e. n = 3 and
dy =dy =d3 =2. By Theorem 3.1.24, for generic payoff tables, the Spohn variety for
a generic 3-player game with binary choices is a fourfold of degree 8 in P7. Moreover,
by intersecting Vx with the Segre variety P! x P! x P! we obtain the totally mized Nash
equilibria as in [105, Example 3]. Now consider the 3 vertices graph whose only edge
connects the second and the third vertices. This graph is illustrated in Figure 3.4. One
can check that the independence variety associated to this graph is the Segre variety
P! x P? embedded in P7. In Proposition 5.1.50 it is shown that for generic games,
the Spohn CI variety associated to this graph is an irreducible curve. This curve is
contained in the Spohn variety and it contains the set of totally mized Nash equilibria.

Example 3.1.32. Now, let us consider a non-generic game: "El Farol bar” problem
for three players. Three friends would like to meet in a bar which has limited seats.
Each player has two choices:

Go=1 or Stay=2.

The people who go to the bar are rewarded when there are few of them (in our case
two) and forfeited if the bar is overcrowded, i.e. if all three go to the bar. Those who
choose to stay at home are rewarded when the bar is overcrowded and forfeited if they
are the only one who showed up. We represent this in terms of 2 X 2 X 2 payoff tensor
for each player.

111 121 112 122 211 221 212 222
XOW= /-1 2 2 0 1 1 1 1
X@= | -1 1 2 1 2 1 0 1
XG® =\ -1 2 1 1 2 0 1 1

A computation in Macaulay 2 shows that for this game, the Spohn variety Vx is a
5-dimensional reducible variety of degree 8 in P". The Spohn CI variety associated to
the graph in Figure 3.4 is a reducible surface of degree 8 in the Segre variety P* xP3. In
particular, this specific game does not satisfy Theorem 3.1.2/ nor Proposition 3.1.30.

Now we introduce the notion of payoff region. To do so, we momentarily leave behind
the projective setting and we work on the vector space V.

Definition 3.1.33. For a game X, we define the payoff map as the linear map

7TxiV—> R"

. 3.15
p — (PXW, .. PXM) (3.15)
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The image of the probability simplex A via the payoff map is called the cooperative
payoff region. The image of all rank one tensors in the probability simplex through mx
is called the noncooperative payoff region. In [105, Section 5], the authors introduce the
concept of dependency payoff region, which is defined as

Px = WX(ZH Vx),

where, Vx denotes the cone of the Spohn variety in V.

In [105, Section 5] it is shown that the dependency payoff region is a semialgebraic set
and the authors analyze its boundary.

Definition 3.1.34. The conditional independence (Cl) payoff region is the image of the
set of totally mized CI equilibria through the payoff map (3.15).

3.2 Nash CI curves

In the spectrum of dependencies, the next case to Nash equilibria is the situation where
two players cooperate and the rest behave independently. In terms of graphical models,
this situation is described by one edge graphs. In this section we analyse the Spohn
CI variety and the CI equilibria of one edge undirected graphical models.

As set previously, we focus on games with binary choices of pure strategies, i.e. d; =
.-+ =d, = 2. Let G be a one edge graph with n vertices, representing the n players of
the game. Up to labeling, we can assume that the n—2 isolated vertices of G correspond
to the first n — 2 players of the game, whereas the two vertices connected by the only
edge are associated to the last two players. During this section, M¢ and Vx ¢ will
respectively denote the independence variety and the Spohn CI variety associated to
the one edge graph G.

Remark 3.2.1. For a one edge graph G, the monomial map in (3.4) corresponds to
the Segre embedding
()" x P — P!

given by
1 n—2

Dir e =03 0y DT (3.16)
for ji,...,jn € [2]. Here 051')7 ag) are the coordinates of the i—th P* factor of the Segre
variety for i € [n—2]. Analogously, T11, Ti2, Ta1, Toa are the coordinates of the P* factor
of the Segre variety. Note that this notation differs from the one used in Proposition
3.1.9. We conclude that the independence variety Mc of a one edge graph G is the
Segre variety (PY)" > x P? in P2" 1.

By Remark 3.2.1, we have that for one edges graphs M has dimension n+ 1. Thus, in
this case, Conjecture 3.1.29 asks whether for generic payoff tables the Spohn CI variety
Vx ¢ of one edge graphical models is a curve or not. The goal of this section is to give
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a positive answer to this question and study some of the geometric properties of these
curves as their degree, genus, connectedness, irreducibility and smoothness.

Example 3.2.2. For n = 2, the graph G is the complete graph with two vertices. In
this case, M¢ = P* and the Spohn CI variety coincides with the Spohn variety. By [105,
Theorem 8], for generic payoff tables, Vxc is an elliptic curve in P?. In particular,
Vxc 15 a smooth trreducible curve of genus 1, and Conjecture 3.1.29 is satisfied.

Example 3.2.2 shows that Conjecture 3.1.29 holds for two players games. Moreover, it
shows that for generic payoff tables, the Spohn CI variety of the complete graph with
two edges is an smooth irreducible curve of genus 1. This is no longer true is we drop
the generic condition from the assumptions. For instance, Example 3.1.23 shows a 2
players game where Vx ¢ = Vx is reducible and singular. These examples lead to the
question of whether a generic Spohn CI variety of one edge graphical models is smooth
and irreducible. We answer this question in Section 3.2.3. To do so, in the next section
we first compute the equations of these varieties.

3.2.1 Equations of the Nash CI curve

The first step for understanding the geometry of the Spohn CI variety Vx ¢ of one edge
graphical models is the description of its ideal. Our approach to determine generators
of the ideal of Vx ¢ is to exploit the properties of graphical models presented in Section
3.1.1, mainly Proposition 3.1.9. In this section we illustrate this strategy for the case
of one edge graphical models. Through the analysis of these generators we prove
Conjecture 3.1.29 for one edge graphs.

To compute the ideal of Vx ¢, we evaluate the determinants of the matrices M, in
(3.13) at the parametrization (3.16) of M¢. The evaluation of the determinant of M;,
for i < mn — 2, at this parametrization is

(@) (1) (1) (n—2) 1) oW (4) (n—2)
71 }:Uh Tji " Ojnsy Tin-1dn § : i1 95 O s Tin1in
J1seeesJiseedn Ji,-- 7]1» Jn

(@) (1) (Z) (n—2) (4) oM. (4) (n—2)
T2 E:Uﬁ Tji " Ojpg Tin—1in 02 E : 2n %00 e Tindn
jlv'wﬁv"':j’ﬂ .]17 7.]:’ 7.]71

From the first and second row we can extract the factors UY) and ag) respectively.

Analogously, from the first column we can extract the factor
(1 ( ) (n—2)
Z Ujl o ]1 ’ an—Q Tjnfljn'
j17"'7ﬁ7"'?jn

Therefore, we obtain that, for ¢ < n — 2, the evaluation of the determinant of M, at
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the Segre parametrization (3.16) is the product of

7 7 1 /? n—2
oAl [ o) e 17

jl:"wj\i"“»jn

with the polynomial

(@ ) (2) (n—2)
1 Z X “Jn ]1 0G0y Tin—vin
J1see ,]z: Jn
Fi = - —
(@) (n—2)
b X0y oy T, (3.18)
1, 7]17 SJn
(i) (i) W, G (2
Z (Xjr"?"-jn - le"'l"‘jn> 04 0505 o Tjn_1jn-

J1yeesJinesdn

Similarly, evaluating the determinant of M, _; at the parametrization, we ob-
tain that the determinants of M,_; and M, are, respectively, the product of

D itins oM. 0(-"7 ) with

J1 In—
E : (n—1) EON (n=2)__
711 + 712 X]l Jn— 21]n J1 o O-jn—Q 7-1]"
jla"'7.j7l—27jn
Foy o= det XD ’
n—1 1 n—2
To1 + T2z XJl gn-22jn%51 " Ojn_z T2n
jl:‘~~jn—2:]n
§ : (n) 1) . (n—2)
7_11 _I_ 7—21 X]l ]n 110— ) O-jn72 Tjn—ll
J1seesdn—1
F, .= det - 0 )
n 1 n—2
Ti2 + To2 E le Gn-12%51 7 Oy Tin—12
Jl’ 7.777, 1

Once we have computed the ideal of MMNVx in the coordinate ring of Mg, we proceed
to saturate it by the family of hyperplanes.

Definition 3.2.3. We denote the variety defined by Fy, ..., F, in Mc by Cx.

By construction, the variety C'y is contained in McNVx and Cx is union of irreducible

components of M¢ N Vx.

Lemma 3.2.4. For any game X, the variety C'x contains the Spohn CI variety Vxc.
Moreover, Vx ¢ is the union of irreducible components of Cx.
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Proof. Since Cyx is contained in M¢ N Vx, it is enough to check that C'xy contains all
the irreducible components of M¢NVx not contained in the hyperplanes {p;, ;,..;, = 0}
and {py,.., = 0}. Recall that these hyperplanes are the ones we remove from M¢NVx
for constructing Vx ¢ in Definition 3.1.25. Note that the equations of C'x are obtained
by removing the factors (3.17) from the equations of Mz N Vx. Hence, it is enough to
check that these factors lead to components of M N Vx contained in the hyperplanes
{pjrjojn = 0} and {pi4..4 =0}

Assume first that af) is zero, then pj,...;, = 0 for j; = 1. Thus, the factor 05") leads to
components of M N Vx lying in the family of hyperplanes. Similarly, if the factor

(1) (@) (n—2)
Z Ujl Uji an_z Tin—1jn
FlsesJireedin

vanishes, we obtain that

0 M G (n—2) _
Pttt = O E 050y 00T, =0,
Flseeesdireendn

Therefore, if the factor

(1) (@) (n—2)
Z Ujl Uji an—2 Tjn—1jn
FlyesJireedin

gets removed in the process of saturation. O

In Proposition 3.4.8 we will see in a wider setting that for generic n payoff tables, the
Spohn CI variety of one edge graphical models coincides with C'y. This will also follow
from Theorem 3.2.23, where we will see that C'y is irreducible for generic payoff tables.
With a small abuse of the notation, we will also refer to the variety C'x as the Spohn
CI variety.

Remark 3.2.5. Note that Vx¢ C Cx for any payoff tables. The converse inclusion
only holds for generic payoff tables and we can not drop the generic condition in this
statement. For instance, one can fix the payoff table X such that the determinant in
(3.18) is

1 0
N RO TP M B I

Then, the variety C'x is contained in some of the hyperplanes that we removed. There-
fore, in this case the Spohn CI variety is empty but Cx is not.

This section is devoted to the study of the variety Cx. By definition, Cx is the
intersection of n divisors in M, with multi-degree

(o,1,...,1),...,(1,.‘.,1,(0),1,...,1),‘..,(1,...,1,0,1,1),(1,...,1,2),(1,.‘.,1,2).
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Lemma 3.2.6. For any game X, the variety Cx is nonempty.

Proof. Let D; be the divisor of M¢ defined by F;. Then, Cx is the intersection of
Dy, ..., D, in M. Let [D;] be the class of D; in the Chow ring of M¢. To prove that
C'x is nonempty, it is enough to check that [D;] - --[D,,] is nonzero in the Chow ring of
M. In the proof of Proposition 3.2.12 we will see that this product is nonzero. O

The first interesting example of such a variety is for two players games. This situation
was depicted in Example 3.2.2. Now we illustrate an example where we compute the
equations of C'x for a particular 3—player game.

Example 3.2.7. We consider the 3-player game from [119, Section 6.2] with the fol-
lowing payoff table

111 121 112 122 211 221 212 222

XM = 0 6 11 1 6 4 6 8
X®@ = 12 7 6 8 10 12 8 1 . (3.19)
X6 = 11 11 3 3 0 14 2 7

Following the above formulas, the ideal of C'x is generated by the polynomials

Fl = 67'11 — 5’7’12 — 27'21 -+ 77'22,

F2 = (50’%1)— 20'51))7'117'21 — (U§1)+4U§1))712T21 + (40'51)—‘—90'51))7'117'22 + (70'51)— 20’%1) >T127'22,

F3:(80§1)— 2051) )11 T2+ (809)—1— 120&1) )T19T21+ (8051)— 7051))7117'22 + (8051)+ 7051))7'217'22.

A Macaulay?2 computation shows that the Spohn CI variety C'x is an irreducible curve
of genus 3 and degree 8. It is contained in the Spohn variety which is four-dimensional
wrreducible variety of degree j whose ideal is generated by the determinants of three
2 X 2 matrices M; depicted in (3.13). Moreover, Cx contains the two totally mized
Nash equilibria of X computed in [119, Section 6.2].

One of the main invariants of an algebraic variety is the dimension. Next we use
the equations of the Spohn CI variety for one edge graphical models to determine its
dimension. Note that Cx is the intersection of n equations in M, which has dimension
n+ 1. By Lemma 3.2.6, dim Cx > 1 and we expect C'x to be a curve inside M.

Definition 3.2.8. We say that Cx is a Nash conditional independence (Cl) curve if it
has dimension 1.

For instance, Examples 3.1.23, 3.2.2 and 3.2.7 are examples of Nash CI curves. The
following result shows that Conjecture 3.1.29 holds for the case of one edge graphs.

Theorem 3.2.9. For a generic game X, Cx is a curve.

Proof. Seeing the payoff tables XM ... X™ as variables in n copies of P*"~1, we
consider the variety C' defined as the projective subvariety

V(F,..., F,)
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of (IP’Q"_l)n x Mec. Here Fi,..., F, are the n polynomials defining C'y introduced
above. Also, we consider the projection

T C — (]P’Qn_l)n
(XM XM )y s (XD X)),

Note that, given a point X € (Pznfl)n, the fiber of X through 7 is Cx. Using that
the dimension of the fibers of 7 is upper semicontinuous, we obtain that there exists
an open subset U C (P?"~!)" such that, for every X € U, dimCx < 1. Moreover,
since for every X, Cx is the zero locus of n equations, C'y has codimension at most n
in Mc. Hence dim Cx > 1 for every X € (P*"~!)". Thus, we conclude that for every
X € U, dim(Cx) = 1. In order to check that U is dense, we prove that it is non-empty.
For k < n — 2 we fix X® such that the following equation holds

n—2
Iy = H(kaiz) - Uéz))(ﬁl + kTis + kP 7o1 + K27). (3.20)
i#k
Note that this is possible because if we expand the right-hand side of the above equa-

tion, we get a polynomial of the same format as F;. We denote the n — 1 linear forms
in (3.20) by Ly, ..., Lk n,—1 respectively. In particular,

Fp=1Lg1-Lyna

for k <n — 2 and Lj; is a linear form in the ¢-th factor of M¢. Then, the irreducible
components of V(Fy, ..., F,_5) are of the form V(Ly;,, ..., Ly—2,, ,) foriy, ... i o €
[n — 1]. Note that for any ¢ < n — 2, the linear forms Ly, ..., L,_2,; define distinct
points in the i—th P! factor of M¢. On the other hand, consider the matrix M given
by the coefficients of the linear forms L;,_i,...,L,—2,-1. Any submatrix of any
dimension of M is a Vandermonde matrix. Therefore, all the minors of M are nonzero.
Hence, the linear subspace defined by any number of the linear forms L, ;, ..., L,_o; has
the expected dimension. In particular, we deduce that V(Li,,,..., L,—2,, ,) has the
expected dimension for any iy,...,i,—o € [n — 1]. This implies that V(Fy,..., F, )
has dimension 3 and its irreducible components are isomorphic to P3, P! x P2, or
P! x P! x P!. Following the same idea, one can fix X1 and X™ such that F,_; and
F,, are respectively as follows

n—2
Fo = H((n - 1)051) - 052))(1471717-117'21 + By_1T12T21 + Crm1T11T22 + D1 T12722),

i=1

F, H ”01 —02 V(AnT11T12 + Byoamin + CpTiaTor + Dy To1Ta),

where
Dn—l = Bn—l + Cn—l - An—la Dn = Bn + On - Ana
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and the coefficients Ay, By, Ci depend linearly on X® for k > n — 1. As before, we
denote the linear factors of F,_; and F,, by L,_11,...,Ly—1—2 and Ly 1,..., Ly o
respectively. Similarly, we denote the quadratic factors of F,,_; and F}, by @,_; and
(.. Then, the irreducible components of C'x are of the form

V(Ll,in CIII) Ln,in)7 V(Ll,ip s 7Ln—1,in_17 Qn)7 V(Ll,in CIII) Ln—?;in_za Ln,ina Qn—1)7

or

V(Ll,ila ceey Ln—?,in_27 Qn—h Qn)

As before, the components of the form V(Ly;,,...,L,;,) have the expected dimen-
sion. On the other hand, a computation in Macaulay?2 [60] shows that the intersec-
tion of the quadric V(@Q,,) and the variety defined by any number of the linear forms
Lip_1,...,Ly—2,-1 has the expected dimension for generic A,,, B,,, C,,. Therefore, the
irreducible components of the form V(Ly ;,, ..., Ly—1,4, ,,@n) have the expected dimen-
sion. A similar argument shows the the remaining components also have the expected
dimension. Hence, the intersection of the threefold V(Fi, ..., F, o) with V(F,_1, F},)
has dimension 1, and we conclude that U is non-empty. O]

Remark 3.2.10. In the proof of Theorem 53.2.9, we constructed a game where Cx is
one dimensional. Moreover, one can check that for this game, none of the irreducible
components of Cx are contained in the hyperplanes {pj j,..;, = 0} and {p++..+ = 0}.
This implies that the Spohn CI variety Vx ¢ of one edge graphs equals Cx for generic
games X. We will see this reasoning in detail in Proposition 5.4.8.

Note that again the generic condition in Theorem 3.2.9 can not be dropped. As shown
in Example 3.1.32, there exist payoff tables for which the variety Cx is not a curve.
This fact will be explored in Section 3.5.

Corollary 3.2.11. For generic payoff tables, the Nash CI curve is a complete inter-
section of n divisors of Mc.

One may show that the specific Nash CI curve constructed in the proof of Proposi-
tion 3.2.9 is connected. By the semicontinuity theorem, we then obtain that for generic
games, the Nash CI curve is connected. In Section 3.2.2, we yet use a different argument
to prove in Lemma 3.2.15 that the Nash CI curve is connected.

3.2.2 Degree and genus of Nash CI curves

In Theorem 3.2.9, we have seen that Cx is a curve for generic payoff tables. This
section is devoted to the computation of the degree and the genus of the Nash CI
curve C'y. Moreover, we prove that the Nash CI curve Cx is connected. The main
strategy for analysing these properties of Nash CI curves is to use Corollary 3.2.11.
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Proposition 3.2.12. For generic payoff tables, the degree of Cx is the coefficient of
the monomial zy - - -xn_gxifl in the polynomial

ﬁ (ni “’k) (2%1 + ;i“) 2 (:Z_i xk> : (3.21)

i=1 \ ki

Proof. By Corollary 3.2.11, Cx is the complete intersection of n divisors Dy, ..., D,
of Mc, where D; := V(F;). We compute the degree by multiplying the classes of
these divisors with the class of H N M in the Chow ring of M where H is a generic
hyperplane of P2"~!. Using Kiinneth’s formula (see [44, Theorem 2.10]), we obtain the
Chow rings of M as follows:

The classes [D;] in As(Mc) correspond to the first Chern classes of the line bundles

O, (D;). Let F be a multi-homogeneous polynomial in Clot", ... 73], and let D be
the divisor D = V(F) in Me. For i < n— 2, we denote the degree of F' with respect to

the variables JY) ) Uéi) by d; (resp. for d,,_; and 7j,;,). Then, the line bundle associated
to D is

Opme (D) = 1 (Opi (d1)) @ -+ @ m,_o(Op1 (dn—2)) @ w1 (Ops (dn—1)),

where 7; is the projection from M, to the corresponding factor of the product. We
denote this line bundle by O (dy, ..., d,—1). In particular, we obtain that

OMc(l,...,l,(Q),l,...,l) fori <n—2,

OMC (Dz) =
Om.(1,...,1,2) fori=n—1,n.
Furthermore, since the first Chern class of O, (dy, ..., dp—1) is dixy + - + dp1Tp-1,
the following holds:
n—1
Z T for i <n —2,
[Di] = Opme (D) = SR
21,1 + Zwk fort=n—1,n.
k=1

See [44, Chapters 1 and 2] for more details on these computations. Therefore, we

deduce that
n—2 n—1 n—2 2
k=1

i=1 ki
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Finally, using that for a generic hyperplane H it holds that [H N M¢| = 1+ - -+ x,_1,
we get that [Dy]---[D,] [H N M¢] corresponds to the class of the polynomial (3.21) in
A4(Mc) and hence the statement follows. O

Next, we compute the arithmetic genus of C'x. For this purpose, we first determine the
Euler characteristic of O¢,. By Corollary 3.2.11, we get the following exact sequence
(Koszul complex):

n n n—1
0= O, (—ZDZ) — @ Ome (—ZDik) — =
k=1

11 <o <fp—1 k=1

) (3.22)
— @ O./Vlc <_Di1 — Dlz) — @OMC (—Dl) — OMC — OCX — 0.

We define yy as the Euler characteristic of the (k + 2)-th term from the right of the
previous exact sequence, i.e.

Xk1=X< @ OMc(_Dil_.“_Dik)> = Z X (Ome (=D — -+ = Dy,)).

11 <o <ip 11 <<tk
(3.23)
Then, using (3.22) we obtain that

n

X(0c,) = X(Opme) + > (1) (3.24)

k=1

By Kiinneth formula, and since x(Opn) = 1, we deduce that x(On.) = 1. Thus, it
only remains to compute xi. For the following lemma, our convention is that (Z) =0,
if a <b.

Lemma 3.2.13. For 3 <k <n,

o= ("o 2 2 wow + (;25)vow),

where

1 x(Op) = (1) (51 (k= 2)F (k)" >~

2. X(O2) = (—1)" 1 (5) (k — 2)%(k — 1)1k

3. x(Orz) = (=11 (k — 2)k(k — 2)n k.

Moreover, we have that x1 =0 and xo = (—1)"*%.

Proof. The idea is to use Kiinneth formula as above. First of all, we observe that only
the following three types of line bundles can appear in the sum of equation (3.23):



3.2. NASH CI CURVES 159

o Ifiy,...,ix < n—2, the line bundle of the corresponding term of (3.23) is of the

form
Ome(=k,...,—k+1,...,—k+1,....—k).
(1) (ix)
Moreover, in (3.23) these terms appear ("°) times.
o Ifi,...,71 <n—2and i >n— 2, the line bundle of the corresponding term
of (3.23) is of the form
Opte(—ky oo =k + 1, —k+1,...,—k—1).

(i1) (ik—1)
Moreover, in (3.23) these terms appear 2(2:?) times.

o Ifiy,...,ip_ o <n—2andix_, > n—2, the line bundle of the corresponding term
of (3.23) is of the form

Ome(=k,...,—k+1,....—k+1,...,—k—2).
(1) (tp—2)

Moreover, in (3.23) these terms appear (”_2) times.

k—2

To deal with each of these three cases, we again use Kiinneth formula. In our setting,
this formula states that for dy,...,d,_ 1 € Z,

n—2
W (Me, Opge(dy, . dny)) = D 0t (P2, Oms(dn)) [ 27 (P, Omi(dh)) -
kit-tkn—1=k i=1

In particular, using that all the first n — 2 factors of M are isomorphic, we get that
the Euler characteristic of each of the line bundles of the above cases does not depend
on the choice of the i; that is lower or equal than n — 2. Denoting the line bundles of
the three cases by Ok1, Ok 2, and Oy 3 respectively, we get that

w= ("o 2 2w+ ()0, 6

To compute each of the terms of the above expression we use that for d > 0,

0 ifk#nord<n
k n _ — T
h" (P, Opn (—d)) { (d:) if k=mnandd>n.

In particular, for dy,...,d,_1 > 0 such that either d; <1 for somei <n—2ord; <3
for i > n — 1, we obtain that

W (Me, Ope(—dy, ..., —dy_1)) =0 k.
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On the contrary, if d; > 1 for every i <n — 2 and d,,_1,d,, > 3, we get that

0 itk#n+1,

n—2

i=1

Now, note that for all the line bundles appearing in x; it holds that d,_; < 3. Thus, we
can conclude that x; = 0. Analogously, the only line bundle appearing in the expression
of x2 with a non-zero cohomology group is O(—D,_1; — D,) = O(—-2,...,—2,—4).
Using equation (3.26) one deduces that the only non-zero cohomology group of this
line bundle is the (n + 1)-th cohomology group and its dimension is 1. Hence, we
conclude that y, = (—1)"*'. A similar argument shows that, for k& > 3, the only
non-zero cohomology group of Oy 1, Oy 2, and O 3 is the (n + 1)-th cohomology group
and we deduce the following formulas:
* X(Ok) = (1) (1) (k= 2h2

3
o X(Ok2) = (—D”“(g)(k —2)k(k — 1)1k,
¢ \(Ou) = (~1) (55— 2k — 2

Now, the proof of the lemma follows from these expressions and equation (3.25). [

Finally, as a consequence of Lemma 3.2.13 and Equation (3.24), the following corollary
can be derived:

Corollary 3.2.14. For generic payoff games, the Euler characteristic of C'x s
X(Ocy) =14 (=)™ + ) (1) x
k=3

where xi 1s as in Lemma 3.2.135.

Now that the Euler characteristic has been computed, we deal with the arithmetic
genus. For this purpose, we first need to ensure that the Nash CI curve is connected.

Lemma 3.2.15. For generic payoff tables, h°(Cx,O¢y) = 1. In particular, Cx is
connected.

Proof. The idea is to split the exact sequence (3.22) in short exact sequences and apply
the long exact sequence of cohomology on each of them. To do so, let F,, be the first
sheaf (starting from the left) appearing in the exact sequence (3.22). Similarly, let
Fn_1 be the second sheaf of the exact sequence, and so on. We denote the morphisms
from F; to F;_1 by ¢;. Then, (3.22) can be written as

1

0— F 25 Fa 25 B B B B Oy 5 0o, — 0. (3.27)
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Let K; be the kernel of ¢;. Then, the above exact sequence splits in the following n
short exact sequences:

(Ep) : 0 — Koy — Op, — Oy, — 0,
(Ey) : 0— Ky —F, — Ky—0,
(Ez) 0—>KZ—>./—';—>KZ,1—>O,

(En_l) 00— K, —> Fo1 — Ko — 0.
Now, we consider the long exact sequence in the cohomology of (Ej):
0 — H°(Me, Ky) — H°(Me,Op) — H(Cx,0cy) — H' (M, Ko) — -+ .
By the exactness of this sequence, if h'(M¢, Ky) = 0, we would get a surjection
H(Me, Op,.) — H°(Cx, Ko) — 0.

Since h®(Mec, Opq,) = 1, this would imply that h%(Cx,Oc,) = 1. Thus, it is enough
to check that h'(Me, Ky) = 0. To do so, we focus on the long exact sequence in
cohomology arising from (F):

oo — HY (M, F1) — H (Mg, Ky) — H* (M, Ky) — H*(Me, Fi) — -+ - .

By the computations performed in the proof of Lemma 3.2.13, we know that for j > 1
and k < n, h*(Me, F;) = 0. Thus, from the above sequence, we conclude that

H' (M, Ko) =~ H*(Me, Ky).
Recursively, we get that
H' (M, Kiy) ~ H (M, K;)

for every © < n — 1. In particular, by the exactness of (3.27), we have that K, | = F,.
Hence, we obtain that

H' (M, Ko) ~ H*(M¢, Ky) ~ -~ H"(M¢, K,_1) = H"(Me, Fy,).
Now, the proof follows from the vanishing of the cohomology group H"(Me, F,). O

Remark 3.2.16. Lemma 5.2.15 analyses the connectedness of Nash CI curves as com-
plex algebraic varieties. This notion differs from the connectedness of the set of real
points of a Nash CI curve. Recall that the connected components of the set of real
points of a real algebraic curve are called ovals. By Harnack’s Theorem (see [10, Sec-
tion 11.6]), the number of ovals of a real algebraic curve is at most g + 1, where g is
the genus of the curve. In particular, the computation of the genus of a Nash CI curve
can be used to understand the number of components of the corresponding set of totally
mixed CI equilibria.
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Using that C'y is connected, we may derive the arithmetic genus of the Nash CI curve.

Corollary 3.2.17. For generic payoff tables, Cx is a connected curve of arithmetic
genus

Pa(Cx) = (~1)" + (1),

where Xy 1s as in Lemma 3.2.185.

Example 3.2.18. Consider the 3-player game from Example 3.2.7. By Lemma 3.2.12,
we obtain the degree of C'x is 8 which is the coefficient of the monomial x x5 in the
polynomial

i) (2152 + £L’1)2 (Qfl + 1'2).

By Corollary 3.2.17 and Lemma 3.2.13, the genus of C'x is
pa(Cx) = (1) +x3=—-14+4=3.

Note that this computation matches with the Macaulay2 computation in Example 3.2.7.

Using Corollary 3.2.17 in Table 3.1, we can determine effectively the genus of the Nash
CI curve for different values of n.

n | genus | degree
3 3 8

4 23 30

5 175 146

6 1469 880

7| 13491 6276
8 | 135859 | 51562
9 | 1494879 | 478670

Table 3.1: Genus and degree of the Nash CI curve C.

Remark 3.2.19. The genus of Cx can be also computed combinatorially via [79, The-
orem 1], and more generally by the motiwic arithmetic genus formula in [36]. The
main idea is to determine the discrete mized volume of Newton polytopes Newt(F;) for
i € [n].

Another method for computing the genus of the Nash CI curve is using the adjunction
formula. Let i : Cx — Me¢ be the closed immersion of Cx in Mec. Applying the
adjunction formula (see [44, Section 1.4.3]) we get that

Wox ™ i*(WMC®OMc(D1)®' . '®WMC(Dn)) ~ Z*(OMC(TL —-3,...,n—3,n— 2)) . (328)
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Since C'x is a complete intersection, it is Gorenstein and hence,

deg(wey ) = 2p.(Cx) — 2.

As a consequence of Equation (3.28), one can compute the degree of we, using the
Chow ring of Mc as in Lemma 5.2.12. Using this method we obtain that 2p,(Cx) — 2
is equal to the coefficient of the monomial xy -+ - x, x> | in the polynomial

i=1 \ k#i k=1

However, our computations in Macaulay2 show that this method is less effective than
the formula in Corollary 3.2.17.

3.2.3 Smoothness of the Nash CI curve

One of the main properties of an algebraic variety is the smoothness. In this section
we prove that for generic payoff tables, the Nash CI curve Cx is smooth. Together
with Lemma 3.2.15, we will deduce that a generic Nash CI curve is irreducible. Our
strategy is to study the linear system of the divisors defining C'y in order to apply
Bertini’s Theorem (see [67, Theorem 8.18]).

As a consequence of the study of these linear systems, we give an answer to the univer-
sality of divisors for C'x. The universality of divisors asks whether any divisor of the same
multidegree of the defining polynomials of C'x can be obtained from a game. The study
of the universality of divisors for C'y is motivated by the Nash case. We denote the n
polynomials in (3.11) by G, ..., G, and let Nx be the variety defined by {G,...,G,}
in the Segre variety (P')" C M¢. The variety N is the Spohn CI variety of the graph-
ical model of the graph with no edges, i.e. Nx is the Spohn CI variety of the collection
of all CI statements. By Theorem 3.1.18 the intersection of Ny with the open simplex
is the set of totally mixed Nash equilibria. For 1 < i <n, let f/z be the vector space of
multi-homogeneous polynomials with multi-degree (1,...,1, (Q), L,...,1), e

V= H ((P")", Oy (1,...,0,...,1)).

Note that V; has dimension 27! The universality of divisors asks whether for any
i € [n] and for any polynomial G € Vj;, there exists a payoff table X such that
G; = G. In other words, the universality of divisors aims to determine whether for any

1 the linear map .
R — V;

is surjective or not. The surjectivity of this map is equivalent to the linear map
R")" s Vix---xV,

3.29
XU X0 s (GG, (3.29)
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In [119, Corollary 6.7] a positive answer is given to the universality of divisors for N,
and hence, the map (3.29) is surjective. The next layer to Nx in our spectrum of
Spohn CI varieties is the Nash CI curve. We carry out a similar analysis for the case
of the Nash CI curve.

For « < n — 2, let V; be the vector space of multi-homogeneous polynomials of multi-
degree (1,..., (Q), 1)) e

‘/;'::HO (MC?OMC(1’7(O)”1)>

Similarly, we define the vector spaces V,,_1 and V,, as
Vi1 =Vo=H"(Mc,Op.(1,...,1,2)).
The dimension of V,,_; and V,, is 10 - 2!, For every i, we consider the linear map

¢ R — VW
X0 s F.

We denote the image of ¢; by A;. In other words, ¢; is the linear map sending the i—th
payoft table to the divisor D; and A; is the linear system of divisors in V; arising from
a game. Assembling together these maps, we consider the linear map

(R")" — Vix---xV,

3.30
(XD XM s (F,. . F). (3:30)

In this case, the universality of divisors asks whether the map (3.30) is surjective or
not. In Proposition 3.2.20 we compute the image of the map (3.30).

Proposition 3.2.20. Let A; be the linear system defined by the image of ¢;. The image
Ay X ... x A, of the linear map (3.30) has dimension 2"~ *(n + 1). In particular, the
map (3.30) is not surjective.

Proof. First of all, we note that, as in the Nash case, ¢; is surjective for i < n — 2.
Thus, for i <n—2, A, = V; and dim A; = 2"~'. For i = n — 1, we can rewrite V,,_; as
the tensor product

HO(P?, 05 (2)) @ (HO(P', 01 (1)) °" 7.
Expanding F),_{, we obtain

F,y = Z o). g2 <A§?:]1-3_27‘117'21 + B™h TiaTo1+

J1 In—2 JiJn—2

Jireeesin—2 (3.31)
C(‘n:‘l)727'11722 + D](-T:;zfﬂ'lﬂzz)

J1iJn
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where the coefficients are defined as

(n—1) o (n—1) (n—1) (n—1) o (n—1) (n—1)
Ajl“'jn—Q - le"'jn—221 - le'“jn—zll’ Ojl"'jn—Q - le"'jn—222 - le“‘jn—2117
(n—1) . (n—1) (n—1) (n—1) _ p(n-1) (n—1) (n—1)
le"'jn72 - le"'jn7221 - le"'jn7212’ Djl"'jn72_ le"'jn72 + le"'jn—2 - Ajl"'jn—z'

From this expression we deduce that A,_; = W,,_; @ (H(P', Op:(1)))*" ", where
Wn—l = {ATHTgl + B7'12T21 + CT117'22 -+ (B +C — A)TlgTQQ . for A,B, Ce R}

Thus, W,,_; is a linear subspace of dimension 3 and hence, dim A,,_; = 3 - 2" 2.
Analogously, for F,, we get the expression

F, = Z aj(»ll) g2 (Agf.)..jnffnﬁz + Bj(‘?.).,jnﬂﬁﬂzl‘l-

In—2

jl""»jn72 (332)
4 ruma+ D) )
where the coefficients are defined as

Am _ x _x® om o xm _x®

J1In—2 J1-jn—212 J1gn—211 Jign—2 J1-Jn—222 J1gn—211>
(n) _ v (n) (n) _ p) (n) (n)
le"'jn—z - Xj1"'jn—212 le"'jn—221’ Djl"‘jn—Q_ le"'jn—2+ le"'jn—Q Ajl"'jn—Q'

The dimension of A,, follows from this expression as before. Then, the image of the
map (3.30) is A; X - -+ x A,, and it has dimension 2"~!(n + 1). It follows that the map
(3.30) is not surjective since the dimension of V; x -+ x V,, is 2"7!(n + 8). O

In contrast with the Nash case, from Proposition 3.2.20, we conclude that the univer-
sality for divisors does not hold. In particular, the linear systems Aq,..., A, might
have base locus. From Bertini’s theorem (see [67, Theorem 8.18]), we deduce that for
generic payoff tables, C'y is smooth away from these base loci. Hence, in order to
study the smoothness of C'x we need to compute the base locus of each of these linear
systems. Since ¢; is surjective for i € [n — 2], we get that A; is complete for ¢ € [n — 2]
and, hence, base point free. The next lemma computes the base locus of A,,_; and A,,.

Lemma 3.2.21.
1. The base locus of A, _1 is

(Pl)n—Q y (Lgnq) U Lgnq) U L:(an))

where LY, L&Y, Lgn_l) are the lines of P? defined by the equations

{1 =712=0}, {m1 =m0=0}, and {m1+ 72 = 721 + 722 = 0},

respectively.
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2. The base locus of A, is
(P x (Lg") Ly Lf{”)

where L§”), Lé“), Lén) are the lines of P? defined by the equations

{1 =711 =0}, {m2a=m0=0}, and {m1+ 71 =712 + 722 = 0},
respectively.

Proof. As in the proof of Proposition 3.2.20, we write A,_; as the tensor product
Apoy = Wy @ (HO(P, Op (1)) 5077

Thus, to compute the base locus of A,,_; it is enough to compute the base locus of
W,_1 in P3. The elements of this linear system are polynomials of the form

AT11T91 + BTiamo1 + CTi1To2 + (B + C — A)Ty9Ta0

for [A: B:C] €P? So, for [A: B:C]€{[1:0:0],[0:1:0],[0:0: 1]} we obtain the
polynomials 711 7o1 — 12722, T12(T21+722), T2a(T11+712), which generate ;. Then, one can
check that the base locus of these three polynomials is exactly L{" ™ U LI U L&Y,
Thus, we conclude that the base locus of A,_; is (P*)" % x (Lﬁ”*” ULy L:(),"*l)).
A similar computation derives the statement for A,,. n

For generic payoff tables, V(Fy,..., F, 2, F,,_1) and V(Fy,..., F, 5, F,) are surfaces
and their intersection is the Nash CI curve C'x. By Bertini’s theorem (see [67, Theo-
rem 8.18]), we obtain that for generic payoff tables V(F}, ..., F, o, F,_1) (respectively
V(Fi,...,F, 9, F,)) is smooth away from the base loci A,,_; (respectively A,,). The
next proposition states that these surfaces are indeed smooth.

Proposition 3.2.22. For generic payoff tables, V(Fi,...,F, o, F,1) and
V(Fy,...,F,_o, F,) are smooth surfaces.

Proof. We denote V(Fy, ..., F, o, F, 1) and V(Fy,..., F, 5, F,) by Sx1 and Sx re-
spectively. We prove the result for Sy, (the analogous proof works for Sx ;). By
Bertini’s theorem, it is enough to check smoothness at the points of the base locus of
A,,. Let

Qi = Sxa 0 ((P)" 7 x L),

Then, €; UQy U3 is the intersection of Sx o with the base locus of A,,. We check the
Jacobian criterion at the points of €27 U s U 3.

We will focus on 2 (similar reasoning works for 2y and €23). First, we prove that € is
smooth. Let F; be the polynomial resulting from restricting F; to Q, i.e., substituting
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711 and 791 by 0 in F;. Then, Q; = V(ﬁ’l, e ﬁ’n,z). Moreover, Fy, ..., F,_, are generic
elements of complete linear systems of (P')" x Lg"). By Bertini’s Theorem (see [67,
Theorem 8.18]), 4 is smooth.

Now we check the Jacobian criterion for Sxo at ;. Let Jg,,(z) be the Jacobian
matrix of Fi,..., F,_s, F, at x, written as:

aﬁ“
A(z) B(z)

JSX,Q (m) = 2

0712
0

0792

_o_
mi | c@ | D)
721

Note that either 791 or 75; appear in any monomial of F,,. Therefore, for x € Qy, B(x) =
0. Now, A(x) is the Jacobian of F, ..., F,_o w.r.t. 0'§ )7051), . ,a(n 2) aé D, Ton.
Since, €2; is smooth, A(z) has maximal rank. Hence, Jg, ,(x) has maximal rank if and

only if D(z) has maximal rank. Thus, a point = € € is a singular point of S if and

only if it lies in V(gf: =, gf; =). These two derivatives are
OF, Sn=2) 4 () (n)
(97'11 Z BRI M (Ajl'“jn—sz + Ojl“'jn—27—22)7
j17 7]71 2
OF, 52 ) (n)
87‘21 Z U 0 s <Bj1"'jn727—12 + Djl"'jn727—22)'
jla )]n 2

As before, gf ~ i3 a generic element of a complete linear system of (]P’l)"f2 X Lg").
11 N

In particular, we deduce that for generic payoff tables, V(F,..., F,_s, gf ) is the

intersection of n — 1 divisors, and each of these divisors is generic in a Complete linear

system of (IP’I)’%z~ x L{". By Bertini’s Theorem (see [67, Theorem 8.18]), for generic

payoff tables, V(Fy, ..., F,s, gf") has dimension 0. Now, we write aF” as
n—2 n
Z U ' J(n 2 )(BJ('l')“J'n—2 (7—12 + 7_22) + (C](l‘?'jn 2 AEl) Jn— 2)7—22)'

67’21
]17 7]77 2

BFn )

Note that for generic payoff tables, V(57=) defines a smooth hypersurface in (PH™ % x

L\ By Bertini’s Theorem (sece [67, Theorem 8.18]), for generic payoff tables
oF, 8Fn>

V(F,... Epy —2 —2
( 1 9 2787’11787—21
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has the expected dimension, and hence, it is empty. We conclude that Sy s is smooth
at €2;. The same argument follows for {25 and €23. O

In particular, applying Bertini’s theorem to V(F},..., F,_o, F,_1) and the linear sys-
tem A,, we obtain that for generic payoff tables, the singular locus of Cx lies in
V(Fy,...,F, o, F, 1) with the base locus of A,. Similarly, applying the same argu-
ment to V(F,..., F, o, F,) and A,_1, we deduce that the singular locus lies in the
intersection of V(Fy, ..., F,,_5, F},) with the base locus of A,_;. This implies that for
generic payoff tables, the singular locus of C'y lies in the intersection of the base loci
of A,,_; and A,,. This intersection is

(PY"™* x {q1, 42, g3, 41, G5}

where ¢1,...,gsare [1:0:0:0,[0:1:0:0[,[0:0:1:0},[0:0:0:1],[1:—1:—1:1]
respectively. In the next theorem, we deduce the smoothness from studying locally the
smoothness at the points of this intersection.

Theorem 3.2.23. For generic payoff tables, the Nash CI curve Cx is smooth and
irreducible.

Proof. By Lemma 3.2.15, C'x is connected. Therefore, it is enough to prove the smooth-
ness of C'x in order to conclude the irreducibility. For ¢ € [5], let S; be the intersection
of Cx with (P')"* x {¢;}. By Bertini’s theorem, the singular locus of C lies in the
intersection of C'x with S;U---US5. The strategy we follow is to apply locally the Ja-
cobian Criterion on the points of this intersection. The reasoning is similar to the proof
of Proposition 3.2.22. We analyze the smoothness at the points in S (similarly for
Sa, ..., S5). First, one can check using Bertini’s Theorem that S; is smooth. For x € Sy,
the Jacobian matrix of F} ..., F}, with respect to 0§1), aél), . ,a§"‘2), aén_z), T12, To1, T2
at x is of the form

Fl Fn—2 Fn—l Fn

%J@ A(z) 0

JCX (.%) =

o)
0112

0101

C(x) D(x)

022

Then, for z € S, the matrix A(z) coincide with the Jacobian of S; at x. Thus, we
conclude that = € S is a singular point of C'x if and only if the rank of D(x) is not
maximal. A similar argument as in Proposition 3.2.22 shows that the intersection of
Sy with the variety defined by the 2 x 2 minors of D(z) is empty. Hence, we conclude
that C'x is smooth at Sj. O
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Remark 3.2.24. By [105, Remark 3.3/, the mazimum number of totally mized Nash
equilibria for a generic n-player game with binary choices is not zero. It is in particular
the number of derangements of the set [n] [119, Corollary 6.9]. Let X be a generic game
for which there exists a totally mized Nash equilibrium. Since the Nash CI curve Cx
18 smooth and contains totally mized Nash equilibria of X, the real points of Cx are
Zariski dense (e.g. [115, Theorem 5.1]). As a consequence of Theorem 3.2.23, we
deduce that for such a game, the set of totally mized Spohn CI equilibria of the Nash
CI is a smooth manifold of dimension 1.

3.3 Dimension of Spohn CI varieties

Theorem 3.2.9 shows that Conjecture 3.1.29 holds for one edge graphical models. In this
section, we generalize this result proving Conjecture 3.1.29 for any undirected graphical
model. In the case of one edge graphs, the independence variety is a Segre variety. The
parametrization of this Segre variety played a fundamental role in the computation of
the dimension of this Spohn CI variety. For general graphs, our strategy is to use the
monomial map (3.4).

Let G = ([n], E') be an undirected graph with n vertices, and let D be the set of the
maximal cliques of G. Recall that the monomial map (3.4)

o T::HTC — Mg,

cep
in Proposition 3.1.9 given by
i = | [ 055 (3.33)
ceD
The torus T¢ is defined in (3.2) and its coordinates are a](-g), where

jo = (i)iee) € [2].
We want to evaluate the determinants of the matrices M, ..., M, in (3.13) by (3.33).
This is the same strategy used in Section 3.2.1 for computing the equations of the Nash
CI curve. As in the Nash CI curve case, we distinguish two cases depending on whether
the graph has isolated vertices or not. For i € [n], we denote the set of maximal cliques
of G containing the vertex ¢ by D;, and we consider the set

[Di] = ( U [C]> \ i}

ceD;

In other words, [D;] is the set of vertices of G distinct than ¢ that are contained in
a clique in D;. The cardinal of [D;] is denoted by ¢;. Note that if i is an isolated
vertex, [D;] is empty. Now, for j = (ji)rep,) € [2]% and a € [2], we consider the index
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j(a) = (Jr)kemyugt € [2]9T where j; = a. Given such index and a clique C' € D;, we
also consider the index jc(a) = (ji)rejc) € [2]/°l. Using this notation, we define the

monomial
_ H (o)
jc(a)
CeD;

for a € 2] and j = (ji)kep,) € [2]%. Then, the evaluation of the determinant of M; at
(3.33) is the determinant of the matrix

Z 631 H UJC Z Jl"'l"'Jn Jl H U(C)

jepRr-t C¢D; jef2In-t CeD;
. (3.34)
(€) (@)
Z 6 H Tje Z Jl"'2"'Jn 32 H 9j
Je2pn—1t C¢D; jef2)n-t CeD;

From the first column of (3.34), we deduce that the determinant of (3.34) is the product

of
> I e (3.35)

jeR e~ C¢D;

and the polynomial

Z 6 Z ...... 6? H U§g)

JE[2]¢ jen—1t C¢D;
det (3.36)
(4) (4) ()
Z Sja Z 31-~~2-~~gn6 j,2 9c
je2e jeRr-t C¢D;

If 7 is not an isolated vertex of G, we define the polynomial F; as the determinant
(3.36). Assume now that 7 is an isolated vertex of the graph. By abuse of notation, we
also denote the maximal clique defined by this isolated vertex by i. In this case, the
determinant (3.36) is

(i) (7) (4) @
g1 Z X 15,01 H 9c

je2m-t CeD\{i}
det
(%) (©)
T2 Z """ H %jc
je2mt CeD\{i}

We obtain that the above determinant is the product of 090&2) and the determinant

(D DD RSN | K

je[2]»—1 CeD\{i}
det : (3.37)
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For an isolated vertex i of the graph, we define the polynomial F; as the determinant
(3.37). We denote the variety defined by Fi,..., F, in T by Yx. By construction Yy
is contained in ¢~ (M¢ N V).

Lemma 3.3.1. For any X, ¢~ '(Vxc) is contained in Y.

Proof. We proceed as in Lemma 3.2.4. Note that to construct the polynomials
Fi, ..., F, we have removed some factors of the determinant (3.34). The image via
¢ of the varieties defined by each of these factors are contained in some of the hyper-
planes {p;,j,..j, = 0} and {p;4.. = 0}. For instance, assume that the factor (3.35)
vanishes. By (3.33) we get that

Protldt = Z H U(C) Z H 0, =

g[2|n—ei—1 C¢D; je[2]¢ CeD;

Therefore, Yx is obtained by removing some components from ¢! (McNVx) contained
the preimage via ¢ of the hyperplanes {p; j,..;, = 0} and {p+... = 0}. We deduce
that the preimage of the Spohn CI variety Vx ¢ through ¢ is contained in Y. O

Our strategy is to analyse the dimension of Yx to compute the dimension of Vx¢. To
do so, we analyse the base loci of the linear systems defined by Fi,..., F,.

Note that F; is a multihomogeneous polynomial in the coordinates of T. Its multidegree
depends on whether i is an isolated vertex or not. Assume that i € [n] is an isolated
vertex. Then, for C' € D, the degree of F; in the coordinates of T is 0 if C'=17 and 1
otherwise. In other words, the multidegree of F; is given by the integer vector

Y e

CceD\{i}

Assume now that i is not an isolated vertex. The multidegree of F; is given by the

integer vector
Z ec + Z 260.
cgD CeD

We denote the space of multihomogeneous polynomials in the coordinates of T, of the
same multidegree as F;, by V;. In particular, F; is contained in V; for any game X. For
i € [n] we consider the linear map

R —
XO s F.

We denote the image of this map by A;. We use Bertini’s Theorem (see [67, Theorem
8.18]) to compute the dimension of Yy. To apply this strategy, we analyse the base
locus of A;. First, if ¢ is an isolated vertex, F; looks like the polynomials (3.11).
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Similarly to the universality of divisors in the Nash case, one can check that A; = Vj
for isolated vertices. Now, assume that 7 is not an isolated vertex. Then, F; can be
written as a linear combination of polynomials that are the product of a determinant

of the form " o )
> & Y 6ja
JE[2]% JE[2]%
det , (3.38)
(@) (1) =)
Z 6]'72 %(2)632
Je2]% JER]%

for some Yj(l ,Y(

i@ € C, and a multihomogeneous polynomial L of multidegree

> ec. (3.39)

CeD;

Moreover, for any polynomial that is the product of L and (3.38), there exists a game X
such that F; equals this product. We denote the vector space of all multihomogeneous
polynomials of the form (3.38) by W;. Then, A; is the tensor product of W; and the
complete linear system of multihomogeneous polynomials with multidegree (3.39). In
particular, A; and W; have the same base locus.

Lemma 3.3.2. For i € [n| not being an isolated vertex, the linear system W is gener-
ated by the polynomials

1. Forac2e, 69| Y &)

a’7
Je2]%

2. Fora € [2]%, GS)Z Z GY%
jef2e
3. 651{)16% — Z 65?6,(;)2, where 1= (1,...,1) € [2]“.
Jkel]ei\{1}

Proof. We write the determinant (3.38) as

Yo oAhel e, (3.40)
j,k€e[2]¢

where i) _y) _ @
A = Y = Yy

Note that for j, k € [2]%, we have that

_v® (@)
Y. )—I—Y

()
1(1) YJI

(@) (4) (@) _
@) +Y, Y] _Y]l(l) =0,

k(1) (2)
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and we deduce that
AT = Ay + A = AT for k£ 1.
Therefore, we can write the polynomial (3.40) as

S oatelsl Y AlShsh Y (Al - Asis

je[2) Jelsi\{1} Jke2]7\{1}

The proof follows by fixing in the above expression all the coefficients Aﬁ, A% except
one to be zero. O

Once we have computed the generators of W;, we deal with the computation of their
base loci.

Lemma 3.3.3. For i € [n] not being an isolated vertex, the base locus of W; is
V(G1,Go) UV(SY, 1a e [2]%)UV(6Y) : a e [2%) (3.41)

where

Gi= Y &Y andG,= > &

je2e jefe:

Proof. Let Zy, Zy, Z3 be the three varieties in the union (3.41) respectively, and let Z
be the variety defined by the ideal generated by all the polynomials listed in Lemma
3.3.2. We have to show that Z; U Z, U Z3 = Z. First, note that the first row of the
matrix in (3.38) vanishes at Z,. In particular, the determinant (3.38) vanishes at Zs,
and hence, Z5 is contained in Z. Similarly, Z3 is contained in Z. Now, the first column
of the matrix (3.38) vanishes at Z;. Therefore Z; is also contained in Z.

Next, we assume that p is a point in Z not contained in Z;. Then, either G;(p) # 0 or
Gs(p) # 0. Assume that G1(p) does not vanish. Note that the first type of polynomials
in Lemma 3.3.2 are of the form G((;)lGl for a € [2]%. Since G1(p) # 0, we deduce that

&) vanishes at p for a € [2]%. Therefore, p is contained in Z,. Similarly, if G5(p) # 0,

a,l

then p € Z3. We conclude that Z = Z; U Z, U Zs. O

Lemma 3.3.3 allows us to prove Conjecture 3.1.29.

Theorem 3.3.4. Conjecture 3.1.29 holds for any undirected graphical model.

Proof. Let Vx ¢ be the Spohn CI variety of a generic game X and let ljx,c be the
preimage of Vx ¢ through the monomial map ¢ in (3.33). By Lemma 3.3.1, ]7X,c is
contained in Yx. Let Bx be the intersection of Yx and the union of the base loci of
A1, ..., A, and let Yx be the Zariski closure of Yy \ Bx in T. Recall that the base
locus of A; is either empty if 7 is an isolated vertex, or it is given by Lemma 3.3.3.
By Bertini’s Theorem (see [67, Theorem 8.18]), we get that Yy \ Bx and Yy have
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codimension n in T for a generic game X. Now, note that for ¢ € [n], the image of the
base locus of A; via ¢ is contained in the union of the hyperplanes {pj,;,..;, = 0} and

{p++..+ = 0}. This implies that ch is contained in Yy, and we deduce that
n = codimTff < codimqrﬁxyc.

Now, the proof follows from the fact that COdim’H‘ﬁX,c < codimpy,Vxc and that
COdimMCVX{; § n.
O

We deduce the following result as a consequence of Proposition 3.1.12 and Theo-
rem 3.3.4.

Corollary 3.3.5. Let G = (|n], E) be an undirected graphical model and C = global(G).
Then, for generic payoff tables, the dimension of the Spohn CI variety Vxc is the
number of positive dimensional faces of the associated simplicial complex of the cliques.
In other words, for generic payoff tables, the dimension of Vx ¢ is the number of cliques
of G with at least two vertices.

N
o N
°'\ I><</<I
<]

Figure 3.5: The poset structure of the set of subgraphs of the complete graph on 3
vertices with respect to the inclusion.

Example 3.3.6. For generic payoff tables, if G = ([n], E) is a line graph or a cycle
(see Figure 3.1), the dimension of the Spohn CI variety is determined by counting
the number of edges. This is because the clique complex consists exclusively of one-
dimensional simplices. On the other hand in the case of the decomposable graph from
Figure 5.2, the Spohn CI variety is 31 — 7 = 24 dimensional.

Next, we explore how Spohn CI varieties of different undirected graphs are related. Let
G = ([n], E(G)) and G’ = ([n], E(G))

be two undirected graphs. We say that G is a subgraph of G’, denoted by G C G’, if
E(G) C BE(G).
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Lemma 3.3.7. Let G C G' and let Vxc and Vi be the Spohn CI variety of G and
G' respectively. Then, Vx ¢ is a subvariety of Vi . The analogous inclusion holds for
the corresponding sets of totally mized CI equilibria.

Proof. Let G C G, then, we have that global(G’) is contained in global(G). This
implies that Igobaicr) € Igiobai(@), and hence, Mgighai(q) is a subvariety of Migbai(ar)-
In particular, we deduce that the Spohn CI variety, corresponding to G, is contained
in the Spohn CI variety corresponding to G'. O

Let G be the complete graph with n vertices. The inclusion of graphs gives to the set of
subgraphs of GG, with n vertices, a structure of poset. By Lemma 3.3.7, we get a poset
structure on the set of Spohn CI varieties (similarly with totally mixed CI equilibria).
In this poset the initial and terminal objects are the set of totally mixed Nash equilibria
and the set of totally mixed dependency equilibria. In other words, the set of totally
mixed CI equilibria always contains the set of totally mixed Nash equilibria and it is
always contained in the set of totally mixed dependency equilibria.

Example 3.3.8. For n = 3 we have 8 subgraphs of the complete graph on 3 vertices:
one with no edges, 3 with one edge, 3 with two edges, and the complete graph. The poset
structure of the set, formed by these 8 graphs, is shown in Figure 5.5. In particular,
we get a similar picture for the corresponding independence varieties and Spohn CI
varieties. A Macaulay2 computation shows that the dimension of the independence
varieties for a graph with 0, 1, 2 or 3 edges is 3, 4, 5 and 7 respectively. Therefore,
by Theorem 3.3./, the dimension of the corresponding Spohn CI varieties are 0, 1, 2,
and 4 respectively. This shows that, in the poset of Spohn CI varieties, there might be
dimensional gaps.

3.4 Nash CI varieties

The goal of this section is to analyze the algebro-geometric properties of the Spohn CI
variety of undirected graphical models whose connected components are all cliques. An
example of such graphs is one edge undirected graphs, where the connected components
are isolated vertex (which are complete) or the complete graph of two vertices. In this
section, we generalize some of the results of Section 3.2 to this type of Spohn CI
varieties.

Let (s1,...,sx) be a partition of the set [n] with ) # s; C [n] and |s;] = n;. In other
words, [n] is the disjoint union of si,...,s, and ny + --- + np = n. Given such a
partition, we consider the complete graphs

G, Gy

on the set of vertices s, .. ., s, respectively. Note that up to the labeling of the vertices,
the integers ny,...,n, carry all the information of the partition. Thus, throughout
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the section, we denote the partition as n := (ny,...,n;) where 1 < n; < .-+ <
n,r < n. From a game theoretic point of view, this modeling can be seen as players
forming k groups, where each group’s members act dependently within the group but
independently from all other players. We define the graph

Gn::Gll_l---l_IGk

and denote the discrete conditional independence variety of G, by M,. We first com-
pute the independence variety M,,. In the following proposition, we see how connected
components of any undirected graphical model G = ([n], E) get translated to products
in the (not necessarily the positive part) discrete conditional independence variety.

Proposition 3.4.1. Let G = ([n], E) be an undirected graphical model with k connected
components G;. Then

Mglobal(G) = Mglobal(Gl) XX Mglobal(Gk)-

Proof. For simplicity, we will assume that G has two connected components, G; =
([n1], E1) and G = ([na], E2). Then, we have that [n;] L [ng] |0 € global(G). By
Proposition 3.1.1, the corresponding independence ideal equals the ideal defining the
Segre variety P%1 " diny =1 5 Pdi diny =1 I particular,

Maiobara) € i ding =1 s i ding =1
Consider the following parametrization of the Segre variety

i1-ving 9 g1 ing *

If X4 L Xp | Xc € global(Gy), then Xy L Xp | Xo U [ng] € global(G). In particular,
evaluating the Segre parametrization (3.42) in the independence ideal of the latter CI
statement we deduce that

n2_1.

dio oo ds
Mglobal(G) - Mglobal(Gl) x P J

Similarly, we get that
Melobai(a) € Pha ding T Mgiobai(cs)

and, hence,

Miobai(c) © Magiobai(cr) X Meglobal(Ga)-
On the other hand, every CI statement in global(G) is of the form

XAlLJBl A1 XAQUB2|XA3UB3)
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where Xy, 1L X4, |Xa, and Xp, 1L Xp,|Xp, are in global(G7) and global(Gs), respec-
tively. By axioms C'1 and C'2 and the definition of separation on undirected graphical
models [85, page 29], it is enough to consider CI statements where

| |4 | | Bi=1nl.

1€[3] J€[3]

By Proposition 3.1.1, the quadrics generating the corresponding independence ideal of
Xa,uB, L Xa,B,|Xa,u8, are of the form

pabcaﬁ'y : pa’b’ca’ﬁ”y - pa/bco/ﬂ’y : pab’ca,ﬁ"y (343>

for a,a’ € Ra,, b,b' € Ra,, ¢ € Ra,, o, € Rp,, B, € Rp,, and v € Rp,. We claim
that such quadric lies inside the ideal of Mg, x Me,. Indeed, the quadrics

) (1 (1 2) (2 2) (2
1= T T0e ~ TunOaiter ©2 = TagTarhry ~ T Oy

lie in the ideal of M¢, x Mg,. Then, the expression

2) (2 (1
Ur(lﬂ)vagz’)ﬂ’v% + gt(z’anr(zljcq?
coincides with the evaluation of the Segre parametrization (3.42) in the quadric (3.43).
Hence, we conclude that Mgy = Mg, x Me,. O

Proposition 3.4.1 allows to compute the discrete conditional independence variety M
of the graphical model G,, with binary choices for a partition n of the set [n]. Alterna-
tively, since G, is decomposable, by Proposition 3.1.9 and [54, Theorem 4.2] one can
conclude the following corollary.

Corollary 3.4.2. Let n = (ny,...,nx) be a partition of the set [n], and let Gy be a
binary undirected graphical model whose connected components are G, ..., Gy, where
each G; is a complete graph on n; vertices. Then,

ni __ N
Mp =Pt P2t

1s the Segre variety.

Example 3.4.3. Consider the partition ({1,2},{3,4}) of the set [4], i.e. n = (2,2).
The corresponding graph Gy is the graph appearing in Figure 3.7 which is the disjoint
unton of two cliques on 2 vertices. The corresponding independence variety is My =
P3 x P? C P°,

Definition 3.4.4. We define the n—Nash conditional independence (Cl) variety, denoted
by Nxn, as the Spohn CI variety of Gyn. We define the set of totally mixed n—Nash
conditional independence (Cl) equilibria as the intersection of

NX’nﬂ(Alx---xAk),

where A; is the open simplex of the corresponding factor of the Segre variety My.
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In other words, the set of totally mixed n—Nash CI equilibria is the set of totally mixed
CI equilibria for the independence variety M.

Example 3.4.5. Certain totally mixed n-Nash CI equilibria have already appeared in
this chapter.

e Forn = (1,...,1), the ideal of the variety Nxn is generated by the polynomials
(3.11). By Theorem 5.1.18, the intersection of Nxn with the open simplex is
the set of totally mized Nash equilibria. Hence, the set of totally mized Nash
equilibria and the set of totally mized Nash CI equilibria coincide.

e Forn=(1,...,1,2), Nxn is the Nash CI curve.

e Forn = (n), Nxyn is the Spohn variety and the set of totally mized Nash CI
equilibria is the set of totally mized dependency equilibria.

As a consequence of Theorem 3.3.4 and Corollary 3.4.2; we deduce the following result.
Proposition 3.4.6. Let n = (nq,...,ng) a partition of [n]. Then, for generic payoff
tables, the dimension of Nx n 1S

dim Nxn, =dimM, —n=2"+... +2" —k —n.

Note that Theorem 3.2.9 agrees with Proposition 3.4.6 for the case of Nash CI curves.

3.4.1 Equations and Properties of Nash CI varieties

We now compute the equations of a generic Nash CI variety. From this computation,
we will deduce that generic Nash CI varieties are complete intersections in Segre vari-
eties. This allows to determine some properties Nash CI varieties such as their degree.
We follow the same strategy as in Section 3.2.1. We evaluate the equations of the
Spohn variety at the parametrization of the Segre variety and we remove the factors
that lead to components in the hyperplanes we are saturating by. We carried out this
computation in Section 3.3 in a more general setting. There, we computed the poly-
nomials Fi, ..., F, and we considered the variety Yy defined by them. The restriction
of these polynomials to our particular case provides the equations of Ny.

Given a partition n = (nq,...,ng) of [n], we label the n players of the game by
(L,1),....,(L,ny),....(k,1),..., (k,ng).
We denote the payoff tables of the game by
xWN x W) x| (),

By Proposition 3.1.9, the parametrization of M,, is given by the Segre embedding

1) (k)
p]11"'31n1'”]k1'"3knk T Uj11~"j1n1 Ujkl“'jknk <344>
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where jy, € [2]| for i € [k] and [; € [n;]. Here aj(i ., are the coordinates of the
i-th factor of M,. Now, let (i,l;) be a player such that n; > 2. In other words, the
corresponding vertex is not isolated. Then, the polynomial F;;,) computed in Section

3.3 1is the determinant

E : (4) E : (&) ey () (k)
O-'u'"l"'jmi XJ11 """ Jhny, e Jing O-jil"'l"'jini Ujkl"'jknk

Jit-Jity Jing Jui ]1l “Jkny
det . (3.45)
E () E (4,l) (1) (@) (k)
O-ji1"'2"'jmi XJ11 ----- Jhny, O j11-jin) Ujil"'2"'jm,- Ujkl"'jknk
Jit-+Jit; Jing J11Jity - Jkny,

Now, assume that n; = 1, i.e. the player (4,[;) = (4, 1) corresponds to an isolated vertex
of the graph. In this case, we have that

—_

— (1) (1) (1) (4) (k)
F(i’l) - Z (X]H"‘Q'“jknk o lel"'l“'jknk> e ging Tjin ™~ .O-J'kl“‘jknk' (3'46)

—

Ji1gir kg,
As in Lemma 3.3.2, we get that
NX,n - V(F(l,l)y sy F(km,k)) C M,,. (347>

where F(;;,) is as in (3.45) if n; > 2 or as in (3.46) if n; = 1. Note that for n =
(1,...,1,2), the polynomials F{31),..., Fkn,) coincide with the polynomials defining
the variety Cx in Definition 3.2.3. We want to show that for generic payoft tables we
get an equality in (3.47). To do so, we analyse the linear systems of M,, defined by
these polynomials.

Let D(; j,y be the divisor in My, defined by the polynomial V(F{; ;,y). The divisor Dy, j,
lies in the linear system defined by the line bundle
O@1,...,1,(1 =61,)2,1,...,1)) (3.48)
(i)
of My, where 0;; is 1 if ¢ = 7, and 0 if 7 # j. In other words,
(9(1,...,1,(0),1,...,1)) ifn; =1,

o,...,1,(1 =6,)2,1,...,1)) =
(i) (9(1,...,1,(2),1,...,1)) if n; > 1.
Now, we consider the map that sends a payoff table X% to the divisor D; j,y. More
precisely, for (i, j;), we consider the map

¢(1,J1) : RQ" — HO(M1’17O(17--'717(1 _51,n1>2717"'71>>

N ) . (3.49)
X — Fugy
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We denote the image of ¢; j, by A ;). In Section 3.3 we studied these linear systems.
In particular, in Lemma 3.3.2 the generators of A(; ;) were computed. The next result
is the translation of Lemma 3.3.2 to the setting of Nash CI varieties.

Lemma 3.4.7. For n; = 1, the linear system A1y is complete. For n; > 2, we have
that v
Ay =~ Wiy © Q) HO(B* 71, 0(1)),
J#i

where W) is the linear system of P?"~1 generated by the polynomials

1. fOT (jla te 7jlw ce 7an) S [2]7”_1’ O-](i)l]m Z O-T('Zl)l"'?"'mnz‘ ’

2. for (ma,...,m5,....mp) € 2", 6% L Z ol
1 seeesdly ooy

5. a0 — S o o

i n) # (L. 1)
(mln/lzan);é 1,..., 1)

Using Lemma 3.4.7, we derive the following result

Proposition 3.4.8. For generic payoff tables,
NX,D - V(F(l,l)a e 7F(k,nk))'
In particular, for generic payoff tables, Nx n is a complete intersection in M,,.

Proof. We consider the variety
X ={(X,p) e V"xP" ipeV(Fui1),  Fem)}

together with the projection 7 : X — V™. Here, we identify X € V" with the game
X = (XWX ®Em)) We denote the fiber of X via 7 by Xyx. Note that 7 is
surjective and, for any X, dim Xx > dim M, — n. Let H be a hyperplane of P?"~! of
the form {pj,j,...;, = 0} or {p4+..+ = 0}. We consider the variety

Sp=X\ (V" x H).

For X € V", we denote the intersection of Xx with ¥y by Xy x. Note that for
X € V", ¥y x contains the Nash CI variety Nx . By Theorem 3.3.4, the restriction
of m to X is dominant. We want to show that Xx equals Nx, for generic X € V".
This is equivalent to show that for any hyperplane H of the form {pj,j,...;,, = 0} or
{p4+..+ = 0}, we have that Xy x = Xx for generic X € V",
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If X has no irreducible component in V" x H, then ¥ is dense in X'. Hence, ¥y x = Xx
for generic X. Assume now that X has an irreducible component contained in V" x H.
Let &} be the union of these irreducible components. If the restriction of 7 to A is
not dominant, then Xy x = Xy for generic X. Assume that 7|y, is dominant. Since
7|y, is closed, it is surjective. Assume that there exists X € V" such that X’x has
dimension dim M, — n and Xx has no irreducible component contained in H. Then,
the intersection of Xy and X; has dimension at most dim M, —n — 1. Using that
the dimension of the fibers of 7|y, is upper semicontinuous, we get that the generic
fiber of 7|y, has dimension at most dim M, —n — 1. This is a contradiction since the
dimension of the fibers of 7|y, is at least dim M,, — n.

Therefore, it is enough to show that there exists X € V" such that Xx has dimension
dim M, — n and Xx has no irreducible component contained in H. Assume that H
is defined by Pmgymon,, =0 for fixed m11),. .., Mn, € [2]. By Lemma 3.4.7, we
can choose X such that .

Fauy = qaun [T 5,

J#

where ¢(;,) is an element in the linear system W, ;) and lf’li) is a generic element of
the complete linear system H°(P?” =1, Op,n; ,(1)). Then, the irreducible components
of Xx are defined by n polynomials of the form g, or léi’li). Since the linear forms
l](-i’li) are generic in a complete linear system, by Bertini’s Theorem (see [67, Theorem
8.18]), it is enough to check that the intersection of any number of quadrics of the form
q(i,1;) has the expected dimension and none of its irreducible components is contained in
H. This can be checked on each of the factors of the Segre variety M. In other words,
given a player ¢, we need to check that there exist qu1) € Wiy, .-+, Qg € Wi
such that for any subset S C [n;], the variety

V(Q(i,l) e S) c pi-t

is a complete intersection and it has no irreducible component in the hyperplane H; :=
{a%)(iyl)...m(w) = 0}. For simplicity, we will assume that S = [n;]. The same arguments
can be apply to any subset of [n;]

For a player (7,1), we fix the index

=1 ifmgy =2
G2 ifmuy =1

By Lemma 3.4.7, we can set the quadric g, to be the product

_ ()
4@l = O-m(i,l)"'m(i,l)"'m(i,ni) Z Uar“ﬁ%(i,z)“'ani (3'5())

® 0ol g 0
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We denote the linear forms in (3.50) by &(;;) and g respectively. Up to labelling
of the players, the irreducible components of V(g 1y, .- -, q(n,)) are linear subspaces of
the form V(S 1y, ..., 63;) N V(9aj+1),- - -+ 9in)) for j < n,. First of all, note that
V(S ---,6(,)) has the expected dimension since its the zero locus of j distinct
(i)
M1y M (3,0) M )
it does not appear in any of the other linear forms g ji1),...,9(in,)- This implies
that V(g¢ j+1),-- -, 9(in,)) has also the expected dimension. Moreover, the monomial
(1)
m 1y (G0 M )
the intersection

monomials. Now for [ > j, the monomial o appears in g and

does not appear neither in the linear forms & ,..., & ;. Thus,

V(S5 Gg) N V(g1 -5 Giimi)

has the expected dimension. It remains to show that this intersection is not contained
in H; = {am“ DGy = = 0}. This follows from the fact that the variable ay(fl)(iyl)...m(i’n”
does not appear in the linear forms &;1),..., S ), 96 ,]+1)7 -y 9(in- We conclude
that for g as in (3.50) and for generic hnear forms l , dim Xy = dim M,

and X'y has no irreducible components contained in the hyperplane H. Therefore, for

generic X € V", we have that Xx = Xy x.

A similar argument shows that the same holds for hyperplanes of the form {p, ., =
0}. Since there are only a finite number of hyperplanes of this form, we deduce that
for generic X € V", Xx has no irreducible component included in these hyperplanes.
We conclude that Xy equals the Spohn CI variety Vx ¢ for generic payoft tables. [

By Proposition 3.4.8, Ny n is the complete intersection of the divisors Dy 1), ..., Dk n,)-
Recall that Dy;; is the divisor defined by F{;; and it lies in the linear system given by
the line bundle (3.48). Now we compute the degree of generic Nash CI varieties.

Proposition 3.4.9. For generic payoff tables, the degree of Nx v is the coefficient of

the monomial
ny _ k —
a1 2"kl

in the polynomial

& Z 2" —n—k ng
(Z SL’l) ‘ H (Z zi + (—1)™ ”5x5> : (3.51)

where
s [0 it
i 1 ifi=p"
Proof. We compute the degree of Nx ,, using the Chow ring of M,,, which is given by

AdMy) ~ Zlwy, ... o) /(23 ab ™). (3.52)
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The line bundle of the divisor D(B,jg) is

Oma(Dis ) = O(1, .., 1, (1= 61,,)2,1,...,1)).
(4)

Thus, we get that the class of Dgj,) in As(My) is given by

k
[D(BJB)] = ZiL‘Z + (—1)61’"»31’5.

i=0
Let H be a generic hyperplane. We deduce that
[Dan] - (D [H N M)

is equal to the class of the polynomial (3.51) in A4(M,). Thus, we conclude that the
degree of Nx,, is the coefficient of the monomial 23" ~'-.. 27"~ of the polynomial

(3.51). We refer to [44, Chapters 1 and 2] for more details on this computation. ]

Note that Proposition 3.4.9 for Nash CI curves coincides with Proposition 3.2.12. Now
we analyze the connectedness of generic Nash CI varieties.

Proposition 3.4.10. Let n # (1,...,1). Then, for generic payoff tables, Nxn is
connected.

Proof. Tt follows similarly as in the proof of Lemma 3.2.15. By Proposition 3.4.8, we
get the following exact sequence (Koszul complex):

1

0— Fp 25 Fun 23 5 B 5 B2 Oy 25 O, — 0, (3.53)

where
n

k

Ji = @ O M, <_ZD(il:jl)> :
(i1,41) <--<(ir,) =1

Let K; be the kernel of ¢;. Then, the above exact sequence splits into the following n

short exact sequences:

(Fo):  0— Ko — On, — Ony,, — 0
(El)l 0—>K1—>f1—>K0—>0

(Bpe1): 0— Koy — Frog — K9 — 0.

In order to check that Nx , is connected, we show that hO(NXVm ONX,n) = 1. From the
long exact sequence of (Ey), this is equivalent to show that h*(My, Ky) = 0.
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Now, by Kiinneth formula, we obtain that
HY My, O(=dy,...,—d)) =0

for a # ). 2™ — k or if some d; < 2™. Since n # (1,...,1), > .2% —k >n+1 and
the equality only holds for n = (1,...,1,2). Thus, we conclude that H (M, F;) =0
for [ < n. From the long exact sequence of (E;) we deduce that we deduce that

Hi(Mn, Ki ) =~ Hi+1<Mn7 K;)
for every ¢ € [n — 1]. In particular, we get that
H1<Mn7 KO) ~ Hn(Mnaanl) = Hn(Mnafn) = 0.

]

Nash CI curves were studied in Section 3.2, and they correspond to Nash CI varieties
whose partition is n = (1,...,1,2). From Proposition 3.4.6, one can check that this is
the only partition n such that Nx, is a curve for generic payoff tables. Similarly, we
could ask for which partitions n the dimension formula in Proposition 3.4.6 equals 2.
In other words, when is Nx ,, generically a surface? It turns out that the only partitions
for which Ny, is generically a surfaces are n = (1,...,1,2,2) or n = (2,2).

Definition 3.4.11. We say that the Nash CI variety Nxn s a Nash Cl surface if it
has dimension 2 and n = (1,...,1,2,2) or n = (2,2).

Example 3.4.12. For the partition ({1,2},{3,4}) in Example 3.4.3, we have that for
generic payoff tables, the Nash CI variety is a Nash CI surface. In Fxample 3./.16
we will illustrate a particular example of a Nash CI surface associated to the partition
({1,2},{3,4}) and we compute the (2,2)-Nash CI equilibria. On the other hand, in
Example 5.5.8 for generic 3—players games, the Spohn CI variety of a graph with three
vertices and two edges is a surface. However, since the graph is connected but not
complete, it is not a Nash CI surface.

In Section 3.3 we described the poset structure on the set of Spohn CI varieties (and CI
equilibria) of a game. We saw that the next step to the Nash case is the Nash CI curve,
whose associated graph has only one edge. Similarly, Nash CI surface lies in the second
layer of this filtration. The partition n of a Nash CI surface equals (1,...,1,2,2) or
n = (2,2). The only possible subpartitions of these partitions are of the form (1,...,1),
(1,...,1,2) or (1,...,1,2,1,1) (see Figure 3.7). The first subpartition corresponds to
the Nash case, whereas the last two subpartitions correspond to Nash CI curves. In
particular, any Nash CI surface contains only two Nash CI curves and their intersection
is contained in the set of totally mixed Nash equilibria. In Example 3.4.16 we will
explore this filtration in a particular example for n = (2, 2).
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e o ¢ o—90 oo e o -0 o —o o

Figure 3.6: The two only graphs with n vertices and two edges up to labelling.

Remark 3.4.13. Note that the study of Spohn CI varieties associated to one edge
graphical models is completely covered by the Nash CI curve. However, for two edges
graphical models, there are two possible graphs. These graphs are illustrated in Figure
3.0. The first graph of Figure 3.6 is the graph associated to Nash CI surfaces, whereas
the second graph is not associated to a Nash CI variety. By Proposition 5.4.1 and
Example 5.3.8, the associated independence variety of this second graph has dimension
n + 2. By Theorem 3.3./, the associated Spohn CI variety of this graph is a surface
(which is not a Nash CI surface) for generic payoff tables. Moreover, the graphs in
Figure 5.6 are the only graphs for which a generic Spohn CI variety is a surface.

The canonical bundle encodes important properties of an algebraic variety. We now
determine the canonical bundle of generic Nash CI varieties. From Proposition 3.4.8,
we deduce that Nx ,, is Gorenstein. Thus, we can use the adjunction formula (see [44,
Chapter 1.4.2]) to compute the canonical bundle of Ny j.

Lemma 3.4.14. For generic payoff tables, we have that
wNX,n =0 (TL —+ nl(l — 2517711) — 2”1, ...,n + nk(l — 2(5177%) — 2nk) ,

where  is the inclusion of Nxn in My. In particular, if n 4+ n;(1 —2d;,,) — 2™ >0
for every i € [k], then wy, , is ample.

Proof. Using the adjunction formula we have that

WNxn = L (WM., X 0(2(1 — 51’711), 1,..., 1) R0 (1, R 1,2(1 — 517%))) =
(wpm, @O (n4+n1(1—2810,), ..., n 4+ ng(l —201,,))).

Now, the result follows from the fact that wy, = O (—2™,..., —=2"), O

For smooth algebraic surfaces, one important invariant is the Kodaira dimension, which
plays a fundamental role in the classification of smooth algebraic surfaces. For instance,
a smooth surface X is rational or ruled if and only of its Kodaira dimension is —1 (see
[67, Theorem 6.1]). We now use Lemma 3.4.14 to compute the Kodaira dimension
for smooth Nash CI surfaces. The value of the Kodaira dimension of a surface is one
of the integers —1, 0, 1 or 2. We say that a smooth surface is of general type if its
Kodaira dimension equals 2. We refer to [67, Section V.6] for further details on Kodaira
dimensions.

Corollary 3.4.15. The canonical bundle of Nash CI surfaces is ample. In particular,
any smooth Nash CI surface has Kodaira dimension 2 and is of general type.
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Proof. In order to prove that a Nash CI surface is of general type, we need to check
that the Kodaira dimension is 2. Thus, it is enough to show that the canonical bundle
is ample. In the case of a Nash CI surface, we have that (ny,...,n;) = (1,...,1,2,2)
or (ny,ne) = (2,2) where n > 4. From Lemma 3.4.14, we deduce that

(,UNXJ] = L*O(n—3,...,n—3,n—2,n—2) or wNX,n — L*O(l,l),
which are ample. O

Note that Corollary 3.4.15 refers to smooth Nash CI surfaces. In Example 3.4.16 we
will present a particular Nash CI surface that is not smooth nor irreducible. However,
we expect this behavior to be a special case and not a generic situation. In Section
3.2.3, the smoothness and irreducibility of a generic Nash CI curve is derived. In the
case of surfaces, we conjecture that a generic Nash CI surface is smooth and irreducible.
This question is a more challenging problem than in the curve situation and it remains
open. At the end of this section we investigate in more detail the smoothness of Nash
CI varieties using Bertini’s Theorem (see [67, Theorem 8.18]).

We now focus on a concrete example of a Nash CI surface corresponding to the partition
n = (2,2). The aim of this example is to show a complete description of a Nash CI
surface and its CI equilibria from the perspective of both algebraic geometry and game
theory. We compute the algebro-geometric properties of the Nash CI surface and the
two Nash CI curves that it contains. We determine the Nash CI equilibria of the
Nash CI surface and the Nash CI curve and we compute the set of totally mixed Nash
equilibria. We compute the payoff regions associated to each of these equilibrium sets.
We conclude that the Nash CI curves and the Nash CI surfaces provide better expected
payoffs than the classical totally mixed Nash equilibria.

Example 3.4.16. In the following, we construct a (2 x 2 x 2 x 2)-game X to present
the detailed computations of Nash CI equilibria. The study of the CI payoff region of
this game shows that there are totally mized Nash CI equilibria that give better expected
payoffs than the totally mized Nash equilibria. We set the payoff tables whose nonzero
entries are as follows:

Xﬁ)n = Xg)m = Xl(i))ll = Xl(g)u =1, XS)QI = Xgll)n = —10, Xég)m = X2(Z11)22 = —16,
Xéi)n = Xg)m = Xl(:f)m = Xl(g)m =3, Xl(g)Ql = Xééll)u = —14, Xg)m = 2(11921 = —12,
Xg)n = XQ(?lQ = Xl(i’)u = Xl(;l%l = Xg)m = 2(3)21 =2, |
Xéé)n = X2(§)12 = Xl(?)22 = XS%Q = Xg)m = 2(3)12 =4.
Let G; be an undirected graphical model from Figure 3.7 and C; = global(G;) fori € [4].
We denote the Nash CI variety of the graph G; by Nx ¢,. The graphical model Gy is the

disjoint union of two cliques and thus the independence variety Me, is the Segre variety
P? x P3. The Nash CI variety Nx g, is a subvariety of P*° lying in the intersection of
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Me, and the Spohn variety Vx. Let 0( and a ) be the coordinates of the first and
second P? factor of Me,. As a subvam’ety of ./\/lc4, the Nash CI variety Nx c, 1s defined
by the following four polynomials that are products of a linear form l; and a quadratic
form q; fori € [4]:

hay = % - 2053))(2091)‘751) + (PU§2) + 3‘711)052) + 2012 ‘722 ):

laqa = ( é —20 %3))(20511)‘752) + ‘7(1) 012 '+ 30 o1 022) + 20 21 22 ): (3.54)
l3qs = ( 11 - 202;))(209‘7%) + Ué?“& + 3‘711 Uéz) + 2012 022 )a |
laqs = (Um - 201;))(209053) + S)Ug + 3‘711)052) + 2021 022 )

These polynomials are computed using Formula (3.45). One can check that Nx g, is a
Nash CI surface and it is the union of 14 complete intersection surfaces in P3 xP3. One
of them is the zero locus of the ideal (I1, s, [3,14), which is isomorphic to P* xPY. Four of
these surfaces are the zero loci of ideals of the form (l;,, L, liy, ¢i,) for {i1, 2,153,154} = [4]
distinct. Fach of these surfaces are isomorphic to the disjoint union of two planes.
Similarly, we get siz varieties that are the zero loci of ideals of the form (L;,, li,, @iy, Giy)
for {iy,i9,13,i4} = [4] distinct. The varieties defined by the ideals (l1,l3,q3,q4) and
(1, G2, 13,1s) are empty, whereas the other 4 ideals define surfaces that are the product
of two smooth conics. We get four surfaces defined by ideals of the form (I, , ¢, Gis, @i,)
for {i1, s, 13,14} = [4] distinct. Each of these surfaces is the disjoint union of 4 quadric
surfaces in P3. Finally, the ideal {q1,qo,q3,qs) leads to a surface which is the product
of two degree 4 curves in P2. We conclude that Nx g, is the union of 14 complete
intersection surfaces but it has 30 irreducible components.

The quadratic surface defined by q; in the corresponding P® does not intersect the open
simplex A C B3 fori € [4]. In particular, we deduce that the only component of Nx a,
intersecting A C P is L :=V(ly,1s,13,14), which is isomorphic to P! x PL. Therefore,
the set of totally mized Nash CI equilibria of G4 is LN (A3 x A3). Equivalently, as a
subset of P15, the set of totally mized CI equilibria is

Pii11 = 2p1122 = 2pa211 = 4P2222, Pi212 = 2P1221 = 2P2112 = 4p2121
pE P Pi112 = 2p1121 = 2p2212 = 4P2221, Di211 = 2p2111 = 2p1222 = 42122

D2222P2121 = P2221P2122, D2222, P2121, P2221, P2122 > 0

Note that the set of totally mized Nash CI equilibria is contained in a 3-dimensional
projective space defined by the 12 linear equations in the previous expression. We iden-
tify this projective space with P3. Let 2y, 21, 22, 23 be the coordinates of P? corresponding
t0 Paaga, Pazat, P2122, Pai21- We may view L as the Segre surface V(2923 — 2129) C P3 and
the set of totally mized Nach CI equilibria as the intersection of V(zoz3 — z129) with
the open simplex AS. In Figure 3.7, we illustrate the poset of subgraphs of G4 and
similarly a poset of inclusions of Spohn CI varieties. The Seqre surfacet L contains

lwe use in this paragraph the colors appearing in Figure 3.7
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two components of Nx ., and Nx a4, and in theiwr intersection lies the
set of totally mixed Nash equilibria. The only components of the Nash CI curves
Nx., and Nx ¢, intersecting the open simplex are the line Ly = V(zg — 21,29 — 23)
and Ly = V(zg — 29,21 — 23). The intersection of Ly and Ly is the unique totally mized
Nash equilibrium which is the point p = [1,1,1,1]. Note that L is a ruled surface and
through each point q in L there are exactly two lines contained in L passing through
q. In our case, the totally mized Nash equilibrium is the point p in L and the set of
totally mized Nash CI equilibria of the graphs G and Gy correspond to the two lines
i S passing through p respectively. This is illustrated in Figure 3.7.

G
LTI,
.\ /I
Gs o

Figure 3.7: Poset of subgraphs of the 4 vertex graph Gy, their CI equilibria and payoft
regions.

Now, we compute the CI payoff region associated to the Nash CI surface and the two
Nash CI curves. In the coordinates zy, z1, 22, 23, the sum of all the coordinates p;,iyisi,
equals %(ZQ + 21 + 29 + 23). We denote the cone of L in A* by L. Then, we identify the
set of totally mized Nash CI equilibria £ N A§ with the intersection of L and the open
simplex

1
A° = {(zo,zl,zQ,zg) €AY 20+ 2+ 29+ 23 = g and zg, 21, 29, 23 > O}.

In the coordinates zg, z1, 29, 23, the restriction of the payoff map to the set of totally
mixed Nash CI equilibria is

Tx : ANnL — R?
(20, 21, 20, 23) +—— (PX(l), PX® pXxX®) PX(4)) ,
where the expected payoffs are

PXW =24(z + 29), PX® = —24(z + z3)
PX®) =24(2 + 21), PXW = —24(29 + 23)

Note that
PXW 4 px® = px® _ px@ _
3
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Therefore, we can consider the payoff map wx as the map from AN L to R? sending
(20, 21, 22, 23) to (PXWM PXO)), Restricting the Segre parametrization to A, we obtain
the following parametrization of A° N L:

p: R, — ANL

b ab a b 1
(@8 = (%a+U®+1Y%a+U®+1Y%a+mw+1ywa+nw+10'

In particular, we get that the composition wx o ¢ sends a point (a,b) € R2, to

8 b a
3\b+1"a+1)"

Therefore, the CI payoff region is the open square
8 8
0,=) x(0,=
(05)(5)
in R2.
Similarly, for the two Nash CI curves, we get that the payoff regions are the

open segments
4 4 4 4
G (05) m (05) < {5

respectively as illustrated in Figure 5.7. In these coordinates, the totally mized Nash

point s
1 1 1 1
3673673636/
4 4

The corresponding expected payoff in R? is the point (3,3)- In particular, we see that
in the image of Nash CI curves there are totally mized Nash CI equilibria that give
better expected payoffs than the totally mized Nash equilibria. For instance, the points

3 3 1 1 p 31 3 1

e e) M\ T e
lie in the two Nash CI curves respectively and they give better expected payoff than the
totally mixed Nash equilibria. Similarly, for any totally mixed Nash CI equilibria on a

Nash CI curve, there exists a totally mixzed Nash CI equilibrium in L which gives better
expected payoffs.

The next property of Nash CI varieties to be studied is the smoothness. We use
Bertini’s Theorem (see [67, Theorem 8.18]) to analyze the singularities of a generic
n—Nash CI variety. To do so, we apply the study of the base locus of the linear systems
Ay done in Section 3.3. Recall that linear system A(;; is defined as the image of the
map @y in (3.49). As in Section 3.3, if n; = 1 we get that ¢, 1) is surjective and A, ;)
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is complete. By Lemma 3.4.7, we deduce that the base locus of A;) is the base locus
of Wi;1). Moreover, by Lemma 3.3.3, if n; > 2, W(; ;) has a base locus given by
e € 2D U V(6 m, ... mp, € 2)),

my--2: M,

V(G1, Go) UV (o'

Jue1egng

where

Gl a Z 0-7(72)12771"1 and G2 = Zjl’“'jl\i""vjni U](Z)ljnz ’

ml,...,r/nl\i,...,mni
Since this base locus is included in the intersection of M and the hyperplanes
{Pjijs-jn = 0} and {p44..; = 0}, we derive the following result.

Corollary 3.4.17. For generic payoff tables, the Nash CI variety is smooth away from
the hyperplanes {pju...j,mk = 0} and {pyy... = 0}. In particular, for generic payoff
tables the set of totally mixed n—Nash equilibria is a smooth semialgebraic manifold.

Remark 3.4.18. Let X be a generic game for which there exists a totally mized Nash
equilibrium. Since the Nash CI variety Nx n is smooth in A and contains totally mized
Nash equilibria of X, the real points of Nxn are Zariski dense (see [115, Theorem 5.1]).
As a consequence of Theorem 3.3./, we deduce that for such a game, the set of totally
mixzed Nash CI equilibria is a smooth manifold of dimension 2™ + - -+ 2™ — k —n.

3.5 Universality theorems

In Section 3.2.3 we introduced the notion of universality of divisors. This notion
was motivated by the Nash equilibria case, i.e. the case of Nash CI varieties for
n = (1,...,1), where this concept of universality holds. In the case of Nash CI curves,
we saw in Section 3.2.3 that the universality of divisors does not hold anymore. From
Lemma 3.3.3 applied to Nash CI varieties, we deduce that the universality of divisors
does not hold for Nash CI varieties with n # (1,...,1). In this section we focus on
a different kind of universality: the affine universality. Let X be a set or family of
projective algebraic varieties. We say that X satisfies the affine universality if for any
affine algebraic variety S, there exists X € X such that S is isomorphic to an affine
open subset of X. The motivation behind the study of the affine universality lies in
the fact that it measures the difficulty of a family of varieties. For instance, if a family
X satisfies the affine universality means that the most complicated singularity appears
in one of the varieties of the family. Our goal is to study this notion of universality
for certain families of Nash CI varieties. More precisely, we aim to understand how
complicated the set of Nash CI equilibria can be. For this purpose we will fix the base
field to be R. Nevertheless, most of our results hold for arbitrary fields.

The study of universality results in the game theoretic context was initiated by Datta
in [34]. There, Datta explores the universality for two families: the set of all sets of
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totally mixed Nash equilibria for binary games with arbitrary players, and the set all
sets of totally mixed Nash equilibria for 3-player games with arbitrary strategies. We
focus on the first family. The notion of universality studied in [34] is slightly different to
our notion of affine universality. In [34], the notion of isomorphism used is the notion of
stable isomorphism in the category of semialgebraic sets, whereas in this section we use
the notion of isomorphism of affine varieties. In other words, two real affine algebraic
varieties are isomorphic if their coordinate rings are isomorphic. In the category of
semialgebraic sets, Datta proves the following universality result:

Theorem 3.5.1. [34, Theorem 1] Any real affine algebraic variety is isomorphic, in
the category of semialgebraic sets, to the set of totally mized Nash equilibria of a game
with binary choices.

We now translate Datta’s universalities results to our notion of isomorphism. Recall
that the Nash CI variety Ny . 1) is given by the polynomials (3.11) in the Segre
variety M1y = (P')". Let JY), aéi) be the coordinates of the i~th factor of M 1).
We consider the open subset Ux o of Nx (1, 1) defined by

aél), o ,aén) # 0.

Note that Theorem 3.5.1 is a consequence of [34, Theorem 6]. In the proof of [34,
Theorem 6], given any real algebraic variety S, the author constructs a game X such
that the affine open subset Ux o of Nx (i, 1) and S have isomorphic coordinate rings.
Therefore, [34, Theorem 1,Theorem 6] can be rephrased as follows using the notion of
isomorphism of algebraic varieties.

Theorem 3.5.2. Let S C R™ be a real affine algebraic variety. Then, there exists an
n-player game with binary choices with payoff tables XM, ..., X such that Uxo~S.

The goal of this section is to derive analogous results to Theorem 3.5.2 for n-Nash
CI varieties whose partition n is of the form (nq,...,ng) = (1,...,1,2,...,2). Given
such partition, we denote by [ the number of times that 2 appears in the partition. In
particular, k = n — [ and these partitions only depend on the value of [. Moreover, the
independence variety of these partitions is

M, = (PHY"7 x (P

for 20 < n. We denote the corresponding n—Nash CI variety by Yy ;. For instance, Yx
equals Nx (i, 1). For generic payoff tables, Yx ; is the Nash CI curve, and Yx , is the
Nash CI surface. Let Ux; C Yx,; be the affine open subset defined by
1 n—21 n—20+1 n—l
Ué)a--wgé )70'52 +)7--~?0-§2 )7&0
In this setting, the affine universality asks whether any real affine algebraic variety is

isomorphic to the affine open subset Ux; of Nx , for some game. Theorem 3.5.2 gives
a positive answer to this question for [ = 0. However, for [ > 1, the affine universality
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does not hold anymore. Indeed, Yx, is the intersection of n divisors in a variety of
dimension n + {. Thus, the dimension of Yx; is greater or equal to [. We deduce
that for [ > 1, the affine universality fails for affine real varieties of dimension at most
[ —1. We overcome this dimension problem in two different ways, providing two partial
answer to the affine universality for [ > 1. First we add artificially extra dimensions
to the given affine varieties by taking the product with an affine space. In the second
approach, we artificially require the affine variety to have dimension at least [.

Lemma 3.5.3. For every n-player game with binary choices with payoff tables
XM ,X ("), there exists an (n + 21)-player game with binary choices with payoff
tables XM ... ,X(””l such that

l
UX,Z ZUX,O x R".

Proof. Let G, .., G, be the polynomials defining Uy ; in A". We consider an (n+2[)—
player game with payoff tables X ... X(+2D) Let n be the partition of n+ 2] where
1 and 2 appear n and [ times respectlvely Let 0 ) for j € [ ] and i € [n] be the coordi-
nates of the n factors of Mz corresponding to P!, and let UJI ia D for jy, js € 2] and i € [I]
be the coordinates of the P? factors of M. We denote the n + 2{ equations of Yx,; by
Fi, ... F, Foia, Favi2, .o Fagia, Fagre. Similarly, we denote the polynomials defin-

ing the open subset Ux; by Fy, ..., F, Fy 1, Fy 10, F s By e Inoother words,
F! is obtained by substituting in F; the variables o3, ..., o{" ), Q;“), o) py

For the player (n +i,1), we can fix the coefficients Y(”+’ 1) such that the determlnant
(3.38) equal

(n+i) (n+z)
o1 T 00 0 n4i) , _(nti n+i
det < (n+1i) (n+i) (n+i)> - 052 )(051 ) * 0§2 )).

091~ + 0% 022

In particular, for i € [[] we can choose the payoff table X (™+»1) such that

l
1 n n—+1u n—+1u n+j
Fueaa = o7 4 o) [
J#i

Similarly, we fix X %2 such that

!
1 n n+i n+z n+j
Froes = o o003 1 o) T o5,
J#i
for every i € [I]. In particular, F ,;, = a%nf”) + Uén—H) and F) ;o = Jifbfi) + aﬁ"bji) and
we get that
Ux;=V(F|,...,F) xR
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Now, we fix the payoff tables of the first n players to be

Jlseosdnyal

i N { XJ(?J” if jpy1 =" = Jnyot = 2

0 else

Then, the polynomials Fj,..., F are equal to the polynomials Gy,...,G, and we
conclude that
Uxi=V(F,....F)) x Rl ~ Uz, x R,

O

From Theorem 3.5.2 and Lemma 3.5.3 we deduce the following first universality theo-
rem for Nash CI varieties.

Theorem 3.5.4. Letl € N and let S C R™ be an affine real algebraic variety. Then,
there existsm > 1 and an n—players game X with binary choices such that Ux,; ~ S xR,

A consequence of Theorem 3.5.4 is that, for any [, the space of all varieties Yx,; for
any binary game X with any number of players satisfies Murphy's law. We say that
the set or family of algebraic varieties X' satisfies Murphy’s law if, for any singularity
type, there exists a variety X in X with this singularity type. For further details on
the Murphy’s law in algebraic geometry we refer to [123].

Corollary 3.5.5. For any | € N, the space of all varieties Yx,; for any binary game
X with any number of players satisfies the Murphy’s law.

Proof. The proof follows from Theorem 3.5.4 and the fact that S x A* has the same
singularity type as S. m

One of the main consequences of the Murphy’s law in our setting is that any singularity
type can appear in the set of totally mixed Nash CI equilibria associated to the Spohn
CI varieties Yy .

In Theorem 3.5.4 we solved the dimension problem by artificially adding extra dimen-
sions. In our second approach, we force the dimension to be at least [.

Theorem 3.5.6. Let | € N and let S C R™ be a real affine algebraic variety defined
by Gi,...,Gy € Rlzq, ... 2, withm < n —1. For every i € {1,...,n}, let §; be the
mazximum of the degrees of x; in G,...,Gy. Then, there exists a (0 + n + l)—player
game with binary choices such that the affine open subset Wx of Cx is isomorphic to
S, where d =61+ ---+ 6,.

Proof. We follow the same notation as in Lemma 3.5.3. Consider a (6 +n + )-players
game X. We label the last 2 players by (1,1),(1,2),...,(l,1),(l,2). The variety Yx,

lies in the Segre variety (P1)°*" " x (P3)". We denote the coordinates of the P! factors
by aj(-Z) for j € [2] and i € [§ + n —[]. Similarly, the coordinates of the P? factors are
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denoted by aj(fj-f i

defining Ux; by

) for j1,j> € [2] and i € [I]. Moreover, we denote the polynomials

F1/7 cee 7Fz§+nfl7 Fll,lv Fl/,27 cee 7Fl/,17 Fll,2
As in the proof of Lemma 3.5.3, we fix the payoff tables of the players (1,1),...,(l,2)
such that

1 _(0+n—1+9) (6+n—1+41)
Fiy =0 to

i __(6+n—l+1) +n—I+i)
1 2,1 and F6+nfl+i,2 =0y,

(6
1 T 01

for every ¢ € [l]. In particular, we deduce that

V(Fll,la s >F’l/,2) = (]P1>6+n :

Following the proof of [34, Theorem 6], there exists a (§ + n)-players game X such
that Ug , = S. Moreover, we can assume that the last n —m payoftf tables of the game
vanish. Now, we fix the payoff tables of the first  + n — [ of the game X as follows:

(%) e o
(@) . { le,..‘,jﬂn,, if Jii=-"=Jia=2

J1reesJotn—1J1,15 01,2
0 else

for i € [0 +n —1]. One can check that the polynomials FY,..., Fj,  _, are equal to (but
with different variables) the § +n — I polynomials defining U ;. Using that n —m > [,
we deduce that

Ux,=V(F,...,F{ , ;)N (Pl)ém ~Ugo=S.
Il

Remark 3.5.7. In [3}], Datta’s universality theorem refers to the set of totally mized
Nash equilibria. An analogous statement for the set of totally mized CI equilibria can
be obtained in our setting. Namely, given | and a real affine algebraic variety S, there
exists a game with binary choices such that Ux;NA is isomorphic to S x R' (Corollary
3.5.4). As in [3}], here we use the notion of stable isomorphism in the category of
semialgebraic sets. To derive these results one should argue as in [3]]: the set of real
points of a real affine algebraic variety is isomorphic to the set of real points of a
real affine algebraic variety whose real points are contained in the probability simplex.
Now, assuming the latter, the statement follows from Proposition 3.5.4. An analogous
statement also holds for Theorem 5.5.6.

Note that the proof of Theorem 3.5.2 given in [34] provides a method for, given the
real affine algebraic variety, finding a game satisfying the statements of the theorem.
Together with the proofs of Theorems 3.5.4 and 3.5.6, we obtain a method for, given
a feasible real affine algebraic variety, constructing a game satisfying the assertions of
the theorems.
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Example 3.5.8. Consider the real plane curve defined by
G = x% + x% — 1.

By Theorem 5.5.0, this plane curve can be described by a 7-player game with binary
choices. Consider the polynomials

= aémoé )055) <0§3)ng — 7110§3)> ,
Fy, = aél)aé ) <O’§3)U£4)7'22 — 05 )a§4)7'11)
Fy = U; )Ué T22 < Vo (1)> )
F, = 053)722 <0§ ) (2) ( ) _ 5 ) (2) C )) :

FSZUS)Ués)m( (0,0 4 5@ §4>_U§2>U§4>>’

Fs = aél)aé )Jé )054)0§ )7’22(7'11 + T12),

F;, = a(l)af)aé )054) (5)7'22(7'11 + To1).

One can check that the open subset of V(Fy,..., F;) defined by Uél) . ~-a§5)7'22 # 0 is
isomorphic to V(Gy). Moreover, the tuple (Fy,..., F;) lies in the image of the linear
map (3.30). Computing its preimage, one can determine a linear subspace of games X
such that C'x is defined by the equations Fi, ..., F; and the open subset Ux is isomorphic
to V(Gy). For example, the possible payoff tables corresponding to the players 1, 5, 6,
and 7 are

0 _{ 1 if (i1, ..,07) € {(2,2,1,2,2,2,2),(1,2,2,2,1,1,1)},

i1ty
0 else.

5) 1 oaf (iy,...,i7) € {(2,1,2,2,2,2,2),(2,2,2,1,2,2,2),(2,2,2,2,1,2,2) },
et 0 else.

(SRR S R L S

x© x™ { U oif (i, ...,07) € {(2,2,2,2,2,2,2)},

0 else.

3.6 Open problems

We now list the open questions and new research lines concerning this chapter.

During this chapter we have focused on binary games and we have analysed Spohn
CI varieties arising from undirected graphical models. However, there are still many
properties of these varieties that remain unknown. For instance, in Section 3.4.1 we
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used Bertini’s theorem to study the possible singularities of generic Nash CI varieties.
For one edge graphs, we proved that a generic Nash CI curves is smooth and irreducible.
The smoothness and irreducibility of generic Nash CI varieties remains open.

Question 3.6.1. For any partition n of [n], is the Nash CI variety Nxn smooth and
wrreducible for generic payoff tables?

A particularly interesting case of Question 3.6.1 is the case of Nash CI surfaces.

In Section 3.4, we have computed some invariants of Nash CI varieties as their con-
nectedness and their degrees. However, for general Spohn CI varieties of undirected
graphical models, their dimension is the only invariant we have computed. The degree,
smoothness, irreducibility, connectedness, etc of these varieties remain open.

Another feature to be studied is the real algebraic geometry of Nash CI varieties, or
more general Spohn CI varieties. For instance, we have check that generic Nash CI
varieties are connected as complex varieties. However, it might happen that the set of
real points of these varieties is disconnected.

Question 3.6.2. How many components can the set of real points of generic Nash CI
varieties have?

For instance, in the case of the Nash CI curve, the number of components of the real
points is bounded by g + 1, where ¢ is the genus. For s < g + 1, does it exist a game
such that its Nash CI curve has s ovals?

Recall that the set of totally mixed CI equilibria is a semialgebraic set. In the study
of the geometry of the seminalgebraic sets it is fundamental the understanding of its
boundary. Again this boundary can be study from its algebraic closure.

Question 3.6.3. What can we say about the algebraic closure of the boundary of the
set totally mized CI equilibria?

In the case of Nash CI surface, we expect the boundary to be one dimensional. What
type of curve is its algebraic closure? Another semialgebraic set appearing in the game
theoretic context is the payoff region of the set of totally mixed CI equilibria. In
Example 3.4.16 we presented an example of such semialgebraic set (see Figure 3.7).
The study of this semialgebraic set remains open.

Assume that we are given a mixed strategy p of a game X and a graph GG. From a game
theoretic point of view, a very interested problem is finding the distance from a fixed
mixed strategy to the set of totally mixed Spohn CI equilibria of G. The difficulty
of this question is measured through the Euclidean distant (ED) degree. We refer to
[15, 41] for further details on ED degrees and metric algebraic geometry. Therefore,
another open question is

Question 3.6.4. What is the ED degree of Nash CI varieties, and more generally
Spohn CI varieties of undirected graphical models?

Other opens problem concerns the study of the boundary equilibria. During our study
we have focused on totally mixed equilibria. This could be seen in the construction
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of the Spohn CI variety, where we removed all components lying in the boundary of
the open simplex. What happen if we consider these boundary components? Is still
Conjecture 3.1.29 true?

Finally, all along this chapter, we have assumed that all of our games have binary
strategies. In other words, we have assumed that d; = --- = d, = 2. The algebro-
geometric study of the Spohn CI variety and the CI equilibria for nonbinary games
remains open.
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