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RATIONAL FUNCTION SEMIFIELDS OF TROPICAL
CURVES ARE FINITELY GENERATED OVER THE
TROPICAL SEMIFIELD

SONG JUAE

ABSTRACT. We prove that the rational function semifield of a
tropical curve is finitely generated as a semifield over the tropi-
cal semifield T := (R U {—o0}, max, +) by giving a specific finite
generating set. Also, we show that for a finite harmonic morphism
between tropical curves ¢ : I" — I, the rational function semi-
field of I' is finitely generated as a ¢*(Rat(I"))-algebra, where
©*(Rat(I")) stands for the pull-back of the rational function semi-
field of I'" by .

1. INTRODUCTION

This paper gives a tropical analogue of the fact that the function
field of an algebraic curve over C'is generated by two elements over C':

Theorem 1.1. Let I' be a tropical curve. Then, the rational func-
tion semifield Rat(I") of I' is finitely generated as a semifield over the
tropical semifield T := (RU {—o0}, max, +).

Here, a tropical curve is a metric graph that may have edges of
length oo, and a rational function on a tropical curve is a piecewise
affine continuous function with integer slopes and with a finite number
of pieces or a constant —oo function. The set Rat(l") of all rational
functions on a tropical curve I' has a natural structure of a semifield
over T', where the addition @ is defined as the pointwise maximum
operation and the multiplication ® as the pointwise usual addition.

The following lemma is our key to prove Theorem [LIk

Lemma 1.2 ([2 Lemma 2.4.2]). Let I be a tropical curve. Then,
Rat(I") is generated by all chip firing moves and all constant functions
as a group with tropical multiplication ® as its binary operation.

Here, a chip firing move CF(I7,1) is the rational function defined by
the pair of a subgraph I and a number [ € Ry U {oo} as follows:
CF(I',1)(z) :== —min{dist(/, x), [}, where I} has no connected com-
ponents consisting only of a point at infinity and dist(/},x) denotes
the distance between I} and x. By this lemma, it is enough to find a
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finite set of rational functions which generates all chip firing moves as
a semifield over T'.

The following example suggests that all chip firing moves defined by
one point generate all chip firing moves. Here, the valence val(x) of a
point x of a tropical curve is the minimum number of the connceted
components U \ {z} with all neighborhoods U of z.

Example 1.3. Let I' be a tropical curve. Let I be a proper subgraph
of I' that has no connected components consisting only of a point at
infinity. For any [ € RU {00} and any !’ such that 0 < I’ <[, we can
cut the bottom side of the chip firing move CF(I7,1):

CF(I3, 1) = CF(I, 1) & (=1).

Let I :={z € I'| dist(/1,x) < I'}. We can cut the top side of the
chip firing move CF(I7,1):

CR(Iy,1—1') = {CR(I, )° D a1V o
We can extend the chip firing move CF (17, '):
CF(I1,l) = CF(I1,l') © CF(I3,1 = 1').

Let x be a boundary point of I3 in I'. Let € be a sufficiently small
positive real number and y € I"\ I such that dist(z,y) = . Then, we
can connect two chip firing moves CF(I,¢) and CF({y},¢):

CF(I1U[x,y],e) = CF(I1,e) © CF({y},e) @e.

Let I3, 1, be any two proper subgraphs of I whose intersection is
empty and both that have no connected components consisting only
of a point at infinity. Let [ be a positive real number such that the
intersection of {zx € I'| dist([3,z) < [} and {z € I'| dist([y,z) < [}
is finite. Then, we have

CF(I3 U Iy, 1) = CF(I3,1) @ CF(Iy, 1).

Note that Algorithm [I]in Section [ gives a range of “c is sufficiently
small”. If I" has no edges of length oo, then in fact all chip firing moves
defined by one point generate all chip firing moves. By the following
lemma, we may assume that I has no edges of length oo.

Lemma 1.4. Let I' be a tropical curve. Let I be a tropical curve
which is obtained from I' by contracting edges of length co. If Rat(I")
is finitely generated as a semifield over T', then so is Rat(I").

Hence our next target is to find a finite set of rational functions
which generates all chip firing moves defined by one point as a semifield
over T. Let (G,,l,) be the canonical model for I', i.e., the pair of
the underlying graph G, of I' whose set V(G,) of vertices is {zx €
I'| val(x) # 2} and the length function [, defined by I'" and G, (for
more precisely, see Subsection 22)). Fix a direction on edges of G..
Let each e € E(G,) be identified with the interval [0,l,(e)] with this
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direction, where F(G,) denotes the set of edges of G,. For each edge
e € E(G,), let z, = #, Yo = ﬁ, and z, = 3k 4(6 We define rational
functions

foi= OF ({550 ) = o (g, 520 ) = o (0,547

Note that the semifield generated by g., h. over T coincides with the

hg(*l)

semifield generated by g. ® over T since

ls _
ge = (—%) ® (g © h2Y @ 0)

he = (—l"ie)) © {(ge O D) g 0} .

Let R be the semifield generated by f., g, he for any e € E(G,) and
CF({v}, 00)(= —dist(v,-)) for any v € V(G,) over T. This semifield
R is finitely generated, and in fact, coincides with Rat(I"). Hence, we
have Theorem [l

In the setting that a finite harmonic morphism between tropical
curves is given, we have the following proposition:

and

Proposition 1.5. Let ¢ : I' — I be a finite harmonic morphism be-
tween tropical curves. Then, Rat(I") is finitely generated as a p*(Rat(I"))-
algebra, where p*(Rat(I")) stands for the pull-back of Rat(I") by .

Note that Rat(I") may not be finitely generated as a ¢*(Rat(["))-
module. See Example

This paper is organized as follows. In Section 2, we give basic def-
initions related to semirings and tropical curves which we need later.
Section 3 gives proofs of Theorem [T, Lemma [[.4, and Proposition
LAl In that section, we also show that there exists a generating set of
rational function semifield of any tree whose elements are fewer than
that of the above generating set and that rational function semifields
of tropical curves other than a singleton are not finitely generated as a
T-algebra.
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2. PRELIMINARIES

In this section, we prepare basic definitions related to semirings and
tropical curves which we need later. For an introduction to the theory
of tropical geometry, for example, see [4]. We employ definitions in [2]
for tropical curves.
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2.1. Semirings. In this paper, a semiring is a commutative semiring
with the absorbing neutral element 0 for addition and the identity 1 for
multiplication such that 0 # 1. If every nonzero element of a semiring
S is multiplicatively invertible, then S is called a semifield.

A map ¢ : S7 — Sy between semirings is a semiring homomorphism
if for any z,y € S,

px+y) =) +eY), ez y) =) py), p(0) =0, and p(1) = 1.

Given a semiring homomorphism ¢ : S; — Sy, we call the pair (Ss, )
(for short, Sy) a Si-algebra.
The set T':= R U {—o0} with two tropical operations:

a®b:=max{a,b} and a ®b:=a+0b,

where both a and b are in T, becomes a semifield. Here, for any a € T,
we handle —oo as follows:

a® (—o0)=(—o0)Ba=aand a® (—o00) = (—00) ®a = —o0.
T is called the tropical semifield.

2.2. Tropical curves. In this paper, a graph is an unweighted, undi-
rected, finite, connected nonempty multigraph that may have loops.
For a graph G, the set of vertices is denoted by V(G) and the set of
edges by E(G). The valence of a vertex v of GG is the number of edges
incident to v, where each loop is counted twice. A vertex v of GG is a
leaf end if v has valence one. A leaf edge is an edge of G incident to a
leaf end.

An edge-weighted graph (G, 1) is the pair of a graph G and a function
[ : E(G) - R-oU{oco}, where [ can take the value oo on only leaf
edges. A tropical curve is the underlying topological space of an edge-
weighted graph (G, 1) together with an identification of each edge e of
G with the closed interval [0,(e)]. The interval [0, o] is the one point
compactification of the interval [0, 00). We regard [0, oo] not just as a
topological space but as almost a metric space. The distance between
oo and any other point is infinite. When [(e) = oo, the leaf end of
e must be identified with co. If F(G) = {e} and I(e) = oo, then we
can identify either leaf ends of e with co. When a tropical curve I is
obtained from (G, 1), the edge-weighted graph (G, 1) is called a model
for I'. There are many possible models for I". A model (G, 1) is loopless
if G is loopless. We frequently identify a vertex (resp. an edge) of G
with the corresponding point (resp. the corresponding closed subset)
of I For a point = on a tropical curve I" obtained from (G,1), if
x is identified with oo, then x is called a point at infinity, else, x is
called a finite point. I, denotes the set of all points at infinity of
I'. If I'y is empty, i.e. | : E(G) = R-y, then I is called a metric
graph. If z is a finite point, then the valence val(z) is the number of
connected components of U \ {x} with any sufficiently small connected
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neighborhood U of z, if z is a point at infinity, then val(z) := 1.
Remark that this “valence” is defined for a point of a tropical curve
and the “valence” in the first paragraph of this subsection is defined
for a vertex of a graph, and these are compatible with each other. We
construct a model (G, [,) called the canonical model for I" as follows.
We determine V(G,) := {x € I'| val(xz) # 2} except following two
cases. When I is homeomorphic to a circle S!, we determine V(G,)
as the set consisting of one arbitrary point of I'. When I" has the
edge-weighted graph (7, 1) as its model, where 7" is the tree consisting
of three vertices and two edges and [(E(T)) = {oo}, we determine
V(G,) as the set of two points at infinity and any finite point of I
The relative interior e of an edge e is e \ {v, w} with the endpoint(s)
v,w of e. The genus g(I") of I' is the first Betti number of ", which
coincides with #E(G) — #V (G) + 1 for any model (G, 1) for I". A tree
is a tropical curve of genus zero. The word “an edge of I means an
edge of G with some model (G,) for I'.

2.3. Rational functions and chip firing moves. Let [" be a tropical
curve. A continuous map f : I' — R U {£oo} is a rational function
on ['if f is a piecewise affine function with integer slopes, with a
finite number of pieces and that can take the value +oo only at points
at infinity, or a constant function of —oo. For a point z of I and a
rational function f € Rat(I") \ {—oc}, = is a pole of f if the sign of the
sum of outgoing slopes of f at x is minus. The absolute value of the
sum is its degree. Let Rat(I") denote the set of all rational functions
on I'. For rational functions f, g € Rat(I") and a point x € I"\ I, we
define

(f © g)(x) = max{f(z), g(x)} and (f © g)(x) := f(z) + g(x).

We extend f @ g and f ® g to points at infinity to be continuous on
whole I'. Then both are rational functions on I'. Note that for any
feRat(l), fO(—o0) = (—00) ® f = —oo. Then Rat(I") becomes a
semifield with these two operations. Also, Rat(I") becomes a T-algebra
with the natural inclusion T' < Rat(I"). Note that for f,g € Rat(I"),
f = g means that f(z) = g(x) for any z € I

A subgraph of a tropical curve is a compact nonempty subset of the
tropical curve with a finite number of connected components. Let I}
be a subgraph of a tropical curve I" which does not have any connected
components consisting of only points at infinity and [ a positive real
number or infinity. The chip firing move by I and [ is defined as the
rational function CF(I7,1)(z) := — min(dist(z, I7),1).

2.4. Finite harmonic morphisms. Let ¢ : I" — I” be a continuous
map between tropical curves. ¢ is a finite harmonic morphism if there
exist loopless models (G, 1) and (G',1") for I" and I, respectively, such
that (1) ¢(V(G)) € V(G') holds, (2) ¢(E(G)) C E(G') holds, (3) for
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any edge e of GG, there exists a positive integer deg, () such that for any
points z, y of e, dist(¢(x), ¢(y)) = deg,.(¢) - dist(z, y) holds, and (4) for
every vertex v of GG, the sum ZeeE(G):eHe,we@ deg, () is independent
of the choice of ¢ € E(G’) incident to ¢(v). This sum is denoted by
deg,(¢). Then, the sum > v )., deg,(¢) is independent of the
choice of a vertex v' of G’, and is called the degree of . If both I" and
I are singletons, we regard ¢ as a finite harmonic morphism that can
have any number as its degree.

Let ¢ : I' — I be a finite harmonic morphism between tropical
curves. The pull-back ¢* : Rat(I") — Rat(I") is defined by f' +— f'o¢.
Note that on each e € E(G) with the model (G,1) above, ¢*(f’) has
only multiples of deg,(¢) as its slopes for any f’ € Rat(["”).

3. MAIN RESULTS

In this section, we give proofs of Theorem [Tl and Proposition [L5l

First, we prove Theorem [[LII To do it, we will prepare multiple
lemmas and an algorithm. Algorithm [I] gives a range of values for a
proper connected subgraph of a metric graph to connect the chip firing
move defined by it and another chip firing move (see Example [[3]).

Algorithm 1
Input: [': a metric graph
E(G,) = {e1,...,e,} : alabeling of edges of the canonical model
for I
S 1 a proper connected subgraph of I
Output: Ig
1141
2: while i <n do
3: ife,NS =< then

4: l; < (the diameter of I"),i +— i+ 1

5. else {S De;}

6: l; < (the diameter of I"),i <— i+ 1

7. else {S D Oe;}

8: l; < (the length of e; \ S)/2,i < i+ 1
9: else {S C e}

10: l; < min{dist(S, z) | = is one of the endpoints of e;},7 < i+ 1
11:  else

12: l; < (the length of e; \ S),i < i+ 1
13:  end if

14: end while

15: lg < min{ly,...,l,}

16: return lg
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In Algorithm [ e; \ S denotes the closure of e; \ S, and if S consists
of only one point z, then we write [, instead of [¢,,.

Remark 3.1. Let I' be a metric graph and S; a proper connceted
subgraph of I'. Let [ < lg, and Sy := {x € I'| dist(S1,z) < [}. With
a:=min{k € Z.o|l/k <ls,}, m = min{k € Z.y|ls,/k < [/a} and
any I’ > 0, by the definition of chip firing moves, we have

CF (Sz,f) —~ CF (sl,f)
a a

: ) )
2O O {or(wl)el)
k=1 z'erl:

dist(Sl,m’):%

CF

({x € I'| dist(S,, 7) < bls, } : lﬁ)
m
= CF ({x € I'| dist(Sy,x) < M} ; lﬁ)

ls, ls,
o O for(en)el,
z'erl:
dist(S2 ,x’):kl%

CF(Sz,1s,) = {CF <52’é) @ (_%>}

m—1
. kls, | s,
@@CF ({x € I'| dist(Sy,z) < nj },%) )
k=1

and

CF(Sy, 1+ 1) = CF(S1,1) © CF(Sy, ).

Let I'" be a metric graph. Let R be as in Section [[l Let (G,,1,) be
the canonical model for I".

Lemma 3.2. Let e be an edge of G,. Let x beine®. Then, CF({z},1,) €
R.

Proof. If x is the midpoint of e, then CF({z},l,) = f. € R. Suppose
that x is not the midpoint of e. Assume that 0 < [, < l"ff)
ge(x) = —#. Then

CF({z}, L) = {(lc’;e) - zx) o fo® (lx - @) o f6®<—1>}®(”
z

® (—%) © ¢V @ (~1,) € R.

and
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Similarly, if 0 < I, < =< and h.(z) = —%, then

(e
CF({z},l,) = {(lc’;e) — lm) ® f. ® (lm - @) o féa(l)}@(_l)
@

2
® (_lo(e)) o RO
4 e

(=) € R.

When % <l < % and g.(z) —l‘”ie), we have
CF({z}.1,) — {(lo;e) B lm) oL (lm _ @) ® feca(l)}ca(—l)
® { (—l‘)ie)) ® g2t 1)}@2 ®(—l,) € R
Similarly, if =19 <1, < l":(,’e) and h,(z) = —'<  then
F({z}. ) {Cf lg@ﬁ@(u—%?)@ﬁHﬁal

When =9 <, < Bl 5

CF({z},ls(e) = 2l,) = {
©

4
Similarly, if l"(e <1, <9 and he(z) = _lble)

5 1 then
lo lo(e) (1) o(=1)
CF({z},1(e) — 21, {( 5 lm) O fe® (lm - T) ® fe }
l(e) o(-1) o2
@{( 1 )@he } @ (20, — l.(e)) € R.

Let z be in the fifth case. Since

CF <{x1 € I'| dist(z, z) < =9 _ zx} Lole) zx)

2 2
P o) O {er(m i) o (5
o s,

with inputs [ = @ — 1y S1 = A{xy € I'| dist(x,21) < ls(e)/2 —1,} in
Remark B], we have CF({z},[,) € R.

When z is in the sixth case, by the same argument, we have CF({z},[,)
R.

t
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Note that [, coincides with min(dist(z,v), dist(x,w)) in the setting
of Lemma

By RemarkB.Jland Lemma[3.2] we prove the following three lemmas.
Let d be the diameter of I'; i.e., d = sup{dist(x,y)|z,y € I'} =
max{dist(x,y) |x,y € I'}.

Lemma 3.3. For any x € I and any positive real number [, the chip
firing move CF({z},1) is in R.

Proof. For any x € I" and [ > 0, by the definition of chip firing moves,
we have CF({z},l) = CF({z},d) & (—!). Hence it is sufficient to check
that CF({z},d) € R. If x € V(G,), then CF({z},d) € R.

Suppose that there exists an edge e € F(G,) such that x € e°.
Considering Remark B with [ = [, 51 = {z}, by LemmaB.2] we have

CF(Ss,ls,) € R

and
CF(S1,l+1s,) = CF(S1,1) ® CF(Sy,1s,) € R.

Since Sy contains a lot of whole edges of GG, more than S; and the set of
edges of GG, is finite, by repeating inputs of [ = lg,, S; = S5 in Remark
B we have CF({z},d) € R. O

Lemma 3.4. For any proper connected subgraph Iy and any positive
real number [, the chip firing move CF(I7,1) is in R.

Proof. By Lemma [B.3], if I7 consists of only one point, then we have
the conclusion. Assume that I'7 does not consist of only one point.

Suppose that '] contains no whole edges of G, and that there exists
an edge e € F(G,) containing I7. Let x; and x5 be the endpoints of
I'1. Let x be the midpoint of I'7. By Lemma B3] for any positive real
number [, we have

]QH) €R.

CF(I1,1) = [{CF({:U}, [+ dist(z1, 7)) ® dist(z1, 2)}°V @ 0

Note that CF(I7,1) is also obtained as follows with a sufficiently large
b E Z>0:

L, L ol
CF (1},3) = CF ({x},g)QQ © {CF ({x},EQE)},
k=1 el
dist(m,m/):%

and inputs [ = [,,/b and S; = I7, and repeating this process with inputs
l =lg,, S1 = 9 in Remark 3]

Suppose I contains p edges. Let 0I7 U (V(Go)NIY) = {xy,..., 2.}
We may assume that x;,...,z, are distinct. Let I3,..., 115 be con-
nected components of 11\ {z1,...,z,}. For a sufficiently small positive
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real number ¢, let I7; be the connected subgraph {z € I7; | for any j, dist(z, z;) >
e} of I'. Then, we have

F(I',¢) {@CF {it.e }G)@(g@CF(Fllkag))'
k=1
The last divisor is in the first case, and thus it is in R. By inputting
[ = ¢, 51 = I and by repeating inputs [ = lg,, S; = Sy in Remark B.1]
we have CF(I7,d) € R. From this, for any [ > 0, we have CF([,[) =
CF(I1,d) @ (—1) € R. O

Lemma 3.5. For any proper subgraph Iy and any positive real number
[, the chip firing move CF(I7,1) is in R.

Proof. Let Iy be a proper subgraph of I'. Let s be the number of
connected components of 7. If s = 1, then the conclusion follows
Lemma[3.4l Assume s > 2. Let I7,..., I be all the distinct connected
components of I7. For I" > 0, let F'( No=A{zr e I'| dist(I},z) < '}
If I is sufficiently small, then the intersection of I7(l'),...,I.(l') is
empty. Let /] be the minimum value of I’ such that this intersection is
nonempty. By induction on s, CF ({J;_, I.(l1),d) € R. On the other
hand,

F(I, 1) @CF (I 11) e

Hence

CF(I,d) = CF(I,1l}) ® CF (U Fé(li),d) € R.
k=1
In conclusion, for any [ > 0, we have

CF(I3,1) = CF(I,d) ® (—1) € R. 0
From Lemmas [[.2], B3] B4, B35, we have the following proposition.

Proposition 3.6. Let I be a metric graph. Then, Rat(I") coincides
with R. In particular, it is finitely generated as a semifield ovar T'.

Let us show Lemma [T.4t

Proof of Lemma[1-]]. There exists a natural inclusion ¢ : IV — I (cf.
[1]). With this inclusion ¢, we have a natural inclusion  : Rat(I") —
Rat(I"), i.e., for any f' € Rat(l”) and 2’ € I, k(f')(«(2')) = f'(a)
and s(f’) is extended to be constant on each connected component
of '\ «(I"). Let {f{,...,f.} be a finite generating set of Rat(l").
Let Ly,..., Ly, be all the connected components of I" \ «(I"). Then
{k(f]),.. . k(f)),CF(I"\ Ly,00),...,CF(I"\ Ly,,00)} is a finite gen-
erating set of Rat(I"). In fact, for any f € Rat(I") \ {—oo}, since f is a
piecewice affine function with a finite number of pieces, it breaks each
L; into a finite number of pieces L;i,..., L;s, on each which it has a
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constant slope. We may assume that Ly; N {¢(I")UJI_} Tip} # @. Let
x;1 be the unique point of L;; N¢(I”). For any j =2,...,s;, let z;; be
the unique point of L;j; N L;; ;. Let x, 4,41 be the point at infinity of
E Let a;; be the slope of f on L;; in the direction from z;; to x; ;1.
Since the restriction f|,) can be regarded as a rational function on I,
it is written as g(k(f1), ..., k() Oh(k(f]), ..., k(f)°Y with poly-
nomials g, h € T'[Xy,...,X,]. Let b;; be the value CF(I"\ L;, 00)(z;).
Then, we have

fo= g(s(f1), - m(£)) © h(w(f1), .. w(f)°CY

: 6 é [<_ij) © {(CF(F \ L;, 00) @ bz,j+1)®(_1) S (—bz‘j)}Q(_l)] o )

i=1 j=1
which completes the proof. Here, when a;; = 0, then the last divisor
means the zero function 0 € Rat(I). O

In conclusion, we have Theorem [[.1]

Remark 3.7. By the proof of Theorem [LT], we have the following: for
a tropical curve I, all chip firing moves defined by one finite point, and
of the form CF(I"\ (y, ], 00) with z € Iy, and a finite point y on the
unique edge incident to x generate Rat(I") as a semifield over T'. This
assertion is used in the proof of [3| Corollary 3.9].

Since the pull-back of the rational function semifield of a tropical
curve by a finite harmonic morphism contains T, the following corollary
follows from Theorem [L.I}

Corollary 3.8. Let ¢ : I' — I be a finite harmonic morphism between
tropical curves. Then, Rat(I") is finitely generated as a semifield over
" (Rat(I")).

By the proof of Lemma [L.4], we have the following corollary:

Corollary 3.9. Let I' be a tropical curve. Let (G, 1) be the canonical
model for I and Ey, the subset of E(G,) cosisting of all edges of length
0o. Then, there exists a generating set of Rat(I") consisting of at most

#V(G,) + 2(#E(G,) — #E) elements.

Proof. V(G,) contains #V (G,) — # E+ vertices which are finite points.
Thus R for the metric graph obtained from /" by contracting all edges
in E is generated by #V(G,) — #FEw + 2(#E(Gs) — #E ) elements.
From the proof of Lemmal[l.4], Rat(I") is generated by #V (G,)—#Fuo+
2(#E(Go) —#Ex) + #Ew = #V(Go) + 2(#E(G,) — #E) clements.

0

Second, we consider rational function semifields of trees.

Lemma 3.10. Let T be a tree. Let (Go,l,) be the canonical model
for T. Let Vi C V(G,) denote the subset of all leaf ends. If #V) is
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even, then there exists a pairing of vertices in Vi such that the union
of unique paths connecting paired vertices covers T .

Proof. Since #V] is even, there exists a pairing of vertices in V4. If it
is not desired, then there exists an edge e of GG, which is not contained
in the union of unique paths connecting paired vertices. Since T is a
tree, there exist two vertices v, w such that the unique path connecting
them contains e. By pairing again v,w and the two other vertices
o', w’ originally paired with v, w respectively, the number of covered
edges increases. In fact, the union of the path from v to w and the
path from v’ to w’ contains e and both the path from v to v' and the
path from w to w’. Hence, by repeating this process, we have the
conclusion. O

Proposition 3.11. Let T be a tree. Let (Go,l,) be the canonical model

for T and Vi C V(G,) the subset of all leaf ends. Then there ezists a

[#V1+1]
2

generating set of Rat(T') consisting of at most elements, where

[z] = max{n € Z |n < z}.

Proof. By Lemma [B.10], there exists a pairing of vertices in V; except
at most one vertex vy such that the union of unique paths connecting
paired vertices covers T' except at most one edge eq incident vy. Let
v,w be any paired vertices and P the unique path connecting them.
Let f be a rational function on 7" which has slope one on P in the
direction from v to w and constant on other points. Let g be a rational
function on T which has slope one on ey and constant on other points.
Then such f and g generates Rat(7) as a semifield over T'. In fact,
for a tree T" which is a metric graph obtained from 7" by contracting
edges of length oo, the restrictions of such f and g on T’ generate
fery gers he and CF({v}, 00) for each edge ¢’ and each vertex v of the
underlying graph of the canonical model for 7" and chip firing moves of
the form of CF(I"\ L;, 00) in the proof of Lemma [[L4l Hence we have
the conclusion. g

Third, we show that except the singleton case, rational function semi-
fields of tropical curves are not finitely generated as a T-algebra by the
following two lemmas.

The following lemma holds by the definitions of two operators ®, ®.

Lemma 3.12. Let I' be a tropical curve. For any rational functions
f,g9 € Rat(I') \ {—o0}, f® g and f © g may have as these poles only
points that are poles of f or g.

Lemma 3.13. Let I' be a metric graph. Then, Rat(I) is finitely gen-
erated as a T-algebra if and only if I' is a singleton.

Proof. The if part is clear. We shall show the only if part. If Rat(I)
is finitely generated as a T-algebra, then by Lemma [3T2] I" must be a
singleton. O
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Proposition 3.14. Let I" be a tropical curve. Then, Rat(I") is finitely
generated as a T-algebra if and only if I' is a singleton.

Proof. By Lemma B3] it is enough to show that with any metric
graph I"" obtained from I" by contracting edges of length oo, if Rat(I")
is finitely generated as a T-algebra, then so is Rat(I"”). Assume that
Rat(I") is finitely generated as a T-algebra. Let {fi,..., f.} be a finite
generating set of Rat(I"). Then the set of restrictions { fi|r, ..., fulr}
is a finite generating set of Rat(I”) with the natural inclusion I —
I'. In fact, the restriction map Rat(l) — Rat(["”) is surjective since
the contraction I" — I contracts only trees. Hence, we have the
assertion. U

Finally, we shall show Proposition [[L3

Proof of Proposition 1.4 Fix loopless models (G,1), (G',l') for I', I,
respectively, such that o(V(G)) = V(G'). For any edge e of G, if e is
not incident to a point at infinity, then let F, := CF(I"\ €°,1(e)/2);
otherwise, let F, := CF(I"\ e, 00).

Assume that [(e) < oco. Let v be one of the vertices incident to
e. Let G,. be a rational function on I" which has slope one from v
to the midpoint of e; has a sufficiently large positive integer to be its
slope from v to a point of each edge incident to v other than e; is
the constant zero function on other points; has v as its unique point
where attains the minimum value —@. Let x € e°. Assume that

dist(z,v) =1, < @ If dist(z,v) = @, then we have

CF({z}, 1) © {—(deg.(p) — )i}
©

de;
= O"(CF{p(2)}, low))) © FOIE1 o @ Fe By ().

e1€E(G)\{e}:
e1Ce ™ (ple)

Suppose dist(z,v) < %. Let f’ be a rational function on I"" which coin-
cides with CF({p(2)}, ly)) on U’ = {a' € I'""| dist(¢(z),2") < lp@)};
has a sufficiently small negative slope s from U’ on the e-neighborhood
of U’ with a sufficiently small positive real number e enough to be the
restriction of G, . on the inverse image of the e-neighborhood of U’
does not take zero; is the constant —[,,) + s¢ on other points. Then,
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there exists a positive integer b such that

CF({z},l;) © {—(deg.(¢) — 1)}
e O(deg.(¢)—1)
— g0 {F B Gy © (@ - zzx)}

2
b b
o O R ©) Gt
e1€E(G)\fe}: e2€E(G)\{e},u2€V (G)\{v}:
e1Ce~ Hp(e)),veer ezcsfl(@ée)),vzeeefl(w(v)),
veea,vaEen

(- deg,(¢)l)-

1) < dist(z,v) < @ Then, we have

Suppose —;

F(eh 22 1) © —taes. () - 1)

l(e) ©(deg.(¢)—1)
— S (CP({p()}, L) @ {F © Gy, © (_ _ zzm)

2
©deg,, (¢) B _ B l(e) B

o O me{ e -o- (12-1)}

e1€B(G)\ (e}

e1Co (p(e))

Since
. (e I, e l,

CF ({xl e I'| dist(z,x1) < % — 5} , % — 5)

Ca(w b o fw(et4)e(-)

x]
dist(a:,a:l):l——l—x

(:)
— r ({m e rfatnm < 1 - 5] 19 L)

o~

o~

2
T
9 {ml-t)(4-9)

mlee
dist(z, xl)* —ly

and 0 < 3(@—%) < @, with inputs [ = %—%, S1 = {x; €
I'| dist(x, x1) <l(e)/2—1,} in RemarkB.I] we can show that CF({z},[,)
is generated by Fi.,G, . as a ¢*(Rat(I"))-algebra.

Assume that [(e) = oo. Identify e = [0,00]. Let x,y € e be any
distinct points such that x < y. Let g[,, be the rational function on
I’ which has slope one in the direction from x to y, is constant on any
other points, and whose minimum value is zero. Identify p(e) = [0, 0o].
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Let gfso(x)w(y)} be the rational function on I'” which has slope one in the
direction from p(z) to ¢(y), is constant on any other points, and whose
minimum value is zero. Let v be the endpoint 0 of e. Let [, (resp. [,)
be the length of [v, x] (resp. [v,y]). Then, we have

Jie] = Jioy) © (—1lz) S0
and

¥ e _ deg,, ()
Jhoy) = ¢ (gfga(v),ga(y)])@CF({U}J@;)@(d ge(¥)-1) o @ F5 Y 0.
e1€E(G)\{e}:
e1Ce~ (p(e))

Let w be the endpoint oo of e. Then, we have
9[(2,(;}1) = gg’(;]l) @ (—dist(x,y))
and
G = Fe © Gloal

Let I} be the metric graph obtained from I" by contracting all edges of
G of length oo to the finite endpoints. We regard that I is a subgraph
of I By the proof of Theorem [Tl for any rational function f €
Rat(I"), the restriction f|p, is generated by (the restrictions on I of
elements of) {CF({z},[,), CF({v},00) |z € [N\ V(G),v € V(G)\ I'x}
as a T-algebra. Let g be the generated rational function such that
flr, = g|r,- By (tropical) multiplying rational functions of the forms

of g[if;?l) above to g, f is made of g. Hence {F., G, .,, CF({v},00) |e €
E(G),v,v1 € V(G)\ I'x,€1 € E(G)\ Ex,v1 € €1} generates Rat(I) as
a p*(Rat(I"))-algebra, where E,, denotes the subset of E(G) consisting
of all edges of length oo. U

By Example BI5], we know that Rat(I") may not be finitely generated
as a ¢*(Rat(I"))-module.

Example 3.15. Let I' := [0,2] and I := [0,1]. The map ¢ : I' —
It — xwhen0<zx<1;z+— 2—2when 1 <z <2is a finite har-
monic morphism of degree two. Assume that Rat(I") is finitely gener-
ated as a ¢*(Rat(l"))-module, i.e., there exist fi,..., f, € Rat(I") \
{—o0} such that Rat(I") = @._, ¢*(Rat({”)) ® fi. Let 2’ be a point
of [0,1) € I”. Then, for any pair of values a,b € R-(, Rat(I)
contains a rational function which has a,b as values at each element
x1, 79 of ¢ 1(2'). For example, consider (CF({x1},&)*? ® a @ 0) ®
(CF({z2},6)®?® b @ 0) € Rat(I") with a small positive number € > 0
and some p,q € Z~( such that pc > a and g¢ > b. On the other
hand, for any i and f' € Rat(I"”) such that (¢*(f') @ fi)(x1) = a,
since a — fi(z1) = " (f')(z1) = ¢"(f')(22) hold, (¢*(f') © fi)(x2) =
a — fi(x1) + fi(x2) holds. Hence, if for any j, b # a — f;j(z1) + fj(z2)
holds, then @@, ¢*(Rat(I")) ® f; contains no rational functions which
take a, b at 1, o respectively. It is a contradiction. Therefore, Rat(I")
is not finitely generated as a ¢*(Rat(I”))-module.
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