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ABSTRACT

Finding the so-called characteristic numbers of the complex projective plane CP? is a
classical problem of enumerative geometry posed by Zeuthen more than a century ago.
For a given d and g one has to find the number of degree d genus g curves that pass
through a certain generic configuration of points and at the same time are tangent to
a certain generic configuration of lines. The total number of points and lines in these
two configurations is 3d — 1 + g so that the answer is a finite integer number. In this
paper we translate this classical problem to the corresponding enumerative problem of
tropical geometry in the case when g = 0. Namely, we show that the tropical problem
is well posed and establish a special case of the correspondence theorem that ensures
that the corresponding tropical and classical numbers coincide. Then we use the floor
diagram calculus to reduce the problem to pure combinatorics. As a consequence, we
express genus 0 characteristic numbers of CP? in terms of open Hurwitz numbers.
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1. Introduction

Characteristic numbers were considered by nineteenth-century geometers among which are
Maillard [Mai71], who computed them in degree 3, Zeuthen [Zeu73], who did third-degree and
fourth-degree cases, and Schubert [Sch79]. Modern mathematicians confirmed and extended
their predecessors’ results, thanks, in particular, to intersection theory. Aluffi computed, for
instance, all characteristic numbers for plane cubics and some of them for plane quartics
(see [Alu88, Alu90, Alu91] and [Alu92]), and Vakil completed to confirm Zeuthen’s computation
of all characteristic numbers of plane quartics in [Vak99]. Pandharipande computed characteristic
numbers in the rational case in [Pan99], Vakil achieved the genus 1 case in [Vak01], and Graber,
Kock and Pandharipande computed genus 2 characteristic numbers of plane curves in [GKP02].
In this article, we provide a new insight to the genus 0 case and give new formulas via its tropical
counterpart and by reducing the problem to combinatorics of floor diagrams.

Before going into the details of the novelties of this paper, let us recall the classical problem
of computing characteristic numbers of CP?2.

Let d, g and k be non-negative integer numbers such that ¢ < (d—1)(d —2)/2 and k <
3d+g—1, and let dy,...,d344+g—1—1 be positive integer numbers. For any configurations
P={p1,...,px} of k points in CP?, and £L={L1,..., Lsgrg—1-} of 3d+ g —1—k complex
non-singular algebraic curves in CP? such that L; has degree d;, we consider the set S(d, g, P, L)
of holomorphic maps f: C' — CP? from an irreducible non-singular complex algebraic curve of
genus g, passing through all points p; € P, tangent to all curves L; € £, and such that f(C) has
degree d in CP2.

If the constraints P and L are chosen generically, then the set S(d, g, P, £) is finite, and the

characteristic number Ngg(k; d1, ..., d3grg—1—) is defined as
1
Nd,g(kQ diy ..., d3d+g—1_k) = Z -
st ey A(T)]
,9,P,L)

where Aut(f) is the group of automorphisms of the map f:C — CP?, i.e. isomorphisms
®:C — C such that fo®=f. It depends only on d, g, k and di, ..., d3dtg-1-k (see for
example [Vak01]). In this text, we will use the shorter notation Ngg4(k;di',...,d;') which
indicates that the integer d; is chosen ¢; times. Let us describe the characteristic numbers in
some special instances.

Example 1.1. The number Ng4(3d — 1+ g) is the usual Gromov-Witten invariant of degree d
and genus g of CP?.
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Ezample 1.2. The numbers N2 o(5), Nao(4; 1), and N2 (3; 1?) are easy to compute by hand, and
thanks to projective duality we have

Noo(k; 1578 = Noo(5 — k; 1%) =2F  for 0< k< 2.

Ezample 1.3. All characteristic numbers Njo(k; 137%) for rational cubic curves have been
computed by Zeuthen [Zeu72| and confirmed by Aluffi [Alu91]. We sum up part of their results
in the following table.

k 8 7 6 5 4 3 2 1 0
Nago(k; 187%) 12 36 100 240 480 712 756 600 400

Ezample 1.4. The number No(0; 2%) has been computed independently by Chasles [Cha64] and
De Jonquiere. More than one century later, Ronga, Tognoli, and Vust showed in [RTV97] that it
is possible to choose five real conics in such a way that all conics tangent to these five conics are
real. See also [Ghy08] and [Sot] for a historical account and digression on this subject. See also

Example 7.2 for a tropical version of the arguments from [RTV97]. We list below the numbers
NQ’O(k; 257]{)1

Nop(4;2) =6, Nag(3;2%) =36, Nag(2;2%) =184,
Noo(1;2%) =816, Npg(0; 2°) = 3264.

More generally, the characteristic numbers Ng q(k; 13d=1+9-k) of CP? determine all the
numbers Ng4(k; di, ..., d3g—14g—k). Indeed, by degenerating the non-singular curve Lq,, .
to the union of two non-singular curves of lower degrees intersecting transversely, we obtain the
following formula (see for example [RTV97, Theorem 8]):

Nag(kydi, ... dza—1+g—k) = 2d3q 14 g 1 d3q14g— 1k Nagk +1id1, ..., dza—249-1)
+ Nd,g(k; di, ..., déd—1+g—k) + Nd,g(k; dis. .., gd—1+g—k)7 (1)

where dyg 119k = dyg 11 g + 54 119 g

This paper contains three main contributions. First we identify tropical tangencies
between two tropical morphisms. Then we deduce from the location of tropical tangencies a
correspondence theorem which allows one to compute characteristic numbers of CP? in genus 0.
Finally, using the floor decomposition technique, we provide a new insight on these characteristic
numbers and their relation to Hurwitz numbers.

Thanks to a series of correspondence theorems initiated in [Mik05] (see also [Nis10, NS06,
Mik, Shu05, Tyol2]), tropical geometry turned out to be a powerful tool to solve enumerative
problems in complex and real algebraic geometry. However, until now, correspondence theorems
dealt with problems only involving simple incidence conditions, i.e. with enumeration of curves
intersecting transversally a given set of constraints. Correspondence theorems, Theorems 3.8
and 3.12, in this paper are the first ones concerning plane curves satisfying tangency conditions
to a given set of curves. In the case of simple incidences, the (finitely many) tropical curves
arising as the limit of amoebas of the enumerated complex curves could be identified considering
the tropical limit of embedded complex curves. This is no longer enough to identify the
tropical limit of tangent curves, and we first refine previous studies by considering the tropical
limit of a family of holomorphic maps to a given projective space. This gives rise to the notion of
phase-tropical curves and morphisms. For a treatment of phase-tropical geometry more general
than the one in this paper, we refer to [Mik]. Using tropical morphisms and their approximation
by holomorphic maps, we identify tropical tangencies between tropical morphisms, and prove
Theorems 3.8 and 3.12. Note that Dickenstein and Tabera also studied in [DT12] tropical

48

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X13007409

GENUS 0 CHARACTERISTIC NUMBERS OF THE TROPICAL PROJECTIVE PLANE

tangencies but in a slightly different context, i.e. tangencies between tropical cycles instead
of tropical morphisms.

As in the works cited above, Theorems 3.8 and 3.12 allow us to solve our enumerative problem
by exhibiting some special configurations of constraints for which we can actually find all complex
curves satisfying our conditions. In particular we obtain more information than using only the
intersection theoretical approach from complex geometry. As a consequence, when all constraints
are real we are also able to identify all real curves matching our constraints. This is the starting
observation in applications of tropical geometry in real algebraic geometry, which already turned
out to be fruitful (see for example [Ber, Ber08, BP, IKS03, Mik05]). In this paper we just provide
a few examples of such applications to real enumerative geometry in § 7.2. However, there is no
doubt that Theorems 3.8 and 3.12 should lead to further results in real enumerative geometry.

The next step after proving our correspondence theorems is to use generalized floor diagrams
to reduce the computations to pure combinatorics. In the particular case where only incidence
conditions are considered they are equivalent to those defined in [BMO7] (see also [BM09]), and
used later in several contexts (see for example [AB13, ABL11, Ber, BGM12, BP, FM10]). Note
that the floor decomposition technique has strong connections with the Caporaso and Harris
method (see [CH98]) extended later by Vakil (see [Vak00]), and with the neck-stretching method
in symplectic field theory (see [EGHO00, IP04]). This method allows one to solve an enumerative
problem by induction on the dimension of the ambient space, i.e. to reduce enumerative problems
in CP" to enumerative problems in CP" !. In the present paper, the enumerative problem
we are concerned with is to count curves which interpolate a given configuration of points
and are tangent to a given set of curves. On the level of maps, tangency conditions are
naturally interpreted as ramification conditions. In particular, the one-dimensional analogues of
characteristic numbers are Hurwitz numbers, which are the number of maps from a (non-fixed)
genus g curve to a (fixed) genus gy curves with a fixed ramification profile at some fixed
points. Hence, using floor diagrams, we express characteristic numbers of CP? in terms of
Hurwitz numbers. Surprisingly, other one-dimensional enumerative invariants also appear in
this expression. These are the so-called open Hurwitz numbers, a slight generalization of Hurwitz
numbers defined and computed in [BBM11]. Computations of characteristic numbers of CP?
performed in [Pan99, GKP02], and [VakOl], were done by induction on the degree of the
enumerated curves. To our knowledge, this is the first time that characteristic numbers are
expressed in terms of their analogue in dimension 1, i.e. in terms of (open) Hurwitz numbers.

Here is the plan of the paper. In §2 we review standard definitions we need from tropical
geometry. In §3 we define tropical tangencies and state our correspondence theorems. Even
though we can reduce all degrees d; of the constraints to one by (1), we still leave dy, . . ., d3g—1—k
in the statement of correspondence Theorem 3.8, in view of possible application to real geometry
(see e.g. Example 7.2). Section 4 is devoted to the proof of technical lemmas on generic
configurations of constraints. The multiplicity of a tropical curve in Theorems 3.8 and 3.12
are defined by a determinant, and we give in §5 a practical way of computing this determinant
which will be used in § 8. We introduce in § 6 the notion of phase-tropical curves and morphisms,
and the tropical limit of a family of holomorphic maps, and we prove Theorems 3.8 and 3.12
in §7. In §8, floor diagrams are introduced, formulas for characteristic numbers in which they
appear are proved, and examples given.

We end this introduction elaborating on possible natural generalizations of the techniques
presented in this paper. All definitions, statements, and proofs should generalize with no
difficulty to the case of rational curves in CP™ intersecting cycles and tangent to non-singular
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hypersurfaces. The resulting floor diagrams would then be a generalization of those defined
in [BMa] and [BMO7]. The enumeration of plane curves with higher-order tangency conditions
to other curves should also be doable in principle using our methods. This would first necessitate
identifying tropicalizations of higher-order tangencies between curves, generalizing the simple
tangency case treated in § 3.1. However, this identification might be intricate, and will certainly
lead to much more different cases than for simple tangencies (third-order tangencies to a line are
dealt with in [BL12]). In turn, the use of tropical techniques in the computation of higher-genus
characteristic numbers requires some substantial additional work. The main difficulty is that
superabundancy appears for positive genus: some combinatorial types appearing as solution
of the enumerative problem might be of actual dimension strictly bigger than the expected
one (see Remark 2.5). Hence, before enumerating tropical curves, in addition to the balancing
condition one has first to understand extra necessary conditions for a tropical morphism to
be the tropical limit of a family of algebraic maps (see §6). Using the techniques developed
in [BMb], we succeeded to compute genus 1 characteristic numbers of CP?. These results will
appear in a separate paper. Also for a small number of tangency constraints, it is possible to
find a configuration of constraints for which no superabundant curve shows up. In this case
Theorem 3.8 applies, the proof only requiring minor adjustments.

2. Tropical curves and morphisms

In this section, we define abstract tropical curves, their morphisms to R™, and tropical cycles
in R2.

2.1 Tropical curves

Given a finite graph C' (i.e. C has a finite number of edges and vertices) we denote by Vert(C') the
set of its vertices, by Vert’(C) the set of its vertices which are not 1-valent, and by Edge(C)
the set of its edges. By definition, the valency of a vertex v € Vert(C'), denoted by val(v), is the
number of edges in Edge(C) adjacent to v. Throughout the text we will identify a graph and any
of its topological realization. The next definition is taken from [BBM11]. Tropical curves with
boundary will be needed in § 8.

DEFINITION 2.1. An idrreducible tropical curve C with boundary is a finite compact connected
graph with Edge(C) # (), together with a set of 1-valent vertices Vert®(C') of C, such that:
e (C'\Vert™((C) is equipped with a complete inner metric;
e the vertices of VertO(C) have non-negative integer weights, i.e. C is equipped with a map
Vert®(C) — Zo
V= Gu;
e any 2-valent vertex v of C' satisfies g, > 1.

If v is an element of Vert®(C'), the integer g, is called the genus of v. The genus of C' is defined
as

g(C) =b:1(C) + Z Gv
veVert? (C)
where b1 (C') denotes the first Betti number of C'.

An element of Vert™(C) is called a leaf of C, and its adjacent edge is called an end of C. A
1-valent vertex of C not in Vert®™(C) is called a boundary component of C.
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(b) () (d) (e)

FIGURE 1. A few rational tropical curves.

(a)

Definition 2.1 might appear very general, whereas we essentially deal with rational tropical
curves, i.e. of genus 0, in the rest of the paper. The reason for us to give such a general definition is
that the general framework for correspondence theorems between complex algebraic and tropical
curves we set up in §6.1 is valid for tropical curves as in Definition 2.1, and may be used in
future correspondences between complex algebraic and tropical curves of any genus.

It follows immediately from Definition 2.1 that the leaves of C' are at the infinite distance
from all the other points of C. We denote by dC' the set of the boundary components of C', by
Edge®(C) the set of ends of C, and by Edge®(C) the set of its edges which are not adjacent to
a 1-valent vertex.

A punctured tropical curve C' is given by C'\P where C is a tropical curve, and P is a subset
of Vert®(C). Note that C’ has a tropical structure inherited from C. Elements of P are called
punctures. An end of C’ is said to be open if it is adjacent to a puncture, and closed otherwise.

Example 2.2. In Figure 1 we depict some examples of the simplest rational tropical curves.
Boundary components and vertices of Vert’(C) are depicted as black dots and vertices of
Vert™(C) are omitted so that an edge not ending at a black vertex is of infinite length
and that no difference is made on the picture between punctured and non-punctured tropical
curves.

Given C a tropical curve, and p a point on C' which is not a 1-valent vertex, we can construct
a new tropical curve CN’p by attaching to C' a closed end e, (i.e. an end with a leaf point at
infinity) at p, and by setting g, = 0 if p ¢ Vert®(C). The natural map 7 : ép — C which contracts
the edge e, to p is called a tropical modification. If we denote by v the 1-valent vertex of 5'p
adjacent to e,, the restriction of the map 7 to the punctured tropical curve ép\{v} is called an
open tropical modification.

Ezample 2.3. The closed curve depicted in Figure 1(d) can be obtained by a tropical modification
from the curve of Figure 1(c) which in turn can be obtained modifying the infinite closed segment
of Figure 1(a). More generally, every rational tropical curve without boundary can be obtained
from the infinite closed segment (Figure 1(a)) by a finite sequence of tropical modifications.

2.2 Tropical morphisms

Given e an edge of a tropical curve C', we choose a point p in the interior of e and a unit vector u,
of the tangent line to C at p (recall that C is equipped with a metric). Of course, the vector
ue depends on the choice of p and is well defined only up to multiplication by —1, but this will
not matter in the following. We will sometimes need u. to have a prescribed direction, and we
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will then specify this direction. The standard inclusion of Z™ in R™ induces a standard inclusion
of Z" in the tangent space of R at any point of R™. A vector in Z" is said to be primitive if the
greatest common divisor of its coordinates equals 1.

DEFINITION 2.4. Let C be a punctured tropical curve. A continuous map f : C — R" is a tropical
morphism if the following hold.

e For any edge e of C, the restriction f. is a smooth map with df (ue) =wycuys. where
ufe € Z" is a primitive vector, and wy . is a non-negative integer.

e For any vertex v in Vert’(C) whose adjacent edges are ey, . .., e, one has the balancing
condition

k
z WieUfe, =0
=1

where ue, is chosen so that it points away from v.

The integer wy . is called the weight of the edge e with respect to f. When no confusion is
possible, we simply speak about the weight of an edge, without referring to the morphism f. If
wy . =0, we say that the morphism f contracts the edge e. The morphism f is called minimal
if f does not contract any edge. If the morphism f is proper then an open end of C has to
have a non-compact image, while a closed end has to be contracted. Hence if a proper tropical
morphism f: C'— R" is minimal, then Vert®(C) = (). The morphism f is called an immersion
if it is a topological immersion, i.e. if f is a local homeomorphism on its image.

Remark 2.5. Definition 2.4 is a rather coarse definition of a tropical morphism when C' has
positive genus. Indeed, in contrast to the case of rational curves, one can easily construct tropical
morphisms from a positive-genus tropical curve which are superabundant, i.e. whose space of
deformation has a strictly bigger dimension that the expected one (see [Mik05, § 2]). In particular,
when the corresponding situation in classical geometry is regular (i.e. with no superabundancy
phenomenon) as in the case of projective plane curves, such a superabundant tropical morphism
is unlikely to be presented as the tropical limit of a family of holomorphic maps (see §6.1 for
the definition of the tropical limit).

One may refine Definition 2.4, still using pure combinatoric, to get rid of many of these
superabundant tropical morphisms. One of these possible refinements, explored in [BMb], is
to require in addition that the map f:C — R™ should be modifiable: the map f has to be
liftable to any sequence of tropical modifications of R™ with smooth center (see [Mik06]). This
definition of modifiable tropical morphisms relies on the more general definition of a tropical
morphism f:C — X where X is any non-singular tropical variety. In addition to the balancing
condition, a tropical morphism f:C — X has to satisfy some combinatorial conditions coming
from complex algebraic geometry, such as the Riemann—Hurwitz condition at points of C' mapped
to the skeleton of codimension one of X (see [BBM11] for the case when X is a tropical curve).

However, since this paper is about enumeration of rational curves, Definition 2.4, even if
coarse, is sufficient for our purposes here.

Ezxample 2.6. We represent morphisms from a curve to R as in Figure 2. The weights of the
edges with respect to the morphism label the edge if they exceed 1. Figure 2(a) represents a
double cover of the real line by a tropical curve without boundary, and Figure 2(b) represents
an open cover of R (see § Appendix) by a tropical curve with one boundary component.
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() 2 (b) 2
— e — :.—.T

FIGURE 2. Example of tropical morphisms f: C — R.

FicURE 3. Example of a morphism: a plane conic.

Example 2.7. In contrast to the one-dimensional case, for morphisms from a curve to R?, we
label the image of an edge with the corresponding weight as it often allows us to omit the
source of the morphism which is then implicit. In Figure 3 we depicted a plane conic C', which is
the image in R? of a morphism from a trivalent punctured curve with four vertices in Vert®(C).

Two tropical morphisms f; : C1 — R™ and fo: Cy — R” are said to be isomorphic if there
exists an isometry ¢ : C1 — Oy such that f1 = f3 0 ¢ and gy(,) = go for any v € Vert®(Cy). In this
text, we consider tropical curves and tropical morphisms up to isomorphism.

A less restrictive equivalence relation is the one associated to combinatorial types. Two
tropical morphisms f; : C1 — R™ and fo: C5 — R™ are said to have the same combinatorial type
if there exists a homeomorphism of graphs ¢ :C; — C3 inducing two bijections Vert™(Cp) —
Vert®(Cy) and 0C — 0Cy, and such that for all edges e of C; and all vertices v € Vert?(C') one
has

Whe =W o) Ufre =Uf o) AN Gg(m) = Go-

Given a combinatorial type « of tropical morphisms, we denote by M, the space of all such
tropical morphisms having this combinatorial type. Given f € M,, we say that M, is the rigid
deformation space of f.
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LEMMA 2.8 (Mikhalkin, [Mik05, Proposition 2.14]). Let o be a combinatorial type of tropical
morphisms f: C' — R"™ where C' is a rational tropical curve with OC = (). Then the space M, is
an open convex polyhedron in the vector space R"HEdgeo(a)‘, and

dim My = [Edge™(a)| +n =3~ > (val(v) —3).
veVert® ()

Proof. We recall the proof in order to fix notations we will need later in §5. If Vert®(a) # 0,
choose a root vertex vy of v, and an ordering e1, . . . , €/pgge0 (o) Of the edges in Edge’(a). Given
f:C—=R"in M, we write f(v1) = (x1,...,x,) € R", and we denote by [; € R* the length of
the edge e; € Edge’(C). Then

n Edge’ (a
Ma={(@1, @11, Ugageoi@)) | 1y -« s s Uageo(a) > 03 = R” x RESE (L,
If Vert®(C) = 0, then M, = R"/Ruy,, where e is the only edge of a. O

Other choices of v; and of the ordering of elements of Edge’(a) provide other coordinates on
M, and the change of coordinates is given by an element of GL, 4 page(a)((Z)- O

Example 2.9. In the simplest case when « is the combinatorial type of tropical morphisms
f:C — R? with Vert?(C) = {v}, the space M, is R? and the coordinates are given by f(v).

If v is the morphism depicted in Figure 3, M, is the unbounded polyhedron R? x ]R?;O with
coordinates {1, xo,l1,l2,l3} where x; and x9 are the coordinates of the image of the lowest
vertex and [, lo and [3 are the lengths of the bounded edges at the source ordered from bottom
to top.

2.3 Tropical cycles
Here we fix notations concerning standard facts in tropical geometry. We refer for example
to [IMS07, Mik06, RSTO05], or [BPS08] for more details.

An effective tropical 1-cycle in R? is the tropical divisor defined by some tropical polynomial
P(z,y), whose Newton polygon is denoted by A(P). Given a positive integer d, we denote by
T, the triangle in R? with vertices (0, 0), (0, d) and (d, 0).

The number 1 in 1-cycle stands for dimension 1 as such a cycle is necessarily a graph. Since
any smaller-dimensional cycles in R? can only be 0-cycles which are just linear combinations of
points in R?, in this paper we will be just saying ‘cycles in R?’ for 1-cycles.

DEFINITION 2.10. An effective tropical cycle in R? defined by a tropical polynomial P(z,y) is
said to have degree d > 1 if A(P) C T, and A(P) € Ty_;.
Recall that a tropical polynomial induces a subdivision of its Newton polygon.

DEFINITION 2.11. An effective tropical cycle in R? of degree d defined by a tropical polynomial
P(z,y) is said to be non-singular if A(P)= Ty and the subdivision of A(P) induced by P(z, y)
is primitive, i.e. contains only triangles of Euclidean area %

The tropical cycle is said to be simple if this subdivision of A(P) contains only triangles and
parallelograms.

Two effective tropical cycles are said to be of the same combinatorial type if they have the
same Newton polygon, and the same dual subdivision. As in the case of tropical morphisms, we
denote by M, the set of all effective tropical cycles of a given combinatorial type a.

LEMMA 2.12. If a is a combinatorial type of non-singular effective tropical cycles, then M,, is
an open convex polyhedron in RIA(®NZ%|=1,

o4
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If f:C —R? is a non-constant tropical morphism, then the image f(C) is a balanced
polyhedral graph in R?, and hence is defined by some tropical polynomial P(z,y) (see [Mik04,
Proposition 2.4]). The Newton polygon of the morphism f : C — R?, denoted by A(f), is defined
as the Newton polygon of P(z,y). The polygon A(f) is well defined up to translation by a vector
in Z?, and in particular the degree of f is well defined.

The genus of a tropical cycle A is the smallest genus of a tropical immersion f : C' — R? such
that f(C)= A. Note that if A is simple and f : C' — R? is such a tropical immersion of minimal
genus then the tropical curve C contains only 3-valent vertices, which are called the vertices
of A.

We can refine the notion of Newton polygon of a tropical cycle A (or of an algebraic curve in
(C*)?) by encoding how A intersect the toric divisors at infinity. Namely, we define the Newton
fan of A to be the multiset of vectors weu. where e runs over all unbounded edges of A, w, is
the weight of e (i.e. the integer length of its dual edge), and wu, is the primitive integer vector
of e pointing to the unbounded direction of e. The definition in the case of algebraic curves in
(C*)? works similarly.

Remark 2.13. Note that our simple effective cycles are in 1-1 correspondence with 3-valent
immersed tropical curves such that their self-intersections are isolated points that come as
intersection of different edges at their interior points. We call them tropical cycles (instead
of calling them tropical curves) to emphasize their role as constraints.

3. Tangencies

3.1 Tropical pretangencies in R?2

Our definition of tropical pretangencies between tropical morphisms is motivated by the study
of tropical tangencies in [BMb], to which we refer for more details. We also refer to [DT12] for
the notion of tropical tangencies between two tropical cycles in R2. Let f: C' — R? be a tropical
morphism, and L be a simple tropical cycle in R?.

DEFINITION 3.1. The tropical morphism f is said to be pretangent to L if there exists a connected
component F of the set theoretic intersection of f(C) and L which contains either a vertex of L
or the image of a vertex of C.

The set £ C R? is called a pretangency set of f and L. A connected component of f~1(E) c C
is called a pretangency component of f with L if E contains either a vertex of C' or a point p
such that f(p) is a vertex of L.

Ezxample 3.2. In Figure 4 we depicted several examples of the image of a morphism pretangent
to a cycle which is represented by dotted lines.

It is clear that not any pretangency set corresponds to some classical tangency point. For
example, the two tropical lines in Figure 4(b) are pretangent, but this pretangency set does
not correspond to any tangency point between two complex algebraic lines in CP2. However,
given any approximation of f (if one exists) and any approximation of L by algebraic curves,
the accumulation set of tangency points of these approximations must lie inside the pretangency
sets of f and L (see §7, or [BMb]).

3.2 Correspondence
As in §1 let d>1, k>0, and di,...,d3q_1-% >0 be some integer numbers, and choose
P={p1,...,pr} a set of k points in R?, and £L={Ly,...,L3q_1_} a set of 3d — 1 — k non-
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(b) . ©

wi + w3

FIGURE 4. Pretangent morphisms.

singular effective tropical cycles in R? such that L; has degree d;. We denote by S™(d, P, £) the
set of minimal tropical morphisms f : C' — R? of degree d, where C is a rational tropical curve
with OC = (), passing through all points p; and pretangent to all curves L;.

We suppose now that the configuration (P, £) is generic. The precise definition of this word
will be given in §4, Definition 4.7. For the moment, it is sufficient to have in mind that the
set of generic configurations is a dense open subset of the set of all configurations with a given
number of points and tropical cycles. The proof of the next three statements will be given in § 4.
Proposition 3.3 and Lemma 3.5 are direct consequences of Corollary 4.6.

PROPOSITION 3.3. The set ST(d, P, L) is finite, and any of its elements f : C' — R? satisfy:

e (' is a 3-valent curve with exactly 3d leaves, all of them of weight 1;

o f(Vert’(C)) N(Upe, Vert’(L) UP) =10, i.e. no vertex of C is mapped to a vertex of a curve
in £ nor to a point in P;

e givenp € P, if v and 2’ are in f~1(p), then the (unique) path~ in C from x to 2’ is mapped
to a segment in R? by f;

e given L € L, there exists a connected subgraph I' C C' which contains all pretangency
components of f with L, and such that f(T) is a segment in R2.

Let f:C — R? be an element of ST(d, P, £), and let us denote by « its combinatorial type.
Given p € P (respectively L € L), we denote by A, (respectively Ar) the set of elements of M,
in a small neighborhood Uy of f which pass through p (respectively are pretangent to L).

LEMMA 3.4. If Uy is small enough, then A\, spans a classical affine hyperplane A, defined over
Z in M, for any q in P U L.

Proof. This is an immediate consequence of the Z-linearity of the evaluation and forgetful maps
ev and ft (see §4). O
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LEMMA 3.5. We have
m Aq ={r}

qeEPUL

Let us associate a weight to the (classical) linear spaces A,. Given p € P, we denote by £(p)
the set of edges of C' which contain a point of f~!(p) and we define

wp= Y wye.
e€&(p)

Given L € L, we denote by Ep, the union of all pretangency components of f with L, by p the
cardinal of E;, N Vert?(C), and by A the number of ends of C contained in Ey. If v € Vert?(L),
we denote by £(v) the set of edges of C which contain a point of f~!(v), and we define

wL:< > wa,>+u—A. (2)
veVert’(L) e€&(v)
Equivalently, we can define wy, as follows:

wy, = Z wye if f(EL) I’UEVel"tO(L),
ec&(v)

wy, = < Z Z (wpe+1 ) + Kk —2by(Fr) otherwise,
veVert®(L)  e€€&(v)
where k is the number of edges of C'\ Ef, adjacent to a vertex of C' in Fy.
DEFINITION 3.6. The (P, £)-multiplicity of f : C — R?, denoted by pp,c)(f), is defined as the

tropical intersection number in M, of all the tropical hypersurfaces j,A, divided by the number
of automorphisms of f. That is to say,

|det( Pyt pr ALN R ALSd—l—k)’
Kep,c) (f) \Aut(f)\ qel;{m Wg.

The morphism f is said to be tangent to L if up o(f) # 0.

Ezxample 3.7. For the morphism of Figure 5, in the coordinate system described in Example 2.9,
let y=a; and = as be the equations respectively of the horizontal and vertical lines and
(a1,b1), (az, b2), and (as, b3) be the coordinates of the three points from bottom to top. Then

the hyperplanes A1, ..., A5 have equations
Yy=aoa,
xr=ay,
y+2l1+a2—a1:b2,
2/4‘12:0427
y+ 201+ 1o+ 13+ a3 — ag = b3,
and
01 010
1 01 0 1
|det(A1...A5)[=10 0 2 0 2|=2
0 0 0 11
0 0 0 01
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FIGURE 5. A conic tangent to two lines and passing through three points.

All the weights are 1 except the ones associated to the bottom-most point and the one
associated to the tangency to the vertical line, which are 2, and thus the formula of Definition 3.6
becomes p(f) =% x 22 =4.

THEOREM 3.8 (Correspondence theorem). With the hypothesis above, we have

Ngo(kydy, ... dzg—1-1) = Z tp,c) (f)-
FEST(d,P.L)

Example 3.9. For the configuration of points and lines considered in Example 3.7, there is only
one morphism in ST(2, P, £), and Na(3;1,1) is indeed 4. Other examples are given in §5.2.

Remark 3.10. In the proof of Theorem 3.8 (see §7), we establish not only equality of both
numbers, but we also give a correspondence between phase-tropical curves (see §6 for the
definition) and complex curves close to the tropical limit in the sense of §6.1. In particular,
if we choose real phases, in the sense of Definition 6.1 and Remark 6.3, for all constraints in
(P, L), it is possible to recover all real algebraic curves passing through a configuration of real
points and tangent to a configuration of real lines when these points and lines are close to the
tropical limit. See §7.2 for a few examples.

The definition of pi(p 1) (f) we have given so far is not very convenient for actual computations.
We will give in § 5 a practical way to compute this tropical multiplicity. We first clarify the notion
of generic configurations in §4.

3.3 Generalization to immersed constraints

In this section we generalize Theorem 3.8 to the case when the constraints are not necessarily
non-singular tropical or complex curves but any immersed curves. Instead of considering curves
of degree d in the projective plane we now consider curves with a given Newton fan N in the
two-dimensional torus (C*)?.
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We first pose the problem in complex geometry. Let s > 2, k<s—1,g1,...,9gs—1—k be some
non-negative integer numbers, and N, N1, ..., N;_1_; some Newton fans such that the number
of elements of N is s (recall that a Newton fan is a multiset). Choose a set P = {p1,...,pi} of
k points in (C*)?, and a set £={L1,...,Ls_1_x} of s —1 — k immersed complex curves such
that L; is of genus ¢g; and has Newton fan N;.

We denote by S(N, P, £) the set of all rational complex algebraic maps f : CP\{s points} —
(C*)2 with Newton fan A/, passing through all points p; € P and tangent to all curves L; € L.
The cardinal of the set S(N, P, L) is finite as long as P and L are chosen generically, and we

define
1
Ny ok N1 gis - Nsami—k, Gsa—1-k) = TAat( P
. Aut(f)]
eS(N,P,L)
The problem in the tropical set-up is similar. Choose now PT = {p111‘7 cel p}g} a set of k points
in R% and LT ={LT,..., LT | .} aset of s — 1 — k simple effective tropical cycles in R? such

that LT has Newton fan A; and genus g;. We denote by ST(N, PT, LT) the set of minimal
tropical morphisms f: C — R? with Newton fan A, where C is a rational tropical curve with
OC = (), passing through all points p;!r and pretangent to all curves L}T. Next proposition is a
direct consequence of Corollary 4.6.

PROPOSITION 3.11. The set ST(N, PT, LT) is finite and its elements are extreme in the sense
of Definition 4.4.

Moreover, Lemmas 3.4 and 3.5 still hold in this situation. If p* € PT, we define wj, in the
same way as in §3.2. If LT € LT, we define wy, as follows:

wrr = < Z Z wf,e) +0(u—A)
veVert?(LT)  e€€&(v)

where § is the weight of the edge of L containing the tangency set of f and LT (if any, otherwise
p=A=0). The (PT, £T)-multiplicity of a tropical morphism f in ST(d, PT, LT) is given by
Definition 3.6.

THEOREM 3.12 (Correspondence theorem in ((C*)Z). Let N, s, k, g1,...,9s—1-k, N1,...,
Ny_i—1, LT and PT be as above.

There exists a generic configuration of points P = {p1, . . ., pr} and immersed complex curves
L={L1,...,Ls_1_1} in (C*)2 having respective Newton fans Ni,...,N,_1_, and genera
g1, - -, Js_1—k such that

Ny etk Ny g Nadgoaoks Gso1-k) = Y preny(f)-

Theorem 3.12 we will be proved in §7.

4. Generic configurations of constraints

4.1 Marked tropical curves
In order to prove Proposition 3.3, it is convenient to consider marked tropical curves as a technical
tool.

DEFINITION 4.1. A tropical curve with n marked points is a (n + 1)-tuple (C, z1, . . ., z,) where
C' is a tropical curve and the x; are n points on C.
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A marked tropical morphism with n marked points is a (n + 2)-tuple (C, x1, . . ., xp, f) where
(C,z1,...,2y,) is a tropical curve with n marked points, and f : C — R? is a tropical morphism.

Note that we do not require the marked points to be distinct. As in the case of unmarked
tropical curves, we have the notion of isomorphic marked tropical morphisms and combinatorial
types of marked tropical morphisms. The definition is the same as in §2.1, where we require in
addition that the map ¢ : C7 — Cs sends the ith marked point of C7 to the ith marked point
of 02.

Lemma 2.8 has a straightforward extension to the case of marked tropical morphisms.

LEMMA 4.2. Let a be a combinatorial type of marked tropical morphisms f : C — R? with ng
marked points, m,, of which lie on edges of C, and where C' is a rational curve with 0C = ().
Then the space M, is an open convex polyhedron in the vector space R%'Edgeo(a)'*ma, and
dim My = [Edge®(e)] =1 = > (val(v) = 3) + ma.
veVert®(a)
Let a be a combinatorial type of marked minimal tropical morphisms f:C — R? where C
is a rational tropical curve with dC = (), with s (open) ends, and with n, marked points, m, of

which lie on edges of C. We denote by @ the combinatorial type of unmarked tropical morphisms
underlying «. We define the evaluation map ev and the forgetful map ft by

ev M, — (R?)" ft: My — Mg
(Coar,. sz, f) — (flx), . f@n,)) (C 1, .. @, f) — (O, f).
LEMMA 4.3. The maps ev and ft are Z-affine linear on M, and
dim ev(Mgy) <5 — 14 my,.
Moreover, if equality holds, then « is 3-valent, and the evaluation map is injective on M.

Proof. The proof of the Z-linearity is the same as [GMO7, Proposition 4.2], and the dimension
is given by Lemma 4.2. O

4.2 Generic configurations
A parameter space is a space of the form

Par(k’ /817 R 7/35—1—k) = (RQ)k X Mﬁl X X M/Bsflfk

where s >2 and 0<k<s—1 are two integer numbers, and (y,...,0s_1_ are s—1—Fk
combinatorial types of simple effective tropical cycles in R?. According to Lemma 2.12,
Par(k, B1,...,Bs—1—k) is an open convex polyhedron in some Euclidean vector space. In

particular, it has a natural topology induced by this Euclidean space. Note that if Verto(ﬁi) =0
(i.e. B; is just a ray), then Mg, =R.

Given an element (P, L) of Par(k,fi,...,Bs—1-k), where P={p1,...,pr} and L=
{L1,...,Ls 1 1}, we denote by C(s, P, L) the set of all minimal tropical morphisms f : C' — R?
where C is a rational tropical curve with s ends and OC = (), and f passes through all points p;,
and is pretangent to all curves L.

DEFINITION 4.4. A tropical morphism f: C'— R?in C(s, P, L) is said to be extreme if it satisfies
the four following properties:
(i) C is a 3-valent curve;

(il) f(Vert®(C)) N(Uper Vert’(L) UP) =0, i.e. no vertex of C is mapped to a vertex of a curve
in £ nor to a point in P;
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(iii) given p € P, if x and 2’ are in f~!(p), then the path v in C from z to 2’ is mapped to a
segment by f;

(iv) given L € L, there exists a connected subgraph I' C C' which contains all pretangency
components of f with L, and such that f(I') is a segment in R2.

Note that in the case where Vert?(L) = 0, property (iv) is equivalent to the fact that Ef, is
connected.

PROPOSITION 4.5. Suppose that Vert(3;) = for all i. Then there exists a dense open subset
Par(k, 31, ..., Bs—1_x) in the parameter space Par(k, (1, ..., Bs_1-x) = R*1F* such that the
set C(s, P, L) is finite and contains only extreme tropical morphisms.

Proof. Denote by C'(s,P,L) the set of all marked minimal tropical morphisms f:
(C,z1,...,25 1) — R? where (C,z1,...,2s 1) is a rational tropical curve with s leaves, with
OC =), and with s — 1 marked points, 241, . . . , Zs—1 being on vertices of C, such that f(z;) = p;
for 1<i<k and f(x;) € Li_y for k+1<i<s—1. By Definition 3.1, the set C(s,P, L) is
contained in the set ft(C'(s, P, L)). Hence, it is sufficient to prove that there exists a dense
open subset of the parameter space such that the set C'(s, P, L) is finite and contains only
extreme tropical morphisms.

Let a be a combinatorial type of marked tropical morphisms f:(C, x1,...,zs 1) — R?
where (C, x1,...,2s-1) is a rational tropical curve with s leaves, with 9C =), and with s — 1
marked points, xgy1,...,2Zs—1 being on vertices of C. Let us define the incidence variety
Jo C Mgy x R*71FF containing elements (f, p1, ...,k L1,..., Ls_1_1) where f is a tropical
morphisms with combinatorial type « such that:

(a) for j <k, f(zi) =ps;
(b) for k+1<j<s—1, f(zj) € Lj_.

Any of the above conditions (a) (respectively (b)) demands 2 (respectively 1) affine conditions
on elements of J,. Moreover, all these conditions are independent since any variable p; or L; is
contained in exactly one of these equations. Hence, the set J, is an open polyhedral complex of
dimension at most dim M,. Let us consider the two natural projections 7y : J, — M, and o :
Ja — Par(k, 81, ..., Bs—1-k). For each 1 <i<s—1—k, there is a natural linear isomorphism
between Mg, and the quotient of R? by the linear direction of elements of ;. This provides a
natural map 1 : (R?)*~! — Par(k, 1, ..., Bs_1_x) by taking the quotient of the s — 1 — k lasts
copies of R? by the direction of the corresponding ;. We have 75 = 1) o ev o ;. Hence according
to Lemma 4.3, if dim 72(J,) = s+ k — 1, then « is necessarily trivalent, the evaluation map is
injective on My, and z; ¢ Vert®(C) for i < k.

We define PAa;(k, B, ..., Bs—1—k) as the complement in Par(k, f1, . . ., Bs—1—k) of the union of
the sets m2(J,) where v ranges over all combinatorial types such that dim mo(M,) <s—1+ k.
This is an open and dense subset of Par(k, 1,. .., Gs—1-k). Moreover, by injectivity of the
evaluation map, if (P, £) is in f’\a/r(s, k,B1,...,Bs—1-k), then the fiber 7r2_1(77, L) consists of at
most one point for any combinatorial type. The number of possible combinatorial types « is
finite, and so is the set C'(s, P, £). Moreover, all its elements satisfy properties (i) and (ii) of
Definition 4.4.

Let us now find an open dense subset of lg?a/r(k, B,y ..., Bs—1—k) which will ensure properties
(iii) and (iv). Let « be a combinatorial type considered above of marked tropical morphisms, and
let o’ be a combinatorial type of marked tropical morphisms consisting of o with an additional
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marked point zs. We also fix 1 <7< s — 1, and we suppose that the path v in C joining x, to
x; is not mapped to a segment by f.

If i <k, we define J,; C My x RIF x R2 by the conditions (a) and (b) above and
the condition f(xs)=ps (ps is the coordinate corresponding to the copy of R? we added
to Par(k, 1, ..., Bs—1-k)). We still have the two projections 7 : Jo ; = My and ma: T j —
Par(k, B1, ..., Bs—1-k) X R? in addition to the projection :Par(k,1,..., B 1_1) x R? —
Par(k, 51, ..., Bs—1—k). According to the previous study, the set mp(J, ;) has codimension at
least 1 in Par(k, B, . . ., Bs—1-k) X R?, and none of the two sets ma(Jo ;) and {p; = ps} contains
the other. Since the latter has codimension 2 in Par(k, 81, ..., Bs_1_&) X R?, the intersection
Xo,i of (T i) and {p; = ps} has codimension at least 3, and 7(X, ;) has codimension at least
1in Par(k, 1, ..., Bs—1—k)-

If k+1<i<s—1, we define Jp; C My x RSIF x My . by the conditions (a) and
(b) above and the condition f(zs)€ Ls (Ls is the coordinate corresponding to the copy
of Mg, , we added to Par(k,fi,...,0Bs—1-k)). We still have the two projections 7 :
Joi = My and o : Ty ; — Par(k, B1, ..., Bs—1-k) X Mg, ,, in addition to the projection = :
Par(k, B1, ..., Bs—1-k) x Mg, , — Par(k, 51, ..., Bs—1-k). According to the previous study, the
set my(Jas,i) has codimension at least 1 in Par(k, f1, ..., Bs—1—k) X Mg, ,. Moreover, since the
path 7 in C joining x5 to z; is not mapped to a segment by f, none of the two sets m2(Jo ;) and
{L;_x = Ls} contains the other. Since the latter has codimension 1 in Par(k, 51, ..., Bs—1-k) X
Mg, ,, the intersection X ; of m2(Jo ;) and {L;_y = L} has codimension at least 2, and m(Xy ;)
has codimension at least 1 in Par(k, 81, ..., Bs—1-k)-

We define

Ba(k, B - o1 k) = Par(k, 1, - Ba1 i)\ (U w(Xa/,a)

P
o'

where o’ and 7 range over all possible choices in the preceding construction. Since the number
of choices is finite, Par(k, 51, ..., Bs—1-%) is a dense open subset of Par(k, (1, ..., Bs—1—k), and
for (P, L) in this set, the set C'(s, P, £) is finite and all its elements are extreme. O

COROLLARY 4.6. There exists a dense open subset @(k,ﬁb ..., Bs—1—k) In the parameter
space Par(k, (1, ..., Bs—1-x) such that the set C(s, P, L) is finite and only contains extreme
tropical morphisms.

Proof. Choose 0 <k <s—1—k,and 1 <43 <---<ip < k. We denote by {j1, ..., Js-1-k—k'}
the complement of {iy,...,ip}in {1,...,s—1— k} Choose a vertex v;, on each (3; , and an
edge ej, on each 3; . Given an element L; in Mg, , we denote by L; the effective tropical
cycle in R? spanned by e;, (this is just the classical line of R? spanned by e;, ), and denote by
djn its combinatorial type. Then we have a natural surjective linear map

X: Par(k, B1, ..., Bs—1—k) — Par(k+ k', 0., ..., 8., . .)
(P1s- - spks Lno ooy Lsag) == (P1y - oo Phy Vigs o+ Vi, Lo LS ),
We define
Par(k, B, - .., Be-1-x) = | x ' (Par(k + K, &, .., 05, )
where K, i1,... %, vi,...,0i,,€5,...,€j._,_, . run over all possible choices. Note that
this number of choices is finite, and that Par(k,1,...,8s-1-k) is open and dense in

Pa‘r(ku ﬂla SRR ﬁs—l—k)‘
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Let (P,L)€Par(k,Bi,...,B1-1), and f:C —R2 an element of C(s,P,L). By
Definition 3.1, the tropical morphism f : C' — R? is also an element of some set

C(S, {pl,...,pk,vil,...,vz‘k,},{L;-1... L. })

P T )s—1—k—k!
constructed as above. Hence, according to Proposition 4.5, the set C(s, P, L) is finite and all its
elements satisfy properties (i)—(iii) of Definition 4.4.

Moreover, for any tangency component F of f with an element L of L, the set f(E) is
contained in a classical line of R2. Indeed, otherwise there would exist v € Vert?(C) such that
f(v) € Vert?(L), in contradiction with the fact that f satisfies property (i) of Definition 4.4.
Hence, we can use the same technique we used at the end of the proof of Proposition 4.5

to construct an open dense subset lga\r(k:, Biy.. ., Bs—1-k) of Par(k, 1, ..., Bs—1-k) such that
if (P,L)¢€ P/’a\r(k, B1y. -y Bs—1-k), then all elements of C(s, P, L) satisfy property (iv) of
Definition 4.4. That is to say, all elements of C(s, P, L) are extreme. O
DEFINITION 4.7. Let p1,...,pr be k points in R? and Ly, ..., L; be [ simple effective tropical
cycles in R? of combinatorial types 1, . . ., 8. The (k + I)-tuple (p1, . . ., pr, L1, . . ., L;) is called
weakly generic if it is an element of lgaﬁ(k, Bis--y 1)

The (k + I)-tuple (p1,...,pk, L1,...,L;) is called generic if any of its sub-tuple is weakly
generic.

Automorphisms of elements of C(s,P,L) are pretty simple when dealing with generic
configurations.

LEMMA 4.8. Let (P, L) be a generic configuration of s points and simple effective tropical cycles,
and let f : C' — R? be an element of C(s, P, L). Denote by (el ed), ..., (e}, €b) all pairs of open
ends of C with uy .. =uy.; and adjacent to a common vertex in Vert?(C). Denote also by Pei el
the automorphism of C' such that ¢e: i(€]) = ey and ¢ei cic\fei iy = Id. Then Aut(f) is the
abelian group generated by the automorphisms ¢ i, 1.e.

Allt(f) = <¢e§,e§7 i=1,..., l) = (Z/QZ)l

Proof. 1t is clear that the automorphisms ¢.: .; commute and are of order 2. We just have to
prove that they generate Aut(f). Suppose that this group is non-trivial and let ¢ # Id be an
element of Aut(f). Since ¢ is non-trivial, there exist two distinct edges e; and ez in Edge(C)
such that ¢(e;) = es. Since two vertices of C' cannot have the same image by f, the edges e; and
eo must be adjacent to the same vertices. The tropical curve C' is rational, so e; and e must be
adjacent to exactly one vertex, which means that they are open ends of C. O

5. Practical computation of tropical multiplicities

5.1 Combinatorial multiplicity

Here we give a practical way to compute the determinant in Definition 3.6 by a standard
cutting procedure (see for example [GMOS8]). Let us fix a generic configuration (P, L)€
Par(k, B1, - .., f3d-1-k) and an element f:C — R? of ST(d, P, L) tangent to £. We choose a
marking of C such that f: (C, z1,...,234_1) — R? is an element of one of the sets C'(3d, P’, L)

defined in the proof of Proposition 4.5, and we define C' = C\{z1, ..., z34-1}.

First, we define an orientation on C'. Let x be a point on an edge of C'. Since C' is rational,
C\{z} has two connected components C and Cy containing respectively s; and sy ends, and
s1 + s2 = 3d + 2. Moreover, since (P, L) is generic, C; (respectively C3) contains k; < s1 — 1
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(respectively kg < so — 1) marked points. Since k1 + k2 =3d — 1 = 51 + s2 — 3, up to exchanging
C4 and C9, we have k1 = s1 — 1 and k1 = so — 2. We orient 8’ at z from C to Cs. Note that 8’
and its orientation depends on the choice of the marking of C' we have chosen, but this will not
play a role in what follows.

Now we define a multiplicity pp r)(v) for each vertex v in Vert(C). If f(v) ¢ U, L, then
the genericity of (P, £) implies that there exist two edges e, ea € Edge(C) adjacent to v and
oriented toward v. We define

pep,cy(v) = |[det(uype,, upe,)|-

If f(v) € L;, we denote by ur, the primitive integer direction of the edge of L; containing f(v). If
f(v) € Li\ U, L, then the genericity of (P, £) implies that there exists exactly one edge
e € Edge(C) oriented toward v with uys. # ur,, and we define

pp,cy(v) = |det(uye,, ur,)|-
If f(v) € Ly N Lj;, we define
wep,c)(v) = |det(ur,, ur,)|.

ProposITION 5.1. For any tropica] morphism f:C — R? in S¥(d, P, L), we have

pepo)(f) = |Aut H we [ wre ] weo®).

qeEPUL e€Edge’(C) veVert?(C)

We prove Proposition 5.1 by writing down explicitly the linear part of the equations of
the hyperplanes A,. Before going deeper into the details, we remark that the definition of the

multiplicity of a tropical morphism in S*(d, P, £) and of the orientation of C' are based only
on the fact that all elements of C(3d, P, L) are extreme. Hence, we can extend Definition 3.6

and the orientation of 8’ to any tropical morphism in C(s, P, £) for any s, as long as (P, £) is
generic.

For the rest of this section, we fix some positive integer s, a generic configuration (P, L)
of constraints containing s elements, and an element f:C — R? of C(s, P, £) tangent to £. In
particular, pp £)(f) # 0. Let us choose a vertex v € Vert!(C), and some ordering of edges in
Edge’(C). If v € Vert?(C), we denote by (viv) the path joining vy to v in C. In particular we
have

f('U) = f(Ul> + Z lewf,euf,e (3>
e€(v1v)
where the vectors uy . are oriented toward vy (recall that w t,e and [, are respectively the weight
and the length of e).

Given p € P, we choose v € Vert’(C) adjacent to an edge e of C such that e N f~1(p;) # 0.
Then, in the coordinate used in the proof of Lemma 2.8, the linear part of the equation of A, is
given by

|det(f(v), uge)| = 0. (4)
Let L be an element of £. If there exist vg € Vert’(L), e € Edge(C) adjacent to v € Vert’(C),
such that e N f~!(vg) # 0, then the linear part of the equation of Ay, is given by

‘det(f(v)v uf,e)‘ =0. (5)
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If there exists a vertex v € Vert’(C) such that f(v) € L, then the linear part of the equation of
Ay is given by

|det(f(v), ur)| =0 (6)
where up, is the primitive integer direction of the edges of L containing f(v).

Equations (4)—(6) do not depend on the choice of e and v thanks to properties (iii) and (iv)
in Definition 4.4.

To sum up, if g€ P UL, the linear part of the equation of A, is always of the form
|det(f(vq), ug)| =0, for some v, € Vert’(C) and uy = (ug 1, ug2) € R%. Thus, the coefficients of
the matrix M (f) of intersection of all the A, are given by (3), as follows.

o The coefficient corresponding to the hyperplane A, and x,, is ug2.
e The coefficient corresponding to the hyperplane A, and y,, is —ug,1.
e The coefficient corresponding to the hyperplane A, and e € Edge’(C) is
wie det(uge, uq), if € € (vivg),
0 otherwise.
Clearly, the matrix M(f) depends on the choice of the coordinates we choose on the

deformation space of f. However, M(f) is well defined up to a multiplication by a matrix in
GL;s_1(Z), hence the absolute value of its determinant does not depend on this choice.

LEMMA 5.2. Suppose that there exists L € L such that we are in one of the two following
situations.

e There exists a vertex v € Vert!(C) adjacent to two edges e1, es € Edge®(C) with uy., = u,
and uye, # ur, and such that f(v) € L; in this case, choose p in f(e1) N L.

e There exists a point x € C such that f(z) € Vert’(L); in this case, put p= f(z).
Define P’ =P U {p} and L' = L\{L}. Then

wr,

wep.o)(f) = quN(P’,/L’)(f)'

In particular, Proposition 5.1 for juip r)(f) follows from Proposition 5.1 applied to ji¢p £(f)-
Proof. The linear part of the equations of Ay and A, are the same. O

Let us now explain the cutting procedure to compute ,U/('p’ﬁ)( f) in general. Suppose that
there exist e € Edge”(C) and z € e such that f(z) ¢ P U, L. Recall that we have defined an
orientation on C' at x. The space C'\{z} has two connected components, C; and Cs, containing
respectively s; and so ends. We choose C7 and C5 so that C' is oriented from C; to Cs at .
It is clear that s; 4+ s9 = s+ 2. The graph C; inherits a tropical structure from the tropical
curve C, and there is a unique way to extend C; to a rational tropical curve C; without
boundary components. Note that the tropical morphism f : C' — R? induces tropical morphisms
fi:C; — R2.

Let P; C P be the points of P through which f; passes, and £; C £ be the curves of £ which
are pretangent to f;. The configuration (P, £) is generic, so we have |P;| + |£;| <s; — 1. Since
we also have s1 + s9 = s+ 2 and |P| + |£]| = s — 1, we deduce that [(P; U L1) N (P2 U Ly)| < 1.

If (PyUL)N(PaULy) =0, then |P2| + |L2] = s2 — 2 because of the orientation of C' at z.
In this case we define P, =Py U {f(z)} and v =1.

If |(PrULy) N (P2 U L) ={qo}, then we define P) =Py and

wQO (f)wf,e
Weq (fQ)w(Io (fl) ‘

65

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X13007409

B. BERTRAND, E. BRUGALLE AND G. MIKHALKIN

Since the three distinct tropical morphisms f, fi, and f» pass through or are tangent to qq, we
specify to which morphism the quantity wy, refers in the previous formula.

LEMMA 5.3. We have

wep,o)(f) = viep, o) (f)iepy c.) (f2)-
In particular, Proposition 5.1 for jp ¢y(f) follows from Proposition 5.1 applied to pp, r,)(f1)
and ji(py r,)(f2)-
Proof. For the coordinates of the deformation space of f;, we choose the root vertex to be
the vertex of C'y adjacent to e. For the deformation space of fo, we choose the root vertex to be the

vertex of Cy adjacent to e. We also suppose that the first line of M (f2) is given by Af,) or Agy,.
Choose an order ga, .. ., gs,—1 on the other elements of P2 U L. Then we have

_ [ Ue2 —Ue 0
M(f?) - < Uy Us A)
where A is a (s2 — 2) X (s2 — 3) matrix and

Ugs,2 —Ugy,1
U= : and U=
uqb'27172 _uq5271a1

Hence, eliminating the coefficient —u. 1 by elementary operations on the column of M(fz) we
get
det(M(f2)) =det ((Us A))
where
det(uge, ug,)

Us =
det(uf,w uqszfl)
We choose coordinates on the deformation space of f correspondingly to the one we chose

for fi and fo: the root vertex is the root vertex we chose for fi, and the order on the edges
in Edge’(C) is given by first the edges in Edge®(C}), then e, and then the edges in Edge’(Cy).

Then, we have
_(M(f) 0 0
M(f) = ( * wy Uz A)'
Hence det(M(f)) =wye det(M(f1)) det(M(f2)). To conclude, we remark that according to
Lemma 4.8, we have Aut(f) = Aut(f1) x Aut(f2). O

Proof of Proposition 5.1 Applying recursively Lemmas 5.3 and 5.2, we reduce to cases when
Vert?(C) has at most one element, for which we can easily check by hand that Proposition 5.1
is true. O

5.2 Examples of computations
Let us first compute again the multiplicity of the conic of Example 3.7 pictured in Figure 5 using
the combinatorial procedure described above.

The automorphism group of the morphism is isomorphic to Z/2Z, the multiplicities pq of
the constraints is 1 except for the point sitting on an edge of weight 2 and for the vertical line
in which case it is 2. There is an edge of weight 2 contributing for 2 in the multiplicity and
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FIGURE 6. Conic (with orientations) tangent to two lines.

the vertices all have multiplicity 1 as can be seen using the formula given at the beginning of
previous section and the orientations described in Figure 6. The multiplicity of this morphism
is thus pp ) (f) = % x 22 x 2 x 1 =4 which is indeed the number of conics tangent to two lines
and passing through three points provided that the configuration is generic.

One can check using the same techniques and Figure 7 the number of conics tangent to 5 — k
lines when k varies from 0 to 5. In each case there is only one tropical curve satisfying the
constraints on which all the classical conics degenerate. Their multiplicities are min(2¥, 25=F).

Finally, we draw on Figure 8 one of the rational cubics tangent to seven lines and passing
through one point.

In this case the automorphism group is isomorphic to (Z/27Z)?, all multiplicities of constraints
are 1 except that of the point and of the line having its vertex on a vertical edge of weight 2 which
are 3. The product of the weights of interior edges is 2* x 3 and all vertices have multiplicity 1.
This morphism thus contributes pp ) ( f) =54 to the seven hundred classical rational cubics
tangent to seven lines.

6. Phases and tropical limits

Our strategy is to approximate our tropical ambient space with constraints (R?, P, £) with a
family of corresponding classical ambient spaces. In order to prove correspondence theorems
with tangency conditions as some of the constraints, we introduce the notion of phase-tropical
structure on a tropical variety and that of tropical limit. For simplicity, in this paper we define
both concepts only in the special case we need, namely for points and curves in toric surfaces.
See [Mik] for a more general case. Such an approach allows us to generalize correspondence
statements started in [Mik05] and followed in [Nis10, NS06, Tyol2] to curves tangent to given
curves.
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F1GURE 7. Conics tangent to 5 — k lines, k=0, ..., 5.

All tropical curves C' considered in this section have no boundary component, i.e. 9C = ()
(see §2.1). We do not make any assumption on the genus of the curves in §6.1: the hypothesis
of being rational will be necessary only starting from §6.2.

6.1 Phase-tropical structures and tropical limits

Let p € R™ be a point.

DEFINITION 6.1. The phase of p is a choice of a point ¢(p) € (S1)". Alternatively, we may think
of it as a choice of point in (C*)" as long as we identify two phases ¢(p), ¢(p’) € (C*)™ whenever
they have the same argument

Arg(¢(p)) = Arg(¢'(p)) € (S1)".
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FIGURE 8. Cubic (with orientations) tangent to seven lines.

The phase of p is real if ¢(p) € Arg((R*)™) = {0, 7}". The phase of the collection P of points
is a choice of phase for each point of P.

Clearly, in the case of points the phase is nothing else but prescription of arguments to the
coordinates. In the case of curves we need to prescribe a phase for each vertex of the curve so
that this prescription is compatible at each edge.

Before defining the phase-tropical structure for curves we consider some motivations for it.
We refer to the upcoming paper [Mik] for a more thorough treatment, but as this paper has not
appeared yet we give below a preview relevant to our purposes here. A tropical curve can be
thought of as a certain degeneration of a sequence (or a family, which can be thought of as a
generalized sequence) of complex curves, i.e. Riemann surfaces S;; whose genus g and number
of punctures k do not depend on the parameter ¢;.

From the hyperbolic geometry viewpoint, each Sy, is a hyperbolic surface and is completely
determined by the length of any collection of 3g — 3 + k disjoint closed embedded geodesics
(see [Thu97]). Such a collection defines a decomposition of S;, into pairs-of-pants. This means
that every connected component of the complement of this collection is homeomorphic to a
sphere punctured three times. Some of these punctures correspond to the punctures of S while
others correspond to a geodesic from our collection. Note that each geodesic corresponds to two
punctures of pairs-of-pants, cf. Figure 9. Conversely, each decomposition into pairs-of-pants gives
a collection of 3g — 3 + k disjoint closed embedded geodesics once we represent each cutting circle
by a geodesic in the hyperbolic metric of S;,. Once all surfaces S;; are marked (i.e. a homotopy
equivalence with a ‘standard surface’ S of genus g with k& punctures is fixed) the pairs-of-pants
decomposition in Sy, with different ¢; can be chosen in a compatible way.

There may not be more than 3g — 3 + k disjoint closed embedded geodesics, but we may
also consider collection consisting less than that number. The result can be thought of as a
generalized (or partial) pairs-of-pants decomposition. Some component of the complement of
such a collection are spheres punctures three times while the others have a greater number
of punctured or even a genus. Thus the conformal structure of some component is no longer
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FIGURE 9. Pairs-of-pants decomposition of a punctured Riemann surface and a tropical curve
realizing the dual graph.

determined by the lengths of the boundary geodesic and we need to specify it separately. As
we are preparing the framework for the tropical limit where the hyperbolic lengths of all these
boundary geodesics vanish we need only to consider conformal structures of finite type (i.e. such
that all the end components correspond to punctures conformally).

Any non-compact Riemann surface S of finite type is obtained from a closed Riemann surface
S by puncturing it in finitely many points. It is convenient to define a compact surface S obtained
by an oriented real blowup of S at the points of puncture as in [MOO07, §6]. Then each puncture
e of S gets transformed to a boundary component b, C S that is naturally oriented as the
boundary of S. We refer to the resulting b ~ S' as the boundary circles of e.

Similar considerations work in the case of so-called nodal surfaces S. Topologically, such a
surface S is obtained from a (possibly disconnected) punctured Riemann surface by choosing
some number of distinct pairs of points and identifying the points in these pairs. The points
resulting in this procedure are called the nodes. The surface S° is defined from S by removing
all nodes. Thus, in addition to the punctures, S° gets new punctures. A nodal Riemann surface
consists of S and the choice of a conformal structure of finite type on S°.

We set S = S° by oriented blowup of the closed (possibly disconnected) Riemann surface S
obtained by attaching back a point to each puncture. Each node § contributes to two boundary
components by, b C 0S5 which we call the vanishing boundary circles of 6.

We call a map ®: S° — (SY)" pluriharmonic if it can be obtained from a holomorphic map
®:5° — (C*)™ by composing it with the argument map Arg: (C*)® — (S1)". It is easy to see
(cf., for example, [Mik, §2] and [MOO07, §6.2]) that any pluriharmonic map ® : S° — (S*)" which
is proper in a neighborhood of a boundary circle b induces a map

b — (SH™ (7)

Its image is a geodesic on the flat torus (S1)" = (R/27i)". The map ®° comes as a limit of the
map P restricted to a small simple loop around the corresponding puncture or node when this
loop tends to b (in the Hausdorff topology on closed subsets of S). This map allows us to define
a natural translation-invariant metric of circumference 27 on each such b (cf. [Mik]).

If a pluriharmonic map @ : S° — (S')™ has a removable singularity at some puncture with
corresponding boundary circle b, then ®°(b) is a point of (S')”. We can treat such point as a
degenerate geodesic of slope 0. Otherwise we say that b is an essential boundary circle for ®.

Recall that a tropical morphism f:C — R" is called minimal if no edge of C' is contracted
to a point by f. From now on we assume that f is minimal to simplify our definitions (we will
only use minimal morphisms in the applications of this paper, and refer to [Mik] for the general
case).
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DEFINITION 6.2. The phase ¢ of f is the following data:
e a choice of nodal Riemann surface I';, of genus g, with k punctures for each inner vertex
v € Vert?(C) of valence k;
e a one-to-one correspondence between the punctures of I', and the edges of C' adjacent to v;
e an orientation-reversing isometry
pe b =B (8)
between the boundary circles of the punctures corresponding to e for any edge e connecting
vertices v, v/ € Vert?;
e a pluriharmonic map
d, : TS — (SH)"
for each v € Vert?(C), where T'C is obtained from T', by removing all nodes;
e an orientation-reversing isomorphism
ps : by ~ by (9)
between the vanishing boundary circles for each node § of ',
subject to the following properties.
(i) For any edge e adjacent to v € Vert’(C) and the puncture e corresponding to e we have the
following identity for the homology class [®<(b.)] € Hy((S')") = Z"
[(I)ZE (bg)] =WfeUfe € 7",
Here uf, € Z" is the outgoing (from v) primitive integer vector parallel to f(e) C R™.
(ii) For any edge e connecting v, v’ € Vert’(C) we have
Bl = B 0 e by — (S,
where € is the puncture corresponding to e.
(iii) For any node ¢ of I';, we have
O = Y 0 ps 1 by — (51",
where the node ¢ is considered as puncture for the components of I';, whose closures intersect

at d.

(iv) Any node ¢ of T', with essential boundary circle is adjacent to two distinct connected
components of I'y.

A tropical morphism f equipped with a phase ¢ is called the phase-tropical morphism (f, ¢).

Note that by the last property the dual graph of I';, does not have edges adjacent to the same
vertex (loop-edges) corresponding to a node with essential boundary circle. Such a case may be
equivalently treated via perturbing v into several vertices via inserting a corresponding length 0
edge for each node of I',. The slopes of the new edges are determined by the homology classes of
the geodesics tIDS? (bs) and are allowed to be zero. In the simplification considered in this paper
(restricting to minimal tropical morphisms and coarse phase-tropical limits) we always treat such
edges as having zero length, though in a refined version a length of such an edge may be positive
if it has a zero slope.

Remark 6.3. As in the case of points, one has the notion of real phase of a tropical morphism: a
phase is real if there exists a continuous involution ¢ : C'— C' such that ®, has a real algebraic
lift if o(v) = v, and @, = =Py, if v # o (v).
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FIGURE 10. Parameterization of a four-valent node.

Ezxample 6.4. Consider a tropical curve C that consists of four lines emanating from the same
point and a tropical morphism f: C — R? that maps this curve onto the union of the 2- and y-
coordinate axes, see Figure 10. To specify the phase of f we need to choose a conformal structure
on I'y,, a sphere punctured four times corresponding to the only vertex v € C' and a pluriharmonic
map @, : % — S! x S1. If ', is irreducible then this defines the phase ¢ completely.

The choice of a conformal structure on I', is the choice of an element in Mg 4 ~ CP?, the
compactified moduli space of rational curves with four marked points. Exactly three of these
structures correspond to a reducible surface I', = IV UT” made of two components intersecting
at a node ¢§. If IV contains two punctures correspondlng to the horizontal rays of C' then the
boundary circles by and bf are contracted by (IJU“ and &, % and define a point in S! x S'. The
orientation-reversing isometry ps can be chosen arbitrarily. For all other reducible cases these
boundary circles define closed geodesics on S x S' which should coincide and thus induce an
orientation-reversing isomorphism ps.

Now we are ready to define tropical limits. As usual, it is especially easy to do for
the case of points. For t >0 we define the renormalization isomorphism H;: (C*)" ~ (C*)"
(cf. [Mik04, Mik05]) by

z Z.
Ht(zla o Zn) _ <‘Z1|1/logt |Zi‘7 ’Zn|1/logt |Zn‘) (10)
n

Let p;, € (C*)", t; >0, j € N be a sequence of points indexed by a sequence of real numbers
tj — +400.

DEFINITION 6.5. We say that a sequence p;, converges tropically if the limit lim; o Hy, (pr,)
exists as a point of (C*)™. The phase-tropical limit of this sequence is the point p enhanced with
the phase ¢(p), where

j—oo

p=vog( lim () ). olp) = lim_Ate(tH () = lim_Are(o,)
J—+o0 J—+o0
Also we say that the point p itself is the tropical limit of py, .
It is easy to see that in this case p=Ilim; .. Log, p;;, where Log,(z1, ..., 2n) =
(log; |z1], - - -, log; |zn|), since
Log, = Log oH,.

Note that the limit depends not only on the sequence of points p;, € (C*)", but also on the
parameterizing sequence t; € R.

Let f:C — R™ be a minimal tropical morphism enhanced with a phase ¢. Let U C R" be
a convex bounded open set with connected intersection f(C') N U, containing not more than a
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single vertex of f(C') (this vertex may be an image of more than one vertex of C') and such that
its boundary does not contain any such vertex of f(C). Each connected component W of f~1(U)
contains not more than a single vertex v. For any such vertex the phase ¢ of f associates to v a
Riemann surface I', and a pluriharmonic map ®,, : TS — (S!)”. In the case T, is smooth, we let
FW = FU and (I)W = (I)v-

If ', is not smooth but has nodal points, then we prepare a new smooth surface I, by
resolving each node, i.e. replacing each node § with the boundary circle bs corresponding to this
node, i.e. either side of the isometry (9). In other words I',, is obtained from T, by identifying
all pairs of vanishing boundary circles with (9). Naturally we have an inclusion I'{ C I', and a
surjective map

fv — 1Ty
that collapses each boundary circle to a point. Also we have a map
d,: Ty — (shn

that extends the map @, from IS to T', with the help of the boundary circle isomorphism (9).
In this case we let I'y = I, and Py = d,. Note that, in this case, 'y is not a Riemann surface
in the conventional sense, but I'y;, =1 is.

If the connected component W does not contain a vertex then it is an open arc of an edge
e C C. Let v be an endpoint vertex of e. Consider the boundary circle b, C T, corresponding to the
edge e. The map ®, : b — (S!)" induces a holomorphic map C* ~ b, x R — (C*)" by identifying
C* with the tangent space of b, and (C*)" with the tangent space of (S')". Composing this
map with Arg, we obtain a pluriharmonic map ®. : C* — (S!)". Note that ®.(C*) = ®.(b.). We
denote b. x R enhanced with this complex structure (of C*) by I'.. Note that also we have an
embedding of b, to I'. as well as to I', for any endpoint v of e. In this case we let I'yy =13, =T,
and ®y = ..

Let f;, : Ct, — (C*)" be a sequence of holomorphic maps from Riemann surfaces Cy, of finite
type. Note that the inverse image f;l(Log; L(U)) is a Riemann surface with finitely many ends
(as we can enlarge U and extend the map f‘ftgl(LOgt—jl(U))).

A map 7: (C*)" — (C*)™ defined by (z1, ..., 2zn) — (a121, . . ., Gpzy) for some aq, ..., a, >0
is called a positive multiplicative translation in (C*)™.

DEFINITION 6.6. We say that f: C — R™ enhanced with the phase ¢ is the coarse phase-tropical
limit of f;, if for any choice of open set U C R" as above and all sufficiently large ¢; there is a
one-to-one correspondence between connected components Wy, of f;l (Log, 1(U)) and connected

components W of f~1(U) with the following properties of the corresponding components.

e There exists an open embedding EVY : Wi, — I'w and, for each connected component I'° of
I}y, a holomorphic map

Pro : T° — (C*)"
such that Arg oépo = ®py|re and a sequence of positive multiplicative translations Tt,
(C*)™ — (C*)™ such that for any z € IT'°

lim 7, 0 f; o (Eg/)_l(z) = Do (2).

j—+00

In particular, we require that z € EIYY (W4,) for large t;.

e For any pair of boundary circles b and b’ identified by (8) (in the case when these pair
correspond to an edge of C, i.e. b and b’ are boundary circles for ' =T, and I =T, for
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distinct vertices v, v’) or (9) (in the case when they are vanishing boundary circles for
components I' and I of T for the same vertex v =v'), any point z € b, any >0 and a
sufficiently large t; there exist:
— a point 2z, € I' and a point z; € I'; )
— apath v, CT connecting z, and z and a path ~; CT” connecting z; and 2’ = p.(z) (see
(8)) such that the diameter of ®,(v,) C (S')" and that of ®,, () € (S*)™ are less than
7 (in the standard product metric on (S1)");
— a path v, C Cy, connecting (Efj)_l(zn) and (Eg)_l(zq’?) such that the diameter of
Arg(fi,(7,)) C (SY)™ is less than 7 and the path Logy, oft; oy, is contained in a small
neighborhood of the interval connecting Logy, (f, (v)) and Log, (fi;(v)) in R™.

In plain words, if our open set U C R™ is disjoint from f(C) then it should not intersect
Log,, (ft;(Ct,)) for large t;. If it intersects f(C) along an interval that is simply covered by
an edge e C C then Log, Luyn ft,(Cy,) should be an annulus whose image by Arg is close to
®.(T¢). Similarly, if this interval is covered by several edges then we should see an annulus for
each such edge. Finally, if U contains a neighborhood of a vertex v € C' then there should exist
holomorphic maps ®pe : T° — (C*)™ whose argument agrees with the argument of the map to
which Log, YU) N f,(Cy,) accumulates. All these components should glue in accordance with
(8) and (9).

Altogether we may think of C;, as decomposed into generalized pairs-of-pants (cf. the
discussion preceding Definition 6.2) made from pairs-of-pants (or more general Riemann surfaces)
close to I, that are glued along embedded circles dual to the edges of C. Existence of paths s
ensures that the gluing of these pairs-of-pants agrees with the orientation reversing isometries
specified by the phase ¢ in the case when these geodesics represent a divisible class in Hy((S!)"),
i.e. when the weight of the corresponding edge is greater than 1. If this class is primitive then
this condition holds automatically.

Remark 6.7. In Definition 6.6 we use the term coarse tropical limit as for simplicity we ignore
the issue of non-minimal morphisms by implicit identification of the limit with the corresponding
minimal morphism. This procedure can actually be refined (although we do not need it for this
paper) so that the lengths and the phases of the contracted edges will also be well defined in the
limit, see [Mik].

Example 6.8. Let us consider the tropical morphism f:C — R? from Example 6.4, equipped
with a phase ®, : TS — S x S! at the only vertex v of C.

We may present this phase-tropical morphism as a phase-tropical limit of a generalized
sequence of holomorphic maps f; : Sy — (C*)? with S; a Riemann surface of genus 0 with four
punctures. For simplicity we rather present (f, ¢) as the limit of a family of embedded curves
in (C*)? defined by an implicit equation, the passage from one point of view to the other
being straightforward. Note that by definition of ®,, we can see TS as embedded in (C*)? and
@, = Argp,.

If 'y is irreducible, then I', =T'; and we choose S; =T',,.

Suppose that now I', is reducible and made of two components IV and I'” intersecting at
a node 0. Both IV and I'” are spheres with two punctures, and we may assume without loss
of generality that T" (respectively I'"’) has one puncture corresponding to the left-horizontal
(respectively a vertical) ray of C.

If the boundary circle of § has slope 0, then the pluriharmonic map ®,, : T2 — S* x S! extends
to the whole curve I';, = IV UT”. In this case we can still assume that T', C (C*)?, and that it is
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given by the equation (z — x0)(y — yo) = 0 with (w0, yo) € (C*)2. We then choose S; to be the
algebraic curve given by the equation (z — 20)(y — yo9) +t~ ! =0.

If the boundary circle of é has a non-zero slope, then one cannot extend ®, at the node 9.
If the other puncture of I corresponds to the down-vertical ray of C, then I"\d (respectively
I'\d) has an equation of the form 1+ cix + coy =0 (respectively cix + coy + czzy = 0) with
c1,c2,c3 € C*. In this case we choose S; to be the algebraic curve given by the equation
1+ c1x + coy + e tezzy = 0.

In the other case TV\d (respectively T""\d) has an equation of the form 1+ c1y + coxy =0
(respectively 1 + coxy + c3z = 0) with ¢1, 2, c3 € C*, and we choose S; to be the algebraic curve
given by the equation 1+ c1y + coxy + e ezz = 0.

In all cases, the phase-tropical morphism (f, ¢) is the phase-tropical limit of the curves
S C (C*)2.

Also it is worth noting that the tropical limit we define here is defined for convergence in
compact sets in (C*)™. Thus the limit may have strictly smaller degree than the terms in the
sequence. It is possible to compactify (C*)™ to a toric variety and define convergence there so
that the total degree will be preserved under the limit (some components of the limit will be
contained in the toric divisors). Nevertheless we have the following compactness property once
we allow the limit to have smaller degree.

PROPOSITION 6.9. Let f; : Cy — (C*)" be a (generalized) sequence of holomorphic curves with
tj — 400, j — +o00. Then there exists a tropical morphism f:C — R" and a subsequence of t;
such that f is the coarse phase-tropical limit of the subsequence.

Proof. The proposition is essentially contained in [Mik05, Proposition 8.7]. Indeed, by [Mik05,
Proposition 3.9 and Corollary 8.6] we can extract from the family f; a sequence f;, such that
Logy, (ft;(Ct,;)) converges in the Hausdorff metric on compact sets in R™ to a set A that is an
image of a tropical curve.

However, we need convergence not only to a set in R™ but also to a tropical morphism
f:C — R" whose image is A. Thus we need to construct such a morphism. For that we need to
know the vertices and the edges of C.

Let p=(p1,...,pn) € ACR" beapoint and U 3 p be a convex open set such that the closure
U is compact, does not contain vertices of A other than p and its intersection with A is connected.
Let p(ti) e RY, be a sequence whose tropical limit is p, i.e. such that lim; .o Log,, pti) = p.

For each j we have a positive multiplicative translation

Z1 Zn
thI(Z]_,...,Zn)g) W,,W
P1 Pn

that is a biholomorphic automorphism of the torus (C*)™. The projective compactifications of
the curves

Tt; O ftj : Ctj — CP"

must contain a converging subsequence. Its limit may be reducible and some of the components
may be contained in the boundary divisors CP™\(C*)". The restriction of the limit to (C*)"
produces a holomorphic map I’ Uy (C*)™ which we can use for Pro for every component ['°
of F?p“-v’)}' The boundary circles of ®ro must be geodesics in (51)” whose homology classes are
proportional to the slope vectors of the edges of A adjacent to p with positive proportionality
coefficients as any non-proportional class would contradict to the maximum principle. Indeed,
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otherwise we choose a codimension 1 subtorus of (S!)" parallel to the boundary circle, but
transverse to the corresponding edge adjacent to p in R™. Then some multiplicative translate
of the corresponding codimension 1 complex subgroup of (C*)™ would have to have a negative
intersection point with our curve.

Thus we just need to find sequences {p(tﬂ')} that produce meaningful (in particular, non-
empty) curves Log; L(U') Note that for all but finitely many p the Riemann surface I (piy 18 a

collection of annuli if U is sufficiently small, no matter what is the approximation {p(*)} of p.

Indeed, if T (9} has a non-annulus component then by the maximum principle its Euler
characteristic is negative and its image under a character xq,,. q, : (C*)" = C*, (21,...,2,) —
21" ... 28, must have a critical point whenever (ai,...,ay) is transverse to the edges of A.
However, the algebraic map Xaq,,....a, © ft; may only have finitely many critical points, so after
passing to a (diagonal) subsequence of t; so that we get a convergence to infinitely many non-
annulus surfaces I' (i} We get a contradiction. Since non-annulus irreducible components of

surfaces in (C*)™ have negative Euler characteristic we call them hyperbolic components.

By passing to even smaller open neighborhoods U 3 p if needed we may ensure that each
component of Log, Y(U) is an annulus except for finitely many p for sufficiently large tj.
Furthermore, once ¢; is sufficiently large and U > p is sufficiently small we have a natural one-
to-one correspondence between the annuli components of Log;. 1(U ) and the annuli components
of F{paj)}. In the same time a hyperbolic component of Log;l(U) may correspond to more than
one hyperbolic component of I’ (pti)} 88 it may converge to a reducible curve.

To reconstruct the limiting curve C' and the tropical map f:C — A C R" we take a vertex
v for each hyperbolic component of Log,, l(U), and we define f(v) =p and g, as the genus of
this hyperbolic component. The edges of C are obtained by gluing the corresponding annulus
components of Log; L(U) along paths in A. The tropical length on the edges of C' comes from
the length of the corresponding edges of A divided by the proportionality coefficient between the
homology class of the boundary circle and the slope vector of the edge of A (a positive integer
number).

This procedure gives the limiting tropical morphism f:C — R" for a subsequence fy, :
Cy; — (C*)". The limits of hyperbolic components of Log; Y(U) in the Deligne-Mumford
compactifications of the corresponding moduli spaces give us (possibly nodal and reducible)
curves I[',. Consider a component I'° of I';. Choosing a point ¢ € I'° and a family of approximating
points ¢%) in the corresponding hyperbolic component of Log, 1(U) we ensure that the curve

r ‘E fo (@) contains I'° as a component. This defines the map ®r. for the limiting phase-tropical
curve. Note that punctures of I'° with boundary circle of slope 0 are precisely the removable
singularities of the map ®r.. In other words the boundary circles of a node of I' has slope 0, and

condition (4) of Definition 6.2 is satisfied. O

6.2 Rational tropical morphisms as tropical limits

Proposition 6.9 can be reversed in the rational case; any phase-tropical rational morphism can
be presented as a tropical limit of a family of holomorphic curves parameterized by a real
positive parameter. Furthermore, we can do this procedure consistently for all phase-tropical
curve in a neighborhood of (f, ¢). For the purpose of this paper it suffices to consider tropical
curves supported on graphs with no vertices of valence higher than 3. With a slight abuse of
terminology (ignoring the ever-present 1-valent leaves) we call such curves 3-valent. For the sake
of shortness in definitions we restrict to this case.
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Let f:C' — R" be a 3-valent rational tropical curve and ¢ be its phase. Choose a reference
vertex v € C. Recall that a neighborhood of f is obtained by varying the image f(v) € R™ as well
as the lengths of the bounded edges of C' while keeping the slope vectors of all edges of f(C)
unchanged. Since C' is a 3-valent tree, the image f(v) and the length of all edges define f and
so the space of deformation of f is locally R?™™, where b is the number of the bounded edges.

To define a neighborhood of (f, @) in the space of phase-tropical curves we take a neighborhood
of f in the space of tropical curves and add to it all phases obtained by sufficiently small
multiplicative translations of ®,:T, — (S1)™ by (a1,...,a,) € (C*)", |ai|=---=|a,| =1 as
well as small perturbations of the isometry (8) for all bounded edges e. Clearly we get another
b+ n real parameters.

Let us note that the length of each bounded edge e connecting vertices v and v’ has a
preferred direction for deformation, say increasing of its length. Similarly, the orientation-
U~ b” given by the phase structure ¢ also has a preferred direction
for deformation. Namely, we may compose p. with a small translation of the circle Y in the
direction coherent with the orientation of b¥" (induced from the complex orientation of T'). Note
that this direction of deformation of p. stays the same if we exchange the roles of v and v'. We
call it the positive twist.

We can couple translation of f(v) in R™ with (argaq, ..., arga,) and also couple varying
the lengths of e with varying the isometry (8) so that the positive twist corresponds to increase
of the length. Thus a neighborhood of (f, ¢) can be locally identified with R*+™ @ iRb*™ = Cb+7,
Recall that b is the number of bounded edges. For a 3-valent tree C' it is equal to the number of
ends minus two.

Let us revisit the notion of the degree for a curve and generalize Definition 2.10 to arbitrary
dimension n. Recall (cf. [FM10, Mik, Mik07]) that the degree of f can also be defined by the
following formula:

reversing isometry pe :

d= Y, wpemax{0,s;(e)}, (11)
7=1
e€Vert™> (C)
where s(e) = (s;(e))r—, is the slope vector of the end e in the outgoing direction.
As the degree is invariant with respect to permutations of the basic directions
—-FE,...,—E,, 2?21 E;, where (Ej)?zl is the standard basis for R™ that are used for the
compactification TP™, we have an alternative formula for computing the degree,

d= 3 wpemlax{si(e) = si(e), —sul(e)}, (12)

e€Vert>(C)

that holds for any k=1,...,n. It is easy to see that (11) and (12) are consistent for any curve
in R™ that satisfies the balancing condition and that for the case n = 2 these formulas give the
same number as Definition 2.10.

Note that each end of C has to contribute to at least one of these n + 1 formulas for
degree. Therefore the maximal number of ends for a minimal curve of degree d is (n+1)d
and that in the case when we have (n + 1)d ends the slope vectors of the ends are exactly
—FEi,...,—FE,, Z?:l E;. Such curves are called generic at oo in R".

Let U be a neighborhood of (f : C — R"™, ¢) in the space of phase-tropical curves. Denote by
M the space of all rational curves in (C*)" whose collection of boundary circles realizes the
same classes in H((S1)") as the ends of the curve f. This means that the homology class of each
boundary circle agrees with the slope vector and the weight of the corresponding end, cf. the
first property imposed by Definition 6.2.
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THEOREM 6.10. For all sufficiently large values t >> 1 there exists an open embedding A, : U —
M such that for any sequence f;, € Mc, t; — +00, the following conditions are equivalent.

(i) The sequence f;, converges to a phase-tropical curve (f',¢')€U in the sense of
Definition 6.6.

(ii) For all sufficiently large t; we have f;, € Ay, (U) and
Jim AJ(fL) = (f¢) €U
(Recall that U may be topologically viewed as an open set in CV for some N.)

In particular this proposition allows us to present any holomorphic curve sufficiently close
to (f,®) in the t;-framework as A (f', ¢') for a phase-tropical curve (f’,¢’) close to (f, ¢).
Proposition 6.10 is true also for curves in higher genus mapping to realizable tropical varieties
under the condition of regularity (which means that the dimension of the deformation space of
the curve is of expected dimension) and is proved in a more general case in [Mik] with some
intermediate generalizations proved in [Mik05, Nis10, NS06, Tyol2]. However, the assumptions
we make in this paper imply that the curve is rational and the target variety is a projective
space (even more specifically in dimension 2 but it does not make much difference). This is an
especially easy case and to prove it under these assumptions it suffices to consider the lines in P"™.

We say that m:(C*)*~! — (C*)" is a multiplicatively affine map if it is obtained by
composition of a multiplicatively linear map (C*)*~! — (C*)" (given by a (s — 1) x n matrix
with integer entries) and an arbitrary multiplicative translation in (C*)™. Note that 7 induces a
map 7g : R — R" such that Log or = 7g o Log, and a map marg : (S1)*71 — (S1)™ such that
Arg om = Ay © Arg. Given a phase-tropical curve (f C — R*~ 1, ¢) we may compose it with 7
to obtain a phase-tropical curve (f : C — R", ¢) with f=mg o f by setting the phase maps @,
at each vertex v to be the composition maps marg © ®,. Note that we may assume that n < s,
otherwise all the ends of f(C) must be parallel to a (s — 1)-dimensional affine space in R,
so the whole curve f(C) is contained in such space and we may replace the target with this
smaller-dimensional space R5~1.

We say that a tropical curve f:C —R"™ is a line if it has degree 1 in the natural
compactification TP™ D R™. A phase-tropical line is a phase-tropical curve of degree 1 (i.e. a
tropical line enhanced with any phase structure).

LEMMA 6.11. Let (f : C — R"™, ¢) be a phase-tropical curve where C' is a rational tropical curve
with s leaves. Then there exists a phase-tropical line ( f :C =R qg) generic at oo and a
multiplicatively affine map 7 : (C*)*~' — (C*)" such that 7o (f, ¢) = (f, ¢).

If ftj :Cy, — (C*)*~1 is a family of holomorphic curves coarsely converging to ( 1, <Z>) then
ft,=mo ft coarsely converges to (f, ¢).

Furthermore, if U is a small neighborhood of (f, ¢) in the space of phase-tropical curves to R"
then we can find a locus U 3 (f, ¢) inside the space of deformations of (f, ¢) and an isomorphism
U ~ U so that for any (f',¢") € U the corresponding point of U is its lift in the above sense.

Proof. We start by lifting the tropical curve f:C — R™ to R*~!. To do this we choose a vertex
v in Vert’(C) and we arbitrarily associate the outgoing unit tangent vectors to the s leaves
of C with the s preferred vectors in R®~1: By = (—~1,0,...,0),...,Es1=(0,...,0,—1), B, =
(1,...,1). This identification defines slope vectors for the remaining (bounded) edges. Namely,
the tangent vector to a point inside an edge of C' can be associated to the sum of the vectors
associated to the leaves of C' in the direction of the edge (recall that C' is a tree).
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Let us choose a multiplicatively affine map 7 : (C*)*~ — (C*)" such that g sends the vector
E; to the corresponding outgoing unit tangent vector multiplied by its weight. Then we choose
f(v) to be an arbitrary point of 7~ (f(v)). The slope vectors of the edges along with the tropical
structure on C define f : C' — R*~1. To lift the phase we choose an arbitrary pluriharmonic map
®,: T, — (§1)*! that lifts @, : ', — (S1)". The isometry (8) defines the lifts of the phases on
the vertices connected to v with a single edge. Inductively we get the lift of the phase.

Note that the only ambiguities in the choice of ( f, @) is the choice of a point in 7~ (f(v)) ~

RS~1=" and the translation of the phase ®, by the corresponding (s — 1 — n)-dimensional
subgroup of the torus (S!)*~!. Taken together these ambiguities form (C*)s~1=", O

LEMMA 6.12. Theorem 6.10 holds if U is a small neighborhood of (f:C — R", ¢), where
f:C —R" is a 3-valent line generic at oo.

Proof. We prove the lemma by induction on n. Note that for n < 1 the lemma holds trivially.
Consider the multiplicative affine map 7 : (C*)™ — (C*)" "1 (21, ..., 2,) = (21, . . ., 2n—1). By the
induction hypothesis 7(f, ¢) is realizable. The map 7| ¢(¢) contracts an end E C f(C) adjacent to
a leaf (1-valent vertex) u € C. By the 3-valency assumption the point 7(f(u)) € 7(f(C)) c R*~!
is inside an edge of w(f(C)). Thus it can be obtained as a transverse intersection point of 7w (f(C'))
and a hyperplane {z; =c} C R""! for some j=1,...,n — 1. Since f(C) C R™ has degree 1 so
has 7(f(C)) € R*~!. Therefore

{m(f(w)} =7(f(C) N{xj=c}
and the intersection in the right-hand side has tropical intersection number 1.

Let fF:CF — (C*)™! be a sequence of holomorphic curves that converges to m(f, ¢). Let
17 CF — C* be the jth coordinate of ff. We are looking for the family f; converging to (f, ¢)
in the form

(FF, at™(f7 = Bt)) : CP\{f7 = Bt} — (C)",
a,3€C o] =[B]=1,a€R.

We set a to be the maximum of the nth coordinate of the contracted edge £ C f(C). This
maximum is attached at the vertex v € C. This ensures the convergence of Log, of,(C7\{f™ =
Bt°}) to f as we have

FUCT\S = BtY) C Py = {20 = at® (25 — Bt°)}

and clearly Log,(P;) converges to the tropical hyperplane P given by the tropical polynomial
“zn +a(zj + ¢)” and we have P D f(C).

It remains to choose the arguments a and § to guarantee convergence at the phase level.
These unit complex numbers are determined by the phase structure ¢, namely by its value
®,: T, — (S)". As v is 3-valent the Riemann surface I', is a standard pair-of-pants. The
argument J is determined by the boundary circle of ®, of slope vector —e,, while the argument
« is determined by the boundary circle of ®, of slope vector —e;. (Recall that we already have
m o &, compatible with the limit of f[.) O

Theorem 6.10 now follows by combining Lemmas 6.11 and 6.12 together.
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7. Tangency conditions in the phase-tropical world

7.1 Proof of Theorems 3.8 and 3.12

Note that the classical number Nggo(k;di,...,d3q—1—-;) does not depend on the choice of
configuration of the k points and 3d — 1 — k curves (as long as these constraints are generic
and all the curves we count are regular so that the corresponding enumerative problem is well
defined). Thus we can take a family of constraints P;, £; depending on the real parameter ¢ > 1
to compute the (independent of ¢) number Ngo(k;d1, ..., dzg—1-k)-

Recall that in the hypothesis of Theorem 3.8 the tropical constraints P, L are already fixed
and they are in tropical general position.

We choose any family P; so that its tropical limit in the sense of Definition 6.5 is P. It is
easy to see that we can always make such choice. Indeed a point p; € (C*)? is determined by
Log,(p:) € R™ and Arg(p;) € S' x S'. Once we choose an arbitrary phase ¢(p) the point p; is
determined by Log,(p;) = p and Arg(p;) = ¢(p). We do this for every point p € P.

Consider a tropical curve L from L. Even though this curve is not rational, since it is immersed
to R?, it can still be presented as the tropical limit of a 1-parametric real family of complex curves
in CP2?, see [Mik05]. Namely, there exists a phase for L (viewed as an embedding L — R?) in
the sense of Definition 6.2 and a family L; C (C*)? such that L is the tropical limit of L; in the
sense of Definition 6.6.

For construction of L; in the case of general immersion we refer to [Mik05, Proposition
8.12]. Note that in the case when L — R? is an embedding it is especially easy to construct this
approximating family and this can be done directly by patchworking [Vir01] (see also [GKZ94,
Chapters 7 and 11}).

Namely, any embedded tropical curve L C R? is given by a tropical polynomial
F — . . k — « Tk
(z,9) = max{aji + jo + ky} %E:Z ajpaly
]7

in two real variables x, y, where a;j, € [-00, +00) and a; = —o0 except for some finitely many
values of (j, k) with 7 >0 and k > 0, see [Mik04, Proposition 2.4]. The quotation marks here
signify tropical arithmetic operations, and the formula above can be viewed as the definition of
these operations (addition and multiplication). We set

Fi(z,w) = E RtV 2wk,
jk€EZ

t > 1, where we choose o, € C with |a;,| = 1 arbitrarily. The function F} is a polynomial in two
complex variables z, w. We define the curve L; C (C*)? as the zero set of Fj.

Recall (see [GKZ94, ch. 7]) that the polynomial F' defines a subdivision of the Newton polygon
Ap = Convex Hull{(j, k) € Z* | aj, # 0} C R%

This subdivision is defined by projections of the faces of the extended Newton polygon Ap of
which is the undergraph of (j, k) — aji, i.e. the set

Af = Convex Hull U {(, K, t) | t<aj}
jﬂkla’jk7£0

Recall that the tropical polynomial F' is smooth if the projection of each finite face of Apis a
triangle of area % (it is easy to see that this area is the minimal possible for a lattice polygon).

80

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X13007409

GENUS 0 CHARACTERISTIC NUMBERS OF THE TROPICAL PROJECTIVE PLANE

Let (20, yo) € R? be a point. Each open set U C R? defines a real 1-parametric family of open
sets in (C*)?

Ut(xo’yO) — (Logt OTt(xo,yo))fl(U)?
(10790)

where 7, : (C*)? — (C*)? is a coordinatewise multiplication (i.e. multiplicative translation)
by (£, £7%). We set L{™%) = 7(*%)(L,).

By definition of tropical hypersurfaces we have (xg, yo) € L if and only if there are at least
two tropical monomials in F' that assume the same value at (xg, o) and have value greater than
the other monomials of F. Note that Lgxo’yo) is defined by a polynomial Ft(xo’yo) which is obtained
by multiplying the coefficients of the 273* monomials of F} by t*07+%* Thus, if (x¢, yo) ¢ L, then
for sufficiently large t the absolute value of one monomial in F; is larger than the sum of the
absolute values of all the other monomials and U;* N L; = §) for any bounded open set U C R2.

Similarly, if U is bounded, ¢ > 1 is large and (xg,y0) € L, then we have more than one
dominating monomial for Ft(xo’y") (after division by an appropriate power of t). Furthermore, if
L is smooth, all indices (j, k) € A of the dominating monomials for Ft(w’y) must be contained in
a lattice triangle of area % Thus the convex hull A, .y of such indices is either such a triangle
itself or one of its sides which is an interval of integer length 1.

Consider the truncation

(z0,Y0) ok koo k
FA(ZOaZO)7t(z7 w) = Z tjxo yOijtaszjw )
(j»k)eA(moyyo)

F(ﬂﬁmyo)

cf. [Vir01]. Clearly in Ut(xo,yo) the polynomial Ft(xo,yo) is a small perturbation of F for

(z0,v0) it

large t. However, if L is smooth, then so is the hypersurface LE%)  defined by F (@o:90)  Phys
A(zoey()%t A(l'()wyobt
(107y0) ; m Ut(wozy()).

Lgxo’y(’) N Ut(zo,yo) is a small perturbation of L
(0,v0)»

Proof of Theorem 3.8. Consider the constraints (P, £;). As in the very beginning of this paper,
we set S = Si(d, 0, Py, L) to be the set of all degree d genus 0 curves that are passing through
P, and tangent to £; (see §1). By Proposition 6.9 there exists a tropical limit for a (generalized)
subsequence of S;. We note that it must be a curve from ST(d, P, L). To see this we assume
f:C—R? is such a limit. Since P; C f;(C;) for some f;:Cy — (C*)? from S; we see that
P C f(O). Let us assume that there exists a line L € £ such that f:C — R? is not pretangent
to it. In such a case every intersection of L and f(C) is disjoint from the vertices and thus
contained inside the edges of both L and C'. Therefore, all intersection points p € f(C') N L must
be transverse intersections of the edges of C' and L. However, this means that for sufficiently
large ¢ the intersections of L; and f;:Cy — (C*)? in Log; '(U) are also transverse for any
bounded U 3 p; but therefore all intersection points of L; and f;(C}) are transverse, and we
get a contradiction.

Thus any accumulation point of S; when ¢ — 0o must be contained in S*(d, P, £) which is a
finite set of 3-valent curves by Proposition 3.3. In turn, Proposition 6.10 describes all curves that
have a chance to converge to an element f:C — R? from S*(d, P, £) through its neighborhood
U in the space of all deformations of f in the class of phase-tropical morphisms. Thus it suffices
to describe those curves from A;(U) that pass through P; and are tangent to £;. We do it below.

Consider a small neighborhood U of f in the space of tropical curves. Such a neighborhood
itself consists of 3-valent curves f’ € U, f': C' — R2. As we have already seen, the curve f’ € U is
parameterized by R? x R?, where b is the number of bounded edges of C, once we fix a reference
vertex v € C. In these coordinates we define the curve f’: C’ — R? to be such a curve that C’ is
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isomorphic to the curve C' as a graph, the first R? coordinate corresponds to f’(v) — f(v) € R2,
and the remaining coordinates correspond to the difference in lengths of the corresponding edges
of C" and C. Note that, in these coordinates, f corresponds to the origin of R? x R?.

These coordinates are naturally coupled with the coordinates responsible for the phase
structure. For this we choose an arbitrary reference phase-structure ¢ for f. Namely, the first R2-
coordinates are coupled with the (S* x S')-coordinates of the arguments of the same coordinates
in (C*)2. Each bounded edge defines a parameter for identifying the corresponding boundary
circles. This coordinate couples with the R-coordinate in R? x R® corresponding to the same
edge so that the increment in length corresponds to the positive direction of the twist. Together
the coupled coordinates form C*. Thus the space of all phase-tropical curves corresponding to
tropical curves from U is

U=TU x (S* x S x (S)°
that can be considered as a subspace of (C*)? x (C*)? obtained as Log; ! (U) for arbitrary ¢ > 1.

By Lemma 3.4 each constraint g € P UL imposes a condition defining a hyperplane (in
the classical sense) A, with a rational slope in U C R? x R?. Similarly, the space of all phase-
tropical curves that can be approximated by classical curves passing through p; (in the case
when ¢g=pé€ P) or tangent to L; (in the case when g=L € L) is defined by a subtorus
N, C (St x S1) x (S1)? of the same slope as shown below.

Consider a point p € P. The condition that f’ passes through p is a linear condition on f’ in
R? x R’. Tt defines a hyperplane (in the classical sense) with a rational slope. The phase ¢(p)
must be contained in ¢(e) = ®¢(bY) C S x S', where e is an edge of C passing through p. This
imposes a linear condition in (S! x S1) x (S')°. Note that there might be several edges of C
passing through p but Proposition 3.3 ensures that all such edges have the same slope vector (as
they are connected by a chain in the same line). As ¢(e) is an annulus covered wy . times by b7,
the point ¢(p) is covered wy . times.

Let us choose a straight line G, in U that is transversal to A, in the sense that the primitive
integer vector parallel to G, forms an (integer) basis of Z? x 7% when taken with some integer
vectors parallel to A,. Such a line can be equipped with a phase that is a geodesic of the same
slope vector in (S1)% x (S!)°. Together with the phase, the line G, defines a proper annulus
Gp CU. The image A¢(Gp) contains some holomorphic curves passing through p;. Their number
is determined by the edges of C passing through p € R2.

We claim that this number is equal to the sum of the weights of all edges of C' containing p.
Indeed, this number does not depend on the choice of G, by topological reasons. Thus we may
choose for G, the phased straight line obtained by multiplicative translation of (f, ¢) by a given
C*-subgroup of (C*)2. The points of A¢(Gp) passing through py will correspond to the points of
b? covering ¢(p).

Consider L € L. First we suppose that the pretangency set consists of a single point v € R2. If
v is a vertex of L we look at the coamoeba of L at v, i.e. the closure ¢(v) C ST x S* of Arg(L} ).
As the curve L is smooth, its coamoeba is an image of the coamoeba of a line in (C*)? under
a linear automorphism of the torus S' x S'. This coamoeba consists of two triangles of equal
area cut by three geodesics in the torus whose slope vectors coincide with the slope vectors of
the edges of L adjacent to v. The two triangles share their three vertices; see Figure 11. We call
these three vertices the coamoeba vertices.

The interior of the triangles of the coamoeba correspond to the interior of amoeba of L} ;
see e.g. the Theorem of [Pas08]. In turn, the logarithmic Gauss map (i.e. the map taking each
point of L to the slope of its tangent space after applying a branch of the holomorphic logarithm

82

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X13007409

GENUS 0 CHARACTERISTIC NUMBERS OF THE TROPICAL PROJECTIVE PLANE
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FIGURE 11. Two tangent tropical curves and their phases.

map) on this interior takes imaginary values, see [Mik00, Lemma 3|, while the real values are
assumed on the boundary of the amoeba of the line. However, the three arcs of the boundary
of the amoeba are contracted to the coamoeba vertices while three points where the logarithmic
Gauss map takes values equal to the slope vector of the edges adjacent to v are blown up to the
three geodesics on the coamoeba.

However, if the pretangency set is a point, this means that any edge e of C' that contains v
cannot be parallel to one of the edges adjacent to v. Therefore ¢(e) and ¢(v) must intersect in a
coamoeba vertex u, otherwise Cy and L; cannot be tangent for large ¢ > 1 as there are no nearby
points with the same value of the logarithmic Gauss map. Furthermore, locally near v € S* x S,
¢(e) must be contained in the coamoeba Arg(L} ) as only this arc contains the real value of the
logarithmic Gauss map corresponding to the slope vector of e. This completely determines ¢(e)
as well as making a linear condition on the space of phases for A, C U.

As before we choose a straight line G in U transversal to Ay and a phase for G that
forms Gr, CU. The image A(Gr) contains some holomorphic curves tangent to L;. By the same
argument as before, their number is the sum of the weights of all edges of C passing through v.

The situation is similar if v is an image of a vertex © of C' and f is an immersion near v.
In this case the coamoeba of the corresponding edge of L must pass through one of the three
coamoeba vertices of the phase of ¥, the one determined by the slope vector of the edge e of L
containing v. As we assume that L is smooth we have the weight of e as well as the weight of
Ay equal to 1.

This reasoning can be easily modified to include the case when f is not necessarily an
immersion near ©. Consider the linear projection R? — R such that its kernel is parallel to e.
The exponentiation of this map gives us a multiplicatively linear map 7 : (C*)?2 — C*. Let
U5 : T2 — (C*)? be a holomorphic map such that ®; = ArgoW¥; (see Definition 6.2). By the
Riemann-Hurwitz formula, the holomorphic map mo W5 :I's — C* has a unique ramification
point € I'y (recall that as the vertex o is 3-valent the surface I'} is a pair of pants). Note
that ®3(r) must be contained in the phase-boundary circle corresponding to e in order for the
corresponding approximation curves to be tangent.

Let e C C be any edge adjacent to ©. Varying the phase structure of C' by slightly changing the
orientation-reversing isometry p. (from Definition 6.2) and applying A; (from Proposition 6.10)
for large but finite values of ¢ we have a unique curve tangent to L;, so that the weight of Ay is
again 1.

Applying Proposition 5.1 inductively we see that the determinant det(A,,, ..., Ay, AL, ...,
Ar., . ) computes the number of different phase structures satisfying to the phase tangency
conditions at v. However, the same phase structure is counted several times, once for
every automorphism of our tropical curve f:C — R?, as inducing a phase structure by an
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automorphism of f gives an isomorphic phase structure. Thus we have to divide the result
by [Aut(f)].

Finally we consider the general case when the pretangency components are not necessarily
points. Let Ey be a pretangency component. This component is a tree (as it is contained in
the tree C'). Furthermore, the coamoeba of this component (by which we mean the union of
the argument of phases of all vertices and edges contained in Ey) is a circle which we denote
#(Er) Cc S' x S'. Indeed all edges adjacent to a vertex of Ey, are parallel to the same line, and
therefore the only possible change in coamoeba of an edge in Ef, is a number of times it runs
through the same circle ¢(Er) while the number of times coincides in turn with the weight of
the edge. The same can be said about the coamoeba of the part of L corresponding to the same
pretangency set. To obtain tangencies for L; and C} these two coamoebas must coincide.

To compute the weight of A we consider again the properly embedded annulus Gy C U
obtained as a phased straight line in an integer direction transversal to Aj as well as its image
under A; for large t > 1.

To compute the number of curves in A¢(Gr) tangent to £, we prepare an auxiliary phase
tropical curve from (f, ¢) and Er. Namely we take the subtree C, C C formed by the closed
edges of C intersecting Ey, and continue the resulting new 1-valent edges to infinity. This defines
fr: Cr, — R2%. The phase ¢ induces a phase ¢y, for fr.

Proposition 6.10 produces a real 1-parametric family of complex curves C’t(EL) whose tropical
limit is fr,: Cr, — R2. As ¢y, is induced by ¢ we can compute the weight of A; with the help of
ofF)
to AL.

Furthermore, in this computation we can replace the family L; with the family LgEL) obtained
in a similar way as Ct(EL ), Namely we take the subtree Er, C L formed by the closed edges of L
intersecting E7, and continue the new 1-valent edges to infinity. Denote the resulting (rational

and a 1-parametric family obtained by multiplicative translation in a direction transversal

immersed) tropical curve by Ly. Then we take the approximating family L,gEL ) provided by
Proposition 6.10 for the phase structure induced by that of L.

Then the number of tangencies of C’fEL) and 7y (LEEL)), the multiplicative translation of LgEL)

by A € G, can be computed by Euler characteristic calculus as follows. Projection of Ct(EL) and
L%EL ) along G, to C* allows one to define the fiber product of C’t(EL ) and LEEL ), which we denote
by As. As there exists infinitely many directions Z-transversal to Er, we may assume that the

direction of GG, is not parallel to any edge of L or C.

Note that minus the Euler characteristic of A; is equal to the number of tangencies between
C,SEL) and T)\(LEEL)), A € Gy, plus a correction term ¢ at infinity, by the Fubini theorem for the
calculus based on the Euler characteristic (see [Vir88, Theorem 3.A]). The correction at infinity
is computed for each end of L contained in the (classical) line D C R? extending the pretangency
set Er. Whenever L has an end contained in D, we add to § the number of the ends of C7,
contained in D and going in the same direction. Since there are two possible infinite directions
in D, ¢ is the sum of two possible corrections.

Indeed, unless the point of the target C* is an image of a tangency point for some A € Gy,
the number of inverse images in the projection A; — C* is equal to the product of the degrees
of the projections Ct(EL) — C* and L,EEL) — C*. Thus the Euler characteristic of A; is equal to
a multiple of x(C*) =0 minus the number of the tangency points in the family parameterized

by A.
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The Euler characteristic of the fiber product A; for large ¢t > 1 can be computed from C
and L. Indeed, each vertex v of L or C (respectively) that belongs to D gives a contribution
to this Euler characteristic of the fiber product A;. The contribution is equal to the degree of
projection of Ct(EL) — C* or LEEL) — C* (respectively). In turn this degree can be computed
from f:C — R? and L (respectively) and it is equal to the number of intersections of the edges
E of Cp, and L, (respectively) and the line G parallel to G, and passing through v. Each point
of ENGY contributes the corresponding tropical intersection number, i.e. the absolute value of
the determinant of the matrix formed by a primitive integer vector parallel to E and a primitive
integer vector parallel to G;, multiplied by the weight of E.

Note that, if F is not contained in D, the corresponding contribution can be excluded from
the Euler characteristic by passing to a smaller surface Ct(EL) or LgEL) (respectively) by taking
an intersection with Log; L(V) for a small neighborhood V O D. Indeed this contribution corre-
sponds to tangencies with T)\<L§EL )) for large A for large t > 1 and A cannot tend to zero when
t — 400. Summarizing all contributions together, we get wy, from § 3 as the sum of the weights
of the vertices v of L such that v € C, where each weight is equal to the sum of the weights of
C'1, passing through it plus the number of vertices of C' that are mapped on L (as L is embedded
and all its weights are 1) minus the contribution ¢ at infinity.

To conclude the proof we note that the intersection number of proper submanifolds

Ay x N, C (€)% x (C*)’ = (R? x R®) x ((S* x S*) x (S1)?)

for all ¢ € P U L is determined by their homology classes with closed support and thus coincides
with the corresponding tropical intersection number as both coincide with the same intersection
numbers in H,((S' x S') x (S1)?). Thus each f¢cST(d,P, L) contributes pep,c)(f) to the
Zeuthen number. |

Proof of Theorem 3.12. To prove Theorem 3.12 we need to construct a suitable configuration of
immersed complex curves L; of genus g; starting from our configuration L}T. Such construction
can be provided by Proposition 6.10 (with large value of ¢) once we equip each tropical curve LFJE
with the phase structure in the case when the tropical curves L]T are rational, i.e. all g; = 0. In
the general case a family of immersed complex curves L; for large t converging to L}I in the sense
of Definition 6.6 is provided by [Mik05, proof of Theorem 1], more precisely by Proposition 8.23.

The rest of the proof is similar to the proof of Theorem 3.8. The only difference is that the
constraints L}T no longer have to be smooth near their 3-valent vertices. However, since the curve
is immersed there is always a linear map R? — R? such that near that vertex L}T is the image
of a tropical line in R?. Here the determinant m of this linear map is the multiplicity of our
vertex, cf. [Mik05, Definition 2.16]. The exponent of this map is a multiplicatively linear map
M : (C*)? — (C*)? of degree m. Note that the genus of the part of L; approximating L}r is zero
by [Mik05, Proposition 8.14]. Taking the pull-back by M we reduce the problem to the case of
smooth curves which is already considered in the proof of Theorem 3.8. a

7.2 Enumeration of real curves

As already mentioned, the proof of Theorem 3.8 establishes a correspondence between phase-
tropical curves and complex curves close to the tropical limit. In particular, if we choose real
phases for all constraints in (P, L), it is possible to recover all real algebraic curves passing
through a configuration of real points and tangent to a configuration of real lines when these
points and lines are close to the tropical limit.
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Ezxample 7.1. Let us revisit Example 3.7 from a real point of view. For example, if all the three
points in Example 3.7 have phase (1, 1), then the tropical curve in Figure 5 ensures that there
exists a configuration of three points and two lines in RP? such that all four conics passing
through these points and tangent to these lines are real. On the other hand, if the middle point
has phase (—1, 1) and the two other points have phase (1, 1), then there exists a corresponding
configuration of three points and two lines in RP? such that none of the four conics passing
through these points and tangent to these lines are real.

Ezample 7.2. One can interpret in tropical terms the method used in [RTV97] to construct a
configuration of five real conics such that all 3264 conics tangent to these five conics are real.

The main step in this construction is to find five real lines L1, ..., Ls in RP? and five points
p1 € Li,...,ps € Ly such that for any set I C {1,...,5}, all the conics passing through the
points p;, ¢ € I, and tangent to the lines L;, j € {1,...,5}\I are real. As in [RTV97], let us start

with the configuration depicted in Figure 12(a), whose tropical analog is depicted in Figure 12(b)
(without phase) and Figure 12¢ (equipped with the appropriate real phases). Next, we perturb
the double lines L? as depicted in Figure 12(d) (without phase, the cycle defined by the image
is a twice a line) and Figure 12e (equipped with the appropriate real phases). Then there exist
five families of real conics converging to our five phase conics and producing 3264 real conics as
in [RTV97].

It would be interesting to explore the possible numbers of real conics tangent to five real
conics, in connection to [Ber08] and [Wel06]. In particular, does there exist a configuration of
five real conics, any one of which lying outside the others, such that exactly 32 real conics are
tangent to them?

Note that once the lines and points L; and p; are chosen as above, arguments used in
Example 7.2 also prove the next proposition.

PropoOSITION 7.3. For any 0 < k<5, any di,...,ds_x =1, and any gi,...,g5_r =0, there
exists a generic configuration of k points p1, ..., p; in RP? and 5 — k immersed real algebraic
curves C1,...,Cs_x with C; of degree d; and genus g; such that all conics passing through
P1, - - -, pr and tangent to Cq, ..., Cs_j are real.

For other examples of totally real enumerative problems concerning conics in RP", see [BP].

8. Floor decompositions

8.1 Motivation

In this section we give a purely combinatorial solution to the computation of characteristic
numbers. To obtain totally combinatorial objects we stretch our configuration of constraints
in the vertical direction, i.e. we only consider configurations (P, £) for which the difference of
the y-coordinates of any two elements of the set P Upep Vert(L) is very big compared to the
difference of their z-coordinates. For a sufficiently stretched configuration (P, L), tropical
morphisms f:C — R? in ST(d, P, £) will have a very simple decomposition into floors linked
together by shafts. Marked floor diagrams and their multiplicities will encode the combinatoric of
these decompositions together with the distribution of f~!(?) and the tangency components of f
with elements of £. In the case where no tangency condition is imposed, these new floor diagrams
get simplified to an equivalent of those introduced in [BMO07] and [BM09]. The floor diagrams we
define here allow us to compute characteristic numbers of the plane in terms of a slight
generalization of Hurwitz number. Indeed the multiplicity of a marked floor diagram will be
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FIGURE 12. 3264 real conics tangent to five real conics.

expressed in terms of open Hurwitz numbers which appear in two distinct ways in the count of
Nao(k;di, ..., d34—1-1). These numbers were introduced in [BBM11]. We give in Appendix the
definitions and result from [BBM11] we need in this paper.

DEFINITION 8.1. An elevator of a tropical morphism f:C — R? is an edge e of C with
ufe==2(0,1). A shaft of f is a connected component of the topological closure of the union
of all elevators of f. The set of shafts of f: C — R? is denoted by Sh(f).

A floor of a tropical morphism f : C' — R? is a connected component of the topological closure
of C\ Sh(f). The degree of a floor F of f, denoted by deg(F), is the tropical intersection number
of f(F) with a generic vertical line of R?.

Let us illustrate our approach on a simple case. Let us consider £ the set composed of the
five tropical lines depicted in Figure 13. The set ST(2,0, £) is then reduced to the tropical
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(@ Ls (b)

© CIN
1,2

F1cURE 13. A tropical conic tangent to five lines, and its associated marked floor diagram.

morphism f : C' — R? depicted in Figure 13(b), which is of multiplicity 1. This morphism has
one floor of degree 2, and one shaft made of three elevators. Let us represent the morphism f by
the graph depicted in Figure 13(c), where the black vertex represents the shaft of f, the white
vertex represents the floor of f, and the edge represents the weight 2 elevator of f which join
the shaft and the floor of f. By remembering on this graph how are distributed the tangency
components of f with the lines L;, we obtain the labeled graph depicted in Figure 13(d).

Let us define the two projections 7, and 7, as follows:

Ty R2 5 R and Ty R2 - R
(,y) —» (@,y) = y.
Our main observation is the following pair of properties.

e The map 7, o f restricted to the floor of f is a tropical ramified covering of R of degree 2;
its critical values correspond to the vertical edge of the lines Ly and Lj (see Figure 14).

e The map 7, o f restricted to the shaft of f is a tropical morphism with source a tropical
curve with one boundary component; its critical value correspond approximatively to the
horizontal edge of L1; the image of its boundary component corresponds approximatively
to the horizontal edge of L.

Vice versa, the morphism f:C — R? can be reconstructed out of the labeled diagram of
Figure 13(d) in the following way: we first find the tropical solutions of two tropical open Hurwitz
problems, one for the floor of f and one for its shaft; next we glue them according to the elevator
joining this floor and this shaft, and the lines Lo and Ls.

The floor of f leads to the Hurwitz number H(2) = %; we have two possibilities to attach
the weight 2 elevator; making the floor tangent to Ls gives a factor 1; the Hurwitz number we
have to compute to reconstruct the shaft of f is H(J, n) = § where §(0) =2, §(1) =n(1) =0, and
n(0) =1 (see Appendix for the definition of Hurwitz numbers); making the shaft tangent to Lo
gives us a factor 1; gluing the floor and the shaft along the weight 2 elevator gives an extra factor

2. Hence, the total multiplicity of f is
%x2><1><%><1><2:1

as expected.
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FIGURE 14. From characteristic numbers to open Hurwitz numbers.

The next section is devoted to the generalization of the previous computation to arbitrary
degree and set of constrains.

8.2 Floor diagrams

Here we define floor diagrams and their markings. Our definitions are similar in the spirit of those
given in [BM07, BM09], and [FM10], but are somewhat different since our enumerative problems
also involve tangency conditions. For simplicity, we only explain in detail how to turn the problem
of computing the numbers Ny o(k; 134=1=F) into the enumeration of marked floor diagrams. The
general computation of the numbers Ny o(k; di, ..., d3q—1-) in terms of floor diagrams require
no more substantial efforts, but makes the exposition heavier. Hence we restrict ourselves to the
case of tangency with lines, which by (1) is enough to recover all genus 0 characteristic numbers
of CP2.

The floor diagrams we deal with in this paper underlie bipartite trees, whose vertices are
divided between white and black vertices. As usual, the divergence of a vertex v of D, denoted
by div(v), is the sum of the weight of all its incoming adjacent edges minus the sum of the weight
of all its outgoing adjacent edges.

DEFINITION 8.2. A floor diagram (of genus 0) is an oriented bipartite tree D equipped with a
weight function w : Edge(D) — Z~ such that white vertices have positive divergence, and black
vertices have non-positive divergence.

The sum of the divergence of all white vertices is called the degree of D. We denote by
Vert® (D) the set of white vertices of D, and by Vert®(D) the set of its black vertices.

As explained in §8.1, a white vertex represents a floor of a tropical morphism, whereas a
black vertex represents one of its shafts.

Example 8.3. All floor diagrams of degree 2 are depicted in Figure 15. We specify the weight of
an edge of D only if this latter is not 1.

Given a vertex v of D, we denote by Vert(v) the set of vertices of D adjacent to v.
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[ N S v

F1GURE 15. Floor diagrams of degree 2.

DEFINITION 8.4. Let £MP PP he a partition of the set {1,...,3d — 1}. A L™ _marking
of a floor diagram D of degree d is a surjective map m: {1, ...,3d — 1} — Vert(D) such that.

peomb. moreover, if

e For any v € Vert(D), the set m~!(v) contains at most one point in
v € Vert®(D) and m~!(v) N PP = {i}, then i = min(m~'(v)).

e For any v € Vert®(D), |m~1(v)| = 2div(v) — 1.

e For any v € Vert®(D), |m~!(v)| =val(v) — div(v) — 1; moreover there exists at most one
element ¢ in m™!(v) such that i > max, cyer(y) min(m='(¢')), and if such an element exists

then we have m™!(v) N Pwmb = (),

Two L£°™P-markings m : {1,...,3d — 1} — Vert(D) and m/ : {1, ...,3d — 1} — Vert(D') are
isomorphic if there exists an isomorphism of bipartite graphs ¢ : D — D’ such that m =m/ o ¢.
In this text, £°™-marked floor diagrams are considered up to isomorphism.

The set {1,...,3d — 1} represents the configuration of constraints in the increasing height
order (see §8.1), the set £°™P represents the lines in the configuration, and the set PP
represents the points. Note that, unlike [BM07, BM09, FM10], we do not consider the partial
order on D defined by its orientation. In particular, it makes no sense here to require the marking
m to be an increasing map.

In order to define the multiplicity of an £°™P-marked floor diagram, we first define the
multiplicity of a vertex of D. Recall that the definitions of open Hurwitz numbers H(d, n) and
Hurwitz numbers H(d) = H(d, 0) are given in Definition A.1.

DEFINITION 8.5. The multiplicity of a vertex v in Vert®(D) is defined as follows.
e If min(m~!(v)) € P> then
figeomn (v) = div(v) @O+ H (div(v)).
e Otherwise,

[ipeoms (V) = (div(v) — 2 4 val(v)) div(v)"®) H (div(v)).

Ezample 8.6. We give in Figure 16 some examples of multiplicities of white vertices of a marked
floor diagram. The corresponding Hurwitz numbers are given in Proposition A.3. We write the
elements of m~!(v) close to the vertex v.

The definition of the multiplicity of a black vertex v of D requires a preliminary construction.
The order on {1,...,3d — 1} induces an order on Vert(v) via the map v’ — min(m~'(v)). Note
that this order doesn’t have to be compatible with the orientation of D. Let us denote by
v] < -+ <l the elements of Vert(v) according to this order. We denote by e; the edge of D
joining the vertices v and v}, and define ¢; =1 if e; is oriented toward v, and ¢; = —1 otherwise.
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\/ d>1
a<... a<... oa oa<...
' l | g
_ d¥71(2d-2)!

acPOM =1 qePoOM ;=324 aqePON ;=1 acPOM a

aeLeom =29 a€ LM =432 ae L ;=0 a€ LM = %

FiGUrE 16. Example of multiplicities of white vertices of D.

Given j € m~!(v), we define the integer i; by:
i; =0 if j <min(m=1(v}));
i; =1 if min(m ™ (v})) < j < min(m = (v},,));
i; = s if j >min(m 1 (v))).

We define two functions 6, 7 : {0, ..., s} — Z by:
e §(0) = —div(v),
0(i+1)=0(i) + gir1w(eit1);
o (i) =[{j em™(v) |ij =1}|.

Given ig € {0, ..., s}, we define the function n;, : {0, ..., s} — Z=o by n;,(ig) =n(ip) — 1 and

ni, (i) = 7(3) if i # ig. Finally, we define N (i) = >_j_, 7(l) and N(—1) = 0.

DEFINITION 8.7. The multiplicity of a vertex v in Vert®(D) is defined by the following rules.

o If m~1(v) NPOmP = {5} then
/,Lﬁcomb (U) — 5(i])H(6, n/lj)

o If m~Y(v)NP°™ =@ and m~'(v) contains an element j such that J > MaxX, evert(v)

min(m~1(v')), then
fpeoms (V) = (2 val(v) — 2)H (5, ns).
e Otherwise,
i peoms (V) = % > (i) (26(i) + 20+ N(i) + N(i — 1) — 1+ 2div(v)) H(3, n;)).
=0

Example 8.8. We give in Figure 17 some examples of multiplicities of black vertices of a marked
floor diagram. The corresponding open Hurwitz numbers are given in Proposition A.3 and

Example A.6.

DEFINITION 8.9. The multiplicity of an L™ -marked floor diagram is defined as
ppeons (D, m) = H w(e) H o peom (V).
e€Edge(D) vEVert(D)

Note that pipcoms (D, m) can be equal to 0.

Example 8.10. We give in Figure 18 a few examples of multiplicities of £°™P-marked floor

diagrams.

The next theorem is a direct consequence of Proposition 8.21 and Theorem 3.8.
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b<... d<...
a a<b<c
a>b =0 c>d, p=0
a<b aecpeomb ,—1q c<d, {a,b,c} PO LG =3
a<b, aeLm ;=0 c<d, {a,b,c} C LOM ;=3
d<
ZI c<f<d<g<h

b<c fW h
la<... a<b<c<d<e
b<a,bePeomb ;=1
b<a,be Leomb ,— e>h,ec Leomb  — 39
a<b<ec<d {bye}nPeembL( =92 e<g, {de}nPOMLY ;=16

I
a<b<ec<d, {bc}cLOM =5 e<g, cePomb ,—¢
a<b<d<e, {bec}cLeom =2 e<g, {a,bcde} € LOM 1 =62

F1GURE 17. Example of multiplicities of black vertices of D.

06,7,8
2
1,5
3 4 4,5,6,7,8 5 70 8
4 5 2,3 2.3 1 1,2.3.4,6
pp =1 Py =2 Hi2,..8) = 2 Hi2,..8) = 108 Bi1, 2, 3, 4,6} = 80

FIGURE 18. Example of multiplicities of £°™P-marked floor diagrams.

THEOREM 8.11. For any d>1, k>0, and £ C {1,...,3d — 1} of cardinal 3d — 1 — k, we
have

Nao(k; 1715) =3 ppeoms (D, m)
where the sum ranges over all £L°°™P-marked floor diagrams of degree d.

Note that in the case k =3d — 1, Theorem 8.11 agrees with [BM07, Theorem 1] and [BMO09,
Theorem 3.6]. Indeed, a (-marked floor diagram has non-null multiplicity if and only if the
marking is increasing with respect to the partial order on D defined by its orientation; in this
case, according to Example A.2, the different definitions of multiplicity of a marked floor diagram
coincide.

Ezample 8.12. We first compute the numbers Na o(k; 1°7%), with £ = {k +1,...,5}. In each
case, there is exactly one marked floor diagram of positive multiplicity, depicted in Figure 19.

Ezxample 8.13. In order to get used with floor diagrams, we compute again the numbers
Nao(k; 157F), using now £ = {1,...,5 — k}. In this case we have one (respectively 3, and 2)
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3,4,5 3,4,5
/\ 2]
1 2 .2

—_

H
H{s5}
H{4, 5}
H{3, 4, 5}
H{2, 3, 4, 5}
H{1, 2, 3, 4, 5}

(o] Nl Hew] Nen) Neo) i
(o] Nenl Bew] Ban] §i V] Han)
OO | =] OO
[l S =] Ren) Nl Han)

FIGURE 19. Computation of Ny o(k; 157%) with £°mP = {k +1,...,5}.

3 4 5 3 5
? \/ \/
1.2 1,2,3 1,2,4

H{1y 2 0 0
11, 2} 1 2 1
{1, 2, 3} 1 3 0
{1, 2, 3, 4} 2 0 0

FIGURE 20. Computation of Nao(k; 157F) with £oomP = {1,... 5~ k}.

marked floor diagrams of positive multiplicity for k=5,4,1, and 0 (respectively 3, and 2).
These marked floor diagrams are depicted in Figure 20.

Example 8.14. Figure 21 represents all marked floor diagrams of degree 3 with positive
multiplicity when L£%™P ={2 ... ,8}. Hence there are exactly 600 rational cubics passing
through one point and tangent to seven lines.

Ezxample 8.15. We give in Figure 22 the sum of multiplicities of floor diagrams of degree 3 with
L£eomb — {1,2, 3,4, 6}, when this sum is positive. In particular, we find that there are exactly 712
rational cubics passing through three points and tangent to five lines.

8.3 Proof of Theorem 8.11

The strategy of the proof of Theorem 8.11 is the same as in the proof of [BM09, Theorem 3.6]:
we first prove that if points in P, and vertices of elements of £, lie in some strip I x R, then all
the vertices of a curve in ST (d, P, £) tangent to £ also lie in the strip I x R. As a consequence,
if the configuration (P, £) is sufficiently stretched in the vertical direction, then all floors of a
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1,2,3

a=>5,6,7,0or 8 and =38 a=>5and p=12 a=>5and p=>54
a=06,7,or 8and u =28 a=26,7,or 8 and p =36
ob,cd 06,7,8
2 2
4,a 1,5
3 4 4,5,6,7,8 4,5,6,7,8
2 2 %T /\
1,2 2,3 1,2,3 2,3 1
a=2>5and p =20 w=2 uw =216 =108

a=26,7,or8and p =8

FIGURE 21. Computation of N3(1;17) =600 with £mP = {2, ... 8]}.

o o o
o
2 2
2
2 3 3
2
Spu=4 >p=38 Sp="12 Sop=108
\/ \/ [
2
o
3 2
g \V
Do p=36 Yp=4 > =400 > =280

FIGURE 22. Computation of N3 (3; 1%) = 712 with £°mP = {1,2 3,4, 6}.
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f f()

FIGURE 23. No vertex v € Vert?(C) with f(v) < a if f is tangent to L.

curve in ST(d, P, £) tangent to £ contain exactly one horizontal constraint. It will then remain
to study how the constraints can be distributed among the floors and the shafts of the tropical
curves we are counting.

The rest of this section is devoted to make precise the latter explanations.

From now on, we fix I =[a;b] C R a bounded interval, and a generic configuration (P, £)
where P = {p1,...,pr} and L={L1,..., L3q_1_1} is a set of 3d — 1 + k tropical lines in R2.
We denote by 7; the vertex of the line L;. Recall that an element of ST(d, P, £) with positive
(P, £)-multiplicity is called tangent to L.

LEMMA 8.16. Suppose that PU{mi,...,n3d—1-k} CI x R. Then for any tropical morphism
f:C —R2inS"(d, P, L) tangent to L, and for any vertex v € Vert’(C), we have f(v) € I x R.

Proof. The proof follows the same lines as the proof of [BM09, Proposition 5.3]. Suppose that
there exists a tropical morphism f: C'— R? in ST(d, P, £) and a vertex v in Vert’(C) such that
f(v) = (x4, y») with z, < a. We can choose v such that no vertex of C' is mapped by f to the
half-plane {(z, ) | * < . }. Since the configuration (P, £) is generic, the set ST (d, P, £) is finite
and v is a trivalent vertex of C. Hence, the proof of [BM09, Proposition 5.3] shows that v is
adjacent to an end e of direction (—1,0), and two other edges of direction (0, £1) and (1, cv),
and that one line L; has its horizontal edge passing through f(v) (see Figure 23). Thus, e U v is
the pretangency component of f with L;, and pr,(f) =0.

The case where there exist an element f: C' — R? in ST(d, P, £) and a vertex v in Vert?(C)
such that f(v) = (x4, y») with x,, > b works analogously. |

Recall that pretangency sets are defined in §3.1. A line L € L is called a wvertical constraint
(respectively a horizontal constraint) of a morphism f € ST(d, P, L) if the pretangency set of f
and L is (respectively is not) contained in the vertical edge of L. A point in P is at the same
time a horizontal and a vertical constraint of any morphism f € ST(d, P, £). We say that a floor
F (respectively a shaft S) of f matches the constraint ¢ € P U L if F (respectively S) contains
f~1(q) or contains the pretangency component of f with gq.

COROLLARY 8.17. If the points in P J{m,...,N3d—1-k} are in I x R and far enough apart,
then any floor of any tropical morphism f : C' — R? in ST(d, P, £) tangent to L matches at most
one horizontal constraint.

Proof. If e is an edge of C' with uys. # (0, £1), then the slope of f(e) is uniformly bounded in
terms of the degree of f. Hence, the result is an immediate consequence of Lemma 8.16. a

DEFINITION 8.18. We say that a generic configuration (P, £) is vertically stretched if it satisfies
the hypothesis of Corollary 8.17.
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To any morphism f:C — R? in ST(d, P, L), we can naturally associate a floor diagram Dy
of degree d in the following way: white vertices of D; correspond to floors of C, black vertices
correspond to shafts of C', and a white vertex and a black vertex of D; are joined by an edge of
weight w if and only if the corresponding floor and shaft are joined by an elevator of weight w;
an elevator of C' has an orientation inherited from the standard orientation of the line {x =0}
in R?, and edges of Dy inherits this orientation as well. Given a shaft S of f, we define [(S) to
be the sum of the number of floors of C' adjacent to S and the number of ends of C' contained in
S. In other words, if S corresponds to the black vertex vg of Dy, then I(S) = val(vs) — div(vs).

COROLLARY 8.19. Let (P, L) be a vertically stretched configuration of constraints and let f be
an element of S*(d, P, L) tangent to L. Then we have the following.

e Any floor F of f matches exactly 2 deg(F) — 1 constraints, and exactly one of them is
horizontal.

e Any shaft S matches exactly [(S) — 1 constraints, and exactly one of them is vertical.

Proof. A floor F and a shaft S of f have respectively exactly 2deg(F)—2 and [(S)— 2
vertices, since 7, o fjx: F — R and 7y o fjg: .S — R are tropical (open) ramified coverings with
respectively 2 deg(F) and [(.S) ends. According to Corollary 8.17, a floor F matches at most one
horizontal constraint so F matches at most 2 deg(F) — 1 constraints. Since the configuration
(P, L) is generic, a shaft S matches at most one vertical constraint, and hence at most [(S) — 1
constraints. All together, we get the inequality

D (2deg(F) — 1)+ > (I(S) —1)<3d - 1.
S

f
We have
D (2deg(F) — 1) + > _(I(S) — 1) =2d — |Vert*(Dy)| — [Vert* (D) + > val(v) +d
F S veVert® (Dy)

and the fact that Dy is a bipartite tree gives us
|Vert®(Dy)| + [Vert®(Dg)| — > val(v) = [Vert®(Dy)| + |Vert®(Dy)| — [Edge(Dy)| = 1
veVert®(Dy)

so we obtain

D (2deg(F) — 1)+ > (I(S) —1)=3d - 1.
S

f
Hence all the inequalities above are, in fact, equalities. |
The set P U{m, ..., N34—k—1} inherits a total order from the map 7, and we relabel elements

of this set by §; < - -+ < @34_1. We define the set £ c {1,...,3d — 1} by
i€ LM — 7 e L.
Given a morphism f:C — R? in 8T(d, P, £), we define a map my: {1,...,3d — 1} — Dy by
my(i) = v <= the floor or shaft of C' corresponding to v matches g;.

LEMMA 8.20. Let (P, L) be a vertically stretched configuration of constraints. If f is tangent
to L, then (Dy, my) is an L™-marked floor diagram of degree d.

Proof. This is an immediate consequence of Corollary 8.19 and the genericity of the configuration

(Pv ‘C) O
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Hence we have constructed a map ¢(p )y which maps an element of f € ST(d, P, L) tangent
to £ to the £°P-marked floor diagram (Dg, my). Theorem 8.11 is a direct consequence of
Theorem 3.8 and of the following proposition.

PROPOSITION 8.21. Let (P, L) be a vertically stretched configuration of constraints. For any
L£°mb marked floor diagram (D, m) of degree d, we have

Yo ey (f) = pigeo (D, m),

fEd)(’,,lYL)(D,m)

Proof. Let (D, m) be a £L™P-marked floor diagram. We start with two easy observations. Given
a tropical morphism f € ¢(731 ) (D, m) and v € Vert®°(D) corresponding to the floor F, of f, then
the horizontal constraint matched by Fy 18 Gin(m-1(v))- If v € Vert*(D) corresponds to the shaft

Sy, of f, then the vertical constraint matched by .S, is:
(i) the point g; in P where i, is the unique element of m~1(v) NP if this set is non-empty;
(ii) the line g;, in £ where i, = max(m ™! (v)) if iy > maxy evert(y) min((m=1(v')));
(iii) a line g; where i, € m~!(v), otherwise.
Hence, we see that the horizontal constraint matched by .S, is not determined by D only in case
(iii) above. We denote by Vert®3(D) the subset of Vert®(D) composed of vertices in this case.
Given € >0 and p € P (respectively L € £ with vertex n), we denote by I, (respectively
I. 1) the interval of R centered in my(p) (respectively m,(n)) and of length €. Let us denote by
q<---<4q, al(v) the elements of P U £ which are horizontal constraints for a floor of f adjacent
to the shaft S, and by w; the center of the interval I. 7. We define the set QT to be the set
of centers of all intervals I ; with L a non-vertical constraint of S, matched by S,. Now we
can consider the set H' (8, n;,) corresponding to the points z; and the set QT (see Appendix
for the definition of H”, and Definition 8.7 for the definition of § and n;,). Since the points of
PU{m,...,n3d—1—k} are contained in the strip I x R and very far apart, Lemma 8.16 tells us
that there exists € > 0 depending only on a,b, and d (in particular independent on f, P, and L),
such that the following hold.

e If v/ is a vertex of S, such that f(v') € L € £ with L #7¢; , then m, o f(v') € I 1.
e If v/ is a vertex of S, which is also a vertex of a floor matching the horizontal constraint g,
then 7y o f(v') € I 4.

o If g#¢, then I. ;N I, o = 0.
Hence, there exists a unique element g of H* (8, n;, ) which can be obtained from a deformation
(9t : C{ = R?);ep0.] of the restriction fg, in its deformation space such that g,(Vert(C})) C
quPuc I. , for all t. Moreover, when f ranges over all elements of gb&)l ) (D, m) with fixed
iy, there is a natural bijection between all possible restrictions fg, and the set HE(S, n;,).

Once again, since the points of P U {n, ..., n34—1-x} are contained in the strip I x R and
very far apart, to construct a morphism f in qﬁ(_Pl £) (D, m), it is enough to construct independently
the restriction of f on the floors and on the shafts of C', and to glue all these pieces together along
elevators. It follows from Definition 8.7, Proposition 5.1, and Theorem A.5, that the contribution
of a vertex v € Vert®(D)\Vert®?(D) is equal to jupeoms(v). In the case of a vertex v € Vert®3(D),

an easy Euler characteristic computation and (2) for the weight associated to a tangency show
that the contribution of v with a fixed 4, is, in the notation of Definition 8.7,

TLUH((s, n;, )
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where 7;, = (§(iy) + i+ |{i € m~(v) | i <i,}|+div(v)). Hence, according to Lemma 8.22,
the sum of the (P, L)-multiplicity of all morphisms f Egb(_Pl E)(D, m) with fixed 4, for all
v € Vert®3(D) is exactly
T w 11 peoms() [ (i, H (S, mi)).
ecEdge(D) veVert(D)\Vert® (D) vEVert® (D)

Given v € Vert®?(D), we have

> (ri, H(6,n4,))

(2

s

=) <<ﬁ(z’)(5(z’)—|—i+div(v))+. Sl j)H(&m)>

=0 j=N(i—1)
N (a6 it ditany o N0 = NG 12— (86) = NG 1)
=S ((@00) + i+ aivien + . )it
= g (1)

Hence we have

o weoh =TI we JI #eem@)=pgom(D,m),

f€¢(’7,1YL)(D,m) ecEdge(D) vEVert(D)
as desired. O

LEMMA 8.22. Letd, > 1 and wy, . .., w; > 0 be integer numbers. Choose a generic configuration
(P, L) of constraints such that P={p1,...,pm} CI xR, and L={L1,...,Log, 2} CI xR is
a set of vertical lines. Choose also a point pg € I x R and a tropical line Ly whose vertex 1 is in
I x R such that the configuration (P U {po}, LU{Lo}) is generic. Suppose that the points p;
and 1o are very far apart, and denote by Cp,(2d, + I, P, L) (respectively Cr,(2d, + 1, P, L)) the
set of all minimal tropical morphisms f : C' — R? such that the following hold:

(i) C has ends of direction (0, £1); given such an end e of C, f(e) passes through one point
p; of P, and wy . = wj;
(ii) C has d, ends of direction (—1, 0) and weight 1, and d,, ends of direction (1, 1) and weight 1;
(iii) f is pretangent to all lines in L;
(iv) f passes through pg (respectively is pretangent to Ly).
Then
Z /’L(PUpo,L)(f) = dij_lH(dv) H w(e)
f€Cpy (2du+1,P,L) e€Edge™> (C),uy,.=(0,£1)
and
_ !
> 1P .cory) (f) = = 2+ dy)d, H(dy) 1T w(e).
fe€Cry(2d,+1,P,L) e€Edge™(C),us,.=(0,£1)
Moreover, any tropical morphism f € Cp,(2d, + 1, P, L) (respectively f € Cr,(2d, + 1, P, L)) has
exactly one floor, and this floor matches py (respectively Ly).

Proof. The fact that f has only one floor is straightforward: C has 2d, 4+ [ — 2 vertices, exactly
[ of which are adjacent to a vertical end of C, so C' has exactly one vertex mapped to each
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line L;, i > 0; in particular, it has no other vertical edge than its vertical ends. Since the floor of
f has to match a horizontal constraint, it matches necessarily pg or L.

In the following, we use the notations of Appendix. Let us denote by QT the set of intersection
points of all tropical lines L; with {y =0} when i > 0, and let us consider the set H"(d, n) with
s=0, 6(0) =d,, and n(0) = 2d, — 2. Let us fix an element fy:Co— {y =0} =R in HT(5, n).
Consider a sequence of [ open tropical modifications w:C7 — Cy, and a minimal tropical
morphism f; : C7 — R? satisfying conditions (i)-(iii) such that m, o f; = fo o 7. Composing
f1 with a translation in the (0,1) direction, we construct a finite number of elements of

Cpo(2dy +1, P, £) and Cr, (2dy +1, P, £).

e To construct an element of Cp,(2d, + [, P, L), we have to make one of the edges of C;
pass through py. Once this is done, the orientation of the curve C] defined in § 5 is as follows: the
rays emanating from pg are oriented away from py, and exactly one edge e with uy, . # (0, £1) is
oriented toward v at a vertex vy of C1. Hence the multiplicity of such a vertex vy is u(v1) = |a if
uf, e = (a, #). The multiplicity can then be computed via Proposition 5.1. Notice that for a given
choice of morphism fy, and every thing being fixed but for one vertical edge (respectively the
edge containing the marked point), summing the corresponding p(v;) (respectively weights of the
supporting edges) over all the possible choices, one gets a factor d,. Thus adding the (P U pg, £)-
multiplicity of all possible morphisms f; constructed in this way starting with a fixed fy, we
obtain d5t yug(fo). Considering all possible tropical morphisms fo € HT(8, n), Theorem A.5 tells
us that we obtain

Z 'U’(PUpoyﬂ)(f) = dinrlH(dv) H w(e).

fE€Cp, (2dw+1,P,L) e€Bdge™ (C),uy,.=(0,£1)

e To construct an element of Cr, (2d, + [, P, L), we have two possibilities: either f1(C)
passes through the vertex 1y of Lg, or a vertex of C is mapped to Lg. Once this is done, the
orientation of the curve C defined in §5 is as follows (Ey denotes the union of all pretangency
components of fi; with Lg): an edge e with uy, . # (0, £1) intersecting £y but not included in
Ey is oriented away from Ej, and exactly one edge e with uy, . # (0, £1) is oriented toward
v; at a vertex v; of C1\Ep. Note that if there exists an end of C; with direction (—1,0) or
(1,1) and intersecting Ep in infinitely many points, then up rur,)(f1) = 0. Hence, adding the
(P, LU Lg)-multiplicity of all possible morphisms f; constructed in this way starting with a
fixed fo, we obtain d\ K ug(fo), where K = d, + [Vert®(C)| — 2d, =1 — 2 + d,,. Considering all
possible tropical morphisms fo € H* (4, n), Theorem A.5 tells us that we obtain

S wpcory () =02+ dy)d H(d,) 11 we).

feCry(2dy+1,P,L) ecEdge> (C),us,.=(0,£1)

Hence the lemma is proved. |
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Appendix. Open Hurwitz numbers

We recall here the definition of open Hurwitz numbers. These numbers were introduced
in [BBM11] and are a slight generalization of well-known Hurwitz numbers. For simplicity, we
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restrict ourselves to the special cases we need in this paper. We refer to [BBM11] for more details
and examples about open Hurwitz numbers and their tropical counterpart (see also [CJM10]).

Let s >0 be an integer number, and 0, n:{0,...,s} — Z>o be two functions. Choose a
collection of s embedded circles c1, . . ., ¢s in the sphere S? such that ¢; (respectively ¢;s) bounds
a disk Dy (respectively Dy), and ¢; and ¢; 41 bound an annulus D; for 1 <i < s — 1. Choose also
a collection Q of points in S?\ |J;_; ¢, such that each D; contains exactly n(i) points of Q. Let
us consider the set H(d,n) of all equivalence class of ramified coverings f:3 — S? where the
following hold:

e Y is a connected compact oriented surface of genus 0 with s boundary components;
f0%) c Ui e
e f is unramified over S%\Q;

fiy-1(p,) has degree §(i) for each ;

each point in Q is a simple critical value of f;

for each circle ¢;, the set f~1(¢;) contains exactly one connected component ¢ of 9%, and
fle : ¢ — ¢; is an unramified covering of degree |3(i) — d(i — 1)|.

Two continuous maps f:3 — S2 and f/: %' — S? are considered equivalent if there exists a
homeomorphism ® : ¥ — ¥/ such that f/ o ® = f.
Note that the cardinal of the set Q is prescribed by the Riemann—Hurwitz formula
Q| =d(0) 4+ 6(s) + s — 2.
DEFINITION A.1. The open Hurwitz number H(d,n) is defined as:

1
H(5,n) = I
2 TR

Note that we can naturally extend the definition of the numbers H (4, n) to the case where
0:{0,...,s} — Z is any function by setting

H(5,n)=0 if Im § € Zy.
Ezample A.2. If s=2,§(0) =6(2) =n(0) =n(1l) =n(2) =0, and §(1) = d, one computes easily
_1
==
In the special case where s = 0, we recover the usual Hurwitz numbers. In particular ¢ is just

a positive integer number, the degree of the maps we are counting and that we just denote by
d. We simply denote this Hurwitz number by H(d).

H(o,n)

PROPOSITION A.3 (Hurwitz). For any d > 1, then
_d¥3(2d - 2)!
N d! '
Let us now define tropical open Hurwitz numbers, and let us relate them to the open
Hurwitz numbers we have just defined. Recall that we have chosen s> 0 an integer number,

H(d)

and 6, n:{0,...,s} — Z>( two functions.
Choose a collection of s points 71 < - - - < z in R, and define D} = (—o0; x1), D} = (24, Ti41),
and DT = (z4; —oc). Choose another collection of points QT in R\{z1, ..., zs}, such that each

DT contains exactly n(i) points of QT. Let us consider the set H*(, n) of all equivalence class
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of minimal tropical morphisms f: C' — R where the following hold:

C' is a rational tropical curve with s boundary components;

f0C) C{x1, ..., xs};

f(Vert?(C)) ¢ QT;

given 0 <i < s and p € DY, if we denote by ey, . .., e, the edges of C' which contain a point
of f~%(p), then we have D i1 Wi, = 0(1);

for each p € Q, f~1(p) contains exactly one element of Vert?(C), which is a 3-valent vertex
of C,

for each 1 <i < s, the set f~!(z;) contains exactly one boundary component of C, adjacent
to an edge of weight |6(i) — 6(i + 1)|;

each end of C' is of weight 1.

As previously, two tropical morphisms f:C — R and f':C’:— R are considered equivalent if
there exists a tropical isomorphism ® : C' — C’ such that f'o® =¢o f.
Once again, we have

19T =6(0) +6(s) + 5 — 2.

Given v a puncture of C adjacent to the end e, we set wy, = w;., and we define wy o, as
the product of the weights w¢, when v ranges over all punctures of C. The multiplicity of an
element of H'(d,n) is then defined as

HeEEdge(C) Wiie
Weo

pu(f) =

DEFINITION A.4. The tropical open Hurwitz number H™ (5, n) is defined as

o= 3 un(l)
FEHT(8,n)

As previously we extend the definition of the numbers H™ (4, n) by setting

HY(6,n)=0 if Im § ¢ Zso.

THEOREM A.5 [BBMI11, Theorem 2.11]. For any two functions §:{0,...,s} -=7Z and n:

(0,.

.., 8} — Z>o, we have

H(,n)=H"(5,n).

Example A.6. Using Theorem A.5 we compute easily the following open Hurwitz numbers:
if s=1, 6(0)=2, 6(1) =0, n(0) =1, n(1) =0, then H(5, n) = 3;

if s=2,6(0)=1, 6(1)

§5(2) =0, n(0) =n(2) =0, n(1) =1, then H(6, n) = 1;

if s=1,6(0)=3, (1) =0, n(0) =2, n(1) =0, then H(5,n) =1.

REFERENCES
AB13  F. Ardila and F. Block, Universal polynomials for Severi degrees of toric surfaces, Adv. Math.

237 (2013), 165-193.

ABL11 A. Arroyo, E. Brugallé and L. Lopez de Medrano, Recursive formula for Welschinger invariants,

Int. Math. Res. Not. IMRN 5 (2011), 1107-1134.

Alu88  P. Aluffi, The characteristic numbers of smooth plane cubics, in Algebraic geometry, Sundance,

UT, 1986, Lecture Notes in Mathematics, vol. 1311 (Springer, Berlin, 1988), 1-8.

101

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X13007409

Alu90

Alu9gl

Alu92

Ber08

Ber
BBM11

BGM12

BL12

BMO7

BMO09

BMa

BMb

BP

BPS08

CHO98

CJM10

Cha64

DT12

EGHO00

FM10

GMO7

GMO8

GKZ94

B. BERTRAND, E. BRUGALLE AND G. MIKHALKIN

P. Aluffi, The enumerative geometry of plane cubics. I. Smooth cubics, Trans. Amer. Math. Soc.
317 (1990), 501-539.

P. Aluffi, The enumerative geometry of plane cubics. II. Nodal and cuspidal cubics, Math. Ann.
289 (1991), 543-572.

P. Aluffi, Two characteristic numbers for smooth plane curves of any degree, Trans. Amer. Math.
Soc. 329 (1992), 73-96.

B. Bertrand, Real Zeuthen numbers for two lines, Int. Math. Res. Not. IMRN (2008), Article ID
rnn014.

B. Bertrand, Enumeration asymtotique de courbes réelles de cogenre firé, in preparation.

B. Bertrand, E. Brugallé and G. Mikhalkin, Tropical open Hurwitz numbers, Rend. Semin. Mat.
Univ. Padova 125 (2011), 157-171.

F. Block, A. Gathmann and H. Markwig, Psi-floor diagrams and a Caporaso—Harris type
recursion, Israel J. Math. 191 (2012), 405-449.

E. Brugallé and L. Lopez de Medrano, Inflection points of real and tropical plane curves,
J. Singul. 4 (2012), 74-103.

E. Brugallé and G. Mikhalkin, Enumeration of curves via floor diagrams, C. R. Math. Acad.
Sci. Paris 345 (2007), 329-334.

E. Brugallé and G. Mikhalkin, Floor decompositions of tropical curves: the planar case, in Proc.
fifteenth Gékova geometry-topology conference, 2008 (International Press, Boston, MA, 2009),
64-90.

E. Brugallé and G. Mikhalkin, Floor decompositions of tropical curves in any dimension, in
preparation, preliminary version available at

http://www.math.jussieu.fr/~brugalle /miscellaneous.html.

E. Brugallé and G. Mikhalkin, Realizability of superabundant curves, in preparation.

E. Brugallé and N. Puignau, Enumeration of real conics and mazimal configurations, J. Eur.
Math. Soc. (JEMS), to appear.

N. Berline, A. Plagne and C. Sabbah (eds), Géométrie tropicale, Editions de Décole
Polytechnique, Palaiseau (2008), http://www.math.polytechnique.fr/xups/vol08.html.

L. Caporaso and J. Harris, Counting plane curves of any genus, Invent. Math. 131 (1998),
345-392.

R. Cavalieri, P. Johnson and H. Markwig, Tropical Hurwitz numbers, J. Algebraic Combin. 32
(2010), 241-265.

M. Chasles, Construction des coniques qui satisfont a cing conditions, C. R. Acad. Sci. Paris 58
(1864), 297-308.

A. Dickenstein and L. F. Tabera, Singular tropical hypersurfaces, Discrete Comput. Geom. 47
(2012), 430-453.

Y. Eliashberg, A. Givental and H. Hofer, Introduction to symplectic field theory, Visions in
mathematics: Towards 2000, GAFA, Geom. Funct. Anal. Special Volume — GAFA2000, Part II,
560-673.

S. Fomin and G. Mikhalkin, Labelled floor diagrams for plane curves, J. Eur. Math. Soc. (JEMS)
12 (2010), 1453-1496.

A. Gathmann and H. Markwig, The numbers of tropical plane curves through points in general
position, J. Reine Angew. Math. 602 (2007), 155-177.

A. Gathmann and H. Markwig, Kontsevich’s formula and the WDVV equations in tropical
geometry, Adv. Math. 217 (2008), 537-560.

I. M. Gelfand, M. M. Kapranov and A. V. Zelevinsky, Discriminants, resultants, and
multidimensional determinants, in Mathematics: theory & applications (Birkhduser, Boston, MA,
1994).

102

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.jussieu.fr/~brugalle/miscellaneous.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
http://www.math.polytechnique.fr/xups/vol08.html
https://doi.org/10.1112/S0010437X13007409

Ghy08

GKPO02
IP04
IKS03
IMS07
Mai71
Mik00
Mik04
Mik05
Mik06
Mik07
Mik
MOO07

Nis10
NS06

Pan99
Pas08

RSTO05

RTVIT7
Sch79
Shu05
Sot
Thu97

Tyol2

GENUS 0 CHARACTERISTIC NUMBERS OF THE TROPICAL PROJECTIVE PLANE

E. Ghys, Trois mille deux cent soixante-quatre . .., Images des Mathématiques, Centre national
de la recherche scientifique (2008), http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.
html.

T. Graber, J. Kock and R. Pandharipande, Descendant invariants and characteristic numbers,
Amer. J. Math. 124 (2002), 611-647.

E.-N. Ionel and T. H. Parker, The symplectic sum formula for Gromov—Witten invariants, Ann.
of Math. (2) 159 (2004), 935-1025.

I. Itenberg, V. Kharlamov and E. Shustin, Welschinger invariant and enumeration of real

rational curves, Int. Math. Res. Not. IMRN 49 (2003), 2639-2653.

I. Itenberg, G Mikhalkin and E. Shustin, Tropical algebraic geometry, Oberwolfach Seminars
Series, vol. 35 (Birkhéuser, 2007).

S. Maillard, Recherche des caractéristiques des systémes élémentaires de courbes planes du
troisiéme ordre, PhD thesis, Faculté des sciences de Paris, 1871.

G. Mikhalkin, Real algebraic curves, the moment map and amoebas, Ann. of Math. (2) 151
(2000), 309-326.

G. Mikhalkin, Decomposition into pairs-of-pants for complex algebraic hypersurfaces, Topology
43 (2004), 1035-1065.

G. Mikhalkin, Enumerative tropical algebraic geometry in R?, J. Amer. Math. Soc. 18 (2005),
313-377.

G. Mikhalkin, Tropical geometry and its applications, Proc. International Congress of
Mathematicians, Madrid, 2006, Vol. II (European Mathematical Society, Ziirich, 2006),
827-852.

G. Mikhalkin, What is. .. a tropical curve? Notices Amer. Math. Soc. 54 (2007), 511-513.

G. Mikhalkin, Phase-tropical curves I. Realizability and enumeration, in preparation.

G. Mikhalkin and A. Okounkov, Geometry of planar log-fronts, Mosc. Math. J. 7 (2007), 507-531,
575.

T. Nishinou, Correspondence theorems for tropical curves, Preprint (2010), math.AG/0912.5090.

T. Nishinou and B. Siebert, Toric degenerations of toric varieties and tropical curves, Duke
Math. J. 135 (2006), 1-51.

R. Pandharipande, Intersections of Q-divisors on Kontsevich’s moduli space MOW(PT, d) and
enumerative geometry, Trans. Amer. Math. Soc. 351 (1999), 1481-1505.

M. Passare, How to compute > 1/n? by solving triangles, Amer. Math. Monthly 115 (2008),
745-752.

J. Richter-Gebert, B. Sturmfels and T. Theobald, First steps in tropical geometry, in Idempotent
mathematics and mathematical physics, Contemporary Mathematics, vol. 377 (American
Mathematical Society, Providence, RI, 2005), 289-317.

F. Ronga, A. Tognoli and T. Vust, The number of conics tangent to five given conics: the real
case, Rev. Mat. Univ. Complutense Madr. 10 (1997), 391-421.

H. Schubert, Kalkil der abzihlenden Geometrie (Springer, Berlin, 1979), reprint of the 1879
original, with an introduction by Steven L. Kleiman.

E. Shustin, Patchworking singular algebraic curves, non-Archimedean amoebas and enumerative
geometry, Algebra i Analiz 17 (2005), 170-214.

F. Sottile, 3264 real conics, Preprint,
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html.

W. Thurston, Three-dimensional geometry and topology. Vol. 1, Princeton Mathematical Series,
vol. 35, ed. Silvio Levy (Princeton University Press, Princeton, NJ, 1997).

I. Tyomkin, Tropical geometry and correspondence theorems via toric stacks, Math. Ann. 353
(2012), 945-995.

103

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://images.math.cnrs.fr/Trois-mille-deux-cent-soixante.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
http://www.math.tamu.edu/~sottile/research/stories/3264/index.html
https://doi.org/10.1112/S0010437X13007409

Vak99

Vak00

Vak01

Vir88

Vir01

Wel06

ZeuT72

Zeu73

B. BERTRAND, E. BRUGALLE AND G. MIKHALKIN

R. Vakil, The characteristic numbers of quartic plane curves, Canad. J. Math. 51 (1999),
1089-1120.

R. Vakil, The enumerative geometry of rational and elliptic curves in projective space, J. Reine
Angew. Math. 529 (2000), 101-153.

R. Vakil, Recursions for characteristic numbers of genus one plane curves, Ark. Mat. 39 (2001),
157-180.

O. Ya. Viro, Some integral calculus based on Fuler characteristic, Lecture Notes in Mathematics,
vol. 1346 (Springer, 1988), 127-138.

O. Viro, Dequantization of real algebraic geometry on logarithmic paper, in European Congress
of Mathematics, Barcelona, 2000, Vol. I, Progress in Mathematics, vol. 201 (Birkh&user, Basel,
2001), 135-146.

J. Y. Welschinger, Towards relative invariants of real symplectic 4-manifolds, Geom. Funct. Anal.
16 (2006), 1157-1182.

H. G. Zeuthen, Déterminations des caractéristique des systémes élémentaires de cubiques, C. R.

Math. Acad. Sci. Paris 74 (1872), 521-526.

H. G. Zeuthen, Almindelige Egenskaber ved Systemer af plane Kurver, Naturvidenskabelig og
Mathematisk Afdeling 10 (1873), 286-393.

Benoit Bertrand benoit.bertrand®@math.univ-toulouse.fr
Institut Mathématiques de Toulouse, Université Paul Sabatier,
118 route de Narbonne, F-31062 Toulouse Cedex 9, France

Erwan Brugallé brugalle@math.jussieu.fr
Université Pierre et Marie Curie, Paris 6, 4 place Jussieu, 75 005 Paris, France

Grigory Mikhalkin grigory.mikhalkin@unige.ch
Section de mathématiques Université de Geneve, Villa Battelle, 7 route de Drize,
1227 Carouge, Suisse, Switzerland

104

https://doi.org/10.1112/50010437X13007409 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X13007409

	1 Introduction
	2 Tropical curves and morphisms
	2.1 Tropical curves
	2.2 Tropical morphisms
	2.3 Tropical cycles

	3 Tangencies
	3.1 Tropical pretangencies in R2
	3.2 Correspondence
	3.3 Generalization to immersed constraints

	4 Generic configurations of constraints
	4.1 Marked tropical curves
	4.2 Generic configurations

	5 Practical computation of tropical multiplicities
	5.1 Combinatorial multiplicity
	5.2 Examples of computations

	6 Phases and tropical limits
	6.1 Phase-tropical structures and tropical limits
	6.2 Rational tropical morphisms as tropical limits

	7 Tangency conditions in the phase-tropical world
	7.1 Proof of Theorems 3.8 and 3.12
	7.2 Enumeration of real curves

	8 Floor decompositions
	8.1 Motivation
	8.2 Floor diagrams
	8.3 Proof of Theorem 8.11

	Acknowledgement
	Appendix Open Hurwitz numbers
	References

	animtiph: 
	1: 
	2: 
	3: 
	4: 
	5: 
	6: 
	7: 
	8: 
	9: 
	10: 
	11: 
	12: 
	13: 
	14: 
	15: 
	16: 
	17: 
	18: 
	19: 
	20: 
	21: 
	22: 
	23: 
	24: 
	25: 
	26: 
	27: 
	28: 
	29: 
	30: 
	31: 
	32: 
	33: 
	34: 
	35: 
	36: 
	37: 
	38: 
	39: 
	40: 
	41: 
	42: 
	43: 
	44: 
	45: 
	46: 
	47: 
	48: 
	49: 
	50: 
	51: 
	52: 
	53: 
	54: 
	55: 
	56: 
	57: 
	58: 

	ikona: 
	2: 
	3: 
	4: 
	5: 
	7: 
	9: 
	10: 
	15: 
	18: 
	22: 
	24: 
	25: 
	27: 
	29: 
	30: 
	32: 
	33: 
	35: 
	36: 
	37: 
	38: 
	39: 
	40: 
	41: 
	42: 
	44: 
	45: 
	47: 
	48: 
	50: 
	54: 
	55: 
	56: 

	TooltipField: 


