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Preface

The thesis is a collection of three papers in the field of real algebraic geometry,
presented in chronological order of writing. The first paper is about hyperbolic
varieties, the second one about hyperbolic curves near the tropical limit, and
the third one about real algebraic curves near the tropical limit, so that the
second paper connects the two others. The research is funded by the Trond
Mohn Stiftelse (TMS) project “Algebraic and topological cycles in complex and
tropical geometry”.

¢ Cédric Le Texier
Oslo, November 2021
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Chapter 1
Introduction

In this thesis, we study hyperbolic varieties and the topology of real algebraic
varieties, which are two important subjects in real algebraic geometry, and the
link between those subjects and tropical geometry.

1.1 Real algebraic geometry

Real algebraic geometry is the study of geometric objects which are the set
of solutions of a system of polynomial equations with real coefficients. This
subject has connections to many areas in mathematics such as analytic geometry,
algebraic topology and analysis, as well as many applications in interdisciplinary
fields such as computer-aided design, optimisation, computer vision and robotics.
The three papers presented in this thesis have real algebraic geometry as their
common theme.

The ground field will be a real closed field 93, which is a field such that its
extension by the square root of —1 is algebraically closed Theorem
1.2.2]. By Tarski-Seindenberg’s principle Theorem 1.4.2], a statement
of the first order of logic is true over every real closed field if and only if it is
true over the field of real numbers R. Therefore, a lot of questions over any real
closed field can be treated as questions over R, and vice versa.

An affine real algebraic variety over a real closed field R is a topological
space X isomorphic to a real algebraic set V(f1,..., fi) C R" equipped with
both Zariski and Euclidean topology, where

V(fi,. oy fm) ={z €eR"| fuilz) =0,..., fm(x) =0},

for fi,..., fm polynomials in R[zy,...,z,]. For instance, by Propo-
sition 3.2.10], the Zariski-open subset U := V N (937)" of a real algebraic set
V C R™ is an affine real algebraic variety. A real algebraic variety over R is a
topological space X such that there exists a finite Zariski-open cover (U;);cr of
X with each U; being an affine real algebraic variety. For instance, for X a real
algebraic variety in the real algebraic torus (93*)", the compactification X of
X inside a projective space P" is a real algebraic variety. More generally, the
compactification X of X inside a projective toric variety Py, defined by a fan ¥
of dimension n is a real algebraic variety.

In this thesis, we will consider real algebraic varieties over R = R and over
R = Kg, for Kg the real closed field of locally convergent generalised Puiseux

series with real coefficients [IMS09]. An element of Kg is of the form

a(t) = Z ",

reR



1. Introduction

Figure 1.1: Harnack’s construction of a maximal quartic curve.

with R C R a well-ordered set, all coefficients «,. belong to the real numbers
R and the series is convergent for t € R~ small enough. A real algebraic
variety X over Kg can be seen as a family of real algebraic varieties (X;); over
R parametrised by ¢ in the interval |0,e[C R~, with ¢ chosen so that all the
coefficients a(t) € Kg of the polynomials defining X are convergent on 0, £[.
Similarly, let K be the algebraic closure of Kg, corresponding to the locally
convergent generalised Puiseux series with complex coefficients . Then
an algebraic variety X over K can be seen as a family of algebraic varieties
(X¢): over C. This time, the parameter ¢ belongs to the punctured open disc
D(e) — {0} C C* of radius € € R~q, with £ chosen so that all the coefficients
a(t) € K of the polynomials defining X are convergent on D(g) — {0}.

Any real closed field PR possesses orderings , so that we can consider
polynomial inequalities in addition to polynomial equalities. A basic open
semi-algebraic set is a subset W (f1,..., fm) C R"™ defined as

W(flv"',fm) = {geg{n | fl(g) >Oa"'afm(§) >0};

for polynomials f1,..., fm € R[z1,...,2,] in the ordered real closed field (R, <).
A general semi-algebraic set is a finite sequence of unions, intersections and
complements of basic open semi-algebraic sets.

For X a real algebraic variety over 2R a real closed field, we denote by X (R)
the set of real points of X and by X (R) the set of complex points of X, for
R the algebraic closure of ). We call an algebraic variety defined by a single
polynomial a hypersurface. If a hypersurface has defining polynomial of degree

1, we call it a hyperplane.

1.2 Topology of real algebraic varieties

The study of the Euclidean topology of real algebraic varieties dates back to the

19th century, with Harnack-Klein’s inequality ([Har76], [Kle73|), which states
that for C a non-singular real algebraic curve of genus g, the number of connected

components of C(R) is less than or equal to g + 1. Moreover, Harnack gave a
construction of mazimal non-singular real algebraic curves in P? for any degree

d |Har76) (see for instance [Figure 1.1|for Harnack’s construction of a maximal

2



Topology of real algebraic varieties

Figure 1.2: The Harnack, Gudkov and Hilbert sextics

quartic curve from a given maximal cubic curve). That is he constructed for each
degree d a non-singular real algebraic curve of degree d with g + 1 connected
components in its real part. The bound has been generalised to any dimension as
Smith-Thom inequality, stating that for X a non-singular real algebraic variety,
the sum of Betti numbers of the real part X (R) is bounded by the sum of Betti
numbers of the complex part X (C). However, the existence of a non-singular real
algebraic variety with a maximal prescribed Betti number is an open question in
most cases, see for instance in the case of degree 5 surfaces in P3, and

[Bih01], [Ren15] for the case of degree 6 surfaces in P3.

Inspired by Harnack-Klein inequality, Hilbert asked in his 16th problem
(, ) for a classification of the possible isotopy types for the real
part of a degree 6 non-singular real algebraic curve in P2. In the same problem,
Hilbert asked for a classification of the possible isotopy types for the real part
of a degree 4 non-singular real algebraic surface in P3. A generalisation of
this question would be to classify the possible topological pairs (P"(R), X (R)),
for X a non-singular real hypersurface of fixed degree d in Pg. In the case of
non-singular real algebraic curves, the real part is homeomorphic to a disjoint
union of circles S [BRI1J. If, in addition, such a curve is of degree d in PZ, the
real part consists only of ovals, which are connected components disconnecting
P2(R)), and a pseudo-line if d is odd, which is a connected component that does

not disconnect P?(R) [BCR13| Proposition 11.6.1].

The initial question for degree 6 curves was solved 70 years later by Gudkov

[Gud69], by constructing the last missing isotopy types (see [Figure 1.2[for the

missing maximal isotopy type), and the analogue in degree 7 was completed by
Viro using patchworking. The idea of Viro’s patchworking in was
to construct a real algebraic curve by gluing several real algebraic curves with
some specified topological types and singularities, and classify the topological
types of the possible smoothings of the constructed curve.

Nowadays, we still do not know the complete classification of isotopy types
in degree 8, but a relaxation of this problem to pseudo-holomorphic maximal
curves instead of maximal algebraic curves has been solved by Orevkov |[Ore02].
Similarly, the initial question for degree 4 surfaces was solved by Kharlamov
. As we saw, we do not have a complete classification of topological types
starting from degree 5 surfaces, hence we cannot have a complete classification

3



1. Introduction

of isotopy types in those cases.

In relation to the 16th Hilbert problem, one can study the semi-algebraic sets
defined by a unique polynomial. Indeed, if f is a homogeneous real polynomial
defining a non-singular hypersurface X C R"™, then the basic open semi-algebraic
set W(f) is the subset of R"\ X (R) where the polynomial f is positive. If f
is of even degree, we say that the homogenisation f of f is positive at a point
p € P*(R) if p belongs to the projective compactification W (f) ¢ P*(R)\ X (R)
of the semi-algebraic set W(f), for X the projective compactification of X in Pg.
Then obtaining topological information on W ( f) allows us to obtain topological
information on the pair (P"(R), X (R)).

In the case of non-singular real algebraic curves of even degree in P2, the
question of characterising a semi-algebraic set of the form W ( f ) can be reformu-
lated into studying even and odd ovals. An oval is said to be even if it lies in
the interior of an even number of ovals, and is said to be odd otherwise. Let C
be a smooth real algebraic curve in P? of degree 2k defined by a homogeneous
polynomial f, such that f is negative on the connected component of P?(R)\C(R)
outside every oval of C(R). Then the number p of even ovals of the real part C(R)
is the number of connected components of W (f), and the number n of odd ovals
of C(R) is one less than the number of connected component of P2(R)\W (f).

For C a non-singular real algebraic curve of degree 2k in P2, with p and n its
number of even and odd ovals, Ragsdale made the conjecture that

3k2—3k+1 n<3k2—3k
2 ’ - 2 '

Independently, Petrowsky [Pet38| proved that

3k? — 3k
p-nl<

and that there exists some curves reaching this bound for any degree 2k. He
then conjectured, in a similar fashion as Ragsdale, that
3k% — 3k 3k? — 3k

1, p< 2700
e

Since we know the complete isotopy classifications up to degree 7, we can see that
both Ragsdale’s and Petrowsky’s conjectures are true in degree 2k for £ < 3. Viro
constructed (again by patchworking) some non-singular real algebraic curves of
degree 8 in IP? satisfying n = 3’“2; S| , therefore contradicting Ragsdale’s
conjecture but still satisfying Petrowsky’s conjecture. Using a combinatorial
version of Viro’s patchworking, which consists in constructing a piecewise-linear
set isotopic to the real part of a real algebraic curve, Itenberg found
examples of curves of degree 2k, k > 5 satisfying

2 _ _ 2 4 2 _ _ 2 4
3k2 — 3k (k 3)+J’0]C 3k 3k+{(1€ 3)+J.

p=

P=

p:

2 +1+{ 8 T2 8

Note that Viro’s combinatorial patchworking is one of the first motivations for
the development of tropical geometry, as we will see later. On [Figure 1.3 we

4



Topology of real algebraic varieties
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Figure 1.3: Itenberg’s counter-example for even ovals in degree 10

see Itenberg’s counter-example of Ragsdale conjecture for even ovals in degree
10, constructed thanks to the (Combinatorial Patchworking Tool of El-Hilany,
Rau and Renaudineau (this could also be constructed with the Sage package
Viro.sage from De Wolff, O’Neill and Owusu Kwaakwah). In particular, both
Ragsdale’s and Petrowsky’s conjectures are false. Haas and Itenberg gave other
counter-examples afterwards with more even and odd ovals in , .

However, several questions are still open around Ragsdale and Petrowsky
conjectures. For instance, given a non-singular real algebraic curve C of degree 2k
in P2, with p even ovals and n odd ovals, the combination of the Harnack-Klein
inequality with Petrowsky’s inequality gives the bounds

k% — 9k + 6 <7k2—9k+4

<
P> 1 , N> 4

One open question is to know whether the Harnack-Klein-Petrowsky bound is
sharp. The best result in this direction has been obtained by Brugallé ,
who showed that the bound is asymptotically sharp.

We also do not know if there exists a maximal curve not satisfying Petrowsky’s
conjecture. Note that the examples of Viro were maximal curves, jus-
tifying why we consider only Petrowsky’s conjecture and not Ragsdale’s. This
second question motivated Haas in his thesis to study the properties
of combinatorial patchworking. As a concluding result, Haas proved that a
maximal curve C of degree 2k obtained via combinatorial patchworking satisfies

p < R(k)+1, and n < R(k) + 4,

for p and n the number of even and odd ovals of C(R) and for R(k) = @
Theorem 12.4.0.12]. Moreover, there exists for each k¥ > 1 a maximal
curve of degree 2k obtained via combinatorial patchworking satisfying p =
R(k) + 1, and those curves have the isotopy type of the curves constructed

by Harnack |[Har76| (see [Figure 1.1| for the degree 2k = 4). However, to the

5
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1. Introduction

Figure 1.4: Counter-example from in degree 14

knowledge of the author, no example with n > R(k) 4+ 1 has been found via
combinatorial patchworking.

In we construct new counter-examples to Ragsdale conjecture in a
similar fashion as Itenberg. Those counter-examples satisfy the following result.

Theorem 1.2.1 (Theorem III.1.7). There exist non-singular dividing (M —
2 L%J) real algebraic curves of degree 2k in P2, with k > 5, such that their real
parts have R(k) +1+ M even ovals, with 0 < s(k) < 10 determined by
the value of k modulo 6. The number of even ovals depending on k modulo 6 are

listed in[1able [1]. 5.

For instance, 4] represents the isotopy type of the counter-example
of [Theorem 1.2.1] 1 Theorem 1.2.1]in degree 14, with R(7) + 5 = 68 even ovals, constructed again

via the Combinatorial Patchworking Tool.

1.3 Hyperbolic varieties

Among real algebraic varieties, a particularly interesting class is given by hy-
perbolic varieties. A real algebraic variety X C IPy; is hyperbolic with respect
to a real linear subspace E C Py of dimension n —dim(X) —1if X NE =0
and for every real linear subspace H C P}, of dimension n — dim(X) containing
E, the intersection X (R) N H(R) is contained in the set of real points X (R)
(extension of the definition from to any real closed field). We say that
X C P, is hyperbolic if there exists a real linear subspace £ C Py, such that X
is hyperbolic with respect to E. The set

Hx = {E C Py, | X is hyperbolic with respect to E'}

is called the hyperbolicity locus of X. We say that a real algebraic hyper-
surface X C Py, is stable [GW96|, or more generally a real algebraic variety

6
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Hyperbolic varieties

X C Py, is positively hyperbolic Proposition 2.11], if the hyperbolicity
locus of X contains the whole set parametrised by the positive Grassmannian
G4 (codim(P™, X),n+1). Hyperbolic varieties are a higher dimensional analogue
of hyperbolic polynomials in 9R[x], which are real polynomials with set of roots
contained in R [Gar51]. In particular, we can obtain a (homogenisation of a)
hyperbolic polynomial in R[zg, z1] from defining polynomials of a hyperbolic
complete intersection and defining polynomials of a real linear space intersecting
that complete intersection in only real points.

Hyperbolic varieties are interesting for many areas of mathematics and
interdisciplinary fields such as partial differential equations [Gar51], topology

of real algebraic varieties |[Rok78| and convex optimisation [Giil97], |Ren04].

Positively hyperbolic varieties have a strong connection with the theory of
matroids ,7 valuated matroids and positroids .
As we will see later, Speyer used the tropicalisation of stable curves in P? in
order to solve Horn’s problem . Similarly, Brandén used tropicalisation
to show the link between stable hypersurfaces and valuated matroids [Bral0].
Finally, Rincén, Vinzant and Yu used again tropicalisation to relate positively
hyperbolic varieties and positroids .

Recall that the real part of a non-singular algebraic curve in P2 is a disjoint
union of ovals with possibly a pseudo-line. For X a non-singular hypersurface
in Pp, with n > 2, we say that a connected component Xo of X(R) is an
ovaloid if Xy is homeomorphic to the n-sphere S™ (and so disconnects P™(R)
since n > 2), and we say that Xy is a pseudo-hyperplane if X, is homeomorphic
to the topological real projective space RP". We extend these definitions to
n = 1 by saying that an oval is an ovaloid and a pseudo-line is a pseudo-
hyperplane. Note that for n > 2, ovaloids and pseudo-hyperplanes are not
the only possible homeomorphism types for a connected component X, of
X (R). Helton and Vinnikov Theorem 5.2] showed that a non-singular
hypersurface X C ]P’ﬁJr1 of degree d is hyperbolic if and only if the set of real
points X (R) consists of L%J nested ovaloids, plus a pseudo-hyperplane if d is odd.
More precisely, we have a chain of inclusions of the (n+ 1)-dimensional open discs
bounded by each ovaloid of X (R). If d > 2, the hyperbolicity locus of X is the
(n + 1)-dimensional open disc bounded by an ovaloid of X (R) which is included
in all other discs bounded by ovaloids of X (R). Note that if d =1 (and n > 0),
the hyperbolicity locus of X is the entire set P"*1(R)\ X (R). In particular,
the hyperbolicity locus of a non-singular hyperbolic hypersurface in IP’]E+1 is
connected. Moreover, Helton and Vinnikov proved that in the hypersurface case,
the hyperbolicity locus is convex [HVO07, Property 5.3(3)]. In higher codimension,
the hyperbolicity locus is not connected in general, see §5].

A determinantal representation of a homogeneous polynomial P € R[xg, . .. x,]
of degree d is an expression

M = M(z) := Mozg + ...+ M,x,,

where the M;’s are (d x d)-matrices with coefficients in 9%, such that det(M) = cF
for some ¢ € R . The representation is Hermitian if the matrices M; are

7
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Hermitian. If P has coefficients over a real closed field R, we say that the
representation M is definite if the matrix M (E) is positive definite for some
point E € Pg. If a real algebraic hypersurface X C Py admits a definite
Hermitian representation M, then X is hyperbolic with respect to every real
point E C P} such that M(FE) is positive definite. The Lax conjecture asks
conversely if every hyperbolic curve in IP’?R admits a real symmetric definite
determinantal representation. The conjecture was proved by Lewis, Parrilo and
Ramana . However, the generalised Lax conjecture for any hyperbolic
hypersurface in Py does not hold .

In a more general setting, if a real algebraic variety X C Py admits a definite
Hermitian representation M satisfying some additional conditions Section
2], then X is hyperbolic with respect to every real linear space E C Py, such
that the M (FE) is positive definite. The converse statement is true for hyperbolic
curves Theorem 7.2]

An alternate way to define hyperbolic varieties is through real-fibered mor-
phisms. A morphism f : X — Y between two real algebraic varieties X and
Y is said to be real-fibered if f~1(Y(R)) = X(R) # 0. Then a real algebraic
variety X C Pg of dimension n is hyperbolic with respect to a real linear space
EC Pg if and only if there exists a real-fibered morphism f : X — Py given
as a composition g o ¢, with ¢ an embedding of X in Pg for some N > n and
mg : PN — P the projection with center E [KS20a]. In that case, we call
f = mg oi a hyperbolic morphism. From results of Ahlfors [Ahl50, Theorem 10],
Gabard Theorem 7.1], Kummer and Shamovich Theorem 2.8],
we obtain that a non-singular real algebraic curve C' admits a hyperbolic mor-
phism f: C — P} if and only if C is dividing, meaning that the set C(C)\C(R)
is disconnected. Using this, Kummer and Shaw Examples 5.1 and 5.2]
found examples of hyperbolic curves with disconnected hyperbolicity locus.

For X a non-singular real algebraic variety of dimension n > 2, the existence
of a real-fibered morphism f : X — P} constrains the topology of the real part
X(R), as f must restrict to a covering map f : X(R) — P"(R) [KS20a, Theorem
2.19]. In particular, Kummer and Shamovich Corollary 2.20] proved
that the real part X (R) consists of s ovaloids and r pseudo-hyperplanes, for
r + 2s = deg(f).

In we characterise the real-fibered and hyperbolic morphisms to P2
of real del Pezzo surfaces, which are real surfaces with ample anti-canonical class,
and minimal conic bundles over P4, which are surfaces given as union of plane
conic fibres coming from P and with Picard rank 2. This work is motivated by the
fact that the real Picard group of those surfaces are completely classified ,
, hence we can do a systematic study of real-fibredness and hyperbolicity
of the morphisms. The classification of divisors on del Pezzo surfaces inducing a
real-fibered morphism, possibly hyperbolic, is given in We obtain this
classification thanks to one of the main results of allowing to check the
hyperbolicity of a real algebraic variety of dimension greater than or equal to 2
in terms of the hyperbolicity of a hyperplane section.

Theorem 1.3.1 (Theorem 1.1.5)). Let X C P} be a smooth variety of dimension

8
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k > 2. Let H C Pg be a hyperplane such that C = X N H is a smooth
(k — 1)-variety. Assume that each connected component of X (R) contains exactly
one connected component of C(R). Moreover, let E C H be a linear space of
dimension n — k — 1 with X N E = 0. Then the following are equivalent:

1. X s hyperbolic with respect to E.

2. X satisfies X (R) ~ sS* LI rRP* such that deg(X) = 25 +r. The class
of each connected component that is homeomorphic to a real projective

space is non-trivial in Hy(P"(R);Zs) and C C H = PE~" is hyperbolic
with respect to E.

We extract from the following other main results of first

concerning the finite real-fibered morphisms.

Theorem 1.3.2 (Theorem 1.1.2)). Let X be a del Pezzo surface such that each

connected component of X (R) is homeomorphic to either the sphere or the real
projective plane. There is a finite real-fibered morphism X — P2 if and only if
we have one of the following:

1. X has real Picard rank 1;
2. X is a conic bundle of real Picard rank 2;
3. X is the blow-up of one of the above surfaces at one or two real points.

Only one of the del Pezzo surfaces in[Table I.T]admits a real-fibered morphism
which is not hyperbolic. We obtain in this way an analogue of for

hyperbolic morphisms.

Theorem 1.3.3 (Theorem 1.1.6|). Let X be a del Pezzo surface such that each

connected component of X (R) is homeomorphic to either the sphere or the real
projective plane. There is an embedding X — P" such that the image is a
hyperbolic variety if and only if we have one of the following:

1. X has real Picard rank 1;

2. X is a conic bundle of real Picard rank 2;

3. X is the blow-up of one of the above surfaces at one real point.
Motivated by the conic bundle case of we go further by studying

hyperbolic minimal conic bundles, and obtain a construction of many possible
topological types for hyperbolic surfaces.

Proposition 1.3.4 (Proposition 1.7.12)). Let s > 3 and r > 0. There exists a
smooth irreducible hyperbolic surface X C PE such that X (R) is homeomorphic
to the disjoint union of s spheres and r real projective planes.




1. Introduction

1.4 Tropical geometry

Tropical geometry is a way to study algebraic varieties over a field equipped with
a non-archimedean valuation, such as the field of locally convergent generalised
Puiseux series K, by looking at properties of the polyhedral complexes obtained as
image via the valuation (or tropicalisation) of those algebraic varieties. Tropical
geometry has applications in many areas such as topology of real algebraic

varieties [Vir01], matroid theory [Stu02|, convex optimisation [DS03], enumerative
geometry [Mik05| and Hodge theory [lte+19].

We call tropical numbers the semi-field with ground set T := R U {—o0},
tropical addition & := max and tropical multiplication ® := +. From now on,
we will drop the ® notation whenever the context is clear. A tropical polynomial
P € T[zy,...,zy,] of the form

a a
P(xy,...,x,) = @caxll cxen
acA

for A a finite subset of (Z>()™ and all coefficients ¢, € T.

From the notions of tropical polynomials, we obtain an analogue of algebraic
varieties, defined over the semi-field T instead of a field k. For P € T[zq,...x,]
a tropical polynomial, the polyhedral complex Vp is defined as

Vp:={z e (T*)" : Ja#£be A, P(z) =cz" = cbgb}.

A tropical hypersurface X in (T*)™ ~ R"™ is a polyhedral complex of the form
Vp, equipped with the weight function on facets

w : Facets(Vp) — Ny
o~ max (ged(|a; — bi])),

i€{l,...,n

for a # b € A so that P(z) = c,z® = ¢z’ for all points z in the face 0. We can
extend the definition of tropical hypersurface in other ambient spaces, such as
the affine tropical space T™ or a projective tropical toric variety TPs; ,
§3.2] of dimension n, by taking the closure of Vp inside those spaces.
More generally, a tropical variety in T™ is a rational weighted polyhedral complex
in T" satisfying a balancing condition around all codimension 1 faces.

From an algebraic variety X in K", we can associate a tropical variety X via
tropicalisation. Let val be a non-archimedean valuation on K defined as

val : K* = R
a:Zart r—>mﬁl{n{r sap #0}

reR

for R C R a well-ordered set and val(0) = +o00. Then the tropicalisation Trop(V)
of a subset V' C K" is the image of V via the map

Trop, : K" — T"
@ — (—V&1(51)7 e _Val(ﬁn))7
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equipped with the weight function w on facets if the image is a tropical variety.

The following theorem from Kapranov is sometimes considered as the funda-
mental theorem of tropical geometry.

Theorem 1.4.1 ([Kap00]). Let X be an algebraic hypersurface with defining
polynomial P = > a,z® € Klzy,...,x,]. Let X be the tropical hypersurface
defined by the tropical polynomial P = @(— val(ay,))x® € T[x1,...,z,]. Then

Trop(X) = X.

can be extended to complete intersections Xy N...N X, with
each A&; an algebraic hypersurface, if and only if the intersection X7 N...NX,

of the tropicalisations X; := Trop(A;) is transverse. In the non-transverse case,
we obtain

Trop(X1N...NX,) C X1N...NX,.

This fact justifies the development of stable intersection, or tropical intersection,
of tropical varieties, see for instance |[RST05[,|BD12|. In [Paper I} we study
the intersections of the form Trop(X; N A), for A7 and X» non-singular real
algebraic curves in (Kj)?, in terms of the tropicalisations X; and some real
structure on X; induced by X;.

1.5 Real tropical geometry

In order to obtain information about the real part of real algebraic varieties
over Kg from their tropicalisations, we need to add some additional structure
either on the tropical semi-field or directly on the tropical varieties. Several
strategies are used in the literature. For instance, Viro introduced the tropical
real hyperfield TR , where the ground set is R, the multiplication is the
usual multiplication over R and the addition is a multi-valued operation, equal
to the maximum of the summands if their absolute value are distinct. This
hyperfield has been used in particular in to define the real tropicalisation
of semi-algebraic sets. A similar strategy consists in looking at the signed tropical
numbers T4, see for instance , given by taking two symmetric copies of
T glued along their copy of the element —oo. The addition and multiplication on
T are defined only on elements of the same copy. In order to obtain operations
defined on the whole set, either we can extend T to the symmetrised semi-ring
introduced in and used in to define signed tropical convezity, or
we can extend T4 to a hyperfield, that we can obtain from 7R via a logarithmic
map, see for this strategy in the complex case.

In this thesis, we will work directly with tropical varieties and recover their
realisations, that is the real algebraic varieties over Ky that tropicalise to the
considered tropical varieties, hence we will choose to add a real structure directly
on the tropical varieties instead of using a real analogue of the tropical numbers.

11
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1.5.1 Real phase structure on a non-singular tropical variety

We restrict to the case of a non-singular tropical hypersurface X, meaning that
X is locally around each vertex the image by a translation and a map in GL(n, Z)
of a tropical hyperplane. The following is defined in , .

For Aff,,(Z5%!) the set of n-dimensional Zy-affine subspaces of Z5 ™, a real
phase structure € on a non-singular tropical hypersurface X C R"*! is a map

£ : Facets(X) — Aff,,(Z5)

such that & satisfies the following properties. For each facet o of X, the Zs-affine
space (o) is parallel to the Zs-vector space generated by the primitive integer
directions modulo 2 in 0. Moreover, for each codimension 1 face 7 of X, with
adjacent facets o1,...,0%, an element ¢ € ZSH appearing in a set £(o;) must
appear in a single distinct set £(o;).

The real part RX¢ of a non-singular tropical hypersurface X C R"*! equipped
with the real phase structure £ is given as

RXe = | J U o|c U R,

o€Facets(X) \e€&(o) EGZ;"'H

for e = (€1,...,6n41) € Z5 and o. the symmetric copy of ¢ lying in the
symmetric copy R+ of R?FL

If X is a non-singular tropical hypersurface in a non-singular projective
tropical toric variety TPy, where the fan ¥ is dual to the Newton polygon A
of X, the definition of real phase structure £ on X extends naturally, and the
real part RX¢ lies in a topological space homeomorphic to RPy, for RPys, the
real part of the toric variety Py constructed in Theorem 11.5.4]. The
couple (X, &) will be called a non-singular real tropical hypersurface. We obtain
the following reformulation of Viro’s combinatorial patchworking theorem.

Theorem 1.5.1 ([Vir01)). Let (X, &) be a non-singular real tropical hypersurface
in TPy There exists a non-singular real algebraic hypersurface X := (X;); C ]P’Héﬁ
with Trop(X) = X such that we have a homeomorphism of pairs

(Ps(R), X (R)) ~ (RPs, RX¢)
fort > 0 small enough.

Moreover, the real phase structure £ determines the distribution of signs
of the defining polynomial P of X, up to multiplying P by —1, see
Remark 3.8]. In particular, we can easily construct an example of non-singular
real algebraic hypersurface X satisfying for a non-singular real
tropical hypersurface (X, £), by letting X be defined by a Viro polynomial
§4.1], that is a polynomial in Kg[zy,...,x,] with coefficients of the form +¢~".
Sturmfels generalised [Theorem 1.5.1] to the case when (X, €) is a non-
singular real tropical transverse complete intersection, and we can determine in
the same manner as above the distributions of signs of the defining polynomials
of the hypersurfaces involved in the intersection.

12



Real tropical geometry

+ =

) Amoeba around a non-twisted edge. ) Amoeba around a twisted edge.

Figure 1.5: Local views of real amoeba near a bounded edge.

1.5.2 Topology of the real part of a tropical curve

In [Paper II] and [Paper III] we investigate the case of non-singular real tropical
curves (C,€&) inside a non-singular projective tropical toric surface TPy. In
this case, by the real part RCe must be homeomorphic to a
non-empty disjoint union of circles S*. By [RS21, Theorem 7.2], the real phase
structure €& on C' contains all the information necessary to compute the number
of connected components of RCe. More precisely, the real phase structure £
determines a set of twisted edges on the tropical curve C'; which we will use
to give criterions to obtain a prescribed number of connected components, as
follows. Let e be a bounded edge of C' with vertices v, and vs, let e; be the edge
adjacent to v; on one side of the affine line containing e, and let e} be the edge
adjacent to v; on the other side of the affine line containing e, so that e; and
eo are on the same side (and similarly for ] and e}). A bounded edge e of C
is said to be twisted if the intersections £(e) N E(e;) N E(e)) are non-empty, for
i# 7 €{1,2}.

The notion of twisted edges relates real phase structures with real amoebas
Section 3.2], which are the sets A; := Log,(C:(R)) for t € R > 0 small
enough when the family of non-singular real algebraic curves C := (C;); satisfies
for the non-singular real tropical curve (C,€). Indeed, locally
around each twisted edge e of C, the sets A; (for ¢ > 0 small enough) consist
of two branches intersecting in one point . In particular, the set
of twisted edges T' on C' determines the real part RCg¢ up to symmetry with
respect to a 1-dimensional stratum of the real part RPy. of TPy, §3.2].

In his thesis, Haas gave a necessary and sufficient condition for non-singular
real algebraic curves obtained via Viro’s combinatorial patchworking to be
maximal Theorem 7.3.0.10]. In the following theorems, a primitive
cycle of C' is a cycle of C' (seen as a graph) bounding a connected component
of the complement TPx\C, and an exposed edge of C' is an edge belonging to

13
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the boundary of a connected component D of TPs\C meeting a 1-dimensional
stratum of TPy. Haas’ result can be reformulated in terms of twisted edges on a
non-singular real tropical curve as follows.

Theorem 1.5.2 (|[Haa97]). Let (C, &) be a non-singular real tropical curve in a
non-singular projective tropical toric surface TPyx, and let T be the set of twisted
edges on C. Let g be the number of primitive cycles on C'. The real part RCg
has exactly g + 1 connected components if and only if

o cvery cycle in C has an even number of edges belonging to T';
o every edge of T is exposed.

In we obtain two new criteria for constructing a real part RCg
with prescribed number of connected components, in terms of twisted edges on
the non-singular tropical curve C.

Theorem 1.5.3 (Theorem II1.4.16). Let (C,E) be a non-singular real tropical
curve in a non-singular projective tropical toric surface TPx, and let T' be the
set of twisted edges on C' induced by E. Let g be the number of primitive cycles
on C. The real part RC¢ has exactly g connected components if and only if the
graph dual to T contains a complete subgraph K, on 1 < n < 4 vertices such
that:

1. the non-exposed edges in T are those dual to the edges of K, ;

2. every primitive cycle v in C' dual to a vertex of K,, has an odd number of
edges in T';

3. every primitive cycle vy in C' not dual to a vertex of K,, has an even number
of edges in T.

In [Corollary TIT.4.2T] we use in order to give a sufficient

condition to construct a real part RC¢ with g — r connected components, for any
r < g. Moreover, the curves C; are non-dividing for all ¢ € Ry small enough,
with C := (C;); a non-singular algebraic curve over Ky satisfying [Theorem 1.5.1
for the non-singular real tropical curve (C,€). Indeed, Haas showed (in terms
of combinatorial patchworking) that a non-singular real tropical curve (C, &) is
dividing, that is the curves C; from are dividing for all t € R+
small enough, if and only if each cycle on C' (seen as a graph) has an even
number of twisted edges Section 5.4]. This motivates the following new
criterion for dividing (M — 2)-curves.

Theorem 1.5.4 (Theorem I11.4.22)). Let (C,€) be a non-singular dividing real
tropical curve in a mon-singular projective tropical toric surface TPy, and let
T be the set of twisted edges on C'. Let g be the number of primitive cycles on
C. The real part RCg has exactly g — 1 connected components if and only if for
T' C T the subset of non-exposed twisted edges, the graph dual to T’ is either a
complete bipartite planar graph or a complete tripartite planar graph.

14



Real tropical geometry

In [Corollary TI1.4.25 we use in order to give a sufficient

condition to construct a real part RCg with g — 2s connected components such
that (C,&) is dividing, for any s < |£].

1.5.3 Relative topology of the real part of a tropical curve

In we provided information on the intrinsic topology of the real
part of a non-singular real tropical curve in terms of twisted edges. The next
natural problem is to determine how the data of twisted edges gives information
on the relative topology of the real part of a non-singular real tropical curve.

Let (C, &) be a non-singular real tropical curve in a non-singular projective
tropical toric surface TPy, with set of twisted edges T. We extend naturally the
definitions of ovals, even ovals and odd ovals of a non-singular real algebraic
curve C in a non-singular projective toric surface Py, to the real part RCg C RPy;
of the non-singular real tropical curve (C, £), see[Definition III.1.5] [Section II1.5.2|
and [Section II1.6] In[Proposition I11.5.10} we show that if the Newton polygon of
C has all edges of even lattice length and if all the edges in T" are non-exposed,
then the real part RC¢ consists only of ovals, no matter which non-singular
projective tropical toric surface TPy; we started with.

In the case of a non-singular real tropical curve (C, &) of even degree in
TP2, with set of twisted edges T satisfying Haas gave a count
of the number of even and odd ovals of RC¢ in terms of T" and the parity of
the integer points inside the Newton polygon of C' Corollary 11.4.2.2].
We show in [Theorem III.1.6| a similar result for (C,€) a non-singular dividing
real tropical curve in a non-singular projective tropical toric surface TPy, so
that the associated set of twisted edges T is dual to a disjoint union of complete
bipartite graphs of the form Kjs ;. In particular, we can count the number of
even and odd ovals of the counter-examples to Ragsdale’s conjecture constructed
by Itenberg [Ite93] and the new counter-examples we construct in
using [Theorem ITT.1.6] Moreover, provides a similar framework
as Haas used to prove his upper bound on the number of even and odd ovals of a
maximal tropical curve in TP? Theorem 12.4.0.12]. As a future direction
of research, it would then be interesting to prove upper bounds on the number
of even and odd ovals of a dividing tropical curve satisfying the assumptions
of [Theorem II1.1.6] or more generally the assumptions of [Proposition TI1.6.11]
depending on the ambient non-singular projective tropical toric surface TPsy;.

1.5.4 Intersection of real tropical curves

In we study non-singular hyperbolic curves in IE”%(R in terms of their
tropicalisations and their associated real phase structures. We can use the
criteria from [Section 1.5.2land [Section 1.5.3[in order to obtain a characterisation
of the real phase structure induced by a non-singular hyperbolic curve in P%,
based on Orevkov’s characterisation Proposition 1.1], as we prove in
[Proposition I1.1.2] However, we do not obtain any information on the hyper-
bolicity locus this way. Since hyperbolic curves are defined in terms of their
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N /

Figure 1.6: Non-transverse intersection in an edge.

intersection with members of a pencil of real lines, we then want to study the
intersections of non-singular real tropical curves, and what are the possible
realisations in (K*)? of those real tropical intersections. A realisation of a
non-singular real tropical curve (C,€) in R? is a non-singular real algebraic
curve in (Kj)? satisfying for (C,&). Then a realisation of an
intersection component E of two non-singular real tropical curves (C,€) and
(C' &) is aset {p1,...,pm} C (KX)? of intersection points of realisations C,C’
of (C,€&) and (C’,&’) that tropicalise in E. For our purpose, we only need to
consider the intersections types arising when intersecting a non-singular real
tropical curve with a pencil of real tropical lines. If we choose generically the
base point of the pencil, this reduces to three possible intersection types.

Let (C,€) and (C’,£") be two non-singular real tropical curves in R?. The
first intersection type we consider is the case of transverse intersection points,
which are isolated intersection points of C' and C’ in the interior of both an edge
of C' and an edge of C’ (considering the edges as closed in Euclidean topology).
Depending on the direction modulo 2 of those edges and the real phase structures
& and &', we can say that (C,&) and (C,&’) intersect in either 0, 1 or 2 real
tropical points of the form (p,¢), for € € Z%. We show in [Proposition I1.4.6| that
for any realisation of (C, &) and (C’,E’), each of these real tropical intersection
points is realised by a single real intersection point in C N C’ of intersection
multiplicity 1, and the number of pairs of complex conjugated points in C N C’
with tropicalisation p is determined by the direction of the edges.

The second intersection type correspond to the case when an edge of C’
contains a bounded edge of C in its interior, see In that case, we
obtain the following result.

Theorem 1.5.5 (Theorem II.1.3). Let (C,&) and (C',E") be two non-singular
real tropical curves in R? such that there exists a closed bounded edge e of C

contained in the interior of a closed edge €' of C' (see .

1. If E(e) # E'(€), oris E(e) = E'(e!) and e is twisted, then all realisations
of (C,€) and (C',&") intersect in two distinct real intersection points of
multiplicity 1 with tropicalisation in e.

2. If E(e) = &'(¢)) and e is non-twisted, then a realisation of (C,&) can
intersect a realisation of (C',&") in either two distinct real points of multi-
plicity 1 with tropicalisation in e, two distinct complex conjugated points
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Figure 1.7: Relatively non-twisted non-transverse intersection component.

of multiplicity 1 with tropicalisation in e, or a multiplicity 2 real point
with tropicalisation in e. Moreover, there exist infinitely many realisations
satisfying the first two cases, and there exist exactly two pairs of realisations
satisfying the third case.

The last type of intersection considered corresponds to the case when an
edge e of C' and an edge €’ of C’ intersect in a segment E strictly contained in
both edges, see In order to treat this case, we introduce relatively
twisted intersection components. Let F be a segment as above, with vertices
v, and v9. Let e; be the edge of C'U C’ adjacent to v; on one side of the affine
line containing E, and let e} be the edge of C'U C” adjacent to v; on the other
side of the affine line containing F, so that e; and es; are on the same side
(and similarly for ¢} and e}). Up to renumbering the vertices, the edges e; and
e} belong to C, and the edges e and e/, belong to C’. Let £ and & be real
phase structures on C' and C’ so that £(e) = £'(¢’). The segment E is said
to be relatively twisted with respect to (C, &) and (C’,E’) if the intersections
E(e)N&(er)NE'(ey) and E(e) NE(e)) N E'(e2) are non-empty. Otherwise, the
segment F is said to be relatively non-twisted, and the real phase structures
satisfy the condition pictured in We obtain the following result,
where the roles of relatively twisted and non-twisted are switched compared to

[Theorem 1.5.5
Theorem 1.5.6 (Theorem I1.1.4). Let (C, &) and (C',E") be two non-singular real

tropical curves in R? such that there exists a non-transverse connected component
E Cc CNC" which is a segment, non-reduced to a point, strictly contained in

both a closed edge e of C' and a closed edge e’ of C' (see .

1. If E(e) £ E'(¢)), orif E(e) = E'(€!) and E is relatively non-twisted, then
all realisations of (C,&) and (C',E") intersect in two distinct real points of
multiplicity 1 with tropicalisation in E.

2. If E(e) = &'(¢!) and E is relatively twisted, then a realisation (C,E)
can intersect a realisation of (C',E") in either two distinct real points
of multiplicity 1 with tropicalisation in E, two distinct complex conjugated
points of multiplicity 1 with tropicalisation in E, or a multiplicity 2 real
point with tropicalisation in E. Moreover, there exist infinitely many
realisations satisfying the first two cases, and there exist exactly two pairs
of realisations satisfying the third case.
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1.5.5 Hyperbolic tropical curves

Speyer characterised the tropicalisation of stable curves in P% in order to solve
Horn’s problem . His result can be reformulated as follows. A non-
singular real algebraic curve C C P% is stable if and only if the tropicalisation
C' := Trop(C) is a honeycomb, that is every edge of C has direction (1,0), (0, 1)
or (1,1), and the vector (0,0) € Z3 does not appear in the real phase structure
€ on C such that C is a realisation of (C,E).

In[Paper I} we generalise Speyer’s result to the case of non-singular hyperbolic
curves in PZ, first using a topological criterion and then an intersection-theoretic
criterion. We say that a non-singular real tropical curve (C,E) of degree d in
TP? is hyperbolic if the pair (RP?, RC¢) is homeomorphic (Via to
a pair (P?(R),C;(R)), for C := (Cy); C P§, a non-singular curve of degree d such
that C; is hyperbolic for ¢ > 0 small enough. Thanks to a result from Orevkov
Proposition 1.1] and Haas criterion for dividing real tropical curves, we
obtain the following proposition.

Proposition 1.5.7 (Proposition I1.1.2). Let (C,E) be a non-singular real tropical
curve of degree d in TP?, with set of twisted edges T. Then (C,&) is hyperbolic
if and only if every (graph-theoretic) cycle on C' has an even number of edges in
T and the real part RCg has {%1 connected components.

In particular, we can use [I'heorem 1.5.4] and |Corollary I11.4.25(to construct
many examples of non-singular hyperbolic tropical curves. However, we do not
recover information on the hyperbolicity locus via these results.

Thanks to the results of we can characterise intersection-
theoretically the hyperbolicity of non-singular real tropical curves in TP?. We
say that a non-singular real tropical curve (C, &) of degree d in TP? is hyperbolic
with respect to a real tropical point (p,e) if p ¢ C and for every realisation C
of (C,€) in P, every real line £ C P going through a realisation of (p,e)
intersect C in d distinct points in P?(Kg).

We can parametrise a pencil of tropical lines through a point v € TP? via
so that each point lying on a 1-dimensional face 7, is the vertex of
a tropical line through v. Then the hyperbolicity of a non-singular real tropical
curve with respect to a real tropical point (v,¢) is expressed in terms of this
parametrisation as follows.

Theorem 1.5.8 . Let (C, &) be a non-singular real tropical curve
of degree d in TP?, let v' be a point of TP?\C and let € € R?. Then (C,€) is
hyperbolic with respect to the real tropical point (v',€) if and only if for X, the
subdivision of TP? with respect to a point v generic with respect to C' in the same
connected component of TP2\C' as v', we have:

1. Bvery vertex of C lying in the interior of a face oy of 3y is incident to an
edge of primitive integer direction 7).

2. Ewvery edge e of C intersecting a face 1¢ of ¥, and such that | det(?|§)| =2,
for @ the primitive integer direction of e, satisfies € € &,.
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Figure 1.8

3. For every bounded edge e of C' of primitive integer direction n intersecting
the face oy, of ¥, the edge e is twisted if e C oy, and otherwise the segment
e N oy, is relatively non-twisted with respect to the unique real tropical line
(L, &) through (v,e) with (eNoy,) Ce C L and & =E.,.

If C is a honeycomb in TP2, then [Item 1|and [Iltem 2| of [Theorem 1.5.8|are
automatically satisfied. Thus, we can go further in the honeycomb case, see
[Corollary II.1.6{ and [Figure 1.9 The idea is that given an integer point p (such
as the purple point i in the Newton polygon of a non-singular real
honeycomb (C, &), the dual connected component p¥ C TP?\C has a symmetric
copy contained in the hyperbolicity locus of RC¢ if and only if the edges on the
left, below and diagonally above p are dual to twisted edges of C' (see the blue

edges in [Figure 1.9).

1.6 Summary of Papers

gives a classification of real-fibered and hyperbolic morphisms from
smooth real del Pezzo surfaces to the projective plane P2, using the

hyperplane section criterion for hyperbolicity given in Some
common properties of the del Pezzo surfaces admitting such a real-fibered

morphism are listed in Similarly, some common properties

of the del Pezzo surfaces admitting a hyperbolic morphism are listed in

For instance, the real del Pezzo surfaces that can be defined
as minimal conic bundles admit a hyperbolic morphism. This motivates
the last section, which begins to characterise hyperbolic morphisms of
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Introduction

Figure 1.9: Dual Subdivision of a hyperbolic honeycomb.

minimal conic bundles (Corollary 1.7.3] [Proposition 1.7.6). Using those
minimal conic bundles, we construct almost all possible homeomorphism
types of smooth hyperbolic surfaces (Proposition 1.3.4)).

Paper Il is a study of hyperbolic curves near the non-singular tropical limit.

Non-singular hyperbolic real tropical curves in TIP? are characterised via
a combinatorial analogue of a topological criterion for non-singular hy-
perbolic curves in P? (Proposition 11.1.2). The tropical and real tropical
analogues of the hyperbolicity locus of a non-singular hyperbolic curve in
P? are introduced, given as subsets of TP? and RP? respectively
tion I1.5.10)), and we relate these to the notions of signed tropical convexity
(Remark I1.5.13) and tropical spectrahedra (Remark IL5.17)). Using those
analogues to make the correspondence between the topological and the
intersection-theoretic characterisation of hyperbolicity in the tropical set-
ting, we show the necessary and sufficient conditions for a non-singular
real tropical curve of degree d in TP? to be hyperbolic with respect to a
fixed real tropical point (Theorem IL.1.F). We go further in the case of
honeycombs, using Zs-vector spaces and Zs-affine spaces structures on
subsets of configurations of twists (Theorem I1.5.29)).

is a continuation of Itenberg’s work [Ite95] and Haas’ thesis [Haa97] on

20

the understanding of combinatorial patchworking of real algebraic curves,
using the recent developments from on the topology of non-singular
real tropical hypersurfaces. We introduce the notion of twisted cycle, which
allows to describe the connected components of the real part of a non-
singular tropical curve directly from the real phase structure. We give a
characterisation of the set of twisted edges on a non-singular (M — 1) real

tropical curve (Theorem 1.5.3) and on a non-singular dividing (M — 2) real
tropical curve (Theorem 1.5.4]), extending Haas’ result [Haa97, Theorem



References

7.3.0.10] for maximal curves. We then obtain a sufficient condition on a non-
singular real tropical curve in an arbitrary non-singular projective tropical
toric surface so that its real part consists only of ovals (Proposition I111.5.10)).
From the real tropical curves satisfying the latter condition, we count
the number of even and odd ovals in their real part in terms of the
dual subdivision (Theorem III.1.6)), in a similar manner as the count for
maximal tropical curves in TP? given by Itenberg and Haas .
Using [Theorem II1.1.6] we give a construction of new counter-examples to
Ragsdale’s conjecture (Theorem 1.2.1)) in a similar fashion as Itenberg’s

construction [Ite01].

References

[AGS20]  Allamigeon, X., Gaubert, S., and Skomra, M. “Tropical spectrahedra”.
In: Discrete & Computational Geometry 63.3 (2020), pp. 507-548.

[Ahl50] Ahlfors, L. L. “Open Riemann surfaces and extremal problems on
compact subregions”. In: Commentarii Mathematici Helvetici 24.1
(1950), pp. 100-134.

[Aki+90] Akian, M. et al. “Linear systems in (max,+) algebra”. In: 29th IEEE
Conference on decision and control. IEEE. 1990, pp. 151-156.

[BCR13] Bochnak, J., Coste, M., and Roy, M.-F. Real algebraic geometry.
Vol. 36. Springer Science & Business Media, 2013.

[BD12] Brugallé, E. and De Medrano, L. L. “Inflection points of real and
tropical plane curves”. In: Journal of Singularities 4 (2012), pp. 74—
103.

[BihO1] Bihan, F. “Une sextique de ’espace projectif réel avec un grand
nombre d’anses.” In: Revista Matematica Complutense 14.2 (2001),
pp- 439-461.

[Bih99] Bihan, F. “Une quintique numérique réelle dont le premier nombre de
Betti est maximal”. In: Comptes Rendus de I’Académie des Sciences-
Series I-Mathematics 329.2 (1999), pp. 135-140.

[BRI1] Benedetti, R. and Risler, J.-J. Real algebraic and semialgebraic sets.
Hermann, 1991.

[Bra07] Bréandén, P. “Polynomials with the half-plane property and matroid
theory”. In: Advances in Mathematics 216.1 (2007), pp. 302-320.

[Bral0] Brandén, P. “Discrete concavity and the half-plane property”. In:
SIAM Journal on Discrete Mathematics 24.3 (2010), pp. 921-933.

[Brall] Bréandén, P. “Obstructions to determinantal representability”. In:
Advances in Mathematics 226.2 (2011), pp. 1202-1212.

[Bru+06] Brugalle, E. et al. “Real plane algebraic curves with asymptotically

maximal number of even ovals”. In: Duke Mathematical Journal
131.3 (2006), pp. 575-587.

21



1. Introduction

[Bru+15]

[Cho+04]

[Com14]
[DS03]

[Gab06]

[Gar51]
[GKZ14]

[Gud69)]

[Giil97]

[GW96]

[Haa95]

[Haa97]
[Har76]
[Hil00]
[Hil91]

[HV07]

22

Brugallé, E. et al. “Brief introduction to tropical geometry”. In:
Proceedings of the Gikova Geometry-Topology conference. 2015, pp. 1—
75.

Choe, Y.-B. et al. “Homogeneous multivariate polynomials with the
half-plane property”. In: Advances in Applied Mathematics 32.1-2
(2004), pp. 88-187.

Comessatti, A. “Sulla connessione delle superfizie razionali reali”. In:
Math. Ann. 23 (1914), pp. 215-283.

Develin, M. and Sturmfels, B. “Tropical convexity”. In: arXiv preprint
math/0308254 (2003).

Gabard, A. “Sur la representation conforme des surfaces de Rie-
mann a bord et une caracterisation des courbes separantes”. In:
Commentarii Mathematici Helvetici 81.4 (2006), pp. 945-964.

Garding, L. “Linear hyperbolic partial differential equations with
constant coefficients”. In: Acta Mathematica 85 (1951), pp. 1-62.

Gelfand, I., Kapranov, M., and Zelevinsky, A. “Discriminants, resul-
tants and multidimensional determinants”. In: (2014).

Gudkov, D. A. “The arrangement of the ovals of a sixth order curve”.
In: Doklady Akademii Nauk. Vol. 185. 2. Russian Academy of Sciences.
1969, pp. 260-263.

Giiler, O. “Hyperbolic polynomials and interior point methods for
convex programming”. In: Mathematics of Operations Research 22.2
(1997), pp. 350-377.

Garloff, J. and Wagner, D. G. “Hadamard products of stable poly-
nomials are stable”. In: Journal of mathematical analysis and appli-
cations 202.3 (1996), pp. 797-809.

Haas, B. “Les multilucarnes: nouveaux contre-exemples a la conjec-
ture de Ragsdale”. In: Comptes rendus de I’Académie des sciences.
Série 1, Mathématique 320.12 (1995), pp. 1507-1512.

Haas, B. “Real algebraic curves and combinatorial constructions”.
PhD thesis. Verlag nicht ermittelbar, 1997.

Harnack, A. “Ueber die Vieltheiligkeit der ebenen algebraischen
Curven”. In: Mathematische Annalen 10.2 (1876), pp. 189-198.

Hilbert, D. “Mathematische probleme”. In: Nachrichten von der
Koniglichen Gesellschaft der Wissenschaften zu Gottingen (1900).

Hilbert, D. “Ueber die reellen Zuge algebraischer Curven”. In: Math-
ematische Annalen 38.1 (1891), pp. 115-138.

Helton, J. W. and Vinnikov, V. “Linear matrix inequality representa-
tion of sets”. In: Communications on Pure and Applied Mathematics:
A Journal Issued by the Courant Institute of Mathematical Sciences
60.5 (2007), pp. 654-674.



References

[IMS09]
[Tte+19]

[Tte01]

[Ite93]

[Ite95)

[JSY1§]

[Kap00]

[Kha76]

[KleT3)]
[KS20a]

[KS20D)]

[LPROS]

[LV19]

[Mik05]

[MR09)]

[Ore02]

Itenberg, 1., Mikhalkin, G., and Shustin, E. 1. Tropical algebraic
geometry. Vol. 35. Springer Science & Business Media, 2009.

Itenberg, 1. et al. “Tropical homology”. In: Mathematische Annalen
374.1-2 (2019), pp. 963-1006.

Itenberg, I. “On the number of even ovals of a nonsingular curve of
even degree in RP2”. In: Translations of the American Mathematical
Society-Series 2 202 (2001), pp. 121-130.

Ttenberg, I. “Contre-exemples a la conjecture de Ragsdale”. In:
COMPTES RENDUS-ACADEMIE DES SCIENCES PARIS SE-
RIE 1 317 (1993), pp. 277-277.

Itenberg, I. “Counter-examples to Ragsdale conjecture and T-curves”.
In: Contemporary Mathematics 182 (1995), pp. 55-55.

Jell, P., Scheiderer, C., and Yu, J. “Real tropicalization and analytifi-
cation of semialgebraic sets”. In: International Mathematics Research
Notices (2018).

Kapranov, M. “Amoebas over non-archimedean fields”. In: preprint
(2000).

Kharlamov, V. M. “The topological type of nonsingular surfaces in
RP 3 of degree four”. In: Functional Analysis and its Applications
10.4 (1976), pp. 295-305.

Klein, F. “Ueber Flachen dritter Ordnung”. In: Math. Ann. 6.3
(1873), pp. 398-416.

Kummer, M. and Shamovich, E. “Real fibered morphisms and Ulrich
sheaves”. In: Journal of Algebraic Geometry 29.1 (2020), pp. 167-198.

Kummer, M. and Shaw, K. “The separating semigroup of a real
curve”. In: Annales de la Faculté des sciences de Toulouse: Mathé-
matiques. Vol. 29. 1. 2020, pp. 79-96.

Lewis, A., Parrilo, P., and Ramana, M. “The Lax conjecture is true”.
In: Proceedings of the American Mathematical Society 133.9 (2005),
pp- 2495-2499.

Loho, G. and Végh, L. A. “Signed tropical convexity”. In: arXiv
preprint arXiv:1906.06686 (2019).

Mikhalkin, G. “Enumerative Tropical Algebraic Geometry in R?”. In:
Journal of the American Mathematical Society 18.2 (2005), pp. 313—
377.

Mikhalkin, G. and Rau, J. Tropical geometry. Vol. 8. MPI for Math-
ematics, 2009.

Orevkov, S. Y. “Classification of flexible M-curves of degree 8 up to
isotopy”. In: Geometric & Functional Analysis GAFA 12.4 (2002),
pp- 723-755.

23



1. Introduction

[Ore07]

[Pay09]
[Pet38]
[Rag06]

[Ren04]

[Renl15)
[Renl7]
[Rok78]

[RS21]

[RSTO5]

[Rus02]

[RVY21]

[Spe05]
[Stu02]

[Stu94]

[SV18]

24

Orevkov, S. Y. “Arrangements of an M-quintic with respect to a
conic which maximally intersects its odd branch”. In: Algebra i analiz
19.4 (2007), pp. 174-242.

Payne, S. “Analytification is the limit of all tropicalizations”. In:
Mathematical research letters 16.2 (2009), pp. 543-556.

Petrowsky, I. “On the topology of real plane algebraic curves”. In:
Annals of Mathematics (1938), pp. 189-209.

Ragsdale, V. On the arrangement of the real branches of plane
algebraic curves. Lord Baltimore Press; Friedenwald Company, 1906.

Renegar, J. Hyperbolic programs, and their derivative relaxations.
Tech. rep. Cornell University Operations Research and Industrial
Engineering, 2004.

Renaudineau, A. “A real sextic surface with 45 handles”. In: Mathe-
matische Zeitschrift 281.1 (2015), pp. 241-256.

Renaudineau, A. “A tropical construction of a family of real reducible
curves”. In: Journal of Symbolic Computation 80 (2017), pp. 251-272.

Rokhlin, V. A. “Complex topological characteristics of real algebraic
curves”. In: Russian Mathematical Surveys 33.5 (1978), p. 85.

Renaudineau, A. and Shaw, K. “Bounding the Betti numbers of real
hypersurfaces near the tropical limit”. In: Annales Scientifiques de
I’Ecole Normale Supérieure, to appear (arXiv:1805.02030, 2021).

Richter-Gebert, J., Sturmfels, B., and Theobald, T. “First steps
in tropical geometry”. In: Contemporary Mathematics 377 (2005),
pp. 289-318.

Russo, F. “The antibirational involutions of the plane and the classifi-
cation of real del Pezzo surfaces”. In: Algebraic geometry. de Gruyter,
Berlin, 2002, pp. 289-312.

Rincén, F., Vinzant, C., and Yu, J. “Positively hyperbolic varieties,
tropicalization, and positroids”. In: Advances in Mathematics 383
(2021), p. 107677.

Speyer, D. E. “Horn’s problem, Vinnikov curves, and the hive cone”.
In: Duke Mathematical Journal 127.3 (2005), pp. 395-427.

Sturmfels, B. Solving systems of polynomial equations. 97. American
Mathematical Soc., 2002.

Sturmfels, B. “Viro’s theorem for complete intersections”. In: Annali
della Scuola Normale Superiore di Pisa-Classe di Scienze 21.3 (1994),
pp. 377-386.

Shamovich, E. and Vinnikov, V. “Livsic-type determinantal represen-
tations and hyperbolicity”. In: Advances in Mathematics 329 (2018),
pp. 487-522.



References

[Vir01]

[Virl0Q]

[Vir80]

Viro, O. “Dequantization of real algebraic geometry on logarith-
mic paper”. In: Furopean Congress of Mathematics. Springer. 2001,
pp- 135-146.

Viro, O. “Hyperfields for tropical geometry I. Hyperfields and de-
quantization”. In: arXiv preprint arXiv:1006.3034 (2010).

Viro, O. Y. “Curves of degree 7, curves of degree 8, and the Rags-
dale conjecture”. In: Doklady Akademii Nauk. Vol. 254. 6. Russian
Academy of Sciences. 1980, pp. 1306-1310.

25






Appendices






Appendix A

Real structure above trivalent
graphs

A.1 Definitions

Definition A.1.1. A planar graph C is said to be trivalent if every vertex v of
C is either 3-valent or 1-valent. An edge e of C is said to be bounded if its two
incident vertices v, v" are 3-valent. The subset of bounded edges of C' is denoted
Edge’(C).

Remark A.1.2. We can put a Zs-vector space structure on EdgeO(C’) by identi-

fying it with ZgEdgeo(C”.

Remark A.1.3. A non-singular tropical curve C' in a non-singular projective
tropical toric surface TPy is a trivalent graph.

Given a trivalent graph C, we construct a topological surface S as follows:

1. To each vertex v € Vertex(C), we associate a topological surface .S,, which
is an oriented pair of pants if v is 3-valent and an oriented closed disk if v
is 1-valent. We choose a one-to-one correspondence between the boundary
components of S, and edges e of C' such that v is incident to e.

2. To each edge e € Edge(C'), we associate an oriented cylinder S.. We choose
a one-to-one correspondence between the boundary components of S, and
the vertices v of C incident to e.

3. To each pair (v, e) € Vertex(C) x Edge(C) such that v is incident to e, we
associate an orientation reversing homeomorphism between the boundary
component of S, associated to e and the boundary component of S,
associated to v.

The surface S is then obtained by gluing all the surfaces S, and S,, according to
the homeomorphisms associated to the pairs (v, e).

For C a trivalent graph and S a surface constructed from C, we get that if
dim H,(C;Zs) = g, then dim H;(S;Zs) = 2g9. Moreover, the homology group
H,(S;Zs) is given as the direct sum

Hi(S;Z2) = H1,0(S;Z2) ® Ho1(S;Z2)

with Hy o(S; Z2) generated by the non-contractible loops ve C Se, and Hy 1(S; Z2)
is generated by the loops 7, lifted from the cycles @ on C. Both the groups
H, 0(S;Z2) and Hy 1(S;Zs) have then dimension g. Furthermore, by
Lemma 2.3], the intersection form on Hi(S;Z2) vanishes on Hi o(S;Zs).
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A. Real structure above trivalent graphs

Definition A.1.4 (|RBB17)). A real trivalent graph is a pair (C,7) where C' is a
trivalent graph and 7 is a continuous involution (called real structure), such that
the restriction of 7 on any (open) edge of C' is either the identity or has no fixed
points.

Remark A.1.5. Any trivalent graph C has a canonical real structure given by
7 = id. In the following, whenever we do not precise which real structure we put
on a trivalent graph C', we will mean the identity real structure.

Definition A.1.6. Let S be a surface constructed from a real trivalent graph
C. A real structure above C' is a continuous orientation-reversing involution
7o+ S — S such that for each edge e of C, the restriction (7¢)|s, is (up to
isotopy and composition with a power of the Dehn twist DT) either the complex
conjugation conj or the "half" Dehn twist DT o conj.

Definition A.1.7. Let C be a real trivalent graph, and let T C Edge’(C) be a
subset of bounded edges of C. The real structure 7 above C' induces T if, for
any bounded edge e € Edge’(C), the restriction of 7¢ to S, satisfies:

(t¢)|s, ¥ DToconj < e e T.

The subset T" will then be called a set of twisted edges on C.

Remark A.1.8. With the definition above, a set of twisted edges T' € Edge®(C)
does not need to satisfy some admissibility condition. If we assume that C' is
piecewise-linear and T' € Adm(C) is twist-admissible, then we recover the notion
of set of twisted edges induced from a real phase structure on a tropical curve.

A.2 Computation of number of connected components

We want to generalise the computation of number of real components to real
structures above trivalent graphs.

Theorem A.2.1. Let C be a real trivalent graph, let S be a surface constructed
from C and let 7 : S — S be a real structure above C. Let T € Edge’(C) be
the set of twisted edges induced by Tc. We have a homomorphism

8T : H071(S; Zg) — Hl,O(Sv Zg)

sending each cycle v, € Ho1(Sc;Z2) (lifted from the cycle a € Hy(C;Z2)) to

the cycle
> e

ecanT

In particular, the number of connected components of S™ := Fix(1¢) is equal to
1 + dim ker Or.

Proof. The connected components of S™ are homeomorphic to S!, therefore the
number of connected components of S™ is given by dim H;(S7¢;Z2). By |[BR91|
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Computation of number of connected components

Lemma C.3 , Proposition C.4], for oy := (1¢,% +1d) : Ce(S;Z2) — Co(S;Z2)
we have an exact sequence of chain complexes

0= Co(S™Zs) ® 04Ce(S;Z2) — Co(S;Z2) — 04Ce(S;Zs) — 0;
which induces the long exact sequence in homology
c+ = Hy(S/e, 87 L) B Hi(S™: Zo) & Hy(S/ e, 573 Zy)

() (8 2) 2 Hy(S)70, 870 T) — - .

Therefore, we get by exactness that
dim H1(S7;Zy) < dimim 05 + dim ker o, — dim im inc,. (A1)
The connecting homomorphism ds sends the fundamental class
[S/7c] € Ha(S/7¢, 57 L)
to the fundamental class of its boundary
[S™¢] € H,(57¢;Zs).

Since Hy(S/7¢, 8™ Zs) is of dimension 1, we get that imdy C Hy(S7¢;Z2),
so we actually have equality in and dimimds = 1. By the
decomposition Hq(S;Zs) = H1,0(S;Z2) & Ho1(S;Zs), we get that

ker(o) = ker ((04)| 1, o(5:22)) D ker ()], (552)) -

Let us first consider ker ((0)| g, , (s;2,))- The real structure 7, above C' induced
by the empty set of twists on C satisfy 7, = id by [RBB17, Corollary 3.4]. For
&(1c — 7() the set of edges e of C' such that

(re)ls. # (76)]s.

we get that for any cycle v, € Ho1(S;Z2),

o (Va) = (1o +1d)(7a)

= Y %

e€€(To—7,)Na

Z Ye € H1,0(S5;Z2).

ecanT

We then denote Or := (04)|m, ,(s:z,), Which is the required homomorphism.
Therefore, we can decompose ker(c,) into

ker(o,) = ker ((04)| g, o(5522)) @ ker Or.
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A. Real structure above trivalent graphs

Now, as said in the proof of |[RBB17, Theorem 3.2], any two involutions
To 1%, T2« have the same restriction on Hj ¢(S;Z2). In particular, we get
that

ker ((0)]rr, o(5:22)) = ker (T, +1d)|a, o (5:2,)) = H1,0(S; Z2);
thus we get the decomposition
ker(o,) = Hy 0(S;Z2) @ ker Op.

The homomorphism inc, induced by inclusion of chain complexes sends each
cycle [v;] € H1(S/7e, S7¢; Z2) to the corresponding cycle [y;] € Hy(S;Zsa). Since
Hy(S/7¢,S57; Zs) has dimension g, then iminc, has dimension g. Therefore,
we get that

dim H1(S7;Zs) = dimim 95 — dim iminc], + dimker(o.)
=1— g+ dim H; ¢(5;Z2) + dimker O
=1-g+ g+ dimkerdr
=1+ dim ker Op.

The result above allows us to relate the count of connected components of
RC¢, for (C, ) a non-singular real tropical curve, to the count for real structures
above trivalent graphs, in the following way:

Theorem A.2.2. Let (C, &) be a non-singular real tropical curve with admissible
set of twisted edges T € Adm(C), let S be a surface constructed from C and
let 7¢ be a real structure above C inducing T. Then the number of connected

components of the real part RC¢ is equal to the number of connected components
of S7¢.

Proof. Let {y1,...,74} be a basis of Hy 1(S;Z2) induced by a basis {a1,..., a4}
of H(C;Zy) = H1(C;Fy). The intersection form ( , ) on H;(S;Zs) is non-
degenerate, therefore we can compute the dimension of ker 97 (in the sense of
Theorem by computing the dimension of the kernel of the matrix

A= (<8T(7i)77j>)i,j:17,,,vg .
Now, we have a non-degenerate pairing
(s Jtrop : Ho(C; F1) x Hi(C5 Fo) — Zo

induced from the pairing on integral homology groups for non-singular tropical
curves in [Shall] (a similar non-degenerate pairing defined between tropical
homology and cohomology groups is also defined in (Section 7.8) and
[MZ14] (Section 3.2)). This allows us to compute the dimension of ker 7 (in
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Computation of number of connected components

the sense of |Theorem I11.4.5)) by computing the dimension of the kernel of the

matrix
B := ((0r(i), @) trop)

Now, for all i =1, ..., g, we have

=19 "

(Or(v4),7vi) = |, NT| mod 2

- <8T(ai)aai>trop;
and for all i £ j € {1,..., g}, we have

<6T('Yi)a'7j> = |Oéi Na;N T‘ mod 2

= <8T(ai)7 aj>trop~

Therefore the matrices A and B are equal, and the result follows.
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