arXiv:1805.08372v1 [math.AG] 22 May 2018

MOTIVIC VOLUMES OF FIBERS OF TROPICALIZATION

JEREMY USATINE

ABSTRACT. Let T be an algebraic torus over an algebraically closed field, let
X be a smooth closed subvariety of a T-toric variety such that U = X NT is
not empty, and let .£(X) be the arc scheme of X. We define a tropicalization
map on Z(X)\ Z(X \ U), the set of arcs of X that do not factor through
X \ U. We show that each fiber of this tropicalization map is a constructible
subset of .Z(X) and therefore has a motivic volume. We prove that if U has
a compactification with simple normal crossing boundary, then the generating
function for these motivic volumes is rational, and we express this rational
function in terms of certain lattice maps constructed in Hacking, Keel, and
Tevelev’s theory of geometric tropicalization. We explain how this result, in
particular, gives a formula for Denef and Loeser’s motivic zeta function of a
polynomial. To further understand this formula, we also determine precisely
which lattice maps arise in the construction of geometric tropicalization.

1. INTRODUCTION AND STATEMENTS OF MAIN RESULTS

Let k£ be an algebraically closed field, let T" be an algebraic torus over k& with
character lattice M, and let X be a smooth closed subvariety of a T-toric variety
such that U = X NT # 0. Let Z(X) be the arc scheme of X. In this paper, we
define a tropicalization map

trop : Z(X)\ L(X\U) = M"Y

on the subset of arcs that do not factor through X \ U. We show that the fibers of
this tropicalization map are constructible subsets of Z(X), and thus in the sense
of Kontsevich’s theory of motivic integration [12], each of these fibers trop=*(w)
has a well defined motivic volume px (trop~!(w)).

We then prove a formula for these motivic volumes, Theorems and [[L9 ex-
pressing the multivariable generating function

> px(trop™! (w))x"

weMY

as a rational function in terms of the theory of geometric tropicalization, as in-
troduced by Hacking, Keel, and Tevelev in [I0]. With the motivation of further
understanding this formula for these motivic volumes, we also study certain prop-
erties of geometric tropicalization, proving Theorems[[.12] and [[L.T4], which we hope
will also be of independent interest in tropical geometry.

Before stating the main results of this paper, we present the following family
of examples, which demonstrate that these fibers of tropicalization can be used
to compute the motivic zeta function of a polynomial, an invariant introduced by
Denef and Loeser in [1].
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Example 1.1. Let f € k[z1,...,2,] be a nonzero polynomial. Then by definition,
the motivic zeta function of f is the series

Zs(s) = / s dppn = Z,uAn (ord?l(ﬁ))sl € Man[s],
Z(A™M) £=0
where .#a~ is the ring obtained by inverting the class of A}, in the Grothendieck
ring of A"-varieties. Set T' = G, consider A"*! as a T-toric variety, set X —
A" to be the graph of the function f: A™ — A! and set U = X NT. Give .#x
the topology induced by the dimension filtration. We will see by Theorem [ that
the generating function

> px(tropTHw))x = > px(trop Tt (w))x" € Mx[x]

+1 +1
wezZn wezgo

is in fact an element of the subring .#x(x) C .#x[x] consisting of series whose
coefficients converge to 0 as w — oo. Thus there is a well defined map

© %X<X> — «%/;([[Sﬂ . X(wl ..... Wr41) — SwnJrl7

where .#x is the completion of .#x. Then because .# (X'\U) is a negligible subset
of Z(X), the image of Z(s) in .#x[s] is equal to

<P< > ux(tropl(w))xw>-
weZntl

We will see in Example[[.I0 that, in particular, our main results can be used to give
a complete list of candidate poles for Z;(s) in terms of geometric tropicalization.

A major open problem in this subject is the motivic monodromy conjecture.
Introduced by Denef and Loeser in [7], the motivic monodromy conjecture predicts
that, when k& = C, the roots of the Bernstein polynomial of f give a complete list
of candidate poles for the zeta function Z;(s). Therefore, there has been much in-
terest in developing methods for computing candidate poles for Z;(s). One setting
in which toric methods have proven fruitful for understanding these zeta functions
has been in the case where f is non-degenerate with respect to its Newton poly-
hedron. In this non-degenerate setting, Denef and Hoornaert gave a formula for
the p-adic zeta function [6], and Bories and Veys [3] and Guibert [9] gave mo-
tivic versions of this formula. Bultot and Nicaise also reproved Guibert’s formula
by proving a formula, in terms of log-smooth models, for a related motivic zeta
function [4]. Nicaise, Payne, and Schroeter have also studied, in [I4] and [I5],
connections between tropical geometry and Hrushovski and Kazhdan’s theory of
motivic integration of semi-algebraic sets.

1.1. Statements of Main Results. Throughout this paper, k& will be an alge-
braically closed field, and by variety, we will mean an integral scheme that is finite
type and separated over k. All toroidal embeddings in this paper will have nor-
mal boundary components. Using the terminology in [I1], these are the toroidal
embeddings without self-intersection.

For any finite type k-scheme X, we let Z(X) denote the arc scheme of X, we
let Ko(Vary) denote the Grothendieck ring of finite type X-schemes, we let .#x
denote the ring obtained from Ky(Varx) by inverting the class of Ak, we let L
denote the class of A% in .#x, for any finite type X-scheme Y we let [Y] denote
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the class of Y in .#x, and we endow .#x with the topology given by the dimension
filtration. If X is a smooth variety, we let ux be the motivic measure that assigns
a volume in .#x to each constructible subset of .Z(X).

Definition 1.2. Let T be an algebraic torus over k& with character lattice M and
let X be a smooth closed subvariety of a T-toric variety such that U = X N'T # ().
Let z € Z(X)\ Z(X \U) be a point with residue field ¥’. Then x is an arc
Spec(k'[t]) — X whose generic point 1 : Spec(k’((t))) — X factors through U.
Then let trop(z) € MY be defined so that for any u € M,

{u, trop(x)) = val(x"|v (1)),

where x" is the character on T' corresponding to u and val : k'(¢t)) — Z is the
valuation given by order of vanishing of ¢t. This defines a tropicalization map

trop : Z(X)\ L(X\U) = M".

Before stating our main results, we need to define a technical condition that can
be satisfied by a simple normal crossing compactification of a very affine variety.

Definition 1.3. Let T be an algebraic torus with character lattice M, let N = MV,
let U — T be a smooth closed subvariety, let U C X be an open immersion into a
smooth complete variety X such that X \ U is a simple normal crossing divisor, and
let C(X \ U) be the set of irreducible components of X \ U. For each § C C(X \U),
let o5 : Z5 — N be the map of lattices such that for each D € S, the standard
basis vector of ZS associated to D is sent to valp |ar € N.

(a) We say that U C X has immersive geometric tropicalization with respect to
U < T if for each S C C(X \ U) such that (pcg D # 0, the map ¢f : RS —
NRg is injective.

(b) Let o be a cone in N. Then we say that U C X has o-compatible geometric
tropicalization with respect to U — T if for each & C C(X \ U) such that
Npes D # 0, the cone ()~ (o) NRE, is a face of RE.

(c) Let A be a fan in N. Then we say that U C X has A-compatible geometric
tropicalization with respect to U — T if U C X has o-compatible geometric
tropicalization with respect to U < T for each o € A.

We will see that when U C X has A-compatible geometric tropicalization with
respect to U — T, the closed immersion U < T can be extended to a proper
map from an open subset of X to the T-toric variety defined by A. We will use
this proper map and the motivic change of variables formula to prove Theorem
below which, in particular, gives a formula for the motivic volumes of fibers of
tropicalization. As we will describe below, if in addition, U C X has immersive
geometric tropicalization with respect to U — T, then the combinatorics of this
formula will take a simpler form.

Remark 1.4. In the above definition and elsewhere in this paper, we let valp |y
denote the map M — Z given by pulling back characters to the rational function
field of U and then applying the valuation associated to the divisor D.

Remark 1.5. Throughout this paper, by a cone (resp. fan) in a lattice N, we
mean a rational polyhedral cone (resp. fan) in Ngr, and unless explicitly stated
otherwise, we always assume cones in IV are pointed and that fans in N consist of
pointed cones.
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We now state a result, which in particular, gives a formula for motivic volumes
of fibers of tropicalization in terms of geometric tropicalization.

Theorem 1.6. Let T be an algebraic torus with character lattice M, let N = MV,
let A be a fan in N, let X be a smooth closed subvariety of the T-toric variety defined
by A, and assume U = X NT is nonempty. Let U C X be an open immersion into
a smooth complete variety X such that X \ U is a simple normal crossing divisor
and such that U C X has A-compatible geometric tropicalization with respect to
U< T. Let C(X \ U) be the set of irreducible components of X \ U.

Then there ezists an assignment of nonnegative integers mp to each D € C()N(\U)
and an assignment of finite type X -schemes Ys to each S C C()N( \U) such that the
following holds.

(a) For each S C C()N( \ U) such that \pcs D # 0, the cone
pos(valp |p | D € S)

18 a rational pointed cone in Nr. Furthermore, the rational function

Lf(meLl)XvalD ‘M

H _ T,—(mp+1)val
D€Sl L—(mp+1)xvalp |m

is a well defined element of the ring M x (pos(valp [r | D € S) N N).
(b) For each S C C(X \ U) such that there exists D € S with valp |y € |A|,
Ys = 0.
(c) For each w € N, the set trop~t(w) is a constructible subset of £(X), and
px (trop™t(w)) = L=9mX N (L - 1)SI[Vs] Fs(w) € x,

ScC(X\U)
Npes D#0

where the Fs(w) € M x are such that

Lf(mDJrl)XvalD | a1

Z Fg(w)xw = H —(m 1)val ’
weN Desl_L( pHlxvalp s

i.e. the Fs(w) are the coefficients of the power series expansion of the rational
function in part (a).

Remark 1.7. We clarify the notation .#x (pos(valp |a | D € §) N N) used above.
If o is a rational pointed cone in Ngr, then for any ring A, there is a well defined

power series ring
AloNN] = { Z awxw} .

weoNN
If A has a topology, we let A(c N N) denote the subring of Ao N N] consisting of
series whose coeflicients a,, converge to 0 as w — oo.

Remark 1.8. See Theorem in Section [ for a more explicit description of the
integers mp and the schemes Ys that appear in the statement of Theorem

In the proof of Theorem E2l@), we will give another combinatorial description
for the Fs(w) that appear in the statement of Theorem This combinatorial
description will be in terms of a sum over points of Zio that map to w. In particular,



MOTIVIC VOLUMES OF FIBERS OF TROPICALIZATION 5

when U C X has immersive geometric tropicalization with respect to U < T, there
will be at most one term in this sum.

Our next result shows that any simple normal crossing compactification can be
modified to obtain one that satisfies the compatibility condition in the hypotheses
of Theorem[IL6l In particular, when k has characteristic 0, we always have a formula
of the above form for the volumes of fibers of tropicalization.

Theorem 1.9. Let T be an algebraic torus with co-character lattice N, let A be a

fan in N, and let U < T be a smooth closed subvariety.

(a) If U C X is an open immersion into a smooth complete variety X such that X'\
U is a simple normal crossing divisor, then there exists a toroidal modification
(U c X) (U C X) such that X is smooth and complete and such that
U C X has A-compatible geometric tropicalization with respect to U — T.
Furthermore, if U C X has immersive geometric tropicalization with respect to
U< T, then so does U C X.

(b) If the characteristic of k is 0, there exists an open immersion U C X into a
smooth complete varzety X such that X \ U is a simple normal crossing divisor

and such that U C X has A-compatible geometric tropicalization with respect
toU —T.

Equipped with these results, we return to Example [[L.1]

Example 1.10. Suppose that k& has characteristic 0, and let f,7T, X,U be as in
Example [[I1 Then A™t! is the T-toric variety defined by the _positive orthant
R’;ng. By Theorem [[L9] there exists an open immersion U C X into a smooth
complete Varlety X such that X \ U is a simple normal crossing divisor and such
that U C X has R”H—compatible geometric tropicalization with respect to U — T

Then by Theorem [[.6, using the notation in the statement of that theorem, the
generating function

> px(trop™!(w))x"
weZnt!
is equal to the rational function

—(mp+1)yvalp |m

. L
—dim X S
L E (L - 1)‘ I[YS] | | 1 — L—(mp+1)xvalp |m € Mx (x).

Scc(X\U) Des
mDeS D#@

Thus by the discussion in Example [LT] the image of the zeta function Z;(s) in

,/Z/;([[s]] is equal to the rational function
. L—(mD+1) (XvalD|M) Py
—dim X —_ 1)\IS] ¥
L Z (L= 1)=Ys] H 1 — L—(mp+1)p(xvalp [ar) € Axls],
Sce(X\U) Des
r1D€S D;é@
where @(x(w1-wn+1)) = g¥nt1. Note that to prove Theorem [l in Section H we
will use X to construct a log resolution of the pair (X, X \ U), and the formula
above for the image of Z;(s) is the usual formula one gets for the motivic zeta
function from this log resolution.

In the next example, we explain how one can use Tevelev’s theory of tropical
compactifications [16] and Theorem to recover a formula for the motivic zeta
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function of a polynomial that is non-degenerate with respect to its Newton polyhe-
dron.

Example 1.11. Keep all notation as in Example [[LTQ] but also assume that f
is non-degenerate with respect to its Newton polyhedron. Then U is schon in
T. Let A; be any fan in Z"*! supported on Trop(U), let ¥ be any complete
fan in Z"*! containing R%{', and let Ay = {s No’'|oc € A1, 0’ € ¥} be the
common refinement of A; and X. Let A be a unimodular subdivision of As, and
let X(A) be the T-toric variety defined by A. Then one can check, using the
theory of tropical compactifications, that the closure of U in X(A) is a simple
normal crossing compactification of U, and one can check that by construction
of A, this compactification has R’;gl—compatible geometric tropicalization with

respect to U < T. Thus we may choose X to be the closure of U in X(A). In
this special setting, one can explicitly calculate the integers mp in terms of the
Newton polyhedron of f and the lattice point valp |a;. One can also write each
class (L — 1)I°/[Vs] as the class of an initial degeneration of U. Having done this,
one can write the resulting formula for the image of Z¢(s) in ///l;([[s]] in a way that
does not depend on the choices of Ay, 3, or A.

We see that the combinatorics of the formula in Theorem depend on the
geometric tropicalization maps denoted by ¢° in Definition We thus study
these maps. As a first result in this direction, we classify which maps of lattices
can arise as ¢°. We show that up to embedding the codomain into a larger lattice,
the maps of the form ¢° are precisely the lattice maps whose induced map on the
positive orthant is proper as a map of topological spaces. This is true even when
we restrict ourselves to very affine varieties embedded in their intrinsic torus.

Theorem 1.12. (a) Let T be an algebraic torus with character lattice M, let N =
MV, let U — T be a smooth closed subvariety, let U C X be an open immersion
into a smooth variety X such that X \ U is a simple normal crossing divisor,
and let C(X \ U) be the set of irreducible components of X \ U. For each
S CCX\U), let 5 : ZS — N be the map of lattices such that for each
D € S, the standard basis vector of 7S associated to D is sent to valp |mEN.

If§ C C(X\U) is such that (\pcg D # 0, then the map (‘O%|R§o ‘RS, — Nr
is proper as a map of topological spaces.

(b) Let L be a lattice, let m € Zxo, let ¢ : Z™ — L be a map of lattices such that

. m
QDR|RT£O : RZO — Lr

s proper as a map of topological spaces, and let X be a smooth projective variety
of dimension at least max(m,2).

Then there exists an open subvariety U C X, a collection {D1,...,Dy,} of
irreducible components of X \ U, a closed immersion U < T into an algebraic
torus with co-character lattice N, and a map of lattices ¢ : L — N such that

(i) X\ U is a simple normal crossing divisor,
(i) Dy ---N Dy, #£0,
(i) 1 induces an isomorphism of L onto a saturated sublattice of N,
(iv) and Yo : Z™ — N is the map sending the jth standard basis vector of
Z™ to valp, |n, where M = NV.



MOTIVIC VOLUMES OF FIBERS OF TROPICALIZATION 7

Furthermore, if X has Picard rank at least m, then U, Dy,..., Dy, U — T,
and v can be chosen so that M = Oy(U)*/k* and U — T is induced by a
section M — Oy (U)* of Oy(U)* — M.

Remark 1.13. If U is a very affine variety, the algebraic torus T with character
lattice M = Oy (U)*/k*, often called the intrinsic torus of U, and the closed
immersions U — T induced by sections M — Oy (U)* of Oy(U)* — M are
intrinsically defined from the variety U. We thus think of Theorem [LI2|(b]) as
saying something intrinsic about the embedding U C X. More precisely, Theorem
[LT2([0) describes how much information about boundary divisors can be lost after
restricting their valuations to the rational functions that are units on U. The fact
that U — T can be chosen to be one of these intrinsic embeddings is also important
in the proof of Theorem [LT4i@) below.

In attempting to prove Theorem [LI2(B), one might begin with a very affine
variety U embedded in an algebraic torus 7" and then proceed by taking monomial
maps from 7" to other algebraic tori. But such a method would not allow one to
guarantee that the resulting embedding is one of the intrinsic embeddings into T,
and thus would not say something intrinsic about U C X.

Finally, we study when the geometric tropicalization maps are injective, or in
the terminology of Definition [[L3] we study when compactifications have immersive
geometric tropicalization. We show that the existence of a compactification with
immersive geometric tropicalization is more general than a very affine variety being
schon, in the sense of Tevelev [16], but also that not all very affine varieties have a
compactification with immersive geometric tropicalization.

Theorem 1.14. (a) There exists a very affine surface U such that for all closed
immersions U — T into an algebraic torus and for all open immersions U C X
into a smooth complete variety X such that X \ U is a simple normal crossing
divisor, we have that U C X does not have immersive geometric tropicalization
with respect to U — T.

(b) Let X be a smooth projective variety of dimension at least 2. Then there exists
a very affine open subvariety U C X such that X \ U is a simple normal
crossing divisor and such that if T is the algebraic torus with character lattice
M = Oy(U)*/k* and U <= T is a closed immersion induced by a section
M — Oy (U)* of Ou(U)* — M, then U is not schon in T, and U C X has

immersive geometric tropicalization with respect to U — T.

Remark 1.15. Let U be a very affine variety of dimension at least 2, and let
U C X be an open immersion into a smooth variety such that X \ U is a simple
normal crossing divisor. Given a closed immersion U into an algebraic torus T,
it is easy to find simple normal crossing compactifications of U that do not have
immersive geometric tropicalization with respect to U < T'. For example, one may
blow-up a point that lies on only one boundary divisor of X. But this method would
not guarantee that all simple normal crossing compactifications of U do not have
immersive geometric tropicalization with respect to U — T. By using Theorem
[CT2([), we can take a reverse approach, instead constructing the desired very affine
variety U by starting with its compactification. In Section [, we apply this idea to
a non-ruled minimal surface to prove Theorem [[T4|E).
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2. PRELIMINARIES

We set notation and recall some facts about motivic integration, the topology of
Berkovich analytic spaces and tropicalization, and geometric tropicalization.

2.1. Motivic Integration. For further detail on the motivic integration results in
this sub-section, we refer to the book [5].

For any finite type k-scheme X, the Grothendieck ring of finite type X-schemes
will be denoted by Ky(Vary), the ring obtained by inverting the Lefschetz class
in Ko(Vary) will be denoted by .#x, the image of the Lefschetz class in .#x will
be denoted by L, and if Y is a finite type X-scheme, the class of Y in .#x will be
denoted by [Y]. We will endow .#x with the topology induced by the dimension
filtration. If ¢ : X’ — X is a morphism of finite type k-schemes, there is ring
homomorphism ¢g* : . #x — .#x:, given by base change, and there is an additive
group homomorphism g : #x — #x, given by composition with g, that satisfies
a projection formula with g*.

For any finite type k-scheme X, the nth jet scheme of X will be denoted by
%n(X), the truncation morphisms will be denoted by 67 : £, (X) — Z.(X),
the arc scheme of X will be denoted by .Z(X) = lim | Zn(X), and the morphisms
Z(X) - £, (X) will be denoted by 6,. The following theorem is a direct con-
sequence of a more general result, due to Bhatt [2] Theorem 1.1], on points of X
valued over ideal-adically complete rings.

Theorem 2.1 (Bhatt). Let X be a finite type k-scheme. Then Z(X) represents
the functor taking any k-algebra A to the set of k-morphisms from Spec(A[t]) to X,
and under this identification, each morphism 0,, : £(X) — £,(X) is the truncation
morphism.

If X is a smooth variety, ux will denote its associated motivic measure, which
assigns to each constructible subset of .#(X) a volume in .#x. Note that we are
using the notion of constructible subsets of a not necessarily noetherian scheme.
In the case of the scheme .Z(X), constructible subsets coincide with the subsets of
the form 6, 1(C) for some constructible subset C C .%,(X). For this reason, the
constructible subsets of Z(X) are also called cylinders.

Definition 2.2. Let C' be a constructible subset of .Z(X) and a : C — Z be a
function such that for each n € Z, the fiber a~!(n) is a constructible subset of C.
Then the motivic integral of « is

/CL_O‘duX = Z px(a )L™ € .

nez

Note that, by the quasi-compactness of the constructible topology, « only takes
finitely many values, so the above sum is finite.

If g : X’ — X is a morphism of smooth varieties, the jacobian ideal of g is a
locally principal ideal on X', and its associated order function on the arc scheme
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of X’ will be denoted by ordjac, : Z(X') — Z>o U {oo}. We will use the following
version of the motivic change of variables formula, which is a special case of Theorem
1.2.5 in Chapter 5 of [5].

Theorem 2.3 (Motivic Change of Variables Formula). Let g : X' — X be a
morphism of smooth varieties, let C' be a constructible subset of £ (X) and C' be
a constructible subset of Z(X'), and let o : C — Z be a function such that each
a~Y(n) is a constructible subset of C. Assume that for each field extension k' of k,
Z(g) induces a bijection between the k' points of C' and the k' points of C, and
assume that C' N ordjac_(;l(oo) = (0. Then

e the function 8 = a0 ZL(g) + ordjac, : C" — Z is a function such that each

B~Y(n) is a constructible subset of C’,
e and

/ L™%dpx = 9!/ (9"L) Pdux: € Mx.
C ’

We will also use the following well known elementary fact about motivic volumes,
see for example Lemma 1.2.2 in Chapter 6 of [5].

Proposition 2.4. Let X be a smooth variety, let U C X be an open subvariety
such that X \ U is a simple normal crossing divisor, let C(X \ U) be the collection
of irreducible components of X \ U, and for each D € C(X \U), let Ip be the ideal
sheaf of D in X.

Let n = (TLD)D € ZC>(OX\U)

A={zx e Z(X)|ordz,(z) =np for all D € C(X \U)},

, set

set
S={DeC(X\U)|np >0},

and set

Y_<ﬂD>\ U E

DeS EeC(X\U\S

considered as a scheme over X by inclusion.

Then A is a constructible subset of £(X), and
px(A) = L™dm X, _1)ISIL= Xpes "o [y] € #x.

2.2. Berkovich Spaces and Tropicalization. If X is a finite type k-scheme,
X2 will denote the underlying topological space of the Berkovich analytification
of X over the trivially valued field k, as defined in [I]. As a set, X*" is the disjoint
union, over all points ' € X, of the set of valuations on k(2’) that extend the trivial
valuation on k. For each valuation x € X?" of k(z’) and f a regular function in a
neighborhood of #’ in X, we will let val(f(x)) € RU{co} denote the value obtained
by evaluating the image of f in k(z’) at the valuation x. The topology on X" is
the coarsest topology such that for each affine open U C X with coordinate ring A
and f € A, the set U?" is open and the function U*" — R U {oo} : z — val(f(x))
is continuous.

If R is a rank 1 valuation ring, then any map Spec(R) — X gives a valuation
on k(z'), where 2’ is the image of the generic point of Spec(R). The subset of
X3 consisting of such valuations, as we vary over valuation rings R and maps
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Spec(R) — X, is denoted by X=. Thus for each z € X=, we can refer to its generic
point and special point.

This construction is functorial, so if g : X — Y is a morphism of finite type k-
schemes, we get a continuous map ¢g®" : X** — Y®" The next proposition follows
from Propositions 3.1.3, 3.1.5, 3.4.1, 3.4.6 and 3.4.7 in [I].

Proposition 2.5 (Berkovich). If g : X — Y is a morphism of finite type k-
schemes, then g is separated (resp. proper) if and only if g*" is separated (resp.
proper) as a map of topological spaces.

Let U C X be a toroidal embedding without self-intersection, and let C(X \ U)
be the set of irreducible components of X \ U. We will consider the stratification
of X given by the components of

(.Y
Des EcC(X\U)\S
for each § C C(X \ U). For each stratum Y of the toroidal embedding, let StarY’
denote the open set
StarY = U Z,
strata Z such that Y C Z

let MY be the group of Cartier divisors on Star Y that are supported on Star Y \ U,
let NY = (MY)V, and let 0¥ C Ny be the cone consisting of elements that are
nonnegative on all effective divisors in MY . Let ¥ = (|3|, (¢, MY)y) be the cone
complex with integral structure associated to U C X, as defined in [I1].

For each stratum Y, we have a map tropg,,,y : U N (StarY)2 — o defined
so that for each Cartier divisor m € MY and each x € U*™ N (Star )=,

<ma tropStarY(x» = V&l(f(d?)),

where f is a local equation for m in a neighborhood of the special point of x. It is
easy to check that this definition is independent of the choice of local equation f.
These maps glue to give a continuous, surjective, and proper map

tropy : U™ N X2 — |3

Now let T' be an algebraic torus with co-character lattice N. We also have a
continuous, surjective, and proper tropicalization map

trop : T*™ — NRg,
defined so that for all u € M and x € T?",
(u, trop(z)) = val(x" (x).

2.3. Geometric Tropicalization. Let U C X be a toroidal embedding without
self-intersection, and let ¥ = (|X|, (¢¥, MY)y) be the cone complex with integral
structure associated to U C X, as above.

Let T be an algebraic torus with character lattice M, let N = MV, and let
g : U — T be a morphism. For each stratum Y of the toroidal embedding, there is
a morphism of lattices M — MY : u + div(g*(x*)). This gives a map 0¥ — Ng,
and we glue these maps to get a geometric tropicalization map

gtrop : |X| — Nrg.
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It is clear from the definitions that
trop 0g™ |pannx3 = gtrop o tropy : U™ N X2 — Ng.
We will use the following elementary proposition.

Proposition 2.6. Suppose that X is smooth and that g : U — T is a closed
immersion. Let C(X \ U) be the set of irreducible components of X \ U, let S C
C(X\U), let

Ys = <ﬂ D) I R O A
Des EeC(X\U)\S
and let ¢° : Z° — N be the map of lattices such that for each D € S, the standard
basis vector of Z° associated to D is sent to valp [y € N. Then if \pes D # 0,
(a) Ys is nonempty,
(b) and if Y is a component of Ys, there ewists an isomorphism ¢ : NY = ZS
identifying o with Rgo and identifying the map gtrop |,v with cp‘PS{|R§0.

Proof. (a) Because (\pcg D # 0 and X \ U is a simple normal crossing divisor, Ys
is nonempty.

(b) Because X is smooth, the set of Cartier divisors {D NStarY | D € S} forms a
basis for MY . Let {vp | D € S} be its dual basis. Let 1) : NY — ZS be the map
of lattices sending each vp to the standard basis vector of Z° corresponding
to D € §. Then % is an isomorphism, and it identifies cp‘PS{|R§0 with the map

gtrop | ,v.
(I

The notion of geometric tropicalization, in the case where g is a closed immer-
sion and U C X is a compactification with simple normal crossing boundary, was
introduced by Hacking, Keel, and Tevelev in [10]. In [13], Luxton and Qu observed
that geometric tropicalization could also be defined when U C X is a toroidal
embedding without self-intersection.

3. GEOMETRIC TROPICALIZATION OF TOROIDAL EMBEDDINGS

Let U C X be a toroidal embedding without self-intersection. For each locally
closed stratum Y of the toroidal embedding, let MY be the group of Cartier divisors
on StarY that are supported on Star Y\ U, let NY = (MY )V, and let 0¥ C N be
the cone consisting of elements that are nonnegative on all effective divisors in MY .
Let ¥ = (|, (0¥, MY)y) be the cone complex with integral structure associated
toU C X.

Let T be an algebraic torus with character lattice M, let N = MV, and let
g : U — T be a morphism. As discussed in the preliminaries, we have tropicalization
maps gtrop : |S| = Nr, tropy : U N X2 — |¥|, and trop : T*" — Ng.

In this section we study how the geometric tropicalization map is related to
extending the map g as well as the properness of g. In particular we will prove

Theorem [ T2)@).

We first prove the following lemma.

Lemma 3.1. For each stratum Y of X, we have

tropy' (0) = U™ N (Star Y)=.
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Proof. Suppose that x € trop;(1 (oY) and suppose that Z is the stratum containing
the special point of x. Then x € (Star Z)= and for each nonzero effective m € M7,

<m7 trOpStarZ(‘T» > 07
S0 tropy () is in the interior of 0Z. Thus 0¥ N oZ is a union of faces of o that

intersects the interior of 02, so 0 C oY . Therefore Star Z C Star Y and we have
that = € U™ N (Star Y)=. O

We now prove a proposition about extending the map g. We will use this propo-
sition in Section [ to prove Theorem

Proposition 3.2. Let A be a fan in Nr, and let X (A) be its associated T-toric
variety. Let XA be the sub-complex of ¥ consisting of cones a¥ in % for which there
exists a cone o € A such that gtrop(a¥) C o, and let Xa be the open subvariety of
X given by the inclusion of XA into 3.

(a) The map g : U — T can be extended to a map ga : Xa — X (A).

(b) If the map ga is proper, then |Sa| = gtrop™1(|A]).

(c) If X is complete and |Sa| = gtrop~L(|Al), then the map ga is proper.

Proof. (a) Let oY be a cone in X, let 0 € A such that gtrop(c¥) C o, and let
X (o) be its associated affine T-toric variety. The condition gtrop(c¥) C o
guarantees that for all u € o¥ N M, the rational function g*(x“) is regular on
StarY’, so the map g : U — T extends to a map StarY — X (o) C X(A).
These maps glue to give

gna - XA — X(A)

(b) Suppose that ga is proper. Let € U*NX= such that tropy (z) € gtrop=1(|A|).
Then ¢g**(z) € T**N X (A)=. Thus because g is proper, x € U**NX3. There-
fore

trop (2) € [Sal.
The surjectivity of tropy gives that
Za| = gtrop™ ! (|A]).
(c) Suppose that X is complete and |Ya| = gtrop™*(JA[). Let = € U such that
g (x) € T* N X (A)=2. Because X is complete, z € U N X=. Then
gtrop(tropy (x)) = trop(g™"(x)) € |A],
S0
tropx () € gtrop™" (|A]) = [Zal.
Then by Lemma B} there exists a stratum Y such that oY is a cone in ¥a
and z € U* N (Star )=, so
e U™N X3.

Thus ga is proper by the valuative criterion.
O

We now prove the following statement, from which Theorem [[T2)@) will follow.

Proposition 3.3. (a) If X is complete and gtrop : |X| — Ngr is proper as a map
of topological spaces, then g : U — T 1is proper.

(b) If g : U — T is proper, then gtrop : |X| — Ng is proper as a map of topological
spaces.
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Proof. (a) Suppose that X is complete and gtrop : |X| — Ng is proper. Because
X is complete, U N X= = U?", so

trop og™ = gtropo tropy : U*" — Ng.

Then because tropy and gtrop are proper, we have that trop og®" is proper, so
because trop is separated, we have that ¢®" is proper. Therefore g is proper.
(b) Suppose that g : U — T is proper. Then trop og®" is proper. Because Urnx-
is closed in U, we have that gtrop o tropy = trop 0g*"|yyan~x= is proper. Then
because tropy is surjective, this implies that gtrop is proper.
O

We now prove the following corollary, which is a restatement of Theorem [[T2{).

Corollary 3.4. Suppose that X is smooth and that g : U — T is a closed immer-
ston.

Let S be a collection of irreducible components of X \ U, and let ¢S : Z° — N
be the map of lattices such that for each D € S, the standard basis vector of Z°
associated to D is sent to valp |y € N.

Then if Npes D # 0, the map @§|R§O : R‘;O — Ngr is proper as a map of

topological spaces.

Proof. This follows from Propositions and B.3((b)). O

4. VOLUMES OF FIBERS AND GEOMETRIC TROPICALIZATION

In this section, we will prove Theorem

Let T be an algebraic torus with character lattice M, let N = MV, let A be
a fan in N, and let X (A) be its associated T-toric variety. Let X — X(A) be a
smooth closed subvariety such that U = X N7 is nonempty, let U C X be an open
immersion into a complete smooth variety X such that X \ U is a simple normal
crossing divisor and such that U C X has A-compatible geometric tropicalization
with respect to U — T.

Let C(X \ U) be the set of irreducible components of X \ U, and set

Xa=x\() U o
o€A DeC(X\U)
valp |mé&o
Note that for cach D € C(X \ U), we have that valp |y € |A] if and only if
Dn )N(A # 0.
We first observe the following.

Proposition 4.1. The inclusion of U into X extends to a proper map )?A —- X.

Proof. This follows from Proposition B2l parts (@) and (@) and the proof of Propo-
sition 0

Now for each D € C(X \ U) such that valp |y € |Al, set mp € Zsg to be the
multiplicity of the relative jacobian ideal of XA — X at the divisor D N Xa. For
cach D € C(X \ U) such that valp | ¢ |A|, set mp = 0.

In the remainder of this section, we will prove the following theorem, which
implies Theorem
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Theorem 4.2. (a) For each S C C(X \ U) such that Npes D # 0, the cone
pos(valp |m | D € S)

18 a rational pointed cone in Nr. Furthermore, the rational function
Lf(meLl)XvalD ‘M

H _ T,—(mp+1)val
D€Sl L—(mp+1)xvalp |m

is a well defined element of the ring M x (pos(valp |ap | D € §) N N).
(b) For each w € N, the set trop~'(w) is a constructible subset of £ (X), and

px (trop™ ! (w)) = L™ 4mX Z (L —1)S[Ys)Fs(w) € M,
sce(xX\U)
Npes DNXa#0

where for each S € C(X \ U) such that ﬂDest‘%A £ 10,

Y5_<)?AmﬂD>\ U E
EeC(

DesS )?\U)\S

is a scheme over X by restriction of the map Xa — X, and the Fs(w) € Mx

are such that
Lf(mDJrl)XvalD | a1

Z Fg(w)xw = H —(m 1) val ’
weN Desl_L( pHxcveln

i.e. the Fs(w) are the coefficients of the power series expansion of the rational

function in part (a).

We now prove Theorem [L2)@).

Proof of Theorem [J-3m). Let S C C(X \ U) such that Npes D # 0, and let o :
ZS — N be the map of lattices such that for each D € S, the standard basis vector

of ZS associated to D is sent to valp | € N.

By Theorem [[T2@), proved previously in Section B] the map cp‘PS{|R§0 : Rgo —

Ng is proper as a map of topological spaces. Therefore the cone
pos(valp [ur | D € 8) = pr(RE,)

is pointed, and it is clearly rational. Thus we only need to show that the rational

function
L~ (mbp+1)yvalp |m

H 1— Lf(mDJrl)XvalD | a1
DeS

is a well defined element of the ring .#x (pos(valp |ar | D € §) N N).
For each w € N, set

Fsw)= Y L-Toesnolmoty),

n=(np)pes€Zf,
©° (n)=w

By the properness of cp‘PS{|R§ g the sum defining Fs(w) is finite, so it is a well defined

element of .#x. It is also straightforward to check that

L—(mD-‘rl)xValD IM

H = Fs(w)x"
_ T,—(mp+1)yval Z S ?
DeS 1 L (mo+ )X Ao lar weN
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and because each mp > 0,

Z Fs(w)x" € M x(pos(valp |pm | D € §) N N).
weN
(]

Let trop : Z(X)\ Z(X \U) — N be the tropicalization map defined in the
introduction. We will now prove the first part of Theorem Z2I([D)).

Proposition 4.3. For each w € N, the set trop *(w) is a constructible subset of
ZL(X).

Proof. If w ¢ |Al, then trop~!(w) = (). Therefore we may assume there exists
o € A such that w € 0. Let X (o) be its associated affine T-toric variety, and let
X, =XNX(o).
For any u € 0¥ N M and z € trop~!(w) with generic point 7,
val(x“[v (1)) = (u,w) =0,
SO
trop™H(w) C Z(X,).
Then it is not difficult to check that if S C M is any set of semigroup generators
for ¥ N M,

trop ! (w) = () [0y -1 (L 1 (VO3 D)V Oy (L (VX 1x.D)]
u€eS

where each V(x"|x,) is the hypersurface of X, cut out by x*|x,, and by any
possible appearance of 0”1 (Z_1(V (x"|x,))), we actually mean 6;"(X,). Also,
each V(x"|x,) — X is a closed immersion followed by an open immersion, so for any
n € Z>o, the set £, (V(x"|x,)) is a constructible subset of %, (X). Therefore by
taking S to be finite, we see that trop~!(w) is a constructible subset of .Z(X). O

The remainder of this section is dedicated to finishing the proof of Theorem
E2m).
Let g : XA — X be the proper morphism extending the inclusion of U into X.
Set
Ca={DeC(X\U)|DNXar#0} CcC(X\U),
and for each D € Ca, let Zp A be the ideal sheaf of D N )ZA in )ZA.
For each n = (np)p € ZCZ%, set

Ap ={z e L(Xa)]| ordz, (x) = np for all D € Ca},
and note that B _
U Aw=2(Xa)\ 2(Xa\ D).
nGZCE%
Lemma 4.4. For alln= (np)p € ZCZ% and x € Ay,
ordjac, () = Z npmp,

DeCa
and

trop(Z(g)(z)) = Z npvalp |a.

DeCa
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Proof. By definition of A, and each mp,

ordjac,(r) = Z npmp.
DeCa

Now let S = {D € Ca |np > 0}, and let Y be the component of ()?A NNbes D) \

(UEeC()}\U)\S E) such that 6y(z) € Y. Then considering U C Xa as a toroidal

embedding, let MY be the group of Cartier divisors on Star Y supported on Star Y\
U,let NY = (MY)Y and let 0¥ C N§ be the cone of elements that are nonnegative
on the effective divisors in MY . We have a map tropg,, y : -Z(Star Y)\ £ (Star Y\
U) — 0¥ defined so that for each Cartier divisor m € MY and each y € Z(Star )\
Z(StarY \U),
<m7 tI'()pStalr Y(y)> = Ordf (y)u

where f is a local equation for m in a neighborhood of 6y(y). Let {vp}pes be the
basis of NY that is dual to the basis {D N Star Y} pes of MY . Then it is easy to
check that

gtrop 0 tropg; s,y = trop 02 (g)] 2 (star Y)\.2(Star Y\U)>

that
tropStarY(I) = Z npvp,
DeS
and for D € S,
gtrop(vp) = valp [
Therefore

trop(Z(g)(x)) = > _ npvalp [ar.

DeS

For each w € N, set

By, = U Ap.

C
n:(nD)DGZZ%
ZDECA np valD |]\/[:w

Lemma 4.5. For each w € N and each field extension k' of k, the map Z(g)
induces a bijection between the k' points of By, and the k' points of trop~!(w).

Proof. Because g : Xa = X is proper and restricts to the identity on U, we have
that Z(g) induces a bijection between the &’ points of Z(Xa) \ Z(Xa \ U) and
the &’ points of Z(X)\ Z(X \ U). Thus we are done by Lemma [ O

For any S C Ca, identify Z& with the subgroup of Z¢» generated by the standard
basis vectors associated to each D € S.

Lemma 4.6. For any w € N,

o= U U

Sce(X\U) n=(np)p€Zs,
ﬂDeSDmXA#@ ZDGSanalDIM:w

and the right hand side is a finite disjoint union.
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Proof. Let S C Ca. For any n € Zio and any = € Ay,

90(17) S ﬂ DQXA
DeS

Thus if Npes D N XA =0andn € Z§0= then A, = (. This proves the desired
equality of sets above.
By the definition of the A,, the union above is clearly disjoint. It is finite by

Theorem [[LT2{@). O

For each S C C(X \ U), set

Yﬁ:(}?AmﬂD>\ U =
EeC(

DeS X\U)\S
considered as a scheme over X A by the inclusion map.

Lemma 4.7. Let S C Ca. Then for any n = (np)p € Zio, the set An is a
constructible subset of Z(Xa) and

iy (An) = g* (L9 (L - 1S Soes o ) [VR] € g,

Proof. This follows from Proposition [Z4] noting that ¢*(L) is the class of A}(A in
M5, and that dim X = dim Xx. O

For each S C C(X \ U) such that Npes D N Xa # 0, set Vs to be Y& but
considered as a scheme over X using g : X A — X, and for each w € N, set

Fs(w) = > L~ Xpesno(motl),

l’l:(nD)DEZiO
ZDeS np valp |m=w

Note that as in the proof of Theorem B2)@), the sum defining Fs(w) is finite, so it
is a well defined element of .Zx. Also

Lf(mD+1)Xva1D | a1

Z FS('(U)X = H 1_L7(mD+1)XValD|]\/j'
weN DeS

We now complete the proof of Theorem E2J(h)).

Proposition 4.8. For each w € N,

px(trop™ (w)) =L~ X N (L —1)1¥[vs]Fs(w) € x.
Sce(x\v)
Npes DNXa#0
Proof. Note that the sums that will appear in this proof are all finite by Theorem
[I2@). Let w € N. By Lemmas and 7, B, is a constructible subset of
Z(Xa). Thus by Lemma and the change of variables formula,

MX(trop_l(w)) _ g!/B (g*L)—ordjacngXA'
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By Lemmas 4] and

9 /B (g*L)fordjacgdlu)zA —

w

> > 9 ((g*L)’ Lpes DDy g (An))

Sce(xX\v) n=(np)p€Z,
Npes PNXa#0 \Xpesnp valp [m=w

By Lemma 7 and the projection formula, for each & C C(X \ U) such that
mDeS DNXa 75 (Z),

Z a ((g*L)f > pesMDMD U}?A (An)) —
n:(nD)DeZ‘iO
ZDeS np valp |m=w
Z L—dimX(L_1)\S|L—ZDEsnD(mD+1)[YS]

1’1:(7113)D€Z‘§0
ZDES np V&]D \M:w

which by construction is equal to
L™ XL — 1) ¥ Ys) Fs (w).
Therefore,

px(trop ™ (w)) =L~ X 3™ (L - 1) SI[Ys] Fs(w).
Sce(X\U)
Npes DNXaA#0

5. A-COMPATIBILITY OF A CONE COMPLEX

In this section, we will prove Theorem[I.9 We begin by defining a combinatorial
analog of Definition

Definition 5.1. Let ¥ = (]3], (6%, M%),) be a cone complex with integral struc-
ture, and for each index a, let N® = (M%), Let N be a lattice and let ¢ : |3| —
Ngr be a map such that for each index «, the restriction |y« : 0® — Ng is induced
by a map of lattices N — N.

We say that ¥ has immersive geometric tropicalization with respect to ¢ if for
each index «, the map p|y,« : 0% — Ng is injective.

Let o be a cone in N. Then we say X has o-compatible geometric tropicalization
with respect to  if for each index «, the cone p~1(c) N o® is a face of 0.

Let A be a fan in N. Then we say that 3 has A-compatible geometric tropi-
calization with respect to ¢ if ¥ has o-compatible geometric tropicalization with
respect to ¢ for each o € A.

Remark 5.2. Let T be an algebraic torus with co-character lattice N, let A be
a fan in N, let U — T be a smooth closed subvariety, let U C X be an open
immersion into a smooth complete variety X such that X \ U is a simple normal
crossing divisor, and let ¥ be the cone complex with integral structure associated
to the toroidal embedding U C X.
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Then by Proposition [Z6, U C X has immersive geometric tropicalization with
respect to U — T if and only if ¥ has immersive geometric tropicalization with
respect to gtrop. Similarly, U C X has A-compatible geometric tropicalization
with respect to U — T if and only if ¥ has A-compatible geometric tropicalization
with respect to gtrop.

5.1. Some Lemmas on Polyhedral Cones. In this subsection, we will prove
some lemmas that will be used in the remainder of Section Bl Let N be a lattice.
Note that we will use < to denote the partial relation of inclusion of a face into a
cone, and we will use A to denote the operation of taking common refinement of
fans.

We first recall the following well known result, see for example [§], IIT. Theorem
2.8].

Theorem 5.3. Let A be a fan in N. Then there evists a fan A in N such that
|A| = Nr and A C A.

We will now prove two elementary lemmas.
Lemma 5.4. Let v,~" be not necessarily pointed cones in N with v C v, and let

v =X 7. Then
vy =<y,
Proof. Let u € vV be such that v = N u*. Then because u € (7)V,
Y Nv=+nnut) =9 Nut =<+
(I

Lemma 5.5. Let v be a cone in N and v1,...,v, =7 such that v = U:Zl v; 1S a
polyhedral cone in Ng. Then

v =.

Proof. Let v1,v2 € v. Because v is a polyhedral cone in Ngr, we only need to show
that if v1 +wvo € v then vy, vy € v. This holds because v is a union of faces of v. [

For the remainder of this subsection, let ¢ be a cone in N, let 7 be a not
necessarily pointed cone in N, and let A be a fan in N such that |A| C ¢ and such
that for each n € A,

nNrtn.

We will devote the remainder of this subsection to proving the following technical
lemma.

Lemma 5.6. There ezists a fan ¥ in N such that |X| = o, A C X, and for each
o' ey,
gnr=<dad.
First we fix some notation. Fix a fan A in N such that |A| = Ng and A C A.
Let © = A A Faces(r) be the common refinement of A and Faces(7). Note that

because each cone in A is pointed, so is each cone in ©. Thus © is a fan in N with
8] =T.

Lemma 5.7. The collection © UA is a fan in N.
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Proof. Let vy € A, v/ < 7, and € A. We need to show that (yNn~')Nnis a

common face of ¥y N+’ and 7.
By Lemma [5.4]

YNnp=mnt)ny Innr.
Thus by the hypotheses on A,
YNt =,
soy Nne€ACA. Thus
(yny)Nn =+ nn=n.
Similarly, (v N~') Ny =<, so by Lemma [5.4]
(yny)Nn=(ny)n((vny)Nn) vy,

and we are done.

O

Now fix a fan © in N such that [6] = Ng and ©UA C ©. Set A = A AFaces(o)

and ¥ =0 A A,
Lemma 5.8. For any o’ € ¥ and v € O,

onNv=<o.

Proof. Let v € ©,~' € A be such that ¢/ = yN~'. Then yNv € O so

dnv=rny)nv=(rnv)ny ex.

Thus
dnv=('nNv)yno 2d.

We now finish the proof of Lemma

Proof. By construction

2] =o.
Let n € A. Thenn:nﬁoeﬁandneg, o)

n=nNnex.

Therefore,

ACX.
Let ¢/ € ¥. Then by Lemmas and B.8]

ognr= Ualﬁujol.
veo®
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5.2. A-Compatible Subdivision. Let ¥ = (|X], (6%, M%),) be a cone complex
with integral structure, and for each index «, let N* = (M“)V. Let N be a lattice,
let A be a fan in N, and let ¢ : || — Ngr be a map such that for each index «,
the restriction ¢|yo : 0% — Ng is induced by a map of lattices N* — N.

Lemma 5.9. If o is a cone in N, X/ is a subdivision of ¥, and ¥ has o-compatible
geometric tropicalization with respect to @, then ¥/ has o-compatible geometric trop-
icalization with respect to .

Proof. This follows from Lemma [5.4] d
We now prove the combinatorial analog of Theorem [L.Ol

Proposition 5.10. There exists a unimodular subdivision ¥ of ¥ such that Y has
A-compatible geometric tropicalization with respect to .

Proof. Let 0 € A. We will first show that there exists a subdivision ¥’ of ¥ such
that ¥’ has o-compatible geometric tropicalization with respect to .

Assume that there exists a subdivision ¥, | = (|2,_,|, (n%, L?)g) of the £ — 1
skeleton of ¥ such that for each index 3, the cone ¢~!(c) N7? is a face of 7°. Now
suppose that ¢ is a cone in ¥ that is £ dimensional. Then by Lemma [5.5] the
restriction 3} _,|se is a fan in N®. Then by Lemma [0.0] there exists a fan 3% in
N such that |2 = 0%, X ,|,« C X2, and for each ¢’ € X2, the cone ¢~ (o) N0’
is a face of o/. Repeating this for all ¢ dimensional cones o® in X, we see there
exists a subdivision X, = (||, (n”, L?)g) of the ¢ skeleton of ¥ such that for each
index S, the cone ¢~ !(0) NP is a face of n®. Thus by induction on £, there exists
a subdivision ¥’ of ¥ such that ¥/ has o-compatible geometric tropicalization with
respect to .

Now by Lemma 5.9, repeating the above for all ¢ € A, there exists a subdivision
3" of ¥ such that X" has A-compatible geometric tropicalization with respect
to ¢. Now again by Lemma [5.9 using toroidal resolution of singularities, there
exists a unimodular subdivision ¥ of ¥ such that % has A-compatible geometric
tropicalization with respect to ¢. ([

5.3. A-Compatible Modification. We now complete the proof of Theorem

Proof. (a) This follows from Remark and Proposition
(b) By resolution of singularities, there exists an open immersion U C X into a
smooth complete variety X such that X \ U is a simple normal crossing divisor.
Therefore the result follows from part (@).
O

6. GEOMETRIC TROPICALIZATION WITH A GIVEN MAP OF LATTICES

In this section, we will prove Theorem [LT2|([D).
Let L be a lattice, let m € Z~q, let ¢ : Z™ — L be such that

QDR|R7£O : RZLO — Lgr

is proper as a map of topological spaces, and let X be a smooth projective variety
of dimension at least max(m, 2).
Set LY = pr(R™)NL C L.

Lemma 6.1. ¢r(RZ,) is contained in a unimodular cone in L¥.
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Proof. Because <PR|R7£0 is proper, pr(RZ) is a pointed cone in L and therefore

is contained in a unimodular cone in L¥. ([l
Now let v1,...,v, be a basis for L¥ such that ch(R’Z”O) C pos(v1,...,vy), and
let v1,...,v,,0],...,v), be a basis for L.
Let eq,..., e, be the standard basis for Z™, and let (aij)ie{l ,,,,, n}.je{l,...,m} be

such that for each j € {1,...,m},

n
ple) = aijvi.
1=1

Lemma 6.2. (a) For eachi€ {1,...,n},j € {1,...,m}, we have a;; € Z>y.
(b) For each j € {1,...,m}, there exists some i € {1,...,n} such that a;; # 0.
(c) The matric (ai;)i; has linearly independent rows.

Proof. (a) This follows from the fact that ¢r(RZ,) C pos(vi,...,vn).
(b) This follows from the properness of pr|rz , which in particular implies that

each p(e;) # 0.
(c) This follows from the fact that pr surjects onto L§.

O

Let £Y,..., L], be very ample line bundles on X such that for all ¢’ € Z+, the
line bundles (£})®, ... (£, )¢ are distinct from each other.

Remark 6.3. For example, if £ is a very ample line bundle, for each j € {1,...,m},

we can set L) = L7 or if the Picard rank of X is at least m, we can let £},..., L],

be very ample line bundles that are independent in Pic(X).

Lemma 6.4. There exists ' € Zi~q such that

dim H® [ (L)) | —2>n/.
j=1
Proof. By Lemma[6.2){@), there exists some j € {1,...,m} such that a;; # 0. Thus
by LemmaB.2@), the line bundle & = @, (£})¥* is very ample, and thus there
exists ¢/ € Z~g such that

dimH® | Q)((£))®*)®™s | —2 = dim HO((£])%) —2 > n’.

Jj=1

Now let ¢’ be as in Lemma [6.4] and for each j € {1,...,m}, set
L= (L)=".

By Bertini’s theorem, there exist fi, ..., fi, such that for each j € {1,...,m}, we
have that f; € HY(L;) and div f; = D is smooth and irreducible, and D1+ -+ D,
is a simple normal crossing divisor. For each i € {1,...,n}, set

E=QL =@ e M), ni=dimH(E) - 1.
j=1 j=1
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Note that by our choice of ¢/, we have that
r—1>n'.
Lemma 6.5. For each i € {1,...,n}, the line bundle &; is very ample.

Proof. For each i, by Lemma [G.2)@) and Lemma [6.2)@), each a;; > 0 and for some
j€{1,...,m}, we have that a;; # 0. Thus &, is very ample. O

Now by Bertini’s theorem, there exists (s EZ))ie{17,“)”}7@6{17“,7”} such that

e each sl(-e) € H°(&;) and each div s(e) EZ-(E) is smooth and irreducible,
© Di+-+Dp+ > Y EZ( ) is a simple normal crossing divisor,
e and s;, s(-l), o SET") is a basis for H(&;) for each i € {1,...,n}.

For each i € {1,...,n}, let xi,xgl),...,

with corresponding hyperplanes H;, H; (1) ,H; (") and let X < P’ be the closed

immersion such that ;vi,xz(-l), .. ( ) pull back to s;,s (1), el sz(-m, respectively.

Set B
p=][P",
i=1

and let each m; : P — P" be the i¢th projection. Let X <— P be the closed
immersion induced by {X < P"},. Set

T = P\ (U 7Ti_1(Hi) Uﬂ—i_l(Hi(l)) U--- Uﬂ—l_l(HZ(h))>
i=1

[ . B
:vg ) be homogeneous coordinates for P

and
U=XNTcCX.

Let M be the character lattice of the algebraic torus T', and let N = MV. For
each i € {1,...,n}, let w;, w(l), - ,wgr") € N be the first lattice points of the rays
corresponding to ;' (H;), fl(Hi(l)), . ,w{l(Hi(”)), respectively.

Let 1) : L — N be defined by t(v;) = w; for eachi € {1,...,n} and ¥(v/,) = w"
for each i’ € {1,...,n'}.
Lemma 6.6. (a) For each i € {1,...,n}, £ € {1,...,7;}, we have the scheme

theoretic intersections

XN N H) =divs; = Zaw s

and
Xna (HD) = divs? = BY.
(b) For each j € {1,...,m},

n
vale |M = E aijwi,

and for each i € {1,...,n}, L€ {1,...,r;},
ValEZ(z) |M :wl(e)'

Proof. This follows from the construction of the map X — P. O
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We now prove parts (i)-(iv) of Theorem [LT2(D).
Proof. (i) By Lemmas [E.2/[D) and B.6lG@),

X\U=Di++Dp+> S EY.
i=1 =1
(ii) Because Ly,...,L,, are very ample and X has dimension at least m,
Din---N D, #0.
(iii) Because 1 —1 > n’, the vectors wy, ..., wy, wgl), ... ,wgnl) are the first lattice

points of the rays generating a cone in the fan defining P as a T-toric variety.

Thus because P is smooth, we have that w,... ,wn,wgl), e ,wgn) can be

completed to a basis for IV, so the result follows.
(iv) By Lemma [6.6l[D)), for each j € {1,...,m},

(Yop)(ej) =9 (Z aij”i)
= Zlaijwi

= Valpj |M

The remainder of Theorem [LT2(B) follows from the next two propositions.
Proposition 6.7. The map M — Oy (U)* /k* induced by U — T is injective.

Proof. Let uw € M such that x"|y € k*. Considering x" as a rational function on

P, write
) = Y ) + 30 3 KO O,
i=1 i=1 =1
Then by Lemma [6.6/@),

0=div(x“|lx) = i <i hi@ij) Dj; + i 3 hl(»l)Ei(l)'

Thus for all j € {1,...,m},

and for all : € {1,...,n}, L€ {1,...,r;},

h =0
Then by Lemma [6.2i@), for all i € {1,...,n},
hi =
Therefore div(x") = 0, so x* € Op(P)* = k> and thus u = 0. O

Proposition 6.8. If £},..., L] are independent in Pic(X), then the map M —

Op(U)* k> induced by U — T is surjective.
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Proof. Let g € Oy(U)*. Considering g as a rational function on X, write

divg=diDy+ - +duDp + 3. Y eV EY.

=1 ¢=1
Then
~ X () ()
Ox 2 Ox(diDy+ -+ dmDm + > > e EY)
i=1 /=1

1%

é ®d;+327 1( el )aij'

Then because L1, ..., L, are independent in Pic(X), for each j € {1,...,m},

s (Z ) o
=1 (=1
Now consider the divisor on P
5 ( z&) R + 3030 el ),
i=1 =1 i

Then
Op g® T Opry (1))2 Xk e+ e > o,
=1

Thus there exists u € M such that div(x*) = H. By Lemma [6.6/@)

div(x“|lx) = i <— i <T2 ege)) aij> D; + iiey)Ei@)
=1

=1 i=1 4=1

=dD1+ -+ dnDn, +zn:§:e§é>]5i(")

i=1 (=1

=divg.

Thus x“|y and g have the same image in Oy (U)* /k*, so the map M — Oy (U)* /k*
is surjective. O

7. IMMERSIVE GEOMETRIC TROPICALIZATION

7.1. Surfaces without Immersive Geometric Tropicalization. In this sub-
section, we will prove Theorem [[.T4|@).

Lemma 7.1. Let X be a smooth projective surface, let U C X be a very affine
open subvariety such that X \ U is a simple normal crossing divisor, let U — T be
a closed immersion into an algebraic torus, and let m: X' — X be the blow-up of
X at a point in X \ U.

If U C X does not have immersive geometric tropicalization with respect to
U — T, then U C X' does not have immersive geometric tropicalization with
respect to U — T'.
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Proof. Let M be the character lattice of T', let D1, ..., D,, be the irreducible com-
ponents of X\ U, let p € X \ U be the center of 7 : X’ — X let D},..., D}, be the
strict transforms of D1, ..., D,,, respectively, and let E be the exceptional divisor
ofm: X' = X.

By Theorem [LT2@), valp, [a # 0 for all j € {1,...,m}, so because U C X does
not have immersive geometric tropicalization with respect to U < T, there exist
i # j € {l,...,m} such that D; N D; # 0 and valp, [»; and valp, |as are linearly
dependent.

Ifp ¢ D;ND;, then D;ND’ # () and valp, |a and valps |ar are linearly dependent.
If pe D;,ND;j, then D;NE # () and valp; |ar and valg |pr are linearly dependent. In
either case, U C X' does not have immersive geometric tropicalization with respect
toU — T. O

Lemma 7.2. Let X be a smooth projective surface, let U C X be a very affine
open subvariety such that X \ U is a simple normal crossing divisor, let U — T be
a closed immersion into an algebraic torus, and let U C X be an open immersion
into a smooth projective surface such that )Z\U is a simple normal crossing divisor.

If X is a non-ruled minimal surface and U C X does not have immersive geo-
metric tropicalization with respect to U — T, then U C X does not have immersive
geometric tropicalization with respect to U — T

Proof. By Lemma [1] it suffices to show the existence of a map 7 : X — X such
that 7 restricts to the identity on U and such that 7 is isomorphic to a sequence
of point blow-ups.

There exists 7 : X — X’ such that X’ is a minimal surface and 7’ is a sequence
of point blow-ups. Let U’ C U be a nonempty open subvariety such that «'|y :
U’ — #'(U’) is an isomorphism. Let b: X’ -+ X be the birational map defined by
the morphism 7/(U’) — X obtained by composing (7'|y+)~! : 7/ (U’') — U’ with
the inclusion U’ C X. Then because X’ and X are non-ruled minimal surfaces, b
is an isomorphism X’ =5 X. Set

r=bor : X — X.

Then 7 restricts to the identity on U and is isomorphic to a sequence of point
blow-ups, and we are done. ([l

We now complete the proof of Theorem [[.T4|(@).

Proof. Let X' be a non-ruled minimal surface with Picard rank at least 2. For
example, we can take X’ to be the Fermat Quartic. Set m = 2, L = Z, and
@ :Z™ — L to be the map of lattices taking both standard basis vectors to 1 € Z.
Then SDR|R7>”0 : RYy — Lg is proper as a map of topological spaces, so by Theorem
[CIAM), there exists an open subvariety U C X’ and a closed immersion U < T’
into an algebraic torus such that X’ \ U is a simple normal crossing divisor and
U C X' does not have immersive geometric tropicalization with respect to U — T".
Furthermore, because X’ has Picard rank at least 2, we can choose U and U — T
so that T" has character lattice Oy (U)*/k* and U — T" is induced by a section
OU(U)X/kX — OU(U)X of OU(U)X — OU(U)X/kX

Now let U < T be a closed immersion into an algebraic torus and U C X be
an open immersion into a smooth complete variety X such that X \ U is a simple
normal crossing divisor. Then there exists a monomial morphism 7’ — T whose
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restriction to U is the closed immersion U < T'. Therefore, U C X does not have
immersive geometric tropicalization with respect to U < T'if U C X does not have
immersive geometric tropicalization with respect to U — T". But the latter holds
by Lemma O

7.2. Immersive Geometric Tropicalization of Non-Schén Varieties. In this
sub-section, we will prove Theorem [[.T4Y[h). First we recall a well known fact, which
is straightforward to prove.

Proposition 7.3. Let T be an algebraic torus, let U — T be a closed subvariety,
let X(A) be a T-toric variety, let X be the closure of U in X(A), and let

m:TxX = X(A)
be the multiplication map. IfY is a torus orbit of X(A) and y € Y (k), then
m ) = GEm T (X ),
where X NY 1is a scheme-theoretic intersection.
Let X be a smooth projective variety of dimension at least 2. Let £ be a very

ample line bundle on X. By Bertini’s theorem, there exists f € H°(L) such that
div f = D is smooth and irreducible. Set

£ =L%% s= % cH(&), r=dimH(&) - 1.

By Bertini’s theorem, there exists (s“))ge{l 7} such that

e cach divs® = E® is smooth and irreducible,
e D+ EW 4+...4 E" is a simple normal crossing divisor,
e and 5,51, ..., 5(") is a basis for H(E).

Let z, (M, ... (") be homogeneous coordinates for P with corresponding hy-
perplanes H, H ... H") and let X < P” be the closed immersion such that
z, M. z(") pull back to s,s™M), ..., s("), respectively. Set

=P\ (HUHYU--uH")
and

U=XNTcCX.
Let M be the character lattice of the algebraic torus T, and let N = MV. Let
w,w ... w € N be the first lattice points of the rays corresponding to the
hyperplanes H, HV, ..., H") respectively.
Lemma 7.4. (a) We have the scheme theoretic intersections
XNH=divs=2D
and for each £ € {1,... 1},
XnH® =divs®) = E©.
(b) We have
valD |M = 2’(0,
and for each £ € {1,...,r},
ValE(z) |M = w(e).

Proof. This follows from the construction of the map X — P”. (]
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Proposition 7.5. X \ U is a simple normal crossing divisor and U C X has
immersive geometric tropicalization with respect to U — T

Proof. By Lemma [T 4@),
)(\U:D_|_E(1)_|_..._|_E(7”)7

so it is a simple normal crossing divisor. The remainder of the proposition fol-
lows from Lemma [T.44[D) and the fact that any strict subset of the lattice points
{w,w®, ..., w"} forms part of a basis for N. O

Proposition 7.6. The map M — Oy (U)*/k* induced by U — T is an isomor-
phism.

Proof. By setting m =1, L = Z, and ¢ : Z™ — L to be multiplication by 2, we
see that the construction of U — T is a special case of the construction used in
the proof of Theorem [[LI2([M). Thus the result follows from Propositions and
0.5 (Il

The following proposition completes the proof of Theorem [LT([D)).

Proposition 7.7. U is not schon in T.

Proof. Let C(X \ U) be the set of irreducible components of X \ U. For each
collection S C C(X \ U), set

os =pos(valg [pr | E € S) C Ng,

and set
A={os|ScC(X\U), ) E#0}
EeS

Then by Lemma [Z4lH), A is a sub-fan of the unimodular fan defining P" as a
T-toric variety. Let X(A) C P" be the T-toric variety defined by A.

We first show that A is a tropical fan for U giving X C X(A) as a tropical
compactification of U. By construction, X is the closure of U in X(A). Now
consider the multiplication map

m:T x X — X(A).

We need to show that m is flat and surjective. By construction of A, the fact that
D+ EM 4 ... + EM is a simple normal crossing divisor, and Lemma [Z4{@) and
Proposition [7.3] the fibers of m are nonempty and equidimensional. Thus because
T x X and X (A) are smooth, this implies that m is flat and surjective.

But again by Lemma [T @) and Proposition[.3] m has a non-reduced fiber and
thus is not smooth. Therefore U is not schén in T'. (]
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