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ABSTRACT. In this paper, we study tropical Weierstrass points. These are the analogues for
tropical curves of ramification points of line bundles on algebraic curves.

For a divisor on a tropical curve, we associate intrinsic weights to the connected compo-
nents of the locus of tropical Weierstrass points. These are obtained by analyzing the slopes
of rational functions in the complete linear series of the divisor. We prove that for a divisor
D of degree d and rank r on a genus g tropical curve, the sum of weights is equal to d—r+rg.
We establish analogous statements for tropical linear series.

In the case D comes from the tropicalization of a divisor, these weights control the number
of Weierstrass points that are tropicalized to each component. Our results provide answers
to open questions originating from the work of Baker on specialization of divisors from curves
to graphs.

We conclude with multiple examples that illustrate interesting features appearing in the
study of tropical Weierstrass points, and raise several open questions.
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1. OVERVIEW

Weierstrass points have a rich history in the development of algebraic geometry as they
provide an important tool for the study of smooth algebraic curves and their moduli spaces.
It is natural to ask how their theory can be extended to stable curves, which correspond to
boundary points in the Deligne-Mumford compactification //Zg of the moduli space of genus
g smooth curves. One strategy is to take the limit Weierstrass points induced by a one-
parameter family (X;);2o of smooth curves degenerating to a stable curve Xo; there will be
g% — g limit Weierstrass points on Xy when counted with appropriate weights. However, the
limit points generally depend on the chosen family, and a stable curve Xy has many possible
smoothings corresponding to paths in //?g that end at the point representing Xj.

Tropical geometry provides a new perspective on degeneration methods in algebraic geom-
etry by enriching it with polyhedral geometry. Given the successes of tropical methods in
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the past two decades in the study of algebraic curves and their moduli spaces, it is natural
to ask whether tropical geometry can be used to gain insight about the limiting behavior of
Weierstrass points on degenerating families of curves. In the tropical perspective, the data of
a stable curve Xj is replaced by the data of its dual graph, endowed with edge lengths. The
collection of all stable curves having the same dual graph forms a stratum of //Zg. This gives

a correspondence between the strata of //79 and the set of stable graphs of genus g [Capl13].
The prototype of what we can expect to address using tropical techniques is the following
natural question.

Question 1.1. Given a stratum of //79, what can be said about the limit Weierstrass points
of a smooth family (Xy)izo degenerating to a stable curve in that stratum?

The arithmetic geometric version of the above question is formulated as follows: Given a
smooth proper curve over the field Q, of p-adic numbers with stable reduction lying in a given
stratum of //79 (over the algebraic closure of the residue field F,), what can be said about the
specialization of the Weierstrass points?

Previously, there has been much work making incremental progress on the above question,
e.g. [EH87a, EM02, ES07, Dia85, BL12, Amil4, Gen21] for the geometric setting, and [Ogg78,
LN64, Atk67, AP03, Bak08] for the arithmetic setting. We refer to Section 1.4 for a more
thorough discussion.

Our aim in this paper is to provide an answer to the above questions from the point of view
of tropical geometry. This is done by introducing new tools that allow us to solve problems
related to the tropical geometry of curves, whose origin goes back to the beginning of the use
of tropical methods in the study of algebraic curves.

Our answer to Question 1.1 can be summarized as follows: we can specify how many
Weierstrass points degenerate to each component and to each node of a stable curve X
lying in the given stratum. This is done without specifying their precise position within each
irreducible component, giving instead a more precise location of those degenerating to a node
by specifying their position on the dual metric graph of the family (X;). Our result also
applies to limits of ramification points of arbitrary line bundles, in addition to the case of the
canonical bundle.

Similarly, we answer the arithmetic geometric version of Question 1.1 by specifying where
Weierstrass points specialize when reducing modulo p. Moreover, these results lead to an
effective way of locating the limit Weierstrass points.

We next give an overview of our results.

1.1. Tropical perspective. The central concept studied in this paper is that of tropical
Weierstrass points. The definition is based on divisor theory on metric graphs, and we refer
to the survey paper [BJ16] and the references there for more details.

Let I" be a metric graph, and let D be a divisor of degree d on I'. We denote by r the rank
of D, defined as the maximum integer r > —1 such that for any effective divisor F of degree
7, there exists an element f € M with div(f)+ D — E > 0. In the present paper, we consider
only divisors of nonnegative rank since, otherwise, the Weierstrass locus will be empty.

Definition 1.2 (Weierstrass points). A point z in I' is called a Weierstrass point, or ram-
ification point, for D if there exists an effective divisor E in the linear system of D whose
coefficient at x is at least r + 1. The (tropical) Weierstrass locus of D, denoted by Ly (D), is
the set of all such points in I'. Clearly, it is preserved by linear equivalence of divisors. o
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The set Ly (D) is a closed subset of I' that can be infinite, in contrast with the classical
setting of algebraic curves. In this regard, Baker comments in [Bak08, Rem. 4.14], regarding
the case when D is canonical divisor, that “it is not clear if there is an analogue for metric
graphs of the classical fact that the total weight of all Weierstrass points on a smooth curve
of genus g is g3 — g.” More generally, we can ask the following question.

Question 1.3. Is it possible to associate intrinsic tropical weights to the connected compo-
nents of Ly (D)? What is the total sum of weights associated to these components?

Note that this question is interesting even when the locus of Weierstrass points is finite.

Our aim in this paper is to provide an answer to the above question. In order to streamline
the presentation that follows, we first discuss our results in the case of non-augmented metric
graphs. From the geometric perspective, this corresponds to the situation of a totally de-
generate stable curve, that is, a stable curve whose irreducible components are all projective
lines. This is the same as requiring that the arithmetic genus of the stable curve is equal to
the genus of the dual graph. We have an analogue of these statements for augmented metric
graphs (respectively, arbitrary stable curves), see the discussion that follows below.

In order to solve Question 1.3, we make the following definition.

Definition 1.4 (Intrinsic Weierstrass weight of a connected component). Let D be a divisor
of rank r, and let C' be a connected component of the Weierstrass locus Ly, (D). For a rational
function f on I', a point « € " and a unit tangent direction v € T,(T"), we denote by sl, f(x)
the slope of f along the tangent direction v based at x. We define the tropical Weierstrass
weight of C' as

(1) puw (C; D) = deg (D)) + (9(C) = 1)r — Y st(D)
ved™™C

where

deg (D]C) is the total degree of D in C, defined by deg(D]C) = 2ec D(2);

g(C) is the genus of C| i.e., its first Betti number dim H;(C,R);

9™ C is the set of outgoing unit tangent directions from C; and

s¢(D) is the minimum slope sl, f(z) along tangent direction v of any rational function

f on T with div(f) 4+ D > 0.
We abbreviate py, (C; D) simply as u (C) if D is understood from the context. o

Although it is not obvious from the definition, we will show in Theorem 3.7 that the tropical
Weierstrass weight of any component is positive. Note as well that a connected component
of Ly (D) is always a metric subgraph of I, see Proposition 3.2. Moreover, the tropical
Weierstrass weights are independent of the choice of the divisor D in its linear equivalence
class, see Proposition 3.1.

We say that D is Weierstrass finite or simply W-finite if the tropical Weierstrass locus
Ly (D) has finite cardinality. In this case, connected components of Ly, (D) are isolated
points in I', and we define the tropical Weierstrass divisor W (D) as the effective divisor

WD) = Y o) @)
z€Lw (D)

where py () == pw({z}). The support |W(D)| of the tropical Weierstrass divisor is exactly
the tropical Weierstrass locus Ly, (D). The tropical Weierstrass weight of x can be identified
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as fy () = Dy(z) — 7, with D, denoting the unique z-reduced divisor in the linear system of
D, see Remark 3.4.

This gives the following geometric meaning to the Weierstrass weights, in the spirit of the
classical definition on algebraic curves. The coefficient of the reduced divisor at a point x € I’
corresponds precisely to the maximum order of vanishing at x of any global section of the line
bundle O(D) defined by the divisor. The Weierstrass weight of the point z is thus obtained
by comparing this quantity to r, which would be the expected minimum value, over points
y € T, of the largest order of vanishing of global sections at y. (Note, however, that r is not
always equal to the actual minimum largest order of vanishing, as examples in Section 7.4
show.) That being said, the definition differs from the algebraic setting, where we need to
take into account all the orders of vanishing of global sections of the line bundle at a given
point (and then compare them with the standard sequence, the one obtained for a point in
general position on the curve).

The following theorem answers Question 1.3. It is proved in Section 3.4.

Theorem 1.5 (Total weight of the Weierstrass locus). Let I' be a metric graph of genus g,
and let D be an effective divisor of degree d and rank r on I'. Then, the total sum of weights
of the connected components of Ly (D) is equal to d —r +rg. In particular, if D is W-finite,
then we have deg(W (D)) =d —r +rg.

The proof of this theorem will imply in particular the following local topological constraint
on the locus of tropical Weierstrass points. The proof is given in Section 3.4.

Theorem 1.6. If the rank r of D is at least one, then every cycle in I' intersects the tropical
Weierstrass locus Ly (D). In particular, if I' has genus at least two, then every cycle intersects
the Weierstrass locus of the canonical divisor K.

In [Bak08], Baker proves that the tropical Weierstrass locus of the canonical divisor is
nonempty if I" has genus at least two. This earlier tropical result is obtained as a consequence
of the analogous algebraic statement, using the specialization lemma. In contrast, our theorem
above states that tropical Weierstrass points obey a stronger “local” existence condition,
which has seemingly no algebraic analogue. In the case that the canonical divisor of I is
W-finite, our result implies that for an arbitrary family (X;);o of smooth curves tropicalizing
to I', every cycle in I' contains a limit Weierstrass point of the family.

To prove Theorem 1.5, we will show that in fact (1) defines a consistent notion of Weierstrass
weight when applied to any connected, closed subset of I' whose boundary points are not in
the interior of Ly, (D); see Section 3.3 and Theorem 3.10 for the precise statement.

1.2. Comparison results and extensions. We further justify our definition of weights by
making a precise link to tropicalizations of Weierstrass points on algebraic curves.

Suppose that I' and D come from geometry; that is, let X be a smooth proper curve of
genus g over an algebraically closed non-Archimedean field K of characteristic zero with a
non-trivial valuation and a residue field of arbitrary characteristic. Let £ = O(D) be a line
bundle of degree d on X. Assume that I' is a skeleton of the Berkovich analytification X?"
of X. Denote by 7 the tropicalization map from X to I', and suppose that D = 7,.(D) is the
tropicalization of D on I where 7,: Div(X) — Div(T") the induced map on divisors.

Denote by W(D) the Weierstrass divisor of D on X, and by 7.(W(D)) its tropicalization
on I'. The following result is proved in Section 6.5.
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Theorem 1.7 (Algebraic versus tropical Weierstrass weights). Assume that D and D have
the same rank r, and let A C T' be a closed, connected subset whose intersection with the
Weierstrass locus of D is a union of components of the Weierstrass locus. Then, the total
weight of Weierstrass points of W(D) tropicalizing to points in A is precisely

deg(W(D)|, () = (r+1) | deg(D],) +r(g(4) = 1) = > s4(D)
red™ A

In particular, if, in addition, D is W-finite, then we have the equality
(W(D)) = (r + 1) W(7(D)).

The expression on the right-hand side of the equation is r+ 1 times the tropical Weierstrass
weight in Definition 1.4, extended to more general subsets of I', see Section 3.3 for details.

This statement, which involves the metric of I" in a crucial way, gives an essentially complete
description of the behavior of Weierstrass points in the tropical limit. In particular, if the
limit divisor is W-finite, then for every family (X;);+o of smooth proper curves approaching
a stable curve with dual metric graph I, the limit Weierstrass points are precisely described
by the tropical Weierstrass divisor. This rigidity type theorem on the limiting behavior of
Weierstrass points allows us to give a precise count of the number of Weierstrass points going
to the nodes or to the smooth parts of a limit stable curve Xy on the given stratum of //79
along the given direction from which the family (X;);o approaches Xy. Moreover, as a special
case, the theorem also applies in the context of arithmetic geometry in which the curve X is
defined over a finite extension of Q,. As we will show in Section 6.4, this theorem holds as
well over a field K of positive characteristic provided that the gap sequence of £, defined as
the sequence of orders of vanishing of the global sections of £ at a general point of X, is the
standard sequence 0, 1,...,7. (In this case, £ is called classical [Lak81, Nee84].)

We provide natural extensions and refinements of the above results to non-necessarily com-
plete linear series and to the setting of augmented metric graphs, which, from the degeneration
perspective, corresponds to the situation where the limit stable curve has irreducible com-
ponents of possibly positive genus. The data of genera of the components is encoded in a
genus function g defined on vertices and extended by zero to the whole metric graph. Since
a given vertex of positive genus hides information about the geometry of the corresponding
component, it turns out that there will be an ambiguity when talking about the Weierstrass
locus of a divisor D. In fact, the right setup in this context is a divisor D endowed with
the data of a closed sub-semimodule M of Rat(D), which plays the role of a (not necessarily
complete) linear series on the augmented metric graph.

In this regard, first, we use the weights defined in Definition 1.4 with a relevant notion
of divisorial rank associated to the sub-semimodule that we further modify by including the
data of the genus function. We get Theorem 4.12, which provides a global count of weights
in this setting.

To the question of whether it is still possible to associate a natural Weierstrass locus to
a divisor in the augmented setting, we provide an answer by introducing two special classes
of semimodules, the generic semimodule associated to any divisor (see Section 4.2), and the
canonical semimodule associated to the canonical divisor on an augmented metric graph (see
Section 4.3). Both of them require some level of genericity, which we properly justify in
Section 4.4 using the framework of metrized complexes.
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The case of the canonical divisor on an augmented metric graph is particularly interesting
as it reveals new facets of divisor theory in the augmented setting. We associate a canonical
linear series to any augmented metric graph, show that it has the appropriate rank, and
study its Weierstrass locus. To justify the definition and prove these results, we use the
setting of metrized complexes and their divisor theory from [AB15]. Using that framework,
we show that the canonical linear series on an augmented metric graph is the tropical part of
the canonical linear series on any metrized complex with that underlying augmented metric
graph, provided that the markings associated to edges on the curves of the metrized complex
are in general position. It is interesting to note that this is the assumption made in the works
by Esteves and coauthors [EM02, ESO7], and our results here complement these works by
developing the tropical part of the story in greater generality.

As we show in Theorem 6.7, the statement of Theorem 1.7 remains valid in these settings
(when including the genera of points of A on the right-hand side of the stated equality).
The following theorem is a direct application of our results on Weierstrass weights for an
augmented metric graph. We use the setting of tropicalization preceding Theorem 1.7.

Theorem 1.8. Suppose D is a divisor on an algebraic curve X over an algebraically closed
non-Archimedean field K of characteristic zero with a non-trivial valuation and a residue field
of arbitrary characteristic. Let (T',g) be an (augmented) skeleton of X*". Let H be a vector
space of global sections of O(D) of rank r and denote by W(H) the Weierstrass divisor of
H. Let M be the tropicalization of H. Then, for any connected, closed subset A C I whose
intersection with the Weierstrass locus of (M, g) is a union of components of the Weierstrass
locus, we have the bound

deg<W(H)‘T—1(A)> > ("d2 + T) <9(A) + Z g($)) .

TEA

The proof of this theorem will be given in Section 6.5. As in the case of Theorem 1.7, the
statement holds as well over a field K of positive characteristic provided the gap sequence of
H is the standard sequence.

In the case the tropical Weierstrass of (M, g) is finite, this inequality holds for any closed
subset A C I'. In particular, we have the following application to stable curves: suppose X is
a stable curve with dual augmented graph (G, g), and suppose (X;) is a family degenerating
to Xo with tropicalization (I', g). If the locus of canonical Weierstrass points of (I, g) is finite,
then for every connected subgraph A of G, the number of limit Weierstrass points lying on
components and nodes of X that correspond to vertices and edges of A, respectively, is at

least (g2 — g) (Q(A) + 2 vea 9(”))'

Semimodules inside Rat(D) that come from the tropicalization of linear series verify an
extra set of properties. These are thoroughly studied in recent works [AG22] and [JP22] that
develop a combinatorial theory of (limit) linear series. In particular, such a semimodule M
of rank r satisfies the following;:

(%) For each point z in T" and any unit tangent direction v € T, (T"), the set of slopes
taken by functions in M has size r + 1.

(We refer to Section 5.3 for more details.)

In Section 6, we associate a refined notion of Weierstrass divisor to any divisor D and any
closed sub-semimodule M C Rat(D) that verifies the above property. In particular, in this
refined setting, there are only finitely many Weierstrass points, and the sum of coefficients of
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the Weierstrass points lying on any connected component C' of the Weierstrass locus of M,
according to the earlier definition, is the Weierstrass weight of C' multiplied by r 4+ 1. The
definition takes into account the higher orders of vanishing of the combinatorial limit linear
series, and is closer to the spirit of the algebraic definition of Weierstrass weights on curves.
In contrast, the refined Weierstrass divisor in this level of generality might have negative
coefficients in case the sub-semimodule does not come from geometry.

Using this together with the results proved in Section 5, discussed below, we provide a
proof of Theorem 1.7 and its extensions to the augmented and incomplete settings.

1.3. Tropicalization of Weierstrass divisors. The proof of our comparison results, The-
orem 1.7 and its extension Theorem 6.7, makes use of the results proved in Section 5. An
earlier version of these results was written by the first author around 2014.

Let X be a smooth proper curve defined over K. Let D be a divisor of degree d on X
and let £ = O(D) be the corresponding line bundle. Let H C H°(X, L) be a space of
sections of dimension r + 1 and denote by W = W(D, H) the corresponding Weierstrass
divisor. We assume that the gap sequence of H is the sequence 0,1,...,r, that is, for a
general point x € X (K), the orders of vanishing of sections of £ in H are 0,1,...,7. Let 7
be the tropicalization map from X to I'. We describe the tropicalization W = 7.(W). The
divisor W is equal to (r 4 1)D + div(Wrz) for a section Wrz of the sheaf wiy' """/ called the
Wronskian. The sheaf w;@}’"("’“)/ * admits a natural norm; using this norm, we can tropicalize
the section Wrz, and define a rational function F = trop(Wrz): I' — R. Denote by K the
canonical divisor of (T',g). Using the slope formula for sections of powers of the canonical
sheaf, Lemma 5.1, it is shown in Theorem 5.2 that for any = € I', we have

T(T;_DK(:U)— Z sl F.

veT:(T)

W(z)=(r+1)D(x) +

It follows from the results proved in Section 5.7, that for a point z € I" and v € T, (T'), if

e cither, the residue field k is of characteristic zero,
e or, the sequence sg, ..., s; forms an interval, that is, si=sq+7,

then the slope sl, F' is given by the sum sg+- - -+s;, see Proposition 5.4 and Theorem 5.2. This
result is needed to prove in Section 6 our comparison results between tropical and algebraic
Weierstrass loci.

Note that over a field K of equicharacteristic zero, the first item in the above condition is
verified, and we get all the coefficients W (z), for z € T', as

W) =+ D) + " ke - is;,

2 ,
veT,(T) i=0

see Theorem 5.5.

1.4. Previous work. The study of Weierstrass points from a tropical perspective was initi-
ated by Baker [Bak08, § 4]. Baker defines Weierstrass points for graphs and metric graphs,
and uses his Specialization Lemma [Bak08, Lem. 2.8] to prove an essential compatibility with
Weierstrass points on stable curves—namely, that the tropicalization of the algebraic Weier-
strass locus is a subset of the tropical Weierstrass locus. To be more precise, for a divisor D
on a non-Archimedean curve with Weierstrass divisor W(D), if 7.(D) has the same rank as



8 OMID AMINI, LUCAS GIERCZAK, AND HARRY RICHMAN

D and D has classical gap sequence, then we have an inclusion
[T (W(D))| € L (7:(D)),

which may be strict in general. (This is stated for the canonical divisor in loc. cit., but the
proof works in greater generality.) This statement has strong implications for the behavior
of Weierstrass points on a family of degenerating Riemann surfaces, and for p-adic reduction
of curves over Q,, discussed earlier in the introduction. Indeed, Baker motivates his study
of Weierstrass points on graphs with several results from the arithmetic geometry of mod-
ular curves, in particular, as a way to decide whether certain cusps are Weierstrass points,
c.f. [Ogg78, LN64, Atk67, AP03].

The question of how to determine the tropicalization of Weierstrass points on a non-
Archimedean curve was settled in [Amil4]; these results appear in Section 5 and are used
to prove our comparison results. Regarding Question 1.3, a previous work by Brugallé and
Lépez de Medrano [BL12] treated the case of tropical plane curves, by associating weights
to inflection components (using Newton polygons), and proving a version of Theorem 1.7 for
plane curves (it is not clear to the authors how the results are related in this case). The
question of determining tropical Weierstrass loci and their weights, and the way to properly
count them in the tropical setting remained however open in general. The work [Ricl8] by
the third-named author studies Weierstrass points on tropical curves. Although the tropical
Weierstrass locus may be infinite in general, [Ric18| shows that for a generic divisor class
(i.e., lying in a nonempty open subset of Picd), this locus is finite, and moreover computes
its cardinality. It is worth mentioning that important divisor classes such as the canonical
divisor are non-generic, so they are not covered by the methods of [Ric18]. The way tropical
Weierstrass points distribute when the degree of divisor classes tend to infinity is studied
in [Amil4, Ricl8]. For a more thorough discussion of how divisor theory on graphs is con-
nected to the degeneration of smooth curves to nodal curves, with various applications, see
the survey by Baker—Jensen [BJ16], in particular Section 12.

For an extensive and informative survey describing the history and applications of Weier-
strass points, starting with Weierstrass and Hiirwitz [Wei67, Hur92] in the 1800s, see Del
Centina [DCO08]. The study of Weierstrass points on stable curves was initiated by Eisenbud
and Harris [EH87a], who proved results on nodal curves of compact type, i.e., curves whose
dual graph is a tree. This work served as an application of their newly-developed theory of
limit linear series [EH86]. They moreover raised the question of constructing a moduli space
parametrizing all possible limit Weierstrass divisors of a given stable curve, a problem that
has been widely open since then.

Moving beyond stable curves of compact type, Lax [Lax87] studied Weierstrass points on
stable curves consisting of one rational component with nodes; in this case, the dual graph
is a single vertex with self-loops. (The term tree-like is used in the literature to describe
curves whose dual graph consists of a tree after removing self-loops.) A further breakthrough
came with Esteves—Medeiros [EM02] who worked with stable curves with two components,
i.e., curves whose dual graph is a dipole graph. (We refer to Section 7.6 for a discussion of
our results applied to dipole graphs and the connection to [EM02].) Esteves—Salyehan [ES07]
studied further cases of nodal curves, including when the dual graph is a complete graph.
Cumino—Esteves—-Gatto [CEGO08] studied limits of special Weierstrass points on certain stable
curves, i.e., Weierstrass points with weight at least two. The problem of describing limits of
Weierstrass points away from the nodes in a given one-parameter family in characteristic zero
is addressed in [Est98].
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Although not directly related to the results of this paper, we mention that other works
treat the case of irreducible Gorenstein curves, and associate Weierstrass weights to their
singular points, see e.g. [LW90,dCS94, GLI5, BG95] and the references there. It might be
possible to use tropical geometry to describe these weights.

Weierstrass points have appeared in other interesting work on moduli spaces of curves.
Arbarello [Arb74] studied subvarieties of the moduli space of curves cut out by Weierstrass
points; further results were found in Lax [Lax75] and Diaz [Dia85]. Eisenbud-Harris [EH87b)]
showed that the moduli space of curves has positive Kodaira dimension, using loci of Weier-
strass points as part of their argument. Cukierman(—Fong) [Cuk89, CF91] found the coeffi-
cients for the Weierstrass locus in the universal curve ¢, of genus g, in a standard basis for
the Picard group of €.

1.5. Organization of the text. We begin with non-augmented metric graphs, then treat
refinements, a choice intended to simplify the presentation and to increase readability.

We define slope sets and prove Theorem 2.2 in Section 2.

Section 3 develops Weierstrass weights and the associated measure on metric graphs. We
prove Theorem 3.10, which provides a description of the Weierstrass measure using the slopes,
deduce Theorem 1.5, establish positivity of Weierstrass weights, and discuss combinatorial
graphs. The case of canonical Weierstrass locus is treated in Section 3.7.

Section 4 extends the setting to incomplete linear series (by taking closed sub-semimodules
of Rat(D)) and to augmented metric graphs, justifying the definitions in the augmented
setting and generalizing Theorems 3.10 and 1.5.

Section 6 associates Weierstrass divisors to combinatorial limit linear series, including the
interesting case where the Weierstrass locus becomes infinite after forgetting the slopes, and
shows compatibility with previous definitions.

Section 5 establishes the needed results on tropicalization of Weierstrass divisors. Build-
ing on these, we prove Theorem 1.7 and its generalizations, linking tropical and classical
Weierstrass divisors.

Finally, Section 7 offers further examples to clarify the constructions and discusses related
results and questions.
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1.6. Basic notation. A (combinatorial) graph G = (V, E) is defined by a set of vertices V/
and a set of edges F between certain vertices. In the current paper, graphs will always be
taken to be finite and connected. Moreover, they will allow loops and multiple edges.

A metric graph is a compact, connected metric space I' verifying the following properties:

(i) For every point = € I', there exist a positive integer n, and a real number r, > 0 such
that the r,-neighborhood of z is isometric to the star of radius r, with n, branches.
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(ii) The metric on I' is given by the path metric, i.e., for points = and y in I, the distance
between x and y is the infimum (in fact minimum) length of any path from z to y.

The integer n, above is called the valence of x and is denoted by val(x).

Given a graph G = (V| E) and a length function ¢: E — (0, +00) assigning to every edge of
G a positive length, we can build from this data a metric graph I' by gluing a closed interval
of length ¢(e) between the two endpoints of the edge e, for every e € F, and endowing I" with
the path metric. The space I is then called the geometric realization of the pair (G, ¥¢).

A model of a metric graph I' is a pair (G, ) consisting of a graph G = (V, E) and a length
function £: E — (0,4+00) such that I' is isometric to the geometric realization of (G, /). By
an abuse of notation, we also call G a model of I'.

For a metric graph I" and a point x € I', the tangent space T, (I") is defined as the set of all
unit outgoing tangent vectors to I' at . This is a finite set of cardinality val(z). If G = (V, E)
is a loopless model for I' such that € V, then T,(I") is in one-to-one correspondence with
the edges of G incident to z. Through this natural bijection, a tangent direction v is said to
be supported by the corresponding edge e € E.

Each edge e supports two tangent directions, which belong to either endpoint of e, respec-
tively. If v is one of those tangent directions, the opposite direction is denoted by 7. For
v € T(T'), we denote by z, the point z with v € T,(T).

In this paper, the rank r of divisors will always be nonnegative, and all the semimodules
will be assumed to be nonempty.

2. SLOPE SETS

The main result of this section is Theorem 2.2. We first recall some terminology for divisors
and functions on metric graphs.

Given a metric graph I', let Div(I") denote the group of divisors of T', which is the free
abelian group generated by points z € I'. Let Rat(I") denote the set of real-valued piecewise
linear functions on I" whose slopes are all integers. Given a function f € Rat(T'), let div(f)
denote the principal divisor of f, defined as

div(f) == Za$(x) where ay = — Z sly f(z).

zel veT,(T)

Let D be a divisor of rank 7 on I'. Recall that the rank of D is defined as the maximum
integer r > —1 such that for any effective divisor E of degree r, there exists an element f € M
with div(f) + D — E > 0. Let Rat(D) denote the set of rational functions in the complete
linear series of D defined as

Rat(D) = {f € Rat(T') | D + div(f) > 0}.
Given a point x € D, there is a unique representative f, of the linear series of D defined by

2 ‘= min
2) Ja feRat(D)

f(z)=0
The corresponding divisor D + div(f;), denoted by D,, is the (unique) x-reduced divisor
linearly equivalent to D. This statement is a consequence of the maximum principle, see
e.g. [BS13, Lem. 4.11].
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Definition 2.1 (Slope sets and minimum slopes). Let D be a divisor of nonnegative rank on
I'. Given a point z € I' and a tangent direction v € T5(T"), let &”(D) denote the slope set

S"(D) = {sl, f(=) ’ f € Rat(D)}.
Let s§(D) denote the minimum slope in the slope set &”(D), i.e.,

s¢(D) == min{sl, f(z) | f € Rat(D)}.
When the divisor D is clear from context, we will simply use s to denote s (D). o

The following result allows to retrieve information about the slopes of rational functions in
the linear series Rat(D) along tangent directions in I'.

Theorem 2.2. Let D be a divisor of rank r on I'. We take a model for I' whose vertex set

contains the support of D. Let x € I' be a point and v € T,(I") be a tangent direction. Recall

that we denote by sl, f(x) the slope of f along the tangent direction v based at x.

(a) If the open interval (x,x + ev) is disjoint from Ly (D) for some € > 0, then the set of
slopes {sl, f () ’ f € Rat(D)} consists of r+1 consecutive integers {sfj, st +1,...,s§+7}.

(b) If the open interval (z,z + cv) is contained in Ly (D) for some ¢ > 0, then the set of
slopes {sl,,f(:v) ’ fe Rat(D)} s a set of consecutive integers of size at least v + 2.

In preparation for the proof, we start by the following useful fact.

Remark 2.3. Since Rat(D) is finitely generated (see [HMY12, Thm. 6]), the slope set is
directionally locally constant, in the following sense. For any point x € I' and any unit
tangent direction v € T,(I"), there is a positive length interval [z,y] supporting v, with v
pointing toward y, on which the slope set &”=(D) is constant, for z € [z,y), with v, € T,(T")
parallel to v and pointing toward y.

The same holds for any closed sub-semimodule M C Rat(D). We omit the proof. o

Lemma 2.4. Suppose D is a divisor of rank v > 0. Then, for every x € T' and every
v € To(T), there are at least v + 1 integers in the set of slopes {sl, f(z) | f € Rat(D)}.

Proof. Let x1,...,x, be a set of distinct points in the branch incident to x in the direction
of v sufficiently close to z. There exists a function f € Rat(D) such that

D +div(f) > (w1) + -+ + ().

The function f changes slope at the points x1,...,z,. Thanks to Remark 2.3, each of the
slopes taken at x; in the direction of v can be obtained as the slope of a function in Rat(D)
at = along v. O

The minimum slope s§(D) is related to the reduced divisor D, at z.

Lemma 2.5. Let D be an effective divisor on T, and x a point of I'. Let D, be the x-reduced
divisor linearly equivalent to D.
(a) Let f, be the rational function defined in (2) and satisfying div(fy) + D = Dy, then, for
any outgoing tangent vector v € T,(T),
sg(D) = sl, fz(z).
(b) The coefficient of D, at x satisfies
Dy(w) = D(@) = > st(D).

veT(T)
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Proof. The first result is obtained using Remark 2.3 again, by observing that f, = minh for
h € Rat(D) verifying h(x) = 0. The second result is a direct consequence of (a) and the
definition of the principal divisor div(f,). O

We now turn to the proof of Theorem 2.2. Let D be a divisor of rank 7 on I'. Recall (Def-
inition 1.2) that the Weierstrass locus of D, denoted by Ly, (D), is the subset of I" formed by
the points  such that there exists an effective divisor E ~ D with E(z) > r+1. Equivalently,
Ly, (D) is defined in terms of reduced divisors as

Ly(D)={z €T | Dy(x) >},
where D, denotes the z-reduced divisor linearly equivalent to D.

Proof of Theorem 2.2. We first assume that the open interval (z,x + ev) is disjoint from
Ly (D). Along the branch incident to x in the direction of v, there is a small segment on
which s§ is the slope of a function in Rat(D), and it is the smallest slope taken by a function
of Rat(D) on this segment. If a slope of s§ +r + 1 or larger is achieved at z, then, again on
a small segment, it will be achieved at any point of that segment. This means that on the
interior of this segment, the two minimum outgoing slopes at every point are sj and —sf — s’
with s’ > r + 1. Therefore, by Lemma 2.5, we infer that on the interior of this segment, the
reduced divisor at each point has coefficient at least r + 1. This contradicts the assumption
that a neighborhood (x,z + ev) is disjoint from Ly (D), and shows that the highest possible
slope is s + r. Combining this with Lemma 2.4, the slopes achieved at x along v must be
precisely s§, sy +1,...,s5 + r. This proves (a).

We now assume that (z,x + ev) C Ly (D) and that ¢ is small enough so that the set of
slopes of functions of Rat(D) along v is constant on this interval. By Lemma 2.5, this means
that on the interior of a small segment starting at z, the two minimum outgoing slopes at
every point are sf and —sfj — ¢’ with s’ > r + 1. Therefore, close to z, a slope of at least
sg + 7+ 1 is achieved by a function in Rat(D). To prove (b), it is thus sufficient to show that
the set of slopes sl, f(z) of functions f € Rat(D) is always made up of consecutive integers.
Take s1 < s9 < s3 to be three integers, and suppose that for i € {1,3} there exists a function
fi € Rat(D) such that sl, f;(x) = s;. Using fi, f3 and tropical operations, it is easy to
construct a function f taking slopes s3 and then s; away from x, changing slope at a point
we denote by y (see Figure 1). We can then “chop up” the graph of f to construct a function
h equal to f everywhere except on a small interval around y where it takes slope s3. Since
(z,z+¢ev) is disjoint from the support of D, h still belongs to Rat(D). The assumption made
on ¢ at the beginning ensures that in fact there exists a function fo € Rat(D) taking slope s9

at x along v, which concludes the argument. O
f3
, 51
fi !
53
[ ——>
x v x Y v

FiGure 1. Construction of the functions f and g using functions f; and fs
taking slopes s < s3.
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Remark 2.6. In particular, note that along a given unit tangent vector v attached to a point
x, the slopes sl, f(x) for x € Rat(D) always form a set of consecutive integers. Moreover, if ¢
is a positive integer such that for every x € e, for e an edge of some model of I, the z-reduced
divisor D, satisfies D, > t (), then for any x € ¢é, the set of slopes {sl, f(z) | f € Rat(D)}
contains at least ¢ + 1 consecutive integers. This claim is analogous to [Amil3, Thm. 14]
and is proved using Theorem 3 of the same paper, which gives a concrete description of the
variations of the reduced divisor D, with respect to z. See also [AG22, § 6.6]. o

For future use, we note the following generalization of part (b) of Lemma 2.5.

Proposition 2.7. Suppose D is a divisor of rank r > 0. Then, for any closed, connected
subset A C T, we have

deg(D|,) — Y. sg(D)>r.
ved™ A

Proof. Let E be an effective divisor of degree r, with support contained in A. Since D has rank
7, there exists a function f € Rat(D) such that D + div(f) > E. Evaluating the respective
degrees restricted to A yields

deg(D[,) — > slf(z) > deg(E|,) =",
VanutA

where, we recall, x, is the point x of I' with v € T,(T"). By definition of the minimum slope

s¥(D), we have s§(D) < sl, f(x,) for each v € ™" A, so the result follows. O

3. WEIERSTRASS WEIGHTS

Using the structure of slope sets in Rat(D), we prove Theorem 1.5, which will follow from
the more general Theorem 3.10.

3.1. Definition of weights and basic properties of the Weierstrass locus. We start
by establishing basic properties of Weierstrass loci. (Definition 1.2) The Weierstrass locus
Ly, (D) is defined as the set of points x in I' such that there exists an effective divisor E in the
linear system of D whose coefficient at x is at least r + 1. This is equivalent to requiring that
D,(x) > r+ 1. Let us now recall Definition 1.4 from the introduction. Given a connected
component C' of the Weierstrass locus Ly, (D), the tropical Weierstrass weight of C' is defined
as
pw (C) = pw(C; D) = deg(D]C) +(9(C) = 1)r — Z s0(D)
vea™c

where deg(D|C) =Y ec D(z) is the degree of D in C, g(C) = dim H;(C,R) is the genus of
C, 8™ C is the set of outgoing unit tangent directions from C, and s¢(D) is the minimum
slope at x along a tangent direction v, as defined in Definition 2.1.

We already noted that the tropical Weierstrass locus Ly, (D) is independent of the choice
of the divisor D in its linear equivalence class. In fact, this is also the case, though not as
obviously, for the tropical Weierstrass weights.

Proposition 3.1. Let D be a divisor on T' and h € Rat(D). Then the following equality
holds:

pw(C; D + div(h)) = pw(C; D).
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Proof. Given a point z € I" and a tangent direction v € T,(I"), the slope set introduced in
Definition 2.1 satisfies

&"(D + div(h)) = &¥(D) — sl h(x).
Therefore, the minimum slope along v also transforms nicely:
so(D +div(h)) = sg(D) —sl,h(x).

Summing this equality over all points x belonging to the boundary of a given connected
component C of Ly, (D) and over all outgoing tangent directions v, we get

Y osi(D+div(h) = Y sg(D)— Y shh(x),

ved™ C ved™™C ved®™C

where z, is the point at which v is based.
On the other hand, when computing the degree of the restriction div(h)| o all slopes of h
along tangent vectors pointing toward C cancel out, and we get

deg(div(h)[) =— > shh(z),

vea™c
which proves that puy (C; D + div(h)) = pw(C; D), as needed. O

The following proposition shows that Ly, (D) is topologically nice.

Proposition 3.2. The Weierstrass locus Ly, (D) is closed and has finitely many components.
FEach connected component is a metric graph.

Proof. By the continuity of variation of reduced divisors proved in [Amil3, Thm. 3], the
function x — D, (z) is upper semicontinuous, which implies that the subset Ly, (D) is closed.
Then, since I' is compact, Ly (D) is itself compact. Therefore, it has a finite number of
connected components. The last statement follows as any connected component of a closed
subset in a metric graph is itself a metric graph. O

Remark 3.3. We have the following geometric construction of Ly, (D), which gives another
proof for Proposition 3.2. Let Picd(f‘) denote the space of divisor classes of degree d on I', and
let EffY(I") denote the space of effective divisor classes of degree d. Let ¢: I' — Pic¢"~1(I")
be the map defined by ¢(x) = [D — (r + 1) (z)].

The condition that Dy (x) > r is equivalent to Dy > (r+ 1) (x). This is in turn equivalent
to the condition that the divisor class [D — (r + 1) (x)] has an effective representative. Using
this observation and the above terminology, Ly (D) = ¢ (¢(I') N Effd_r_l(F)). In other
words, Ly (D) is described by the following pullback diagram.

Both Eff~""}(T") and ¢(T) are polyhedral subsets of Pic?~"~}(I") with finitely many facets.
Thus their intersection has finitely many components, and each component is a union of
finitely many closed intervals. o
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Remark 3.4. As before, let D, denote the xz-reduced divisor linearly equivalent to D. Since
the Weierstrass locus Ly, (D) is defined as {z € T’ ‘ Dy(z) —r > 0}, the expression Dy(z) —r
is a natural “naive” candidate for defining a tropical Weierstrass weight. In fact, this ends
up being the correct definition when z is an isolated component of Ly, (D). When x is not an
isolated component, our more technical definition of weight is required.

If the singleton {x} is a connected component of Ly, (D), then we verify that the weight of
x is simply given by D, (x) — r. Since the genus of the component {z} is zero, Definition 1.4
states that

pw(z) = D(x) — 7 — Z s0(D),

veT,(T)
and Lemma 2.5 states that Dy(z) = D(z) — >_, e, (1) S (D). This verifies the claim.
Note that this applies for every connected component of Ly, (D) if D is W-finite. o

We now give two examples of metric graphs and their Weierstrass loci. The first Weierstrass
locus is finite whereas the second one is infinite.

Example 3.5. Suppose I is the complete graph on four vertices with unit edge lengths; see
Figure 2. This graph has genus three, and the rank of the canonical divisor K isr =g—1 = 2.
The Weierstrass locus Ly, (K) is finite and consists of the four vertex points. At a vertex v,
the reduced divisor at v is K, = 4 (v). Thus, py(v) = Ky(v) —r=4—-2=2.

2

FI1GURE 2. Complete graph on four vertices, and its Weierstrass locus Ly, (K).

We will treat the example of the complete graph on five or more vertices in Section 7.4. ¢

Example 3.6. Suppose [' is the “barbell graph” consisting of two cycles joined by a bridge
edge; see Figure 3. (The edge lengths may be arbitrary.) This graph has genus two, and the
canonical divisor K has rank r =g —1 = 1.

The Weierstrass locus Ly, (K) consists of the middle edge and the outer midpoint on each
cycle. The latter have weight one. Besides, if v is either endpoint of the bridge edge, and if
v € Ty(T') is one of the two tangent vectors based at v that are not supported on the bridge,
then &Y(K) = {0, 1}. This implies that the weight of the middle edge is also one.

1
>—< 1 < >—< > 1
F1GURE 3. The barbell graph and its Weierstrass locus Ly, (K).

We will show in Section 7.3 that, more generally, if e is a bridge edge of I' such that
each component of I' \ € has positive genus, then e is contained in the canonical Weierstrass
locus. o
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3.2. Positivity of Weierstrass weights. We now prove the following theorem.

Theorem 3.7. Let D be a divisor on I' with non-negative rank v, and let C be a connected
component of the Weierstrass locus Ly (D). Then, the weight p, (C) given in Definition 1./
18 positive.

Proof. We use the notation introduced previously. Let x be a point in the connected compo-
nent C, and let D, be the x-reduced divisor equivalent to D. By definition of the Weierstrass
locus Ly, (D), we have Dy (xz)—r > 0. Let f; be a rational function such that D, = D+div(fz).
We have
D, (z) = D(z) — Z sly fz(x).
veT,(T)
Let A be any connected subgraph of ', and recall that deg (Dm | A) denotes the sum Zye 4 Dz(y).

For a tangent vector v € 8" A, let, as before, z,, denote the associated boundary point. We
have

deg(Da;\A) = deg(D]A) — Z sly fo(zy)
VeaoutA

by applying Stokes theorem to the derivative of f, on the region A.
Because ¢ € C' and D, is effective, we have deg(Dm\C) > D,(x) > r. For each tangent

direction v € 9™ C, the minimum slope sj(D) satisfies s4(D) < sl,f.(2,) by definition
(Definition 2.1). Therefore,

pw(C) = deg (D] ) + (9(C) = 1)r— Y s§(D) >deg(D|o) —r— Y s5(D)
ved™C veog™c

> deg(D|,) — 7 — Z slyfu(z,) = deg(Ds|y) —7 >0
ved™C
as claimed. =

The proof of Theorem 3.7 shows the stronger bound pu,, (C') > g(C) r. Besides, Theorem 3.7
is addressed later, in greater generality, in Corollary 3.15.

3.3. Weierstrass measure. We prove Theorem 3.10 below, which will imply Theorem 1.5.

Definition 3.8. Fix a divisor D on a metric graph I', with Weierstrass locus Ly (D). A
subset A C I' is Ly (D)-measurable if A is a Borel set and, for every component C' of the
Weierstrass locus Ly, (D), we have either

CCA or CCTI A
Let A = A(D) denote the o-algebra of Ly, (D)-measurable subsets of I'. o

In other words, given a Weierstrass locus Ly, (D) C T', we can construct the quotient map
m: I' = Iy in which each component C; C Ly, (D) is contracted to a single point. Then, the
Ly, (D)-measurable sets of I" are the preimages of Borel sets of I'g. If the divisor D is W-finite,
then all Borel sets in I" are Lyy (D)-measurable.

Definition 3.9 (Weierstrass measure). Keeping the same notation as above, let D be an
effective divisor of rank r on I', and let A denote the o-algebra of L, (D)-measurable subsets
of I'. We define the Weierstrass measure fi,, as the “weighted counting measure” on I' whose
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atoms are the connected components in the Weierstrass locus Ly, (D). More precisely, fiy, is
the measure on (I', A) defined by
=2 m(C

ccA

where the sum is taken over components of Ly (D) contained in A, and uu(C) is given

by (1). o
We have the following description of the Weierstrass measure.

Theorem 3.10. Keeping the same notation as above, for any closed connected A € A, we
have

(3) fin(A) = deg(D],) + (9(A) = r— > st(D).
ved™ A
Proof. Let A = {C1,...,Cy} denote the set of components of L, (D) contained in A. Let

G = (V, E) be a model for I" whose vertex set V' contains the support of D, and let V N (A~
Ly (D)) = {v1,...,vn} denote the set of non-Weierstrass vertices in A. For each such vertex

v;, let Cpy; = {v;} denote the corresponding singleton, and let 2 denote the union
A=AU{{vi},... . {om}} ={C1,...,Cn,Crs1,...,Ci}  where @ =n+m.

Finally, let |§[| = U?:l C; be the underlying subset of I". Note that \§l| C A, and A\ \§l|
consists of a union of finitely many open intervals; let k& denote their number.
Let V' :=V \ Ly (D), as in Figure 4. For each v € V', we have D,(v) = r, so

(o)) = D) —r— 3 s4(D) = Dylv) — 1 =0,
veT,(T)
Thus, the “components” Cj4; = {vl} inside 2 ~ 2 do not contribute to the total weight, so
it suffices to show that Z pw (C;) satisfies (3).

Cie
From Definition 1.4, we have

n

O YyT(e Zdeg(D|C)+rZ IED B SEE{t2)

i=1 i=1 i=1 \ped™C;

We treat separately the three terms appearing on the right-hand side of (4). The first term
>, deg (D\ Cj) is equal to deg (D] A), since the vertex set V was chosen to contain the support
of D.

For the second term, we apply the identity

deg(K|,) = 29(B) — 2+ outval(B) for B CT closed and connected

(see Lemma 3.18) twice to obtain

rg(g(ci) —1) = ;Zn:(deg<K\Ci) - Outval(C’i)>

1=

= g(deg(K]A) — outval(4) — 2k‘) =r(g(A) —1) —rk,
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where k, we recall, denotes the numbers of edges of I' \. || whose endpoints are both in |21].
Here, where outval(B) = 0™ B ‘ is the number of outgoing branches from B.
For the third term, the collection of all tangent directions UC’EQI{V e o™ C’i} can be parti-

tioned into “paired” directions, if following v leads to another component in 5[, and “unpaired”
directions, if following v leads out of A. For any paired tangent direction v € 8" Cj, there is
a matching opposite direction 7 € 9™ C; (see Section 1.6) and their minimum slopes satisfy
s§(D) + s§(D) = —r. For any unpaired tangent direction v € 9™ C;, the minimum slope
s4(D) is equal to s (D) for some parallel tangent direction v/ € 8™ A. Moreover, this gives
a bijection between 9" A and the unpaired tangent directions. Using this, we have

n

S X sm )= X o+ S sk

=1 \pved™C; unpaired v paired v
k
- 3 s+ Z(sgf(p) + 87 (D)) - Y s5(D)—rk.
ved™ A =1 ved™ A
Combining the above identities shows that fi, (A) satisfies (3). O

Remark 3.11. For a closed subset A € A with a finite number of connected components,
the weight i, (A) can be expressed equivalently as

fin(A) = deg(D| 4) + (9(A) — c(A))r = > sp(D)

ved™ A
where ¢(A) = ho(A) denotes the number of connected components of A. Note that g(A) =
hi1(A), so that in terms of the Euler characteristic x, the middle term is —r - x(A). o

FIGURE 4. The part in red in the left figure is the (hypothetical) locus of
Weierstrass points, and consists of three connected components. Red thickened
points are on the boundary of the Weierstrass locus. Black vertices are those
belonging to V', that is, outside the Weierstrass locus. They are three in
number. The right figure is an example of a set A appearing in A. There
is no vertex in A outside the Weierstrass locus, so m = 0. There are two
connected components of the Weierstrass locus in A, so n = 2. The subset
A N |2 consists of four intervals. This means k = 4.
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The following result can be obtained by the same method.

Theorem 3.12. Let U be a connected open subset of I' that is Ly (D)-measurable. The
Weierstrass weight i, (U) can be recovered from the slopes around the incoming branches as
the sum
f (U) = deg(Dl,) + (9(U) =1)r+ > sha(D)
ved" U
where 8"U denotes the set of incoming unit tangent vectors from the boundary of U, and

s¥ ax(D) the mazimum slope along the incoming tangent vector v of any rational function in
Rat(D).

Note that since U is open and Ly (D) is closed, every v € 9"U is tangent to an open
interval on I' that is outside Ly (D) and thus s¥, .. (D) = s§(D) + r (see Theorem 2.2). Thus

we have "
fur(U) = deg(D|,;) + (9(U) — L+ inval(U)) r + > st(D).
VE@"'U
Proof of Theorem 1.5. We apply Theorem 3.10 with A = I'. The statement about W-finite
divisors follows from the first statement and Remark 3.4. g

We end this section by raising a rather vague question about the geometric description of
the tropical Weierstrass locus provided in Remark 3.3.

Question 3.13. [t is possible to express the Weierstrass weights Ly, (C) using the geometric
description of Remark 3.3 in a meaningful way?

3.4. Consequences. We now provide some direct consequences of the above results, starting
with the following remark.

Remark 3.14. Theorem 1.5 and [Ric18, Thm. A] together imply that a generic divisor D of
degree d > g has a finite Weierstrass locus made up of g (d — g + 1) points, all of weight one.
Indeed, the cardinality of Ly (D) given by [Ricl8, Thm. A] is g (d — g+ 1), whereas the total
weight given by Theorem 1.5 is d —r +rg. But r = d — g generically and in this case we have
gld—g+1)=g(r+1)=d—r+rg. o
Corollary 3.15. Suppose D is a divisor of rank r. For any closed, connected, Ly, (D)-
measurable subset A C T, we have

fiw (A) = g(A) r,
with equality if and only if A does not intersect the tropical Weierstrass locus.

Proof. The displayed inequality is a direct consequence of Theorem 3.10 and Proposition 2.7.
If now A does not intersect the tropical Weierstrass locus, then both sides are zero. Otherwise,
it contains a connected component of the Weierstrass locus and the strict inequality follows
from the remark right after Theorem 3.7. U

Corollary 3.16 (Theorem 1.6). Suppose that the rank r of D is at least one. Then, the
complement of the Weierstrass locus Ly (D) is a disjoint union of (open) metric trees. In
other words, every cycle in I" intersects the tropical Weierstrass locus.

Proof. For the sake of a contradiction, suppose that A is a cycle in I' disjoint from the
Weierstrass locus Ly (D). Then, A is Ly (D)-measurable, and by definition (Definition 3.9),
fiw(A) = 0. However, Corollary 3.15 states that fi,(4) > g(A)r > 0, which gives a contra-
diction. O
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3.5. Special cases of weights. Here, we point out some special cases of the weight formula.

(i) If a divisor D has rank r = 0, then iy (I') = d. Suppose D is effective in its linear
equivalence class. For any tangent direction v outside the Weierstrass locus, the slope
set G¥(D) contains a single slope, and this slope must be zero since D is effective. Thus,
a component C' of the Weierstrass locus has weight ju,,(C') = deg(D| C).

(ii) If the genus g = 0, then for any effective divisor fi,(I') = d —r = 0. (In general
0 <d—r <g.) In particular, this implies that the Weierstrass locus Ly, (D) is empty.

(iii) If the genus g = 1, then for a divisor D of degree d, the total Weierstrass weight is
fw (') = d. The Weierstrass locus consists of d separate components, and it follows that
every component has weight 1. Regarding the number of components, this is because
the Weierstrass points are those satisfying [d - ] = [D], and therefore the Weierstrass
locus restricted to the central circle of I' form a coset of the subgroup of d-torsion points.

(iv) If the rank satisfies r = d — g, then i, (I') =d —r +rg = g (r + 1). In particular, this
holds for a generic divisor class with degree d > ¢, and for every divisor with degree
d>2g—1.

(v) If D = K is the canonical divisor, then d = 29 —2 and 7 = g — 1, so fiy(I') = ¢g> — 1.
See Section 3.7 below for more discussion of this case.

3.6. Combinatorial graphs. In this section we assume I' is a combinatorial graph. By this

we mean [" admits a model (G = (V, E), f) that has unit edge lengths. We assume the divisor
D is supported on the vertex set V.

Theorem 3.17. Suppose e = uv is an edge in G whose interior é is Ly, (D)-measurable. Let
fuv be a rational function that satisfies div(fy,) = Dy — D,. Let v be the unit tangent vector
at v along e, toward u. Then, the Weierstrass weight of the interior of e is

fw(€) =1 —sly(fuy)-
Proof. Let U := é. Since Ly, (D) is closed, we can take the open interval U a little bit smaller

so that its extremities are distinct from u and v and U still contains the same components of
Ly (D). Theorem 3.12 states that the sum of Weierstrass weights on U = ¢é is equal to

fuy(U) = deg(D|,) + (9(U) = D)r+ > shae(D).
ved™ U

Since D is supported on the vertex set, we have deg(D|U) = 0, and we also have g(U) = 0.
Thus, the expression simplifies to

i (U) = =1 + (s (D) + sZ(D))
where v and 7 are tangent directions toward u and v, respectively. If f, and f, satisfy
div(f,) = Dy, — D and div(f,) = D, — D,
then we have
slpfu(u) = 557 (D) = st (D) =7 and sl fy(v) = 557 (D) = sii (D) —

and the relation f,, = f, — f, implies
sly fuv(u) = sl (fu = fo) (1) = = (smm(D) =) — (spi(D) = 1)
=2r — (SaZX(D) + S%?X(D))

Note that the slope of f,, is constant along the interior of e, since the reduced divisors D,
and D, are supported on vertices. ]
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3.7. Canonical Weierstrass locus. In this section we discuss the case of the canonical
divisor on a metric graph.

3.7.1. Weierstrass weight. The weight formula (1) for u, (C;D) may be specialized to the
case of the canonical divisor D = K. We need the following lemma.

Lemma 3.18. Let K =) r(val(xz)—2) (z) denote the canonical divisor of ', and let A C T’
be a closed connected subset. Then

deg(K|A) =2g(A) — 2+ outval(A),
where outval(A) is the number of outgoing branches from A.

Proof. The proof can be obtained by direct calculation using an adapted graph model. The
details are omitted. 0

By direct summation, this result generalizes to closed subsets with finitely many connected
components.

Theorem 3.19. Suppose I' is a metric graph of genus g, and let K be its canonical divisor.
Then for any closed, connected subset A C T that is Ly (K )-measurable, we have

(A K) = (g4 D(g(A) - 1) — 3 (s5() — 1),
ved™ A

Proof. As usual, let 0™ A denote the set of outgoing tangent directions from A in T', and let
outval(A) denote its cardinality. From Theorem 3.10 we have

(A K) = deg (K| ,) +7(g(A) — 1) — > sf(K).
ved™™ A

The canonical divisor K has rank » = g — 1. By Lemma 3.18, on a closed connected set
B C T, the degree deg (K]B) satisfies deg(K’B) = 2¢(B) — 2 + outval(B). Therefore,

fur(A; K) = deg(K|,) + (g - D(g(A) = 1) = > s§(K)

ved A
= 2(g(A) — 1) + outval(4) + (g — )(g(A) — 1) = > sH(K)
ved™ A
=(g+D(gA) —1) = > (s(K)-1),
ved™ A
which concludes. O

If we repeat the same computation for the pluricanonical divisor nK, where n > 2, we find
that

fin(Asnk) = (2n = 1)g(g(A) = 1) = > (s§(nK) —n).
ved™™ A
This next corollary to Theorem 3.19 is also a direct consequence of Theorem 1.5.

Corollary 3.20. Suppose I' is a genus g metric graph.

(a) The sum of Weierstrass weights over all components of Ly (K) is equal to g* — 1.
(b) For any integer n > 2, the sum of Weierstrass weights over all components of Ly, (nK) is
equal to (2n — 1)g(g — 1).



22 OMID AMINI, LUCAS GIERCZAK, AND HARRY RICHMAN

The next result is a special case of Corollary 3.15.

Corollary 3.21. Suppose I is a metric graph of genus g. For any closed, connected, Ly, (K)-
measurable subset A C T, we have

fiw(A) = g(A) (g — 1).

3.7.2. Edge symmetry. We now discuss properties of some specific Weierstrass points under
some symmetry condition; see as well Section 7.4.

Definition 3.22. An edge e of a metric graph I is reflexive if there is an automorphism
o: T — T such that o(e) =€, i.e., o reverses the direction of e. o

Theorem 3.23. Suppose I' is a metric graph of genus g > 2, and let K denote the canonical
divisor of I'. Suppose e is a reflexive edge in T.

(a) If g is even, then the midpoint of e is in the Weierstrass locus Ly (K).
(b) If g is odd, then the midpoint of e is in the Weierstrass locus Ly (nK) for any integer
n > 2.

Proof. Let x denote the midpoint of the reflexive edge e. The tangent space T,(I") contains
two directions {v1,12}, and the reflexive assumption implies that the minimum slopes are
equal in both directions, i.e., sg* (K) = sy>(K). If x is outside the Weierstrass locus, then the
singleton {x} is Ly, (K)-measurable and we may apply the weight formula from Theorem 3.19,

fw (2 K) = (g+1)(—1) = 2(sg"(K) —1) =g+ 1 mod 2.

Hence if g is even, then fi,, (x) is nonzero, which contradicts our assumption that x is outside
the Weierstrass locus. This proves part (a).

Now consider D = nK for n > 2. By a similar argument, if x is outside the Weierstrass
locus Ly (nK), then its Weierstrass weight is

fw(z;nK) = (2n — 1)g(—1) — 2(sg* (nK) —n) =g mod 2.

If g is odd, then the weight fi,, (z) is nonzero, which again gives a contradiction. This proves
part (b). O

3.8. Effective computation. We discuss a concrete way of determining the Weierstrass
locus and weights in a given metric graph.

Let D be an effective divisor on I'. There is an algorithmic way for determining all the
minimum slopes of functions in Rat(D) along unit tangent vectors in I'. This is based on
chip-firing on metric graphs. More precisely, [Luol1] gives a generalization of Dhar’s burning
algorithm for metric graphs, which allows us to test whether a divisor is x-reduced for any
point z € I' and eventually to compute reduced divisors. See Definition 2.10, Algorithm 2.13
and Theorem 2.15 in [Luoll].

We can extract the minimum slopes from this procedure. Let z be a point of I' and
v € T,(I") be a tangent direction at x. At step ¢ of the algorithm, following the notation

of [Luoll, Def. 2.10], we count the number n; of indices 1 < j < J such that Qg-l) contains a
segment of ' starting at « and supporting the direction v. The number n; is either zero or
one and represents the number of chips that go through this segment toward the point = at
step i. We denote by n the sum of the n;’s. It is the total number of chips that are brought to
x by Dhar’s algorithm via the branch supporting v. This means that sj = —n, which shows
that the minimum slope on v can be computed using Dhar’s algorithm.
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4. GENERALIZATIONS

In this section, we generalize the setting of the previous sections to the case of augmented
metric graphs, that is, in the presence of genera associated to the vertices.

Since the genus of a given vertex hides information about the geometry of the component, it
turns out that there will be an ambiguity when talking about the Weierstrass locus of a divisor
D. In fact, the right setup in this context is a divisor D endowed with the data of a closed sub-
semimodule M of Rat(D), which plays the role of a (not necessarily complete) linear series on
the augmented metric graph. In what follows, we will explain how the preceding definitions
and results extend from divisors to semimodules in the more general setting of augmented
metric graphs. We then introduce two special classes of semimodules, the generic semimodule
associated to any divisor, and the canonical semimodule associated to the canonical divisor.
We properly justify both of them using the framework of metrized complexes.

In the following, we assume all semimodules are nonempty unless specified otherwise.

4.1. Weierstrass loci of semimodules and augmented metric graphs.

4.1.1. Semimodules. Let I' be a metric graph, and D a divisor of degree d on I'. The set
of functions Rat(D) naturally has the structure of a semimodule on the tropical semifield;
we refer to [HMY12, AG22] for a discussion on this semimodule structure. Let M be a
sub-semimodule of Rat(D). We endow Rat(D) with the topology induced by || - ||, and
say M C Rat(D) is closed if it is closed with respect to this topology. The following is a
direct extension to semimodules of the rank of divisors on graphs introduced by Baker and
Norine [BNO7].

Definition 4.1 (Divisorial rank). The divisorial rank or simply rank of M C Rat(D) (also
called the rank of D with respect to M) is the greatest integer r such that for any effective
divisor E on T' of degree r, there exists a function f € M verifying D + div(f) > E. It is
denoted by r(M, D). o

Note that for every divisor D’ such that D < D’; the inclusion M C Rat(D’) holds, and
therefore the divisorial rank r(M, D’) can be defined. In fact, as the following statement
shows, the divisorial rank will only depend on the sub-semimodule M C Rat(I"), and not on
the divisor D, if we additionally assume that M is closed. Therefore, we will work only with
closed semimodules in the following, and will denote their rank simply by r(M). Note that
any (nonempty) semimodule has rank 7(M) > 0. Also note that by definition, we have the
immediate inequality r(M) < r(D).

Proposition 4.2. The divisorial rank r(M, D) of a closed semimodule M C Rat(D) depends
only on M, as a sub-semimodule M C Rat(T").

Proof. First note that there is a unique minimal divisor Dy, such that M C Rat(Dmyiy),
which is obtained by taking the (point-wise) minimum of all such divisors.

Then, we denote r(M,D) by r and r(M, Dyin) by 79. It is clear from the inequality
Dpin < D that the inequality rg < r holds. We thus prove that rg > r. We choose a model
G = (V, E) such that the vertex set contains the support of D.

First, we suppose that F is an effective divisor of degree r on I" whose support is disjoint
from the support of D. By definition of r, there exists f € M such that D+div(f) > E. Since
M C Rat(Dmin) and D coincides with Dy, outside V', it follows that Dy, + div(f) > E.

Now, let E be an effective divisor of degree r on I' whose support may intersect that of
D. Let (E,), be a sequence of divisors of degree r converging to F, such that for each n,
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the support of E, is disjoint from V. By what precedes, for each n, there exists a function
fn € M such that Dy, + div(f,) > E,. Without loss of generality, assume that f,(z¢) =
0 for some zp € I'. Thanks to the boundedness of the slopes of functions in Rat(Dyin)
(see [GKO8, Lem. 1.8]), we can assume that (fy), converges uniformly to a function f, which
satisfies Dyin + div(f) > E at the limit. The limit function f is in M by assumption that M
is closed, which concludes the argument. O

Remark 4.3. In essence, the above proof shows that the complement of the support of D is
a “rank-determining set” for the semimodule M in the sense of [Luoll]. o

The notion of minimum slopes naturally extends to closed sub-semimodules.

Definition 4.4 (Slope sets and minimum slopes). Let M C Rat(D) be a closed sub-semimodule.
Given a point x € I" and a tangent direction v € T,(T"), let &”(M) denote the slope set

S (M) = {sl, f(z) | f € M}.
Let sg(M) denote the minimum slope along v of functions in M. More generally, let sy (M)
denote the (j + 1)-smallest slope along v of functions in M, i.e.,

sg(M) = min{&" (M)}, s7(M) = min{s € " (M), s > s7_; }.

When the semimodule M is clear from context, we will simply use s} to denote s} (M). o

The following result is obtained similarly to Proposition 2.7, see Remark 2.3; we omit the
details.

Proposition 4.5. Suppose M C Rat(D) is a closed semimodule of divisorial rank r. Then
for any closed, connected subset A CT', we have

deg(D|A) - Z sg(M) > r.
ved™ A
4.1.2. Reduced divisors. For closed M C Rat(D), there is a well-defined and well-behaved
notion of z-reduced divisor denoted DM linearly equivalent to D with respect to M for every
x € I'. Simply, we define f,: I' = R by setting

fa(p) = nf f (p) Vpel.
f(z)=0
Using the boundedness of slopes [GKO08, Lem. 1.8], which makes all the functions of M
uniformly Lipschitz, the infimum in the definition above turns out to be a minimum, and
fz is the uniform limit of a sequence of elements in M (see [AG22, Prop. 7.3]). Therefore,
fr € M. We set DM := D + div(f,). It follows from the definition that s, f,(z) = sy for all
v € T,(T'), and DM (z) = D(x) — >_veT, ) 50- Therefore, the analogue of Lemma 2.5 holds.

4.1.3. Augmented metric graphs. An augmented metric graph is a metric graph I' endowed
with a model (G = (V, E), () and a genus function g: V' — Z>¢. The genus of (I, g), denoted
by ¢(T', g) or simply g, is defined by

9(T,9) = g(T)+ > g(v).
veV

This terminology follows [ABBR15]; “vertex-weighted graph” is used in other places. Aug-
mented metric graphs arise from the semistable reduction of smooth proper curves over a
valued field, when remembering the genera g(v) = g(X,) of the components X,, for v € V.
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Note that any metric graph is naturally an augmented metric graph, by declaring the genus
function to be the zero function. This means that what we will discuss below applies equally
to the setting of non-augmented metric graphs.

4.1.4. Weierstrass locus. We now extend the notion of tropical Weierstrass locus to semimod-
ules in the general setting of augmented metric graphs. Let (I',g) be an augmented metric
graph. Let D be a divisor on I' and M be a closed sub-semimodule of Rat(D) of divisorial
rank r < r(D).

Definition 4.6 (Tropical Weierstrass locus of a closed semimodule). The tropical Weierstrass
locus of M, denoted by L, (M, D,g) (or Ly (M,g) if D is clear from the context), is the set
of all points = € T that verify DM (z) + (g(z) — 1)r > 0.

In the case the genus function g is zero, we lighten the notation and simply write Ly, (M, D),
instead of Ly (M, D,0). We abbreviate Ly, (M, D) as Ly (M) if D is clear from context. <

The set Ly, (M, g) is a closed subset of I" that can in general be infinite. Note that for every
z € T, we have DY (z) > r and therefore DM (z) + (g(x) — 1) 7 > g(x)r > 0. In particular, if
g(z) > 0 and r > 0, then x belongs to the tropical Weierstrass locus.

We now associate an intrinsic weight to each connected component of the Weierstrass locus.
The definition is analogous to Definition 1.4; here it is adapted to semimodules and depends
on the genus function.

Let D be a divisor of degree d on I', and let M C Rat(D) be a closed sub-semimodule of
divisorial rank r. We use the notation of Definition 1.4 for deg(D| C), g(C), and 8™ C; s¥(M)
is introduced in Definition 4.4.

Definition 4.7 (Intrinsic Weierstrass weight of a connected component). Let C' be a con-
nected component of the tropical Weierstrass locus Ly, (M, g). The Weierstrass weight of C,
denoted by uy (C; M, D, g), is defined by

(5) pw(C; M, D, g) = deg(D|,) + (9(0) +Y (@) - 1) r— Y sg(M).
zeC veo™t C

It is also denoted simply by py (C; M, g) or uy(C;g) if M and D are understood from the
context.

In the case the genus function is zero, we use py (C;M,D), puy(C; M) or uy(C) for
1w (C; M, D, 0). o

Proposition 3.1 on the independence of weights with respect to linear equivalence general-
izes easily to this context. Furthermore, this quantity is well-defined because any connected
component of Ly (M, g) is a metric graph, a result that adapts directly from Proposition 3.2.
As in the case of divisors (Proposition 3.2), Ly (M, g) has a finite number of connected com-
ponents. And since Theorem 3.7 extends directly, we get pu, (C; M,g) > 0. We denote by
g(C,g) the sum g(C) + > .- 9(x), that is, the genus of C in the augmented metric graph

(', 9).

Definition 4.8 (Tropical Weierstrass divisor). We say that (M, D, g) is Weierstrass finite or
simply W-finite if the tropical Weierstrass locus Ly, (M, D, g) is finite. In this case, we define
the tropical Weierstrass divisor W (M, D, g) as the effective divisor

W(M7D7g) = Z Mw($7M7D7g) (.Z')
z€Lw (M,g)
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The tropical weight of z verifies uy (z; M, D,g) = DM(x) + (g(z) — 1)r. We abbreviate
W(M, D,g) as W(M,g) if D is clear from the context. Note that the support [(W (M, g))| of
the tropical Weierstrass divisor is exactly the tropical Weierstrass locus Ly, (M, g).

In the case the genus function is zero, we simply use W (M, D) or W(M ) for W (M, D,0). <

Remark 4.9. If we set M = Rat(D), and if the genus function is g = 0, then we recover the
definitions given in Section 3 for a complete linear series on a non-augmented metric graph.
Namely,

€T-

(i) For every x € T', we have pED) _ p
(11) We haVe LW/(Rat(D)7 O) == LH/(D)
(iii) For every connected component C of Ly, (Rat(D),0), we have

tw (C;Rat(D),0) = puw (C; D).
(iv) D is W-finite if, and only if, Rat(D) is so. In this case, W (Rat(D),0) = W (D). ©

The following proposition, a direct consequence of the definitions, states how the Weier-
strass locus and Weierstrass weights on an augmented graph are related to the non-augmented
definition.

Proposition 4.10. If M C Rat(D) is a closed semimodule of rank r, then the following
equalities hold.

(a) Lw(M,g) = Ly (M) U|g|.

(b) For every connected component C of Ly (M,g), we have

p (C; M, D, ) = puw (C; M, D) +1 Y g(a).
zeC

4.1.5. Total sum of Weierstrass weights. The following theorem is an analogue of Theorem 2.2
for closed sub-semimodules of Rat(D), and is proved using a natural analogue of Lemma 2.5,
given in Section 4.1.2. The only difference is that in the case of semimodules, sets of slopes
are no longer necessarily made up of consecutive integers.

Theorem 4.11. Let D be a divisor on I' and M be a closed sub-semimodule of Rat(D) of
divisorial rank r. We take a model for (I', g) such that the support of D is made up of vertices.
Let x € T be a point and v € T(T') be a tangent direction.

(a) If the open interval (z,x +¢ev) is disjoint from the Weierstrass locus Ly, (M,g), fore >0,
then the set of slopes {slyf(a:) ‘ fe M} consists of r + 1 consecutive integers {sf, s +
1,...,s5 +1}.

(b) If the open interval (x,x + ev) is contained in the Weierstrass locus Ly (M, g), then the
set of slopes {sl, f(z) | f € M} consists of integers {sf < s{ < --- < s{} witht >r and
s{ —sg=>r+1

Part (a) implies in particular that for any edge e outside the Weierstrass locus of M, the
number of slopes of functions on e is 7 + 1 and these slopes are consecutive.

As a corollary, following the same computation as in the case of a divisor, we get an
analogue of Theorem 3.10.

Theorem 4.12 (Sum of Weierstrass weights for an incomplete series on an augmented metric
graph). Suppose (T, g) is a genus g = g(I', g) augmented metric graph, D is a degree d divisor,
and M C Rat(D) is a closed semimodule of divisorial rank r > 0.
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Then, the total sum of weights associated to connected components of Ly (M,g) is equal to
d—r+rg. In particular, if M is W-finite, then we have deg(W(M,g)) =d —r +rg.

More generally, let A denote the o-algebra of Ly, (M, g)-measurable subsets of I' and fiy
the counting measure on (I', A) associated to the weights py (C; M, g) given as above. Then,
for any closed, connected A € A, we have

(6) fuw (A; M, g) = deg(D|,) + (9(A,9) = 1)r— Y s5(M),
ved™ A

where g(A,g) denotes g(A) + > o4 9(x).

Theorem 4.12 implies the following analogue of Theorem 1.6.

Theorem 4.13. If the divisorial rank v of M is at least one, then every closed connected
subset A of T" with g(A,g) > 1 contains a point of Ly (M, g).

Proof. Theorem 4.12 and Proposition 4.5 imply that for any closed, connected, Ly, (M, g)-
measurable subset A C I', we have

/}/W(A; M7 g) Z g(A7 g) T,

an analogue of Corollary 3.15 for closed semimodules. Then, the argument used in the proof
of Theorem 1.6 yields the result. O

4.1.6. Coherence under inclusion of semimodules. We have the following coherence property
for the Weierstrass loci and weights associated to semimodules.

Proposition 4.14. Let M C M’ C Rat(D) be two closed semimodules of rank r. Then,
Ly (M,g) C Ly (M',g) and any Ly, (M, g)-measurable subset A of T is Ly (M, g)-measurable.
Moreover, the equality fi, (A; M, g) = i (A; M', g) holds.

Proof. Note that the inclusion M C M’ implies that we have Dé” (y) < Déw "(y) for every
y € I'. This, in turn, implies that Ly, (M,g) C Ly (M’ g). The claim that A is Ly (M, g)-
measurable follows then, since A is assumed to be Ly, (M’, g)-measurable.

To see that fiw(A;M,g) = fuw(A; M, g), it suffices to show that s§(M) = sg(M’) for
each v € ™ A. Suppose v is such a tangent direction pointing out of A. By part (a) of
Theorem 4.11, there are exactly r + 1 consecutive slopes of functions F € M’ along v. The
same statement holds for M. Since M C M’, we infer that these slopes are the same. In
particular, sf(M) = s§(M'), as desired. O

In the following two sections, we specialize the above constructions to two special families of
closed semimodules M: the generic semimodule associated to any divisor D, and the canonical
semimodule.

4.2. The generic semimodule associated to a divisor. Let (I',g) be an augmented
metric graph. Denote by |g| the support of g. For any divisor D on I', we define a closed
semimodule Rat™" (D, g) C Rat(D).

Definition 4.15. The generic linear series or generic semimodule Rat™ (D, g) consists of all
rational functions f on I such that for every x € I", we have the inequality

D(z) +div(f)(z) = g(x). o
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Equivalently, we have the equality Rat™ (D, g) = Rat(Dy) for the divisor Dy defined by
Do(x) == D(z) — g(x), for every = € . (The claimed containment Rat™" (D, g) C Rat(D) is
clear.)

It follows that Rat™" (D, g) is closed in the || - ||oo topology of Rat(D).

Remark 4.16. The superscript “gen” stands for “generic” because, from the viewpoint of
the degeneration of smooth projective curves, augmented metric graphs can be obtained from
intermediate geometric objects called metrized complexes of curves. If this is the case, the
above definition gives, precisely, the tropical part of the linear series of a divisor on the
metrized complex in the case where the restriction of the divisor on every curve component
of the metrized complex is generic. See Section 4.4 for more details. o

The following statement computes the divisorial rank of the generic semimodule associated
to a divisor.

Proposition 4.17. Denote by r the divisorial rank of the generic semimodule Rat™" (D, g),
let Dg be the divisor defined by Do(x) == D(z) —g(x) for every x € ', and let r(D) and r(Dy)
denote the respective ranks of the two divisors D and Dy in I' without the genus function. We
have the following (in)equalities.

(a) r <7(D);
(b) r=r(Dy).
Proof. (a) The inequality follows from the containment Rat™" (D, g) C Rat(D).
(b) This follows from Proposition 4.2 applied to M = Rat™" (D, g) = Rat(Dy). O

Now that we have a closed sub-semimodule Rat™" (D, g) of Rat(D) with a well-known
divisorial rank, we can apply the machinery developed above.

Definition 4.18 (Generic tropical Weierstrass weights and locus of a divisor). Keeping the
above notation, let D be a divisor on an augmented metric graph (I', g). The tropical Weier-
strass locus, the Weierstrass weights, and the Weierstrass divisor (if it exists) are defined by
plugging the semimodule M := Rat™ (D, g) into Definitions 4.6, 4.7 and 4.8.

To lighten the notation while stressing the choice of the generic semimodule and the de-
pendence on D and g, we write:

(1) Ly (D, g) for Ly (Rat™" (D, g), 9);
( ) IUW (Ca D7 g) fOI‘ Hw (07 Ratg (D’ g)v g)a and
(iii) W*" (D, g) for W (Rat™" (D, g),g).

When D is clear from context, we simply use i (C; g) for i (C; D, g). o

Note that when g is the zero function, we have the equality Rat™" (D, g) = Rat(D), and so
the above definition recovers the one given in the previous sections for the Weierstrass divisor
associated to a divisor.

Proposition 4.10 and a straightforward computation gives the following description of the
generic Weierstrass locus.

Proposition 4.19. The following equalities hold:

(a) Lge"(D ) = Lw(Do) Ugl;
(b) 1 (C; D, g) = pw(C; Do) + (r +1) 3 ,ec 8(x).



TROPICAL WEIERSTRASS POINTS AND WEIERSTRASS WEIGHTS 29

In the remainder of this section, we discuss the generic semimodule associated to the
canonical divisor. We first recall the definition of the canonical divisor in the augmented
setting.

Definition 4.20 (Canonical divisor on an augmented metric graph). Given an augmented
metric graph (T, g), the canonical divisor K on (I, g) is defined by

(7) K(x) = val(z) — 2+ 2g(x)
for each z € T'. o

Remark 4.21. In the context of augmented metric graphs, Lemma 3.18 becomes the following
statement: for every closed connected subset A C T,

deg(K|,) =29(A) —2+2 Z g(z) + outval(A). o
€A

The following statement gives the rank of the semimodule Rat™" (K, g), which is not g — 1,
contrary to what one might expect. The reason for this discrepancy will become clear in
Section 4.4.2, using metrized complexes.

Proposition 4.22 (Rank of the generic semimodule Rat™ (K, g)). If the genus function g is
nontrivial, the semimodule Rat™ (K, g) has rank g — 2.

Proof. The rank of Rat™ (K, g) coincides with the rank of Ko := K — _ g(z) (z) within the
non-augmented metric graph I'. Since the genus function is nontrivial, we have deg(Ky) =
29(') =24+ 9(x) > 2g(I") — 2 with g(I') the genus of the non-augmented metric graph,
and so, by Riemann-Roch on T, we have r(Ky) = deg(Kp) — g(I') = g(T', g) — 2. O

In the next section, we define the canonical linear series for an augmented metric graph,
and show it has the correct rank g — 1.

Example 4.23. We compute the Weierstrass locus of the generic semimodule Rat™ (K, g)
on a cycle with one point of positive genus equal to two.

Let (T, g) be the augmented metric graph where I' is the cycle of length one, parametrized
by the interval [0, 1], the single vertex v coincides with the endpoints v = 0 = 1, and g(v) = 2.
The genus of this augmented metric graph is g = 3.

We consider the canonical divisor K and the associated generic semimodule Rat™" (K, g),
as defined in the present section (see Definition 4.15). The rank is r = g — 2 = 1 according
to Proposition 4.22, and the total weight of the Weierstrass locus is 6. The Weierstrass locus
consists of the vertex v and the point of coordinate % It is easy to compute that the weights
are 5y (v; K, g) = 5 and ,u’ii,“(%; K, g) = 1. Figure 5 shows the augmented metric graph and
its Weierstrass locus. A generalization for any value of g(v) is presented in Section 7.5.2. ¢

FIGURE 5. An augmented cycle graph with one point of genus two, the canon-
ical divisor and its Weierstrass locus Lj, (D, g).
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4.3. The canonical linear series on an augmented metric graph. Consider the aug-
mented metric graph (I, g) and its canonical divisor K, defined by K(z) = val(x) —2+2g(x)
for each = € I'. In this section, we define the linear series KRat(g) associated to K, that we
call the canonical linear series or canonical semimodule.

Definition 4.24. We define the canonical semimodule KRat(g) as the set of all functions
f € Rat(T") that verify the following conditions:
(1) For every z € T', we have K(z) + div(f)(z) > g(z) — 1.
(2) If = has a tangent direction v € T, (I") such that sl, f(x) < 0, then K (z)+div(f)(z) >
g()- °

The following set of conditions is equivalent to that of Definition 4.24.

(1) (local-minimum condition) If z € I is an isolated local minimum of f, i.e., sl, f(z) > 1
for every v € T,(T), then we impose K (z) + div(f)(z) > g(z) — 1.

(2) (generic condition) For all other points x € I', we impose the stricter condition K (x)+
div(f)(z) = g(x).

Note that according to the above definition, if a point x has g(z) = 0, then x cannot
be an isolated local minimum of f € KRat(g). Indeed, an isolated local minimum of f
satisfies div(f)(z) < —val(z), and so K(x) 4 div(f)(z) < —2 assuming g(x) = 0, which
would violate both conditions. This means that, for any x € T' and f € KRat(g), we have
K(z) + div(f)(x) > 0, which implies that KRat(g) is a subset of Rat(K). (It is easy to
see that it is in fact a semimodule.) This shows, moreover, that the above definition is
equivalent to Definition 4.15 outside of the support of g. Also note that we have the inclusion
of semimodules Rat™" (K, g) C KRat(g).

Remark 4.25. The definition of the canonical semimodule differs from the generic semimod-
ule Rat™" (K, g) given by Definition 4.15. This is because the earlier definition, suitable for
every divisor D on I, assumed D has “generic support” in the vertices with “hidden genus.”
The canonical divisor, however, is not generic. Its specific properties suggest a distinct defi-
nition for the complete linear series of K. The relevance of the above modification compared
to Definition 4.15 will be further clarified in Section 4.4. o

We have the following theorem, which justifies the name given to the linear series KRat(g).
Recall that g = g(T', g).

Theorem 4.26. The divisorial rank of the semimodule KRat(g) is g — 1.
Proof. The proof of this theorem will be given in Section 4.4.3. 0

We have a closed sub-semimodule KRat(g) of Rat(K) of divisorial rank r = g — 1, and we
can apply the machinery developed for semimodules on augmented metric graphs.

Definition 4.27 (Canonical tropical Weierstrass weights and locus). Keeping the above no-
tation, the canonical tropical Weierstrass locus, the Weierstrass weights, and the Weierstrass
divisor on an augmented metric graph are defined by plugging the semimodule M = KRat(g)
into Definitions 4.6, 4.7 and 4.8.

To lighten the notation while stressing the choice of the canonical semimodule and the
dependence on g, we write:

(i) Lw(K,g) for Ly (KRat(g),9);
(i) pw(C; K, g) for puyw(C;KRat(g), g); and
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(iii) W(K,g) for W(KRat(g),g). o

Example 4.28. In this example, we compute the canonical Weierstrass locus on an aug-
mented cycle with a point of genus two. For the case of the generic Weierstrass locus associ-
ated to the same divisor K, see Example 4.23.

Let (T, g) be the augmented metric graph where I' is the cycle of length one, parametrized
by the interval [0, 1], the single vertex v coincides with the endpoints v = 0 = 1, and g(v) = 2.
The genus of this augmented metric graph is g = 3.

We consider the canonical divisor K and the associated canonical semimodule KRat(g), as
defined in the present section (see Definition 4.24). The rank is r = g — 1 = 2 according to
Theorem 4.26, and the total weight of the Weierstrass locus is g2—1 = 8. The Weierstrass locus
consists of the vertex v and the points of coordinates % and % The Weierstrass weights are
pw(v; K, g) = 6 and ,uw(%; K, g) = ,uw(g; K, g) = 1. Figure 6 shows the locus of Weierstrass

points. A generalization for any value of g(v) is presented in Section 7.5.1. o
1
g(v) =2 6
K(v)=14

FIGURE 6. An augmented cycle graph, the canonical divisor and its Weier-
strass locus Ly (K, g).

In the rest of the paper, when handling the canonical divisor K on an augmented metric
graph, the semimodule KRat(g) will be preferred over Rat™ (K, g), unless explicitly specified
otherwise.

4.4. Justification of the definition of Weierstrass loci for augmented metric graphs,
in the generic and canonical case. In this section, we provide a justification for the
definitions we gave in Sections 4.2 and 4.3. This will be through divisor theory on metrized
complexes, that we recall first.

4.4.1. Divisor theory on a metrized complex of curves. We fix k an algebraically closed field.
A metrized complex of curves is, roughly speaking, the (metric realization of the) data of
an augmented metric graph (I', g) endowed with a model G = (V, E) and, for every v € V|
of a smooth, proper, connected, marked s-curve C, of genus g(v) with marked points A4, in
bijection with the branches of I" incident to v. That is, a metrized complex of curves is a
hybrid refinement of an augmented metric graph. For a full definition, see [AB15, Def. 2.17].

Let € be a metrized complex of curves. A divisor ©® on € is a formal sum with integer
coefficients of a finite number of points in €. We denote its hybrid rank on € by r¢(®D). By the
forgetful projection map from € to I', this gives rise to a divisor D on I' of the same degree.
Moreover, by restriction to each curve C,, for v € V| we get a divisor D, on C,. A rational
function f on € consists of a rational function f on I' and, for every v € V| a nonzero rational
function f, on C,. The space of such functions f = ( s fo ‘ v E V) is denoted by Rat(€).

Let now € be a metrized complex of curves, with underlying metric graph I'. Let © be a
divisor on €. We follow [AB15] and consider the linear series Rat(®, €) defined as the subset
of Rat(€) consisting of all rational functions f = (f € Rat(I'); f, € k(Cy),v € V) on € that
verify ® + div(f) > 0. This means that the following two conditions are satisfied:
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(a) D +div(f) is effective on I'; and
(b) for each v € V, the divisor Dy — 3, e, 1y s f(v) (27) + div(fy) is effective on Cy.

Here, 2% is the marked point on C, that corresponds to v.

Definition 4.29. We define Rat™™ (D, €) to be the subset of Rat(D) consisting of the tropical
parts of all functions f € Rat(D, €). o

We omit the proof of the following result.
Proposition 4.30. Rat™” (D, ) is a closed sub-semimodule of Rat(D).

We have the following comparison result, whose proof is direct from the definition of rank
of divisors.

Proposition 4.31. Let (D, ¢) be the divisorial rank of the semimodule Rat™" (D, ). Then
we have the inequality

re(®) <r(D,C).

The inequality in the above proposition can be strict in general. However, in some situa-
tions, e.g., for generic divisors on € and for the canonical divisor, when the marked curves
(Cy, Ay), for all v € V, are generic in their moduli, we have the equality, as we explain now.

4.4.2. The case of augmented metric graphs with generic divisors. Condition (b) in the def-
inition of Rat(®, €) in the previous section justifies Definition 4.15. Indeed, take a rational
function f on I' such that for every x € I', we have D(z) + div(f)(z) > g(x). Assume
that the augmented metric graph (I, g) comes from a metrized curve complex €. Let v € T
be a point underlying a curve Cy. On the curve Cy, the divisor Dy — >, e, r) sl f(v) (27)
has degree > g(v) by assumption. Therefore, by the Riemann—Roch theorem, its rank is
non-negative, which is precisely Condition (b) in the definition of Rat(®, ). Now, in the
other direction, if D, is generic in the Picard group of C, of relevant degree, then the di-
visor Dy — 3 e, () Sluf (v) (27) on Cy appearing in the second condition has non-negative
rank only if it has degree at least g(v). This means that Definition 4.15 is equivalent to the
definition given for metrized complexes with a generic choice of divisors on components.

4.4.3. The case of canonical divisor in augmented metric graphs. We now justify Defini-
tion 4.24 using the terminology of Section 4.4.1, and also prove Theorem 4.26.

Let G = (V, E) be a model of I" whose vertex set contains all the points of valence different
from two, and the support of g. Let € be a metrized complex with underlying augmented
metric graph (I, g). Denote by K a canonical divisor for € given by the collection of divisors
Ke, + Ay = Ke, + - er, (@) on Cy, where K¢, denotes a canonical divisor on Cy, i.e.,
O(Ke¢,) = we,. The following claim justifies our definition of the canonical semimodule. We
denote by Rat(£)"" the tropical part of Rat(f).

trop

Proposition 4.32. Keeping the same notation as above, we have KRat(g) C Rat(K) .
Moreover, if the markings A, on the curves C, are in general position (i.e., belong to a well-
chosen Zariski-dense open subset of Cy ), for all v € V, then we have the equality KRat(g) =
Rat(R)"".

Remark 4.33. This general position condition is the same as the one imposed in the work by
Esteves and coauthors [EM02, ES07] in the special case of stable curves with two irreducible
components, and stable curves in which any pair of components intersect. We will treat
examples of augmented dipole graphs in Section 7. o



TROPICAL WEIERSTRASS POINTS AND WEIERSTRASS WEIGHTS 33

Proof of Proposition 4.32. We first prove the inclusion KRat(g) € Rat(8&)"". Consider an
element f € KRat(g). We claim the existence of rational functions f, on C,, for each v € V,
such that the collection {f, f,,v € V} forms a rational function in Rat(&). This will prove
the claim. Let v € V', and consider the divisor D on C, defined by f as follows:

Dyi=Ke,+ Y @)= Y shf(v)(zh).

veT, (T) veT,(T)

Note that the degree of D, is precisely K (v)+div(f)(v). If the genus of v is zero, then by the
condition K (v) 4 div(f) > 0, the degree of D, is non-negative and so there exists a rational
function f, on C, such that D, + div(f,) > 0. If g(v) > 1 and v is not an isolated local
minimum, then by the definition of KRat(g), we have deg(D,) > g(v). By Riemann-Roch,
this implies the existence of a function f, such that D, +div(f,) > 0. Let v € I be a vertex of
I" such that g(v) > 0 and that is an isolated local minimum of f. In this case, by the definition
of KRat(g), we have deg(D,) > g(v) — 1. The divisor D,, can be rewritten as K¢, — E, where

B= Y (slf() - 1) ()

veTy(T)

is effective because v is an isolated local minimum of f. The Riemann—Roch theorem on C,,
combined with the inequality r(E) > 0, thus yields

r(D,) = r(Ke, — E) = r(E) + deg(D,) — g(v) +1 > 0.

That is, there exists a function f, such that D, + div(f,) > 0. The rational function f =
(f, fo | v € V) on € verifies & + div(f) > 0, as desired.

We now prove the inclusion Rat(&)"” C KRat(g) provided that the markings A, on the
curves C,, for all v € V, are generic. First, we observe that Rat(&) " C Rat(K). Combining
this with the results we proved in Section 2, it follows that the slopes taken by functions in
Rat(R)"” are bounded. Let f be an element of Rat(f)"”. We claim that under the general
position assumption, we have f € KRat(g). Let v be a vertex of I'. Resuming the notation
introduced above, we write D,, for the divisor on C, induced by f, and write it in the form
D, =K¢, — E.

First consider the case where v is an isolated local minimum of f. In this case, F is an
effective divisor. We need to show that deg(E) < g(v) — 1. By contradiction, assume that
deg(E) > g(v). If the points x¥, for v € T, ('), are in general position on C,, we will get
r(D,) < r(Ke,) — g(v) = —1, which contradicts the assumption that f € Rat(8)"".

Consider the other case, where v is not an isolated minimum. In this case, the divisor E is
not effective. We write £ = £, — E_ where E; and E_ are the positive and negative parts
of E, respectively. Note that E and E_ are effective and they have disjoint support. Since
FE is not effective, E_ is non-zero, and so by Riemann—Roch, we have

r(Ke, + E-) = 2g(v) — 2+ deg(E_) — g(v) = g(v) — 2 + deg(E_).
Now, we write
Dy=K¢e, —E=Ke, + E_ —E,

and observe, by the general position assumption on the points of A,, that

r(Dy) = max{—1,7(K¢, + E_) — deg(E;+)}.
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Combining the two observations, we get
r(Dy) = max{—1,g(v) — 2+ deg(E_) — deg(FE)} = max{—1,deg(K¢, — E) — g(v)}
— max{—1,deg(D,) — g(0)}.

If deg(D,) < g(v), we get r(D,) < 0, which would be a contradiction to the assumption that
f € Rat(R)"". We conclude that deg(D,) > g(v), which leads to the inclusion Rat(&)"" C
KRat(g). O

We now show that KRat(g) has the expected rank g — 1.

Proof of Theorem 4.26. We keep the above notation. We denote by r the divisorial rank of
KRat(g).

It will be enough to show that if the markings A, on the curves C,, for all v € V, are in
general position, then we have r¢(f) = r. By Riemann—Roch for metrized complexes proved
in [AB15], we then obtain the equality r = g — 1, as desired.

The inequality 7 > r¢(R) follows from the case of equality Rat(R)"” = KRat(g) proved in
the previous proposition, and by the definition of the rank in the metrized complex.

It remains to show the inequality r¢(K) > r. Let £ be an effective divisor of degree r on €,
and let E be the corresponding divisor on I'. There exists a function f € KRat(g) = Rat(8) "
such that F + div(f) > 0. If E has support outside the vertices of I', that is, £ is entirely
supported at the interior of edges of I', then using the arguments we used in the first part of
Proposition 4.32, we deduce the existence of rational functions f, on C,, for all v € V, such
that the rational function § = (f, fo { v E V) on € gives R — £ + div(f) > 0, as desired.

Otherwise, if £ has support in some of the curves C,, for v € V', we write E as a limit of
effective divisors F,, for n > 0, of the same degree with support outside the vertices of T,
and find elements f,, in Rat(&)"" = KRat(g) that verify K — E, + div(f,) > 0. Going to a
subsequence, and using the boundedness of the slopes in KRat(g), we can suppose that all
the f,, have the same slopes along tangent directions at v, for each vertex v € V. Moreover,
changing the function f € KRat(g) = Rat(£)"” under the constraint that E + div(f) > 0 if
necessary, we can assume furthermore that f,, converges to f as n tends to infinity.

Denote by s% the slope of the f,, along the tangential direction v € T,(I"). Let

Dy:=Ke,+ Y. (@)= Y shf(v)(z})
veT,(T) veTy(T)
that we rewrite in the form
Dy=Ke,+ 3 (L-s) @)+ 3 my (%)
veT,(T) v

with m, denoting the (weighted) number of points in the support of F,, tending to v through
the tangential direction v. Note that we have }_ ey ymy = E(v). Let

D, =K, + Y (1—s) (@)

veT,(T)

Two cases can happen. Either, some of the slopes s?, for v € T,(I"), are not positive, that
is, v is not an isolated local minimum of f,. In this case, the divisor D] has degree at least
g(v), which implies that it has non-negative rank. Or, all the slopes s, for v € T, (T'), are
positive, that is, v is an isolated local minimum of f,, for all n. In this case, the divisor D),
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has degree at least g(v) — 1, and is the difference of K¢, and an effective divisor on C,. So
again, it has non-negative rank.

In either case, we conclude that the divisor D, = D, — >, () mw (27) has non-negative
rank. Since the points z!, are assumed to be in general position on C,, it follows that the
divisor D, has rank at least E(v) = > et (r)mw. This shows the existence of a rational
function f, on C, such that D, — &, + div(f,) > 0, with &, being the part of £ supported
in C,. We conclude with the existence of a rational function f = ( I fo ‘ v E V) that verifies
R — &+ div(f) > 0. This implies the inequality r¢(R&) > r, and finishes the proof of our
theorem. O

5. TROPICALIZATION OF WEIERSTRASS POINTS

In this section we describe the tropicalization of the Weierstrass divisor of a line bundle on
a smooth curve over a non-Archimedean field.

Let K be an algebraically closed complete non-Archimedean field with a non-trivial valu-
ation denoted by v. Let R, m, and x = R/m be the valuation ring, the maximal ideal of R,
and the residue field, respectively. We also denote by | - | the corresponding norm on K, so
that v(-) = —log| - |.

Let X be a smooth proper curve defined over K. Let D be a divisor of degree d on X
and let £ = O(D) be the corresponding line bundle, with O = Oy, the structure sheaf of X.
Denote by wy the canonical line bundle on X.

Let H C H°(X, L) be a space of sections of dimension r + 1 and denote by W = W(D, H)
the corresponding Weierstrass divisor. We assume that the gap sequence of H is the standard
sequence 0,1,...,r, that is, for a general point z € X (K), the orders of vanishing of sections
of Lin H are 0,1,...,r. If K is of characteristic zero, this is automatic.

5.1. Tropicalization. We denote by X?" the Berkovich analytification of X. We assume
familiarity with the theory of Berkovich analytic curves, and refer to [AB15, § 4] and [BPR16,
§ 5] that contain what we need.

A semistable vertex set for X" is a finite set of type 2 points V in X?" such that the
complement X" \V is a disjoint union of finitely many open annuli and infinitely many open
disks. A semistable model for X is an integral proper relative curve X over R with generic
fiber X, = X and special fiber X that is reduced and has nodal singularities. Any irreducible
component of the special fiber X( of a semistable model X gives a valuation on K(X) and
defines a point of type 2 in X®"*. The set V of points in X?" associated to the irreducible
components of X is a semistable vertex set for X?". This process provides, in fact, a bijection
between semistable vertex sets of X*" and semistable models of X (see [BPR16, Thm. 5.38]).
Moreover, each point of type 2 appears in a semistable vertex set.

A semistable vertex set V gives rise to a skeleton I' for X®", defined as the union in X?"
of V and the skeletons of the open annuli in X2* \ V. The canonical metric on the skeletons
of the open annuli gives the skeleton a metric graph structure, naturally embedded in X?2".

The underlying graph G = (V, E) has vertex set V' and edge set F in bijection with the set
of open annuli in X?* \\ V. There is an edge between a pair of vertices v and u in V for each
open annulus whose closure contains the points v and u. Moreover, the edge length function
¢: E — (0,400) associates to each edge of G the modulus of the corresponding annulus.
Using the correspondence between semistable models and semistable vertex sets, the graph G
is identified with the dual graph of Xy, the special fiber of X, with vertices in bijection with
the irreducible components of Xy, and edges in bijection with the nodes of Xy. There is an
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edge e = uv in G for each node that lies on the irreducible components associated to u and v.
The length of an edge corresponds to the singularity degree in X of the corresponding node.

For each point z of type 2 in X?" the extension x(x)/k is of transcendence degree one.
We denote by C, the corresponding smooth proper curve over x. In a semistable model X
in which x is in the vertex set, C, is the normalization of the irreducible component in Xy
associated to z, and k(z) is the function field of this component.

We denote by B the standard open ball in the Berkovich affine line A"*". The complement
of I' in X" is a disjoint union of open balls B, in bijection with v € T;(X*") \ T,(T") for
all points z of type 2 in IT', each isomorphic to By. For a given ball B, in X" \ T, the
corresponding point z is the unique point in I' that lies in the closure of B,. Denote by pZ
the point of C;(k) corresponding to v € T,(X*") N\ T, (I).

Let T be a metric graph skeleton of X?" with underlying graph G = (V, E) and denote by
7: X® — T the canonical retraction map. We call T the tropicalization map. In the notation
of the previous paragraph, the tropicalization map sends all the points in B, to the point
x. The restriction of 7 to X(K) C X®" is compatible with the specialization map from the
generic fiber X, to Xo, that is, a point specialized to a node is sent by 7 to a point in the
corresponding edge, and a point specialized to a smooth point of Xg is sent by 7 to the vertex
of G corresponding to this component. We get a tropicalization map 7,: Div(X) — Div(T")
that sends a divisor D =3 v(g) az(x) on X to the divisor 7.(D) = 3~ ¢ y (k) @2(7(2)).

We denote by v;: K(X) — R U {400} the valuation of a point z € X?" \ X(K) with
v.(f) = 400 only if f = 0. The residue field of this valuation is denoted by k(z). We also
denote by | - |, = exp(—v,) the corresponding norm.

For each non-zero f € K(X), we define the tropicalization of f, denoted trop(f): I' — R,
as the map that sends each x € T' C X" \ X(K) to v,(f). This induces a tropicalization
map trop: K(X) ~ {0} — Rat(T").

For a vector subspace H C K(X), we call M = trop(H ~ {0}) the tropicalization of H,
and denote it, by a slight abuse of notation, by trop(H).

We define the genus function g on X?" to be the genus of C, for a point of type 2, extended
by zero everywhere else. The restriction of g to I' gives an augmented metric graph of genus
g equal to that of X. We denote by K the canonical divisor of the augmented metric graph
(T',g), with K(z) = 2g(z) — 2+ val(z) for all x € T.

5.2. Reduction. For a type 2 point, the valuation v, has the same value group as v. For
each nonzero f € K(X), choosing a € K with v(a) = v,(f), we get that a ' f has valuation
vz(a™" f) = 0, and therefore gives an element in the residue field x(z) that we denote by f,. We
call this the reduction of f at x, which is nonzero and defined only up to multiplication by a
non-zero scalar in . For a vector subspace H C K(X) of dimension 7+1, denote by H, C x(x)
the k-vector subspace spanned by the reductions f, of elements f € H [AB15, § 4.4]. By
[AB15, Lem. 4.3], H, has dimension r + 1 over x.

5.3. Slopes. For a point = in I" of type 2 in X", each unit tangent direction v € T, (I") gives

a point p? € Cgz(k). By the slope formula [BPR16], for any non-zero f € K(X), we have
sl (trop(f)) = ord. ( fz) Moreover,

. (div(f)) = div(trop(f)).
If H C K(X) is a K-vector subspace of dimension r 4 1, for any point z € I' and unit
tangent vector v € T,(I'), we get a collection of integers sl, (trop(f)) = ordy (f.), f € H.
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Since I;Tw has dimension r + 1, this collection has size r + 1. This means that the collection of
slopes sl (h), for h € M = trop(H), has size r + 1. In particular, Property (%) in Section 6 is
satisfied by M = trop(H).

For each unit tangent vector v, we order the slopes sl, (h), for h € M, in the form s§ <
sy < --- < s¥. Since elements of trop(H ) are piecewise affine linear, adding more points of T
to the semistable vertex set, we can suppose that the set of slopes

sp <81 <<y

is constant in the interior of any edge of G = (V, ') for parallel tangent directions v at the
point of the edge that point in the same direction.

5.4. Weierstrass divisor and Wronskian. Let X be a smooth proper curve defined over
K. Let D be a divisor of degree d on X and let £L = O(D) be the corresponding line bundle,
with O = Oy, the structure sheaf of X. Denote by wy the canonical line bundle on X.

Let H C H°(X, L) be a space of sections of dimension r + 1 and denote by W = W(D, H)

the corresponding Weierstrass divisor. The Weierstrass divisor W is the divisor of a global
r(r+1)

section of the line bundle wy * ® £20+) called the Wronskian. It is described as follows.
In local coordinates, for any point p € X (K), the local ring O, is a discrete valuation ring.
We choose a uniformizer that we denote by t,. We have £, ~ O, as an O,-module. Taking
the generator g, = t7% of £,, each global section f of £ can be written in the form f = f,g,
with f, € O,.
We define the Hasse derivative of order j, for j € Z>¢, on K[t,] by
DV = <m> tm for m > 0,

J

and extend it by linearity to all K[t], and then to all K(t). Since the extension K(X)/K(t) is

separable, D" is extended to K(X). Note that if K has characteristic zero, we can recursively
define for any j > 0, the j-th derivative ) by

d

7}0{51'71)

f(j) —
P dt,

with f(*) = f,. In this case, we have j! Dmfp = f.
Let F :== {fy,..., fr} be abasis for H C H°(X, L), and for each i, write f; = f.,g,. Viewing

r(r+1)
Wrz as a meromorphic section of wg Z | the stalk of the Wronskian Wrz at p is given by

Wiz, =det(D”f,)  (dt,)

0<i,j<r

r(r+1) r(r+1)
2 2

€wy
We have
W = (r+1)D + div(Wrz).
We note, without going into details, that the Wronskian Wrz can also be defined without
local coordinates, in terms of a filtration of the jet bundle and the diagonal embedding of X.

5.5. Slope formula for meromorphic differentials. We denote by ||-|| the Kéhler norm
introduced by Temkin in [Tem16] on the sheaf of differentials wy that at any point z € X"
associates to any section a of wx the real number ||«|,. For each positive integer n, the
Kéhler norm || - || induces a metric on w§", which, by an abuse of notation, we still denote by
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| - ||. Given a meromorphic section « of w¥", the tropicalization of o denoted by trop(«) is
the map

trop(a): I' = R, x — —log||ale.

The tropicalization of any meromorphic n-form on X is a rational function on I', that is,
trop(a) € Rat(I'). Moreover, the following slope formula holds.

Lemma 5.1 (Slope formula for meromorphic differentials). For any meromorphic section «
of wy", we have

T (div(a)) = nK + div(trop(a)).
Moreover, for any point x € T' of type 2 and for any v € T,(T"), we have sl,(trop(a)) =
ordy (&) + n.

Here, @, is the reduction of a at z, and is a meromorphic form on C,, see [TT22, § 2].

Proof. The case n = 1is proved in [TT22], see also [KRZB16, Thm. 2.6]. The proof in general
is similar and we only sketch it. The second statement, that sl, (trop(a)) = ordy.(&,) + n
for v € T,4(I'), is the analogue of [TT22, Prop. 2.3.3|, and both are special cases of [BT20,
Lem. 3.3.2].

Keeping the same notation as in Section 5.1, for each ball B, ~ B, for v € T,(X?") \
T, (I"), o can be written in the form fd7™ for a meromorphic function f on B,, with T a
parameter for the ball B, ~ B, and the slope formula applied to f implies

Z ord, () = ordy: @,.
a€B, (K)

Write 7, (div(a)) = Y, az(2), for a; € Z. For x not of type 2, a, = 0, and for x of type 2,
we have

Oy = Z Z ordg(a) | = Z ordy: &,

VET 2 (Xa1) Ty (T) \a€B, (K) VET 2 (Xa1) Ty (T)
=n(2g(z) —2) — Z ordy @, (since @&, is a meromorphic n-form on C,)
veT,(T)
=n(2g(z) — 2) + nval(z) — Z sl, (trop(a)) = nK (x) + ordg(trop()),
veT,(T)

O

as required.

5.6. Tropicalization of the Wronskian. Using the notation of Section 5.4, let F' =
trop(Wrz) be the tropicalization of the Wronskian Wrz, which is a meromorphic (r(r+1)/2)-
form. Let W = 7.(W) be the tropicalization of W to I'. Let D = 7,(D). The following result
is a direct consequence of Lemma 5.1, with o« = Wrx.

Theorem 5.2. Keeping the same notation as above, we have

W(x):(r+1)p(x)+r(r2“)f((x)— S aLF,

veT,(T)

(r+1)

where F = trop(Wrz). Furthermore, sl, F = 555~ + ordp;VAngx.

Here, VAVIZTQC denotes the reduction of Wrr at x.
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5.7. Wronskian of analytic functions on annuli. Let A" = Spec(K[T]) and A" be its
Berkovich analytification. Let A(p) be the closed annulus in A" of center 0 with outer radius
one and inner radius p € (0,1),

A(p) = {:n c At

p<|T|z < 1}-

Let R(p) be the ring of analytic functions on A(p). An analytic function f on A(p) admits a
formal power series expansion
F= S

neL

with lim, 400 |an|s™ = 0 for all s € [p,1]. The skeleton of A(p) is a closed interval, which
can be identified with I := [0, —log p|: each point ¢ in this interval corresponds to the norm
|-1¢,(f) = sup,ez |an| exp(—gn) = max,cz |an| exp(—gn) on any analytic function f as above.
The tropicalization of an analytic function f is the function trop(f) on the interval I given
by

trop(f)(g) = min{o(a,) + nq|n € Z} Vgel.

Let ¢ = (o € A(p) be the boundary point corresponding to the extremity 0 of I, that is,
|flc = maxyez |an| on any analytic function f as above. The reduction at ¢ of an analytic
function f with |f|¢ =1 is a Laurent polynomial

fo= 2 @t
neL
lan|=1

where ¢ is the reduction of T at ¢ and a, € k is a, modulo m. The slope of trop(f) at 0 along

the unit tangent direction v € To(I) is the minimum exponent that appears in f.

Let fo,..., fr be r + 1 K-linearly independent analytic functions on A(p) with

fi= Z ai,nTna Ain € K
nez

the analytic expansion of f;. Suppose that |f;|c = 1foralli =0,1,...,r and that trop(fy), ...,
trop(f,) have slopes sp < - -+ < s, at 0 along the unit tangent direction v € T(I). This means
the reduction f;. of f; at ¢ has initial term ¢%.
Consider the analytic function on A(p) defined by
h = det (D(j)f,-)T :
i,j=0

where D" fi denotes the Hasse derivative of f;. The following proposition describes the slope
of trop(h) at the point 0 along the direction v.

Proposition 5.3. Using the above notation, assume

e cither, the residue field k is of characteristic zero,

e or, the sequence o, ..., s, forms an interval, that is, s; = so +j for all j =0,... 7.
Then, we have
r(r+1)

sl (trop(h)) = sg + -+ + 5 — 5
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Proof. The coefficient as, ; of f; has norm 1, so replacing f; with a;_li fi, we can assume that
a;s; = 1. We write f; = T* + f/, so that all the coefficients of 7" for n < s; that show up in
the power series expansion of f] have norm strictly smaller than one. We have

h=det(D” 17 +D7f) = det<<s?) T Dmf{)
i,5=0 J i,j=0

Developing the determinant, we observe that

h = det < (jl) TS{—j) + h’ — CT30+"'+S’V‘_% + h/

7,j=0
with A’ an analytic function on A(p) whose power series expansion in T has the property that

the coefficient of T" for n < sg +--- + s, — T(%l) has norm strictly smaller than one, and

C= det(<3?>) .
J i,j=0

Note that C is a non-zero integer. If the residue field k has characteristic zero, then C has
norm one in K, and the reduction of h has minimum exponent sy + --- + s, — w
On the other hand, if x has positive characteristic, then by assumption s; = sg + j for all

(7)

(%) ()

("o () ()
det =1
(") () ()
(which is proved by induction on r using repeated applications of Pascal’s formula) to infer

that C' = 1 so again the reduction of h at ¢ has minimum exponent sg + - -- + s, —

We have shown that in either case, the slope of trop(h) along v € To(I) is so + -+ + s —
r(r+1) J
—5 .

r(r+1)
—5 -

5.8. Order of vanishing of the reduction of Wronskian. A consequence of Proposi-
tion 5.3 is the following description of the slopes appearing in Theorem 5.2.

Proposition 5.4. Let z be a point of type 2 in I' and v € T,(I'). Denote by sg, ..., s\ the
sequence of slopes associated by tropicalization of H to v. Assume

e cither, the residue field k is of characteristic zero,

e or, the sequence sg,. .., st forms an interval, that is, si=s0+7-

Then, we have

— 1
Qrd‘p;V\fr}-gE = 56 4+ 4 5? _ 7“(7‘2—1—)

Proof. Consider a segment I in I' that contains x with v € T, (7). I is the skeleton of a closed
annulus A in X?" isomorphic to A(p) for 0 < p < 1. The elements of F give a collection
of analytic functions fy,..., f, on A ~ A(p) that are K-linearly independent, and whose
reductions have the initial term t*. The statement now follows by applying Proposition 5.3
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T

to the analytic function h = det (D(i) J 7,)

1,J=
r(r+1)

coincides with hA(d7) ™ 2 and that ordp;\mz = sl, (trop(h)). O

, and observing that the restriction of Wrr to A
0

5.9. Reduction of Weierstrass points in equal characteristic zero. Assume the residue
field x has characteristic zero. As in Section 5.3, denote by s¥, ¢ = 0,...,r, the slopes of
functions of the form trop(f) € trop(H), for f € H.

Theorem 5.5. Let W = 1, (W). We have

W(z) = (r + 1)D(x) + 7“(7";1)1((95) - Y Y
vETH(T) i=0

Proof. This follows by combining Proposition 5.4 with Theorem 5.2. O

6. TROPICAL VERSUS ALGEBRAIC WEIERSTRASS LOCI

In the first sections of this paper, we associated a Weierstrass locus to a fixed divisor D on
a metric graph, and then generalized this to a closed sub-semimodule of M the space Rat(D)
on an augmented metric graph. However, those semimodules that come from tropicalization
verify an extra set of properties, in particular, the following important one (see Section 5.3):

(%) for each point x in I'" and any unit tangent direction v € T,(I'), the set of slopes
&¥(M) taken by functions in M has size r + 1.

In this section, we associate to any pair (M, D) consisting of a divisor D and a closed
sub-semimodule M C Rat(D) that verifies (x) a refined notion of Weierstrass divisor. It is
inspired from the formula given in Theorem 5.5, with the slopes being directly retrieved from
M using property (*). We then provide a comparison of this definition with that of Section 4.
Using this link, we prove the main result of this section, Theorem 6.7, which relates tropical
Weierstrass loci studied in the previous sections to tropicalization of Weierstrass divisors. We
deduce then Theorem 1.7 as a special case of this result.

In the following, by an abuse of terminology, we refer to any pair (M, D) as above as a
combinatorial limit linear series (clls). The terminology is borrowed from [AG22], however, the
precise definition of combinatorial linear series requires more properties for the semimodule
M. In our setting, we only need property (x). The results can be thus applied more generally,
in particular to the setting of tropical linear series developed in [JP22]. (No knowledge of
[AG22,JP22] is required in this paper.)

6.1. Weierstrass divisor of a combinatorial limit linear series. Let D be a divisor on
an augmented metric graph (I, g) and M C Rat(D) a closed sub-semimodule that verifies
(%). Since M C Rat(D) is closed, we can apply the machinery of Section 4. This point of
view on Weierstrass loci however results in a loss in information provided by the slopes of M,
unless the Weierstrass locus is finite. The following definition relies on the knowledge of the
slopes along edges of G prescribed by M.

Definition 6.1. Suppose D is a divisor of degree d and M is a closed sub-semimodule
in Rat(D) such that M verifies (x). The clis Weierstrass divisor of (M, D) is the divisor

W (M, D,g) defined as
clls clls

W (M,D,g) =) py, (z)()
zel’
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where the clls Weierstrass weight uii,ls (x) of x is defined by

clls T(T =+ 1)

(8) p (2) = (r +1) D(w) + =—— (val(z) + 2g(x) — 2) — > s¥(M).

veT,(T) =0

We write WC“S(M,D,g) simply as WC“S(M,g), the clls Weierstrass divisor of M, if D is
understood from the context. If the genus function is trivial, g = 0, then we abbreviate
W (M, g) to W (M). o

Note that WCHS(M , 8) has finite support. Indeed, since elements in M are piecewise affine
linear and M satisfies (x), by a compactness argument, we can find a model G = (V, E) of T’
such that s§ < s7 < --- < s¥ is constant in the interior of any edge of G = (V, E) for parallel
unit tangent vectors v based at points of the edge and pointing in the same direction (see,
for example, [JP22, Lem. 5.1]). It follows that if x ¢ V and z is outside the supports of D
and g, then u;l,}s (x) = 0. Also note that the central term in the expression of uilvls (x) above is
equal to 3r(r + 1)K (z), where K is the canonical divisor on (T, g).

Example 6.2. Consider the non-augmented barbell graph I" with edges of arbitrary length,
see Figure 7. This metric graph has genus two and the canonical divisor has rank one. We
define a sub-semimodule M C Rat(K) of rank one on I' by prescribing the slopes {—1,1} on
the middle edge and, for i = 1,2, slopes {0,1} on both oriented edges u;v;. Then, we define
M as the set of all functions in Rat(K') that, along any unit tangent vector at a given point
of T, take one of the two prescribed slopes. It is easy to see that M is closed and verifies (*).

{0,1} {0,1}

1 1
{_17 1}

{0,1} {0,1}
FiGURE 7. The barbell graph, the canonical divisor and the slope structure &.

The clls Weierstrass divisor is
W (M) = (1) + (ug) + 2 (v1) + 2 (v2)

(see Figure 8, right). For comparison, the tropical Weierstrass locus Ly (M, g) of M with
trivial genus function g = 0 (as defined in Section 4), is shown on the same figure (left). It
turns out to be identical to the tropical Weierstrass locus Ly, (K') of the complete linear series
Rat(K) (see Example 3.6). o

FIGURE 8. The tropical Weierstrass locus Ly, (M) (left) and the clls Weier-
strass divisor W (M) (right) on the barbell graph.
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6.2. Effectivity. Unlike the tropical Weierstrass divisors defined earlier in this paper, the
Weierstrass divisor defined in Definition 6.1 is not automatically effective. We can rewrite
the Weierstrass weight as

ui‘f(x):(r+1)(D<x)+gva1<x)+(g(x)—1)7«) — 3 STkt (8 —sh—3))

veT, (F) j=0

= r(r + a(@) + (r + 1) (D3 - Zs ~ 55— J)

>0 veT(T) J

>0
We refer to the sequence
o (M) = s7(M) — sg(M) — j, for j=0,1,...,r

as the ramification sequence of M at x along the tangential direction v. This sequence is
non-decreasing.

Let g be a genus function on I'. The combinatorial limit linear series M is called g-effective
if WCHS(M ,9) is effective. That is, for all z € T,

(9) r(r+1)g(zx) +(r+1)(DM > Z Za
veT,(T) J
We say that M C Rat(T, g) is realizable if there exists a smooth proper curve X of genus
g over K, a line bundle £ = O(D) of degree d and a subspace H C H°(X, L) of rank r such
that (T, g) is a skeleton of X**, and M = {trop(f) | f € H ~ {0}}. If this happens over K of
equicharacteristic zero, we say M is realizable in equicharacteristic zero.
Proposition 6.3. If M is realizable in equicharacteristic zero, then the following hold:

(i) WCHS(M,g) is effective, i.e., M is g-effective;
(ii) the divisor of degree zero

<

clis ].
WH(M,g)—(T—i—l)D—T(r;)K:Z Z st | (x)
z€l’ \veT,(T) j=0

s principal.
Proof. Both statements follow from Theorem 5.5. (|

Example 6.4. Consider the non-augmented metric graph I' below and its canonical divisor
K. We consider the following combinatorial limit linear series M C Rat(K). For each bridge
edge oriented outwards (toward the adjacent circle), allow slopes {—1, 1,3}. Divide each circle
into three equal parts, in a way compatible with the position of the attachment points. On the
two edges adjacent to the attachment points, allow slopes {0, 1,2} away from the attachment
points, and on the remaining edges, allow slopes {—1,0,1} (see Figure 9).

We can define a suitable closed sub-semimodule M C Rat(K) of rank two of functions
compatible with this choice of slopes. The tropical Weierstrass locus Ly, (M) of the semimod-
ule M, in the sense of Section 4.1 (with g = 0), contains the bridge edges and the points of
coordinates 1 and Z on the circles (see Figure 10, left). In particular, M is not W-finite. The

clls Weierstrass divisor W (M) is also shown in the figure (right). In particular, M is not
g-effective. o
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{-1,0,1}

FIGURE 9. Three-cycle graph with a specified slope structure on Rat(K),
defining a combinatorial limit linear series M C Rat(K).

1 1 3 3

FIGURE 10. The tropical Weierstrass locus Ly, (M) (left) and the clls Weier-
strass divisor W™ (M) (right).

6.3. Comparison with the tropical Weierstrass locus. The following proposition shows
that the notion of clls Weierstrass divisor can be viewed as a refinement of the tropical
Weierstrass locus defined in Section 4.

Proposition 6.5 (Comparison of the tropical and clls Weierstrass loci). Suppose M C
)

Rat(D) is a combinatorial limit linear series of rank r with clls Weierstrass divisor WCHS(M ,9).
Let Ly (M, g) denote its Weierstrass locus, defined as in Section 4.1. If A C T is closed, con-
nected, and Ly, (M, g)-measurable, then we have the equality

(M, g)[ ) = (+ 1) o (43 M, 9).

In particular, if M is W-finite as a semimodule, then the following equality holds:

clls

deg (W

clls

W (M, g) = (r+1) W(M,g).
Proof. We have

deg(chs(M,g)\A> :(T+1)ZD($)+T(T2+1)ZK(:L')—Z Z s

€A €A €A \veT,(T) j=0

where K denotes the canonical divisor on (I', g) (see Definition 4.20) and s = s7(M). The

terms (r 4+ 1) D(z) add up to the term (r + 1) deg(D|A). Remark 4.21 yields that the terms
K (z) add up to 2g(A)—2423", . , a(x) +outval(A), where outval(A) := [0 A] is the number
of outgoing branches from A.

The terms in the third part can be rearranged as a sum over directed edges of A, using
some compatible model. Each edge has two in-going tangent directions, and the slope sums
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cancel out for this pair (v,7) of opposing in-going directions since s5+ sf_j = (0. The only
terms that do not cancel are the tangent directions that point out of A, i.e.,

3 [DSIDI ED ol Pot

z€A \veT(T) Jj ved™ A \Jj=0
Combining these terms, we have

clls

deg(W ‘(M79)|A) = (r+1)deg(D]| ,) +

DN

ved™ A J=0

= (r+1)deg(D|,) +r(r+1)(g9(A,g) — 1) Z Z
ved™™ A =0

Finally, we use the fact that si=7]+sq for every j and for tangent directions v outside the
Weierstrass locus Ly, (M, g), by Theorem 4.11. Thus,

M(QQ(A, g) — 2 + outval(A))

clls

deg(W (M,g)\A>:(r+1) deg(D|,) + (9(A,g) —1)r — Z sv ],

ved™ A

which, using the same technique as in the proof of Theorem 3.10, gives the first statement.
The second statement follows from the first by the expression of the Weierstrass weight of a
connected component of the tropical Weierstrass locus that is reduced to a point. U

We have the following extension of the above proposition, using the notion of tangential
ramifications introduced later in Section 6.2. In particular, the statement holds even if A is
not Ly, (M, g)-measurable.

Proposition 6.6. Keeping the same notation as in Proposition 6.5, for any closed, connected
A CT, the following equality holds

deg(W™" (M, g)|,) = (r+1) | deg(D] ) + (9(4,0) = )r = 3 sh(M)

red™™ A
Y. D af(M)

ved™ A j=0

where o (M) == s¥

¥ Y(M) — j — sg(M) are the tangential ramifications along v.

6.4. Tropicalization of Weierstrass loci. The goal of this section is to prove Theorem 6.7,
using the machinery developed for semimodules on augmented metric graphs (see Section 4.1).
This provides a precise link between tropical Weierstrass loci and the tropicalization of Weier-
strass divisors on algebraic curves. Using this result, we will deduce Theorem 1.8.

Let X be a smooth proper curve of genus g over an algebraically closed non-Archimedean
field K of arbitrary characteristic with a non-trivial valuation. Let £ = O(D) be a line
bundle of positive degree d on X. Let H be a vector subspace of global sections of £ of
rank 7 (i.e., dim H = r + 1), that we naturally view in the function field of X. When K
has positive characteristic, we additionally suppose that £ is classical [Lak81, Nee84], that is,
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the gap sequence of H is the standard sequence {0, 1,...,7}. We denote by W = W(H) the
corresponding Weierstrass divisor on X. Recall that W is the zero divisor of a global section,
called the Wronskian, of the line bundle wy'"""* ® £20+)| see [Lak81] and Section 5.4. In
particular, we have
r(r+1)

2

Let (I',g) be a skeleton of X?"  and let 7: X*" — I' denote the specialization map. Let
W := 1,(W) be the specialization of W to I'. Note that (T', g) is an augmented metric graph.
We let D := 7,(D) be the specialization of D to I', and let M C Rat(D) be the sub-semimodule
consisting of the tropicalizations of non-zero rational functions in H. It follows from the
slope formula that the divisorial rank of M is equal to the rank of H, see [AG22, Thm. 8.3]
and [JP22, Prop. 4.1].

The following theorem compares the algebraic Weierstrass divisor of H on the curve X
with the tropical Weierstrass divisor of M on the augmented metric graph (T, g).

deg(W) = (29—2)+(r+1)d=(r+1)(d—r+rg).

Theorem 6.7 (Algebraic versus tropical weights: general case). Keeping the above notation,
let A be a closed, connected, Ly (M,g)-measurable subset of I'.  Then, the total weight of
Weierstrass points of W that tropicalize to A is given by

deg(W],1(y)) = (1) fur (43 M, )

where

o .0) = aes(D,) (o) 4 Toto) 1) 3 s,
z€A Ve A
In particular, if M is W-finite, we have the following equality of divisors on I':

(W) = (r+1)W(M,yg).
Before proceeding to the proof, a remark is in order.

Remark 6.8. By Proposition 4.14, Theorem 6.7 holds in a slightly more general setting. Let
M’ be any closed sub-semimodule of Rat(D) of divisorial rank r containing M. Then, we
have

deg (W], 1)) = (r-+ 1) s (4: 20" )
for every Ly, (M’', g)-measurable subset A of T'. o

Proof of Theorem 6.7. In the case the residue field of K has characteristic zero, we use Theo-
rem 5.5, which provides a description of the divisor W = 7,(W) in terms of slope structures.
As explained in Section 5.3, the slopes at any point = and any unit tangent vector v € T,(T")
of elements of the tropicalization M of H form a set of r + 1 integers sg,s},...,s;. The
definition of the Weierstrass divisor associated to a tropical linear series is chosen to ensure
the equality W = WCHS(M ,8), which implies

clls

deg(W|T,1(A)> = deg(W (M,g)]A).
Proposition 6.5 states that if A is Ly, (M, g)-measurable, then

clls N
deg<W (M7g)’A) :<T+1)MW(A7M79>7

from which the result follows.
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In the general case, when the characteristic of K is arbitrary and the gap sequence of H
is standard, we use the description of the reduction of the Weierstrass divisor to the skeleton
given in Theorem 5.2. Using the notation of Section 5, letting W = 7,(W), we have

W(g;):(r+1)p(x)+’”(r2“)z<(x)— S aLF,
veTy(T)

with F' = trop(Wrz). Furthermore, sl, F' = T(TH) + ord uWr;

Since the slopes along the unit tangent Vectors v € T,(T") that are outgoing from A form
a consecutive sequence of integers, by Proposition 5.4 we infer that the quantity ord, Wiz
is equal to s + - -- + s;. Using Theorem 5.2, we get sl, ' = s; + - - - + 5.

Moreover, since F' belongs to Rat(I"), the total sum of the slopes of F' for the edges that
appear in the interior of A vanishes. We infer that

deg(W’Til(A)) = (r+1)ZD(x)+T(T2+1)ZK -3 > s

€A x€A €A VET,( )
r(r+1)
= (r+1)ZD(x)+TZK(:c)—Z > Zs
€A x€A x€A \veTy(T) j=
clls N
= deg(W™"(M.g)|,) = (r+1) jur(4; M, ).
as required. O

6.5. Proofs of Theorems 1.7 and 1.8. We deduce Theorem 1.7 from Theorem 6.7.

Proof of Theorem 1.7. Since D and D have the same rank r, we can plug H := Rat(D) and
M’ := Rat(D) into Remark 6.8, following Theorem 6.7, to get

(10)  deg(W(D)|,y(y)) = (r+ 1) | deg(D],)) +r(g(A,9) = 1) = > s§(D)
ved™ A
In the context of Theorem 1.7, g = 0. The result follows. O

Using this result, we can prove Theorem 1.8.

Proof of Theorem 1.8. This follows from the combination of Theorem 4.12, Proposition 4.5
and Theorem 6.7. O

7. FURTHER EXAMPLES AND DISCUSSIONS

We here discuss several examples and questions in order to illustrate the results of the
previous sections.

7.1. Dipole graph. Suppose I is a dipole graph of genus g > 2 (also known as a “banana”
graph), consisting of two vertices joined by g + 1 edges, possibly of different lengths. The
canonical divisor K has coefficient g—1 on each vertex. The Weierstrass locus Ly, (K) consists
of the interval [¢/g, £ — £/g] on every edge, with ¢ the length of that edge (see Figure 11 for
g = 3). Each component C C Ly, (K) has two outgoing directions, and in each outgoing
direction, the minimum slope is s§ = —(¢g — 1). By Theorem 3.19, the Weierstrass weight of
each component is g — 1, and the total Weierstrass weight is g — 1, as expected.
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2

2

FIGURE 11. Dipole graph of genus g = 3 and its Weierstrass locus Ly, (K).

7.2. Cube graph. The cube graph is shown in Figure 12, with all edges of length one. It
has genus 5 and the canonical divisor K has rank 4. The Weierstrass locus Ly, (K') consists of
the closed segment [2/5, 3/5] on each edge, and excludes the vertices. Each component C' of
L, (K) has out-valence 2, with minimum slopes in Rat(K) in each outgoing direction equal
to —3. Theorem 3.19 gives uy (C) = 2. There are 12 components, so the total weight is 24.

FIGURE 12. Cube graph with its Weierstrass locus Ly, (K).

7.3. Bridge edges. Earlier in Example 3.6, we found that the Weierstrass locus Ly, (K) of
the barbell graph contains the entire bridge edge. Here we show that this behavior holds in
general.

Theorem 7.1 (Weierstrass loci and bridge edges). Let I" be a metric graph that has a bridge
edge e such that each component of I' \ é has positive genus. Then, the edge e is contained
in the canonical Weierstrass locus Ly (K).

Proof. To show this, let u; and us denote the endpoints of e, and I'; and I'y be the components
of I' \ é containing u; and wus, respectively. If g, g1 and g» are the genera of I', I'y and I's
respectively, then g = g1 + g2. Let r = g — 1 be the rank of the canonical divisor on I'. We
want to show that we can move r + 1 = g1 + g9 coefficients to every point = € e. For i = 1,2,

denoting by K; the canonical divisor of I';, we have rr, (K|F — (ul)> =rr,(K;))=¢;—1>0,
which implies that, using only functions on I' that are constant outside I';, we can move

g; coefficients to u;. It is easy to see that we can move coefficients along e to put g1 + go
coefficients at x. O

7.4. Cases where the whole graph is Weierstrass. Example 3.5 treated the complete
graph on four vertices with unit edge lengths. Now consider the case I' is the complete graph

onn > 5 vertices with unit edge lengths. This graph has genus g = %, and the canonical

divisor K has rank 22532 The Weierstrass locus of K turns out to be the whole I', as can

be verified in a straightforward way.

We give a second such family for which the choice of the length function is free. See
also [Ricl8, Ex. 4.6]. Let I" be the metric graph generalizing the barbell graph (Example 3.6)
to any number of cycles. More precisely, take g > 2 cycles of arbitrary length and join them




TROPICAL WEIERSTRASS POINTS AND WEIERSTRASS WEIGHTS 49

all to a central vertex v with a bridge edge of positive length, as in Figure 13. Consider the
divisor D = d (v), with d > 3. The rank of D can be computed by straightforward verification
or using the more general result [AB15, Prop. 4.8]. For d < 2g — 2, one finds r = L%J, and for
higher values of d, we have r = d — g. Since a divisor of positive degree on a cycle has rank
one less than the degree, and since divisor coefficients can move freely on bridge edges, it is

easy to show D (z) >d—1>r+1 for every x € I'. Therefore, the Weierstrass locus is the

whole graph.
@%&) Sl

F1GURE 13. The generalized barbell graph, the divisor D and its Weierstrass
locus Ly (D).

Note that in this family the quantity minger (Dg(z) — r) can be arbitrarily large. The
existence of these two families, with different combinatorial properties, suggests the following.

Question 7.2. Provide a classification of all graphs G that admit a length function and a
divisor with Weierstrass locus the whole metric graph. Among them, what are the ones for
which this property holds for every choice of edge lengths?

The treatment of Weierstrass points for curves over positive characteristic fields suggests
the following possible modification of the theory of tropical Weierstrass points in the isolated
cases where the whole graph is Weierstrass. We replace the rank r with the integer

b=0b(T, D) :=min D,(z),
zel’
and define the Weierstrass locus as the subset of points x € I" verifying D,(x) > b+ 1. The
weight of a connected component C' of this modified Weierstrass locus is modified by setting

(€3 D) = deg (D)) + (9(C) ~ b~ 3 sh(D).
ved™

This leads to a consistent theory on the tropical side, with the weights of components of
the Weierstrass locus adding up to d — b+ bg (instead of d — r + rg). This is reminiscent of
the setting of curves in the situation where the standard sequence of vanishing orders differs
from the sequence 0,1,...,r, cf. [Lak81]. However, at this point, we are not aware of any
geometric meaning to this tropical count.

7.5. Augmented cycle with one point of positive genus. We compute Weierstrass loci
for the canonical divisor with respect to the canonical and generic linear systems on an
augmented cycle on which one point has positive genus, generalizing Examples 4.28 and 4.23.
The canonical case recovers a result of Diaz [Dia85, Thm. A2.1]: the generic non-separating
node on a uninodal stable curve is a limit of exactly g(g — 1) Weierstrass points on nearby
smooth curves.

Let a be a positive integer, and consider the augmented metric graph (I", g) where I is the
cycle of length one, parametrized by the interval [0, 1], the single vertex v coincides with the
endpoints v =0 = 1, and g(v) = a. The genus of this augmented metric graph is g = a + 1.
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7.5.1. The case of the canonical linear system. We expand on Example 4.28 for which a =
2 was fixed. Consider the canonical divisor K and the associated canonical semimodule
KRat(g), as defined in Section 4.3. The rank is r = g — 1 = a according to Theorem 4.26, and
the total weight of the Weierstrass locus is g — 1 = a® + 2a. The Weierstrass locus consists
of the vertex v and all the points of the form a—f_l for k =1,...,a. The Weierstrass weights

are uy (v; K,g) = a? +a and ,uw<ai+1; K, g) = 1. Figure 14 shows the canonical divisor and

its (canonical) Weierstrass locus depicted in the middle.

7.5.2. The case of the generic linear system. In the second case, we generalize Example 4.23
and consider the same divisor K as above, but take the generic semimodule Rat™ (K, g) as
defined in Section 4.2. In this case, the rank is r = ¢ —2 = a — 1 (see Proposition 4.22) and
the total weight of the Weierstrass locus is a? + a. The Weierstrass points are v, and all the
points % with k = 1,...,a — 1. The weights are p (v; K,g) = a®> + 1 and ,LLW(E;K, g) =1
Figure 14 shows the canonical divisor on the left, and its generic Weierstrass locus depicted
on the right.

We note that the Weierstrass loci are different even though they are both finite. The total
weights are also different, as the underlying semimodules have different ranks.

FIGURE 14. An augmented cycle graph, with its canonical Weierstrass locus
Ly (K, g) in the middle, and its Weierstrass locus L;, (K,g) on the right. The
drawing is made for a = 4.

7.6. Augmented dipole graph. We now consider an augmented dipole graph made up of
two vertices u and v joined by n = h + 1 edges of arbitrary lengths, where h is the genus of
the corresponding metric graph. We assume g has support in {u, v}, and denote by a and b
the genus of u and v, respectively, with a < b. This metric graph is the one that appears in
the work by Esteves and Medeiros [EM02]. As we explained previously, the canonical linear
series reflects the genericity of the points of intersection on each of the two components.

The canonical divisor has coefficients K(u) = h — 1+ 2a and K(v) = h — 1+ 2b. The
determination of the Weierstrass locus Ly, (K, g) turns out to be quite involved in general,
and its shape depends on the values of a, b, h and the edge lengths. We illustrate the
computation in one concrete example.

Suppose a = 3, b = 5, h = 2, and all the edges have unit length. The augmented graph
has total genus g = 10, and its canonical divisor has rank » = 9. The Weierstrass locus
is made up of the vertex v (weight 50), the union of the three segments [0, 1/10] lying on
each edge (weight 34), the point of coordinate 6/10 on each edge (weight 1), and the segments
[3/10, 4/10] and [8/10, 9/10] on each edge (each of weight 2). See Figure 15. The total weight
is50+344+3-(24+1+2)=99 =g 1.
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g(u) =3 g(v) = 34 50
7 K(v) =11
2 1

F1cURE 15. Augmented dipole graph with h = 2, a = 3 and b = 5, edges all
of unit length, and its Weierstrass locus Ly, (K, g).

7.7. Weierstrass divisor of a combinatorial limit linear series. We go back to the non-
augmented dipole graph with four edges (of unit length to simplify the notation), a particular
case of the class of examples presented in Section 7.1. The genus is ¢ = 3 and the rank of the
canonical divisor K is r = 2. Denote by u and v the two vertices and by eq, e2, e3 and ey the
four edges of I" (see Figure 16, left). For i = 1,2,3,4, let ¢; € [0, %] For each choice of the
t;’s, we will construct a semimodule M of rank two that verifies condition (x) from Section 6,
and compute its clls Weierstrass divisor WCHS(M ) (here, g =0).

Assume t;’s are fixed. We prescribe the set of slopes taken by functions in M as in Figure 16.
For each i, we endow the edge e; with the slope sets {0, 1,2} on the interval [0, % - ti], slopes
{=1,0,1} on the interval [% — 1, % + ti], and slopes {—2, —1,0} on the interval [% + t;, 1].

We define M as the sub-semimodule of Rat(K) consisting of all the functions that take
one of the prescribed slopes above at any point of I' along any unite tangent vector. We thus
get a 4-parameter family of pairs (M, D) of rank two, M C Rat(K), that verify (*).

The clls Weierstrass divisor is given by (8), and yields W (M) = 30, ((z:) + (i),
where z; and y; denote the points of coordinates 1/2 —t; and 1/2 + ¢; on the edge e;, respec-

tively. Figure 16 gives a visual rendering of w (M) for the choice (t1,ta, t3,t4) = (%, 0, 1—12, é)

{-1,0,1} 3 3

{0,1,2} {-2,-1,0}
2 2 '

{0,1,2} CTon {-2,-1,0}

FIGURE 16. Dipole graph and its clls Weierstrass divisor W (M).

7.8. Weierstrass points of random combinatorial graphs. There exist combinatorial
graphs without any Weierstrass points among their vertices. The dipole graph is an example of
such a graph, see Figure 11. So is the cube graph, see Figure 12. Such graphs are interesting
from the point of view of arithmetic geometry, see [Bak08, § 4] and [Ogg78, LN64, Atk67,
APO03].

This seems, however, to be a rare phenomenon, as a computer verification of examples
indicates. Examples of random graphs were created and visualized using Python, Mat-
plotlib [Hun07], and NetworkX [HSSO08].
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Question 7.3. What is the proportion of combinatorial graphs that do not have any Weier-
strass point among their vertices? That is, what is the probability that a combinatorial graph
on n vertices has no Weierstrass point?

FIGURE 17. Random trivalent graph and its Weierstrass locus Ly, (K). The
graph has genus 26, and the vertex labels indicate the coefficients K, (v) — 25.

Randomness is understood within a class of graphs, for example regular graphs of given
degree, or Erdés—Rényi random graphs. This is related to the following question of Baker.

Question 7.4 (Baker [Bak08]). Provide a classification of combinatorial graphs without
Weierstrass points among their vertices.

[AB15]
[ABBRI15]
[AG22]
[Ami13]
[Ami14]
[APO3]
[Arb74]
[Atk67]
[Bako8]
[BGY5]
[BJ16]

[BL12]
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