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Preface

Tropical geometry is an exciting new field at the interface between algebraic
geometry and combinatorics with connections to many other areas. At its
heart it is geometry over the tropical semiring, which is R U {oco} with the
usual operations of addition and multiplication replaced by minimum and
addition, respectively. This turns polynomials into piecewise-linear func-
tions and replaces an algebraic variety by an object from polyhedral geom-
etry, which can be regarded as a “combinatorial shadow” of the original
variety.

In this book we introduce this subject at a level that is accessible to
beginners. Tropical geometry has become a large field, and only a small
selection of topics can be covered in a first course. We focus on the study of
tropical varieties that arise from classical algebraic varieties. Methods from
commutative algebra and polyhedral geometry are central to our approach.
This necessarily means that many important topics are left out. These in-
clude the systematic development of tropical geometry as an intrinsic geome-
try in its own right, connections to enumerative and real algebraic geometry;,
connections to mirror symmetry, connections to Berkovich spaces and ab-
stract curves, and the more applied aspects of max-plus algebra. Luckily
most of these topics are covered in other recent or forthcoming books, such

as [BCOQ92], [Butl10], [Groll], [IMS07], [Jos|, [MR], and [PS05].

Prerequisites. This text is intended to be suitable for a class on trop-
ical geometry for first-year graduate students in mathematics. We have
attempted to make the material accessible to readers with a minimal back-
ground in algebraic geometry, at the level of the undergraduate text book
Ideals, Varieties, and Algorithms by Cox, Little, and O’Shea [CLOOT].

1X
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Essential prerequisites for this book are mastery of linear algebra and
the material on rings and fields in a first course in abstract algebra. Since
tropical geometry draws on many fields of mathematics, some additional
background in geometry, topology, or number theory will be beneficial.

Polyhedra and polytopes play a fundamental role in tropical geometry,
and some prior exposure to convexity and polyhedral combinatorics may
help. For that we recommend Ziegler’s book Lectures on Polytopes [Zie95].

Chapter [ offers a friendly welcome to our readers. It has no specific
prerequisites and is meant to be enjoyable for all. The first three sections in
Chapter ] cover background material in abstract algebra, algebraic geom-
etry, and polyhedral geometry. Enough definitions and examples are given
that an enthusiastic reader can fill in any gaps. All students (and their
teachers) are strongly urged to explore the exercises for Chapters [I] and

Some of the results and their proofs will demand more mathematical ma-
turity and expertise. Chapters 2l and [3] require some commutative algebra.
Combinatorics and multilinear algebra will be useful for studying Chapters
M and Bl Chapter [ assumes familiarity with modern algebraic geometry.

Overview. We begin by relearning the arithmetic operations of addition
and multiplication. The rest of Chapter [ offers tapas that can be enjoyed
in any order. They show a glimpse of the past, present, and future of tropical
geometry and serve as an introduction to the more formal contents of this
book. In Chapter Bl the first half covers background material, while the
second half develops a version of Grébner basis theory suitable for algebraic
varieties over a field with valuation. The highlights are the construction of
the Grobner complex and the resulting finiteness of tropical bases.

Chapter Bl is the heart of the book. The two main results are the Fun-
damental Theorem B.2.3] which characterizes tropical varieties in seemingly
different ways, and the Structure Theorem B.3.5] which says that they are
connected balanced polyhedral complexes of the correct dimension. Stable
intersections of tropical varieties reveal a hint of intersection theory.

Tropical linear spaces and their parameter spaces, the Grassmannian and
the Dressian, appear in Chapter[d. Matroid theory plays a foundational role.
Our discussion of complete intersections includes mixed volumes of Newton
polytopes and a tropical proof of Bernstein’s Theorem for n equations in n
variables. We also study the combinatorics of surfaces in 3-space.

Chapter Bl covers spectral theory for tropical matrices, tropical convexity,
and determinantal varieties. It also showcases computations with Bergman
fans of matroids and other linear spaces. Chapter [6] concerns the connec-
tion between tropical varieties and toric varieties. It introduces the tropical
approach to degenerations, compactifications, and enumerative geometry.
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Teaching possibilities. A one-semester graduate course could be based
on Chapters 2] and Bl plus selected topics from the other chapters. One
possibility is to start with two or three weeks of motivating examples selected
from Chapter [l before moving on to Chapters 2land Bl A course for more
advanced graduate students could start with Grobner bases as presented in
the second half of Chapter 2] cover Chapter Bl with proofs, and end with
a sampling of topics from the later chapters. Students with an interest in
combinatorics and computation might gravitate toward Chapters @ and Bl
An advanced course for students specializing in algebraic geometry would
focus on Chapters Bl and Covering the entire book would require a full
academic year or an exceptionally well-prepared group of participants.

We have attempted to keep the prerequisites low enough to make parts of
the book appropriate for self-study by a final-year undergraduate. The sec-
tions in Chapter 2l could serve as first introductions to their subject areas. A
simple route through ChapterBlis to focus in detail on the hypersurface case,
and to discuss the Fundamental Theorem and Structure Theorem without
proofs. The exercises suggest many possibilities for senior thesis projects.

Acknowledgments. We have drawn on the rich and ever-growing liter-
ature in tropical geometry when preparing this book. While most direct
sources are mentioned, the bibliography is by no means complete. We thank
the authors whose work we have drawn on for their inspiration and apologize
for any omissions. Readers are encouraged to search the keywords of this
book and the MSC code 14T05 to explore this beautiful subject, including
the topics missing from this book.

We are grateful to the many readers who have offered mathematical help
and comments on drafts of this book during its long incubation. These in-
clude Frank Ban, Roberto Barrera, Florian Block, Lucia Caporaso, Dustin
Cartwright, Federico Castillo, Andrew Chan, Melody Chan, Angelica Cueto,
Jan Draisma, Mareike Dressler, Laura Escobar, Rodrigo Ferreira da Rosa,
Gunnar Flgystad, Jennifer Garcia Castilla, Falko Gauss, Noah Giansiracusa,
Walter Gubler, Maria Isabel Herrero, June Huh, Florencia Orosz Hunziker,
Nathan Ilten, Anders Jensen, Michael Joswig, Dagan Karp, Steven Karp,
Sara Lamboglia, Hwangrae Lee, Yoav Len, Bo Lin, Madhusudan Manju-
nath, Hannah Markwig, Ralph Morrison, Benjamin Nill, Mounir Nisse, Jin
Hyung Park, Sam Payne, Nathan Pflueger, Dhruv Ranganathan, Felipe
Rincon, Kristin Shaw, Erez Sheiner, David Speyer, Stefan Stadloder, Je-
nia Tevelev, Ngoc Mai Tran, Paolo Tripoli, Emanuel Tsukerman, Jan Ver-
schelde, Daping Weng, Annette Werner, Jessie Yang, Josephine Yu, Mag-
dalena Zajaczkowska, and Dylan Zwick. Some of this book was written when
the authors were both resident at various mathematics institutes. Partic-
ular thanks to MSRI (Berkeley), MPIM (Bonn), and NIMS (Daejeon) for
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their hospitality. A skeleton of parts of the book was created in the lecture
notes the first author wrote for a four-week AARMS (Atlantic Association
for Research in the Mathematical Sciences) summer school in 2008. Thanks
to Colin Ingalls, Barry Monson, and Hugh Thomas for that opportunity.
This project was partially supported by the U.K. Engineering and Physical
Sciences Research Council and the U.S. National Science Foundation.
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Coventry, CV4 TAL
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Chapter 1

Tropical Islands

In tropical algebra, the sum of two numbers is their minimum and the prod-
uct of two numbers is their sum. This algebraic structure is known as the
tropical semiring or as the min-plus algebra. With minimum replaced by
maximum we get the isomorphic max-plus algebra. The adjective “tropical”
was coined by French mathematicians, notably Jean-Eric Pin [Pin98], to
honor their Brazilian colleague Imre Simon [Sim88], who pioneered the use
of min-plus algebra in optimization theory. There is no deeper meaning to
the adjective “tropical”. It simply stands for the French view of Brazil.

The origins of algebraic geometry lie in the study of zero sets of sys-
tems of multivariate polynomials. These objects are algebraic varieties, and
they include familiar examples such as plane curves and surfaces in three-
dimensional space. It makes perfect sense to define polynomials and rational
functions over the tropical semiring. These functions are piecewise linear.
Algebraic varieties can also be defined in the tropical setting. They are
now subsets of R™ that are composed of convex polyhedra. Thus tropical
algebraic geometry is a piecewise-linear version of algebraic geometry.

This chapter serves as a friendly welcome to tropical mathematics. We
present the basic concepts concerning the tropical semiring, we discuss some
of the historical origins of tropical geometry, and we show by way of ele-
mentary examples how tropical methods can be used to solve problems in
algebra, geometry, and combinatorics. Proofs, precise definitions, and the
general theory will be postponed to later chapters. Our primary objective
here is to show the reader that the tropical approach is both useful and fun.

The chapter title stands for our view of a day at the beach. The sections
are disconnected but island hopping between them should be quick and easy.

1



2 1. Tropical Islands

1.1. Arithmetic

Our basic object of study is the tropical semiring (R U {oco},®,®). As
a set this is just the real numbers R, together with an extra element oo
which represents infinity. In this semiring, the basic arithmetic operations
of addition and multiplication of real numbers are redefined as follows:

r @y := min(z,y) and T Oy = x+vy.

In words, the tropical sum of two numbers is their minimum, and the tropical
product of two numbers is their usual sum. Here are some examples of how
to do arithmetic in this exotic number system. The tropical sum of 4 and 9
is 4. The tropical product of 4 and 9 equals 13. We write this as follows:

49 = 4 and 49 = 13.

Many of the familiar axioms of arithmetic remain valid in tropical math-
ematics. For instance, both addition and multiplication are commutative:

rby = ydbax and rTOYy = youox

These two arithmetic operations are also associative, and the times operator
® takes precedence when plus ¢ and times ® occur in the same expression.

The distributive law holds for tropical addition and multiplication:
rOyYydz) = 20y & 0 2.
Here is a numerical example to show distributivity:

30 (Tell) = 367 = 10,
307 @ 3011 = 10814 = 10.

Both arithmetic operations have an identity element. Infinity is the identity
element for addition and zero is the identity element for multiplication:

xT P oo ==z and r® 0 = =z
We also note the following identities involving the two identity elements:

0 ifz>0,

T O 00 = 0 and r ® 0 = )
x if x <O0.

Elementary school students prefer tropical arithmetic because the mul-
tiplication table is easier to memorize, and even long division becomes easy.
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Here is a tropical addition table and a tropical multiplication table:

@ 1 2 3 45 6 7 ® 1 2 3 4 5 6 7
11111111 1 23 4 5 6 7 8
21 2 2 2 2 2 2 2 34 5 6 7 8 9
3 1 2 3 3 3 3 3 3 45 6 7 8 9 10
4 1 2 3 4 4 4 4 4 5 6 7 8 9 10 11
5 1 2 3 4 5 5 5 5 6 7 8 9 10 11 12
6 1 2 3 4 5 6 6 6 7 8 9 10 11 12 13
7 1 2 3 4 5 6 7 7 8 9 10 11 12 13 14

An essential feature of tropical arithmetic is that there is no subtraction.
There is no real number x that we can call “13 minus 4” because the equation
4 @® x = 13 has no solution x at all. Tropical division is defined to be
classical subtraction, so (RU{oco}, ®, ®) satisfies all ring axioms (and indeed
field axioms) except for the existence of an additive inverse. Such algebraic
structures are called semirings, whence the name tropical semiring.

It is extremely important to remember that “0” is the multiplicative
identity element. For instance, the tropical Pascal’s triangle looks like this:

0
0 0
0 0 0
0 0 0 0
0 0 0 0 0

The rows of Pascal’s triangle are the coefficients appearing in the Binomial
Theorem. For instance, the third row in the triangle represents the identity

(z@y)? = (zey) 0oy o (@ay)
= 00z ® 002%y @ 00zy® & 005
Of course, the zero coefficients can be dropped in this identity:
(zoy)? = 2° @ 2%y © 2?0 ¢
Moreover, the Freshman’s Dream holds for all powers in tropical arithmetic:

oy’ = & oy

The validity of the three displayed identities is easily verified by noting that
the following equations hold in classical arithmetic for all z,y € R:

3-min{z,y} = min{3z,2x+y,z+2y,3y} = min{3z,3y}.

The linear algebra operations of adding and multiplying vectors and
matrices make sense over the tropical semiring. For instance, the tropical
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scalar product in R3 of a row vector with a column vector is the scalar

(ulaUQaUS)Q(Ula'U%'UZS)T = UL ©vy & u2 ©®vy & uz © U3

= min{ul + v1, ug 4+ v2, uz + US}-
Here is the product of a column vector and a row vector of length 3:

(u1,uz,u3)T © (v1,v2,v3)

ur ®vr up ©v2 up ©vs up +v1 up +ve2 up+vs
=lua®v1 u2®vy uUus®vy | = |us+v1 us+vy us -+ v3
uz3®vy uz©v2 uz ©® v uz + vy uz + vy u3z -+ vs3

Any matrix which can be expressed as such a product has tropical rank 1.
See Section B3] for three different definitions of the rank of a tropical matrix.

Here are a few more examples of arithmetic with vectors and matrices:

2®(37_776) = (57_578)7 (007071)®(071700)T = 17

(7)o )= 2) e (0 7)o a)=()

Given a d X n-matrix A, we might be interested in computing its image
{A®x :x € R"} and in solving the linear systems A ® x = b for various
right-hand sides b. We will discuss the relevant geometry in Section[5.21 For
an introduction to tropical linear systems and their applications we recom-
mend the books Synchronization and Linearity by Baccelli, Cohen, Olsder,

and Quadrat and Maz-linear Systems by Butkovi¢ [But10].

Students of computer science and discrete mathematics may encounter
tropical matrix multiplication in algorithms for shortest paths in graphs and
networks. The general framework for such algorithms is known as dynamic
programming. We shall explore this connection in the next section.

Let z1,x2,...,x, be variables which represent elements in the tropical
semiring (R U {oo},®,®). A monomial is any product of these variables,
where repetition is allowed. Throughout this book, we generally allow nega-
tive integer exponents. By commutativity, we can sort the product and write
monomials in the usual notation, with the variables raised to exponents:

2 2
ToOTI QT30 QT QT2 0T3O Ty =  TIT3T374.

A monomial represents a function from R™ to R. When evaluating this
function in classical arithmetic, what we get is a linear function:

To+x1+r3+x1+24+2T20+23+2T20 = 221 + 312 + 223 + 24.

Remark 1.1.1. Every linear function with integer coefficients arises in this
way, so tropical monomials are linear functions with integer coefficients.
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A tropical polynomial is a finite linear combination of tropical monomials:

plx1,..., ;) = a@zla?--.zir @ b@x{lxgz---x%" @ -
Here the coefficients a, b, . . . are real numbers and the exponents i1, j1, . .. are
integers. Every tropical polynomial represents a function R” — R. When
evaluating this function in classical arithmetic, what we get is the minimum
of a finite collection of linear functions, namely

p(z1,. .., 2Tn) :min(a+i1x1+---+inazn, b+ jix1+ -+ jnZn, )

This function p: R™ — R has the following three important properties:

e p is continuous,
e p is piecewise linear with a finite number of pieces, and
e p is concave: p(%(x + y)) > %(p(x) —|—p(y)) for all x,y € R"™.

Every function which satisfies these three properties can be represented as
the minimum of a finite set of linear functions; see Exercise 1.9(). We
conclude:

Lemma 1.1.2. The tropical polynomials in n variables x1, ..., x, are pre-
cisely the piecewise-linear concave functions on R™ with integer coefficients.

It is instructive to examine tropical polynomials and the functions they
define even for polynomials in one variable. For instance, consider the gen-
eral cubic polynomial in one variable x:

(1.1.1) pr) = a0z @ boO2? @ coOT @ d

To graph this function we draw four lines in the (x,y) plane: y = 3z + a,
y=2x+0b, y=1x+c, and the horizontal line y = d. The value of p(z) is
the smallest y-value such that (x,y) is on one of these four lines; the graph
of p(z) is the lower envelope of the lines. All four lines actually contribute if

(1.1.2) b—a < c—b <d-—c

These three values of x are the breakpoints where p(z) fails to be linear,
and the cubic has a corresponding factorization into three linear factors:

plx) = a0@a(b-a)o(zad (c-b)0(ra (d-C7)

The three breakpoints (ILI.2) of the graph are called the roots of the cubic
polynomial p(z). The graph and its breakpoints are shown in Figure [[LT.1]

Every tropical polynomial function can be written uniquely as a tropical
product of tropical linear functions; the Fundamental Theorem of Algebra
holds tropically (see Exercise 1.9())). In this statement we must underline
the word “function”. Distinct polynomials can represent the same function
p: R — R. We are not claiming that every polynomial factors into linear
functions. What we are claiming is that every polynomial can be replaced
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Figure 1.1.1. The graph of a cubic polynomial and its roots.

by an equivalent polynomial, representing the same function, that can be
factored into linear factors. Here is an example of a quadratic polynomial
function and its unique factorization into linear polynomial functions:

P elToze?2 = 22elozd?2 = (zo1)2

Unique factorization of tropical polynomials holds in one variable, but it
no longer holds in two or more variables. What follows is a simple example
of a bivariate polynomial that has two distinct irreducible factorizations:

(1.13) (z20) © (y80) © (zOy & 0)
=z0yezrd0) 0 (z0y &y o 0).

Here is a geometric way of interpreting this identity.

Definition 1.1.3. Let f(x,y) be a polynomial in two variables, in either
classical or tropical arithmetic. Its Newton polygon Newt(f) is defined as the
convex hull in R? of all points (i, j) such that 2'y/ appears in the expansion
of f(x,y). For more information see Definition 234l and Figure

The Newton polygon of the polynomial in (LI3) is a hexagon. The
identity means that the hexagon is the Minkowski sum of three line segments

and also the Minkowski sum of two triangles. We refer to (231 and (2.3.3)
for precise definitions of the relevant concepts in arbitrary dimensions.
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1.2. Dynamic Programming

To see why tropical arithmetic might be relevant for computer science, let us
consider the problem of finding shortest paths in a weighted directed graph.
We fix a directed graph G with n nodes that are labeled by 1,2,...,n. Every
directed edge (7, j) in G has an associated length d;; which is a nonnegative
real number. If (¢,7) is not an edge of G, then we set d;; = +oc.

We represent the weighted directed graph G by its n x n-adjacency
matrix Dg = (dij) whose off-diagonal entries are the edge lengths d;;. The
diagonal entries of D¢ are zero: d;; = 0 for all i. The matrix Dg need not
be symmetric; it may well happen that d;; # dj; for some i, j. However, if
G is an undirected graph with edge lengths, then we can represent G as a
directed graph with two directed edges (i,7) and (j,7) for each undirected
edge {i,7}. In that special case, D¢ is a symmetric matrix, and we can
think of d;; = dj; as the distance between node ¢ and node j. For a general
directed graph G, the adjacency matrix Dg will not be symmetric.

Consider the nxn-matrix with entries in R>o U {oo} that results from
tropically multiplying the given adjacency matrix D¢g with itself n—1 times:

(1.2.1) D" = DyeDgo---© D

Proposition 1.2.1. Let G be a weighted directed graph on n nodes with
n X n-adjacency matriz Dg. The entry of the matrix Dg("_l) in row i and

column j equals the length of a shortest path from node i to node j in G.

Proof. Let dl(;) denote the minimum length of any path from node i to

node j which uses at most r edges in G. We have dl(-;) = d;; for any two
nodes ¢ and j. Since the edge weights d;; were assumed to be nonnegative,
a shortest path from node i to node j visits each node of G at most once.

In particular, any shortest path in the directed graph G uses at most n — 1
(n—1)
]

For r > 2 we have a recursive formula for the length of a shortest path:

directed edges. Hence the length of a shortest path from i to j equals d

(1.2.2) d? = min{d; Y +dy k=12 n}

Using tropical arithmetic, this formula can be rewritten as follows:
dz(';) - dgil) Ody; & dgfl) Ody @ - @ dz(':;l) © dn;

— @D d0 Y © (dyg, da, - dig)T

From this it follows, by induction on r, that dg) coincides with the entry in

row ¢ and column j of the n X n-matrix Dgr. Indeed, the right-hand side of
(r=1)

the recursive formula is the tropical product of row ¢ of Dg and column
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(n—1)
ij
"D This proves the claim. [

j of Dg, which is the (7, j) entry of Dgr. In particular, d coincides

with the entry in row ¢ and column j of Dg(

The iterative evaluation of the formula (LZ22) is Floyd’s algorithm for
finding shortest paths in a weighted digraph. This algorithm and its running
time are featured in undergraduate textbooks on discrete mathematics. For
us, running that algorithm means performing the matrix multiplication

Dgr = Dg(r_l)QDG forr=2,...,n—1.

Example 1.2.2. Let G be the weighted directed graph on n = 4 nodes,
with no loops, that is defined by the adjacency matrix

0137
20 1 3
Do = |4 5 0 1
6 310

The first and second tropical power of this matrix are

01 2 4 01 2 3
2.0 1 2 20 1 2

02 _ ®3

DG = |4 4 01 and  D&™ = |y 4 o1
5310 5310

The entries in D83 are the lengths of the shortest paths in the digraph G.

The tropical computation mirrors the following matrix computation in
ordinary arithmetic. Let € denote an indeterminate that represents a very
small positive real number, and let Ag(€) be the n x n-matrix whose entry
in row i and column j is the monomial €%s. In our example we have

1 1 3 7

€ € €
A _ e2 1 € €
cle) = A S 1 €l
f 3 1

Now, we compute the third power of this matrix in ordinary arithmetic:

1433+ Bet+et+- 3+33++ S+6et 4
Ag(e)? = 3440+ 1433+ e+ S+ 3EH3S3+ -
3¢+ 20 4o 3465+ 1432+ Bet+ S+
65 +30 4+ 3S+ES 4+ Bet+ S+ 14334

The entry of the classical matrix power Ag(e)® in row i and column j is
a polynomial in € which represents the lengths of all paths from node ¢ to
node j using at most three edges. The lowest exponent appearing in this
polynomial is the (i, j)-entry in the tropical matrix power Dg?’. ¢
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This is a general phenomenon, summarized informally as follows:
(1.2.3) tropical =  lim,,olog, (classical(e)).

This process of passing from classical arithmetic to tropical arithmetic is
referred to as tropicalization. Equation (L23) is not a mathematical state-
ment. To make this rigorous we use the algebraic notion of valuations which
will be developed in our introductory discussion of fields in Section 211

We shall give two more examples of how tropical arithmetic ties in nat-
urally with algorithms in discrete mathematics. The first example concerns
the dynamic programming approach to integer linear programming. The
integer linear programming problem can be stated as follows. Let A = (a;;)
be a d x n-matrix of nonnegative integers, let w = (wy,...,w,) be a row
vector with real entries, and let b = (b1,...,bg) be a column vector with
nonnegative integer entries. Our task is to find a nonnegative integer column
vector u = (uq, ..., uy,) which solves the following optimization problem:

(1.2.4) Minimize w - u subject to u € N* and Au = b.

Let us assume that all columns of the matrix A sum to the same number
« and that b; + --- 4+ by = ma. This assumption is convenient because it
ensures that all feasible solutions u € N" of ([L2.4]) satisfy uq+---+u, = m.

We can solve the integer programming problem ([L24]) using tropical
arithmetic as follows. Let x1, ..., x4 be variables and consider the expression

(125) w1 Oz Oz ©--- Oy & - & w, OO O Oay™.

Proposition 1.2.3. The optimal value of ([LZ4) is the coefficient of the
bi b b

monomial x1'xy? ---x " in the mth power of the tropical polynomial (LZ5]).
The proof of this proposition is not difficult and is similar to that of
Proposition [LZIl The process of taking the mth power of the tropical
polynomial (L2Z3) can be regarded as solving the shortest path problem in
a certain graph. This is the dynamic programming approach to (LZ4]). This
approach furnishes a polynomial-time algorithm for integer programming in
fixed dimension under the assumption that the integers in A are bounded.

Example 1.2.4. Let d = 2, let n = 5, and consider the instance of

([C24) with

4 3 2 10 )
A = <0 L 2 3 4>, b = <7>, and w = (2,5,11,7,3).

Here we have o« = 4 and m = 3. The matrix A and the cost vector w are
encoded by a tropical polynomial as in (L2.5]):

p = 2x] ®batare @ 112223 © Txias & 3x3.
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The third power of this polynomial, evaluated tropically, is equal to

pOPOp = 621* @921 ey @ 1201%23 @ 11223 @ 73:?&0% @ 10x{:cg @ 132525
® 122327 @ 8xiaxd @ 11a32) © 1723210 @ 132123 © 9212,

The coefficient 12 of 2927 in p ® p ® p is the optimal value. An optimal

solution to this integer programming problem is u = (1,0,0,1,1)T. ¢

Our final example concerns the notion of the determinant of an n x n-
matrix X = (z;5). As there is no negation in tropical arithmetic, the tropical
determinant is the same as the tropical permanent, namely, the sum over the
diagonal products obtained by taking all n! permutations 7 of {1,2,...,n}:

(1.2.6) tropdet(X) := @ ZTir(1) © Tor(2) © - O Tpa(n)-
TESY
Here S, is the symmetric group of permutations of {1,2,...,n}. Evaluating

the tropical determinant means solving the classical assignment problem
of combinatorial optimization. Imagine a company that has n jobs and n
workers, and each job needs to be assigned to exactly one of the workers. Let
x;; be the cost of assigning job ¢ to worker j. The company wishes to find
the cheapest assignment w € S,,. The optimal total cost is the minimum:

min{$17r(1) + Zona) T+ Tpm(n) T TE Sn}.
This number is precisely the tropical determinant of the matrix Q = (x;;):

Remark 1.2.5. The tropical determinant solves the assignment problem.

In the assignment problem we seek the minimum over n! quantities. This
appears to require exponentially many operations. However, there is a well-
known polynomial-time algorithm for solving this problem. It was developed
by Harold Kuhn in 1955 who called it the Hungarian Assignment Method
[Kuh55]. This algorithm maintains a price for each job and an (incomplete)
assignment of workers and jobs. At each iteration, an unassigned worker is
chosen and a shortest augmenting path from this person to the set of jobs
is chosen. The total number of arithmetic operations is O(n?).

In classical arithmetic, the evaluation of determinants and the evalua-
tion of permanents are in different complexity classes. The determinant of an
n X n-matrix can be computed in O(n?) steps, namely by Gaussian elimina-
tion, while computing the permanent of an n x n-matrix is a fundamentally
harder problem. A famous theorem due to Leslie Valiant says that com-
puting the (classical) permanent is #P-complete. In tropical arithmetic,
computing the permanent is easier, thanks to the Hungarian Assignment
Method. We can think of that method as a certain tropicalization of Gauss-
ian elimination.
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For an example, consider a 3 x 3-matrix A(e) whose entries are polyno-
mials in the unknown e. For each entry we list the term of lowest order:

a]_]_Exll “+ .. a12€x12 + .- a13€x13 “+ ..
A(G) — a21€$21 _|_ e a22€x22 _|_ . a23€x23 _|_ P
a316x31 + e a326x32 + e a336x33 + PPN

Suppose that the a;; are sufficiently general integers, so that no cancellation
occurs in the lowest-order coefficient when we expand the determinant of
A(e). Writing X for the 3 x 3-matrix with entries x;;, we have

det(A(e)) = a-erordetX) 4 . for some a € R\{0}.

Thus the tropical determinant of X can be computed from this expression
by taking the logarithm and letting € tend to zero, as suggested by (LZ3).

The material in this section is closely related to Chapter 2 in the book
Algebraic Statistics for Computational Biology by Lior Pachter and Bernd
Sturmfels [PS05]. The connection to computational biology arises because
many algorithms in that field (e.g., for sequence alignment and gene pre-
diction) are based on dynamic programming. These algorithms can be in-
terpreted as the evaluation of a tropical polynomial. The book [PS05] and
the paper [PS04] that preceded it argue that the tropical interpretation of
dynamic programming algorithms is useful for statistical inference.

Readers who enjoyed this section might like to take a peek at Section Bl
That section concerns the eigenvalue and eigenvectors of a square matrix.

1.3. Plane Curves

A tropical polynomial function p : R™” — R is given as the minimum of a
finite set of linear functions. We define the hypersurface V (p) of p to be the
set of all points w € R™ at which this minimum is attained at least twice.
Equivalently, a point w € R"™ lies in V' (p) if and only if p is not linear at w.

For instance, let n = 1 and fix the univariate tropical polynomial

px) = a0z @b & cOxr @ d
seen in (LIJ). If the assumption b —a < ¢ —b < d — ¢ of (L.I.2)) holds, then
Vip) = {b—-a,c—bd—c}.

Thus the hypersurface V(p) is the set of “roots” of the polynomial p(x).

For an example of a tropical polynomial in many variables consider the
determinant function p = tropdet from (LZ.0). Its hypersurface V(p) con-
sists of all n x n-matrices that are tropically singular. A square matrix being
tropically singular means that the optimal solution to the assignment prob-
lem discussed in the previous section is not unique, so among all n! ways
of assigning n workers to n jobs, there are at least two assignments both of
which minimize the total cost. For further information see Example B.T.TTl
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In this section we study the geometry of a polynomial in two variables:

pzy) = Pejodoy.
(4.5)

The corresponding tropical hypersurface V' (p) is a plane tropical curve. The
following proposition summarizes the salient features of such a curve.

Proposition 1.3.1. The curve V(p) is a finite graph that is embedded in
the plane R%. It has both bounded and unbounded edges, all edge slopes are
rational, and this graph satisfies a balancing condition around each node.

This result is a consequence of the Structure Theorem for tropical vari-
eties, which is our Theorem .35 Balancing refers to the following geometric
condition: Consider any node (z,y) of the graph. The edges adjacent to this
node lie on lines with rational slopes. Translate (x,y) to the origin (0,0). In
the direction of each edge, now consider the first nonzero lattice vector on
that line. Balancing at (x,y) means that the sum of these vectors is zero.

In general, it will be necessary to assign a positive integer multiplicity
to each edge of V(p), in order for this balancing condition to hold. These
multiplicities will make informal appearances throughout this chapter. The
precise definition will be given, for arbitrary dimensions, in Section B.41

Our first example is a line in the plane. It is defined by a polynomial
(1.3.1) plr,y) = a®zx & bOy @ ¢ where a, b, c € R.
The tropical curve V(p) consists of all points (z,y) where the function

p : R? 5 R, (x,y) +— min(a+x,b+y,c)

is not linear. It consists of three half-rays emanating from the point (z,y) =
(¢ —a,c—b) into the northern, eastern, and southwestern directions.

A

%

o/ )

Figure 1.3.1. Two lines in the tropical plane meet in one point.
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Two lines in the tropical plane will always meet in one point. This is
shown in Figure [ 31 When the lines are in special position, it can happen
that the set-theoretic intersection is a half-ray. In that case the notion of
stable intersection discussed below is used to get a unique intersection point.

Let p be any tropical polynomial in x and y, and consider any term
vy®z' ® 1yl appearing in p. In classical arithmetic this represents the linear
function (z,y) + v +iz + jy. The tropical polynomial function p : R? — R
is given by the minimum of these linear functions. The graph of p is concave
and piecewise linear. It looks like a tent over the plane R?. The tropical
curve V(p) is the set of all points in R? at which the function is not linear.

As an example we consider the general quadratic polynomial

O bory @ coy @ dOy ® e d fOu

Suppose that the coefficients a, b, c,d, e, f € R satisfy the inequalities
b+ f<a+d, d+ f <b+e, b+d<c+ f.

Then the graph of p : R?> — R is the lower envelope of six planes in R3.
This is shown in Figure[[L3.2] where each linear piece of the graph is labeled
by the corresponding linear function. Below this “tent” lies the tropical
quadratic curve V(p) C R2 This curve has four vertices, three bounded
edges, and six half-rays (two northern, two eastern, and two southwestern).

plz,y) = aOx

If p(z,y) is a tropical polynomial, then its curve V(p) can be con-
structed from its Newton polygon Newt(p), which we recall from Defini-
tion[[L.I.3] Namely, the planar graph dual to V(p) is a subdivision of Newt(p)
into smaller polygons. This subdivision is determined by the coefficients
of p. Typically, these smaller polygons are triangles, in which case
the subdivision is a triangulation. The triangulation is wunimodular if

Figure 1.3.2. The graph and the curve defined by a quadratic polynomial.
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Figure 1.3.3. Two subdivisions of the Newton polygon of a bi-
quadratic curve. Their planar duals are the curves in Figure [[L3.4

Figure 1.3.4. Two tropical biquadratic curves. The curve on the left is smooth.

each cell is a lattice triangle of unit area 1/2. In this case we call V(p)
a smooth tropical curve. The adjective “smooth” will be justified in Propo-
sition 5.1l For our subdivisions and triangulations in arbitrary dimensions,
see Definition

The unbounded rays of a tropical curve V(p) are perpendicular to the
edges of the Newton polygon. For example, if p is a biquadratic polynomial,
then Newt(p) is the square with vertices (0,0), (0,2), (2,0), (2,2). Here,
V(p) has two unbounded rays for each of the four edges of the square. Figure
shows two subdivisions. The corresponding tropical curves are shown
in Figure [L3.4l The curve on the left is smooth. It has genus one. The
unique cycle corresponds to the interior lattice point of Newt(p). This is an
example of a tropical elliptic curve. The curve on the right is not smooth.

If we draw tropical curves in the plane, then we discover that they in-
tersect and interpolate just as algebraic curves do. In particular, we observe
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Figure 1.3.5. Bézout’s Theorem: Two quadratic curves meet in four points.

the following:

e Two general lines meet in one point (Figure [L37]).

e Two general points lie on a unique line.

e A general line and quadric meet in two points (Figure [[L3.0]).

e Two general quadrics meet in four points (Figures .35 and [[3.7]).

e Five general points lie on a unique quadric.

A classical result from algebraic geometry, known as Bézout’s Theorem,
holds in tropical algebraic geometry as well. In order to state this theorem,
we need the multiplicities that were mentioned after Proposition [[3.1l In
addition to that, we assign a positive integer to any two lines with distinct
rational slopes in R2. If their primitive direction vectors are (uy,us) € Z2
and (v1,v2) € Z?%, respectively, then the intersection multiplicity of the two
lines at their unique common point is |ujve —ugvi|. We multiply that number
with the product of the multiplicities of the two edges determining the lines.

We now focus on tropical curves whose Newton polygons are the stan-
dard triangles with vertices (0,0), (0,d), and (d,0). We refer to such a curve
as a curve of degree d. A curve of degree d has d rays, possibly counting mul-
tiplicities, perpendicular to each of the three edges of its Newton triangle.
Suppose that C' and D are two tropical curves in R? that intersect transver-
sally, that is, every common point lies in the relative interior of a unique
edge in C and also in D. The multiplicity of that point is the product of the
multiplicities of the edges times the intersection multiplicity |ujve — ugvy].
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Theorem 1.3.2 (Bézout). Consider two tropical curves C' and D of degree
c and d in R%. If the two curves intersect transversally, then the number of
intersection points, counted with multiplicities as above, is equal to cd.

Just as in classical algebraic geometry, it is possible to remove the re-
striction “intersect transversally” from the statement of Bézout’s Theorem.
In fact, the situation is even better here because of the following important
phenomenon, which is false in classical geometry. The intersection points de-
pend continuously on the coefficients of the two tropical polynomials. These
continuous functions are well defined on the entire space of coefficients, even
at locations when the two polynomials are very special.

We explain this for the intersection of two curves C' and D of degrees ¢
and d in R?. Suppose the intersection of C' and D is not transverse or not
even finite. Pick any nearby curves C. and D, such that C. and D, intersect
transversely in finitely many points. Then, according to the refined count
of Theorem [[L.3.2] the intersection C. N D is a multiset of cardinality cd.

Theorem 1.3.3 (Stable Intersection Principle). The limit of the point con-
figuration C. N D¢ is independent of the choice of perturbations. It is a
well-defined multiset of cd points contained in the intersection C N D.

Here the limit is taken as € tends to 0. Multiplicities add up when points
collide. The limit is a finite configuration of points in R? with multiplici-
ties, where the sum of the multiplicities is ¢d. We call this limit the stable
intersection of the curves C and D. This is a multiset of points, denoted by

Cng D = lim (Ce N D).
e—0
Hence we can strengthen the statement of Bézout’s Theorem as follows.

Corollary 1.3.4. Any two curves of degrees ¢ and d in R?, no matter how
special they might be, intersect stably in a well-defined multiset of cd points.

The Stable Intersection Principle is illustrated in Figures 3.6l and [L3.7).
In Figure we see the intersection of a tropical line with a tropical
quadric, moving from general position to special position. In the diagram
on the right, the set-theoretic intersection of the two curves is infinite, but
the stable intersection is well defined. It consists of two points A and B.

Figure [[L377 shows an even more dramatic situation. In that picture,
a quadric is intersected stably with itself. For any small perturbation of
the coefficients of the two tropical polynomials, we obtain four intersection
points near the four nodes of the original quadric. This shows that the stable
intersection of a quadric with itself consists precisely of the four nodes.

We refer to Section for a thorough treatment of stable intersections.
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Figure 1.3.6. The stable intersection of a line and a quadric.

Figure 1.3.7. The stable intersection of a quadric with itself.

1.4. Amoebas and their Tentacles

One early source in tropical algebraic geometry is a 1971 paper on the loga-
rithmic limit-set of an algebraic variety by George Bergman [Ber71]. With
hindsight, the structure introduced by Bergman is the same as the tropical
variety arising from a subvariety in a complex algebraic torus (C*)". Here
C* = C\{0} denotes the multiplicative group of nonzero complex numbers.

The amoeba of such a variety is its image under taking the coordinate-
wise logarithm of the absolute value of any point on the variety. The
term “amoeba” was coined by Gel’'fand, Kapranov, and Zelevinsky in their
monograph Discriminants, Resultants, and Multidimensional Determinants
[GKZ08]. Bergman’s logarithmic limit set arises from the amoeba as the set

of all tentacle directions. In this section we discuss these and related topics.

Let I be an ideal in the Laurent polynomial ring S = (C[a:id, xéﬂ, O

Its algebraic variety is the common zero set of all Laurent polynomials in I:
V(I) = {ze(C)" : flz)=0foral f €T}

Note that this is well defined because 0 € C*. The amoeba of the ideal I is
the subset of R” defined as image of the coordinate-wise logarithm map:

A(l) = {(log(]zl|),log(|z2|), .. .,log(|zn|)) ER" :z=(21,...,2,) € V(I)}.
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Figure 1.4.1. The amoeba of a plane curve and its spine.

If n =1 and I is a proper ideal in S = Clz, x|, then [ is a principal ideal.
It is generated by a single polynomial f(z) that factors over C:

f(z) = (u1 +ivy — x)(ug +ivy — x) « -+ (U + Uy — ).

Here uy, v, ..., um, v, € R are the real and imaginary parts of the various
roots of f(z), and the amoeba is the following set of at most m real numbers:

A(D) = A(f) = {bg(,/ufﬂf), log(vJuB +02), ..., log(1/uZ, + 02 ) }

It is instructive to draw some amoebas for n = 2. Let I = (f(z1,z2))
be the ideal of a curve {f(x1,z2) = 0} in (C*)2. The amoeba A(f) of
that curve is a closed subset of R? whose boundary is described by analytic
functions. It has finitely many tentacles that emanate toward infinity, and
the directions of these tentacles are precisely the directions perpendicular
to the edges of the Newton polygon Newt(f). The complement R?\ A(f) of
the amoeba is a finite union of open convex subsets of the plane R2.

We refer to work of Passare and his collaborators [PR04], [PT05] for
foundational results on amoebas of hypersurfaces in (C*)", and to the article
by Theobald [The02] for methods for computing and drawing amoebas. An
interesting Nullstellensatz for amoebas was established by Purbhoo [Pur08].

Example 1.4.1. Figure [[L4.1] shows the complex amoeba of the curve

flz,w) = 1452w+ w® — 2% + 322w — 22w



1.4. Amoebas and their Tentacles 19

Note the two bounded convex components in the complement of
A(f) = {(log(]z]),logﬂw])) eR?: z,weC* and f(z,w)=0 }

They correspond to the two interior lattice points of the Newton polygon of
f. The tentacles of the amoeba converge to four rays in R?. Up to sign, the
union of these rays is the plane curve V' (p) defined by the tropical polynomial

p = trop(f) = 0@ uevd v e u ®ulov®u’ovd

This expression is the tropicalization of f, to be defined formally in (2:4.T]).
All coefficients of p are zero because the coefficients of f are real numbers.

Note that in our definition of amoeba (and in Figure [[41]) the max-
convention was used. (Mikael Passare always preferred max-convention be-
cause of his son’s first name: it is Max and not Min). Inside the amoeba of
Figure [L4T], we see the curve defined by a tropical polynomial of the form

q =c¢ DcOud®v d Cg@’l)2 ) 04®u3 &5 05®u2®v & cﬁ®u2®v2.

The tropical curve V(g) is a canonical deformation retract of —A(f). It is
known as the spine of the amoeba. The coefficients ¢; are defined below. ¢

There are three different ways in which tropical varieties arise from
amoebas. We associate the name of a mathematician with each of them.

The Passare Construction: Every complex hypersurface amoeba A(f) has a
spine which is a canonical tropical hypersurface contained in A(f). Suppose
f = f(z,w) is a polynomial in two variables. Then its Ronkin function is

1 dz dw
N = — | — N —.
f(ua U) (27_”)” /Logl(u,u) Og’f(za w)| e w

Passare and Rullgard showed that this function is convex and that
it is linear on each connected component of the complement of A(f). Let
q(u,v) denote the negated maximum of these affine-linear functions, one
for each component in the amoeba complement. Then ¢(u,v) is a tropi-
cal polynomial function (a piecewise-linear concave function) which satisfies
N¢(u,v) > —q(u,v) for all (u,v) € R?. Its tropical curve V(q) is the spine.

The Maslov Construction: Tropical varieties arise as limits of amoebas as
one changes the base of the logarithm and makes it either very large or very
small. This limit process is also known as Maslov dequantization, and it can
be made precise as follows. Given h > 0, we redefine arithmetic as follows:

%) + exp(%)) and TORY = T+ Y.

This is what happens to ordinary addition and multiplication of positive
real numbers under the coordinate transformation Ry — R,z +— h - log(z).

r®hpy = h- log<exp(
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We now consider a polynomial f;(z,w) whose coefficients are rational
functions of the parameter h. For each h > 0, we take the amoeba A, ( fj) of
fn with respect to scaled logarithm map (z,w) — h-(log(|z|),log(Jwl)). The
limit in the Hausdorff topology of the set —A.(fn) as h — 0+ is a tropical
hypersurface V(q). For details see [Mik04]. The coefficients of the tropical
polynomials ¢ are the orders (of poles or zeros) of the coefficients at h = 0.
This process can be thought of as a sequence of amoebas converging to their
spine, but it is different from the construction using Ronkin functions.

The Bergman Construction: Our third connection between amoebas on trop-
ical varieties arises by examining their tentacles. Here we disregard the
interior structure of A(f), such as the bounded convex regions in the com-
plement. We focus only on the asymptotic directions. This makes sense for
any subvariety of (C*)™, so our input now is an ideal I C S as above.

We denote the unit sphere by S"~ ! = {x € R" : ||x|| = 1}. For any
real number M > 0, we consider the following set:

Au(D) = —%A(I) A sl

The logarithmic limit set Aso(I) is the set of points v on the sphere S"~1
such that there exists a sequence of points vy; € Ay (I) converging to v:

hmM%ooVM = V.

We next exhibit the relationship to the tropical variety trop(V (1)) of I. Here
trop(V (1)) is defined to be the intersection of the tropical hypersurfaces V(p)
where p = trop(f) is the tropicalization of any polynomial f € I.

Theorem 1.4.2. The tropical variety of I coincides with the cone over the
logarithmic limit set Ao (I), i.e., a nonzero vector w € R™ lies in trop(V (1))

if and only if the corresponding unit vector ﬁw lies in Aso(I).

When the ideal I is principal, this appears in [MRO1]. For a proof of
Theorem [[Z2 and connections of amoebas to Berkovich spaces, see [Jon14].

The tropical variety trop(V(I)) is the principal actor in this book. It
will be studied in great detail in Chapter Bl We shall see in Corollary
that trop(V(I)) has the structure of a polyhedral fan, and we shall
establish various properties of that fan. Theorem [[Z2land the fan property
of trop(V (I)) imply that A (I) is a spherical polyhedral complex in S*~!.

It is interesting to see the motivation behind the paper [Ber71]. Berg-
man introduced tropical varieties in order to prove a conjecture of Zalessky
concerning the multiplicative action of GL(n,Z) on the Laurent polynomial
ring S. Here, an integer matrix g = (g;;) acts on S as the ring homomor-

phism that maps each variable z; to the Laurent monomial H?Zl a??” .



1.5. Implicitization 21

If I is a proper ideal in S, then we consider its stabilizer subgroup:
Stab(I) = {g € GL(n,Z) : gI =1 }.
The following result from [Ber71, Theorem 1] answers Zalessky’s question:

Corollary 1.4.3. The stabilizer Stab(I) C GL(n,Z) of a proper ideal I C S
has a subgroup of finite index that stabilizes a nontrivial sublattice of Z".

Proof. The tropical variety of V(I) has the structure of a proper polyhedral
fan in R™. Let U/ be the finite set of linear subspaces of R™ that are spanned
by the maximal cones in V' (I). While the fan structure is not unique, the set
U of linear subspaces of R” is uniquely determined by I. The set U does not
change under refinement or coarsening of the fan structure on trop(V (1)).

The group Stab(I) acts by linear transformations on R”, and it leaves
the tropical variety of I invariant. This implies that it acts by permutations
on the finite set U of subspaces in R". Fix one particular subspace U € U,
and let G be the subgroup of all elements g € Stab(I) that fix U. Then G
has finite index in Stab([) and it stabilizes the sublattice U N Z" of Z". O

A counterpart to the amoeba A(I) is the co-amoeba, which records the
phases of the coordinates of all points in a complex variety V(I). An ana-
logue of Bergman’s logarithmic limit set for co-amoebas is the phase limit
set of V(I). See [NS13] for recent results and references on these topics.

1.5. Implicitization

An algebraic variety can be represented either as the image of a rational map
or as the zero set of some multivariate polynomials. The latter representa-
tion exists for all algebraic varieties while the former representation requires
that the variety be unirational, which is a very special property in algebraic
geometry. The transition between two representations is a basic problem in
computer algebra. Implicitization is the problem of passing from the first
representation to the second, that is, given a rational map ®, one seeks to
determine the prime ideal of all polynomials that vanish on the image of ®.

In this section we examine the simplest instance, namely, we consider
the case of a plane curve in C? that is given by a rational parameterization:

(1.5.1) D :C —C% t s (d1(t), d2(t)).

To make the map ® actually well defined, here we tacitly assume that the
poles of ¢1 and ¢2 have been removed from the domain C. The implicitiza-
tion problem is to compute the unique (up to scaling) irreducible polynomial

f(x,y) vanishing on the curve Image(®) = {(¢1(t)7 ¢2(t)) cC? . te (C}.
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Example 1.5.1. Consider the plane curve defined parametrically by
A2+ 4t Bt —t+1
(1) — ( + 4t% + + >

2—-1 7 t2
The implicit equation of this curve equals
f(z,y) = z3y? — 2%y — 52%y? — 22y — day® — 33xy + 16> + 72y + 81.
This irreducible polynomial vanishes on all points (x,y) = ®(¢) for t € C.

Two standard methods used in computer algebra for solving implici-
tization problems are Grobner bases and resultants. These methods are
explained in the textbook by Cox, Little, and O’Shea [CLOOQTY]. Specifi-
cally, the desired polynomial f(z,y) equals the Sylvester resultant of the
numerator of  — ¢1(¢) and the numerator of y — ¢o(t) with respect to the
variable t. For instance, the implicit equation in Example [[51] is easily
found by

flz,y) = resultant, (#* + 4¢% + 4t — (£ — Dz, 3 — 2 —t + 1 — 7).

For larger problems in higher dimensions, Grébner bases and resultants often
do not perform well enough or do not give enough geometric insight. This is
where the approach to implicitization using tropical geometry comes in. We
shall explain the basic idea behind this approach for rational plane curves.

Suppose we are given the parameterization ®, and wish to compute the
implicit equation f(z,y). Tropical geometry allows us to compute the New-
ton polygon Newt(f) first, directly from the parameterization ®, without
knowing f(z,y). This is the content of Theorem Once the Newton
polygon Newt(f) is known, we recover the desired polynomial f(z,y) by a
linear algebra computation. The next paragraph explains that computation.

Pretend that the polynomial f(z,y) in Example [L51] is unknown and
impossible to compute using resultants or Grobner bases. Suppose further
that we are given its Newton polygon. According to Definition [[ 1.3}, this is

sz vewin) = e (7). (1)) (5)- (3) )

This pentagon has four additional lattice points in its interior, so Newt(f)
contains precisely nine lattice points. That information reveals

f(z,y) = c1z®y? +car?y® + c32y® + cux®y + eszy® + cory + cry® + csy + co,

where the coefficients ¢y, ¢, ..., co are unknown parameters. At this point
we can set up a linear system of equations as follows. For any choice of
complex number 7, the equation f(¢1(7),¢2(7)) = 0 holds. This equation
translates into one linear equation for the nine unknowns ¢;. Eight of such
linear equations will determine the coefficients uniquely (up to scaling). For
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instance, in our example, if we take 7 = £2, +3, +4, 45, then we get eight lin-
ear equations which stipulate that the vector (cy, ¢, ¢3, ¢4, c5, cg, 7, C3, co)T
lies in the kernel of the following 8 x9-matrix of rational numbers

T x3y2 x2y3 .’I)2y2 ny .’L'y2 xy y2 y 1
_5 /2187 419904 2916 _81 _7776 54 20736 _ 144
80 %5 o 6 3 . s %
i T A e A A T
3| 2 s 1 T _i% 4 do2 3 4
3 81 9 2 27 3 g% 8
—2| o 0 0 0 o o &9
2048 256 9 3
2 | 208 48 64 %6 ¢ g8 & 3
3 | 15625 40000 2500 625 800 50 256 6 q
3456)92 3288105 2 12496 1%’{5 3 2%%5 495
& s L S N A A
5 235298 3687936 38416 2401 18816 196 9216 96 1
15 625 25 6 125 5 625 25

This matrix has rank 8, so its kernel is one dimensional. Any generator
of that kernel translates into (a scalar multiple of) the desired polynomial

fz,y).

While the implicit equation f(z,y) of a parametric curve can always be
recovered from its Newton polygon by solving linear equations, the relevant
matrices tend to be dense and ill conditioned. It is a nontrivial challenge to
recover the coefficients numerically when f(z,y) has thousands of terms.

By contrast, some mathematicians can rightfully consider the impliciti-
zation problem to be solved once the Newton polygon has been found. Thus,
in what follows, we study the following alternative version of implicitization:

Tropical implicitization problem: Given two rational functions ¢;(t) and
¢2(t), compute the Newton polygon Newt( f) of the implicit equation f(z,y).

We shall present the solution to the tropical implicitization problem
for plane curves. By the Fundamental Theorem of Algebra, the two given
rational functions are products of linear factors over the complex numbers C:

o1(t) = (t—a)"(t—a)" - (t —am)'m,
(153) ¢2(t> — (t _ al)vl (t _ a2)v2 - (t _ am)vm'

Here the «; are the zeros and poles of either of the two functions ¢; and ¢s.
It may occur that u; is zero while v; is nonzero or vice versa.

For what follows we do not need the algebraic numbers «; but only the
exponents u; and v; occurring in the factorizations. These can be found by
symbolic computation. For instance, it suffices to factor ¢;(t) and ¢2(t) over
their field of definition, say, the rational numbers Q. No field extensions or
floating point computations are needed to obtain the integers u; and v;.
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We abbreviate ug = —u1 —ugs — -+ —uy, and vg = —v1 — V2 — -+ — Uy,
and we consider the following collection of m+1 integer vectors in the plane:

(15.4) (gg) , @ , () o (ZZ) |

We consider the rays spanned by these m+1 vectors. Each ray has a natural
multiplicity, namely the sum of the lattice lengths of all vectors (u;, v;)” lying
on that ray. Since the vectors in (L5.4]) sum to zero, this configuration of
rays satisfies the balancing condition: it is a tropical curve in the plane R2.

The following result can be derived from the Fundamental Theorem
We will ask for a proof in Exercise 5.6(26). A higher-dimensional
generalization of Theorem is presented in Theorem B.5.1l As stated,
Theorem and Corollary need the hypothesis that the map @ is
one-to-one. Otherwise, one first divides (I5.4) by the degree of ®.

Theorem 1.5.2. The tropical curve V (trop(f)) defined by the unknown
polynomial f equals the tropical curve determined by the vectors in (L5.4)).

The Newton polygon Newt(f) can be recovered from the tropical curve
V(f) as follows. The first step is to rotate our vectors by 90 degrees:

(1.5.5) <_Zg> , (_Zi) : <_ZZ> o <—Z:> .

Since these vectors sum to zero, there exists a convex polygon P whose
edges are translates of these vectors. We construct P by sorting the vectors
by increasing slope and then simply concatenating them. The polygon P is
unique up to translation. Hence there exists a unique translate P* of the
polygon P that lies in the nonnegative orthant R2>0 and that has nonempty
intersection with both the z-axis and the y-axis. The latter requirements
are necessary (and sufficient) for a lattice polygon to arise as the Newton
polygon of an irreducible polynomial in C[z,y]. We conclude:

Corollary 1.5.3. The polygon P equals the Newton polygon Newt(f) of
the defining irreducible polynomial of the parameterized curve Image(®).

This solves the tropical implicitization problem for plane curves over C.
We illustrate this solution for our running example.

Example 1.5.4. Write the map of Example [[5]in factored form (L5.3):

Pr(t) = (E—1)7"tt (¢ +1)7H(t+2)3,
do(t) = (t—1D2t2(t+1) (t+2)°.

The derived configuration of five vectors as in (L5.4) equals

() (o) () () (0);
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We form their rotations as in (IL.5.15), and we order them by increasing slope:

() G)- () () ()

We concatenate these vectors starting at the origin. The resulting edges
all remain in the nonnegative orthant. The result is the pentagon P* in
Corollary [[53 As predicted, it coincides with the pentagon in (L52). ¢

The technique of tropical implicitization can be used, in principle, to
compute the tropicalization of any parametrically presented algebraic vari-
ety. The details are more complicated than the simple curve case discussed
here. A proper treatment requires toric geometry and concepts from resolu-
tion of singularities. The proof of Theorem demonstrates this point.
For further reading on tropical implicitization, we refer to [STY07, [SY0S].

1.6. Group Theory

One of the origins in tropical geometry is the work of Bieri, Groves, Strebel,
and Neumann in group theory [BG84, [BS80, BNS87]. Starting in the
late 1970s, these authors associate polyhedral fans to certain classes of dis-
crete groups, and they establish remarkable results concerning generators,
relations and higher cohomology of these groups in terms of their fans. This
part of our tropical island is more secluded and offers breathtaking vistas.

We begin with an easy illustrative example. Fix a nonzero real number
¢, and let G¢ denote the group generated by the two invertible 2x2-matrices

(1.6.1) A:(é 1) and X:((l) 2)

What relations do these two generators satisfy? In particular, is the group
G¢ finitely presented? Does this property depend on the number £7

To answer these questions, we explore some basic computations such as

—u —v

(1.6.2) XUACXUXUAIX Y = <(1) c& le dg > .

Here u, v, ¢, and d can be arbitrary integers. This identity shows that the two
matrices X“A°X % and XV A% X~ commute, and this commutation relation
is a valid relation among the two generators of G¢. If the number & is not
algebraic over @, then the set of all such commutation relations constitutes
a complete presentation of G¢, and in this case the group G¢ is never finitely
presented. On the other hand, if £ is an algebraic number, then additional
relations can be derived from the irreducible minimal polynomial f € Z[z] of
€. To show how this works, we consider the explicit example & = v/2 4+ v/3.
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The minimal polynomial of this algebraic number is f(z) = z* — 1022 + 1.
This polynomial translates into the matrix identity

(1.6.3) (X~HALXY) - (X24710X2) . (XOA1X0) = (é ?) .

The left-hand side gives the word X 2 AX2A710X? A in the generators A and
X. That word is a relation in G¢. Our question is whether the group of all
such relations is finitely generated. It turns out that the answer is affirmative
for & = V2 + \/g, and we shall list the generators in Example [[LG.10l

In general, finite presentation is characterized by the following result:

Theorem 1.6.1. The group G¢ = (A, X) is finitely presented if and only if
either the real number & or its reciprocal 1/€ is an algebraic integer over Q.

The condition that either £ or 1/¢ is an algebraic integer says that either
the highest term or the lowest term of f(z) has coefficient +1 or —1. This is
equivalent to saying that either the highest or the lowest term of the minimal
polynomial f(z) is a unit in Z[x, z~!]. It is precisely this condition on leading
terms that underlies the tropical thread in geometric group theory.

Bieri and Strebel introduced tropical varieties over Z in their 1980 pa-
per on metabelian groups [BS80]. Later work with Neumann [BNS87
extended their construction to a wider class of discrete groups. In what fol-
lows we restrict ourselves to metabelian groups whose corresponding module
is cyclic. This special case suffices in order to explain the general idea and
to shed light on the mystery of why Theorem [LLG.Il might be true.

We begin with some commutative algebra definitions. Consider the Lau-
rent polynomial ring S = Z[:Ulﬂ, ..., o1 over the integers Z. The units in
S are the monomials £2® = £z --- 2% where a = (ay,...,a,) runs over
Z". For f € S and w € R", the initial form iny(f) is the sum of all terms
in f whose w-weight is minimal. If I is a proper ideal in S, then the initial
ideal iny (1) is the ideal generated by all initial forms iny(f) where f runs
over I. Computing iny (/) from a generating set of I requires Gréibner bases
over the integers. The relevant algorithm for computing iny (7) from I is
implemented in computer algebra systems such as Macaulay2 and Magma.

The tropical variety (over Z) of the ideal I is the following subset of R™:
tropz(I) = {weR" :ing(l) #S5}.
This tropical variety contains the tropical variety over the field Q as a subset:
tropz(I) 2 tropg([).

This containment is strict in general. For example, if n = 2 and I =
(1 + 22 + 3), then tropg (/) is the tropical line (L3.J]), which has three
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rays. However, tropy(I) also contains the positive quadrant because 3 is not
a unit in Z.

We write R = S/I for the quotient Z-algebra, and, by mild abuse of
notation, we write R* for the multiplicative group generated by the images
of the monomials. It follows from the results to be proved later in Chapter Bl
that the complex variety of the ideal [ is finite if and only if tropg (/) = {0}.
Here we state the analogous result for tropical varieties over the integers.

Theorem 1.6.2 (Bieri and Strebel). The Z-algebra R = S/I is finitely
generated as a Z-module if and only if

(1.6.4) tropy (1) = {0}.

Proof. See [BS80, Theorem 2.4]. O

This raises the questions of how to test this criterion in practice and, if
(L64) holds, how to determine a finite set of monomials i C R* that gener-
ate the abelian group R*. It turns out that this can be done in Macaulay?2.

Example 1.6.3. Fix integers m and n where |m| > 1. Consider the ideal
J = (ms W 45 4t pntst, mst+s+t+n+s L) C Z[sT Y.

This ideal is a variation on Example 43 in Strebel’s exposition [Str84]. The
condition (LG4 is satisfied. To find a generating set U, we can run the
following four lines of Macaulay?2 code for various fixed values of m and n:

R = 7ZZ[s,t,S,T]; m=7; n=13;

J = ideal (m*S*T+S+T+n+s*t ,m*s*t+s+t+n+S*T,s*S-1,t*T-1);
toString leadTerm J

toString basis(R/J)

The output of this script is the same for all m and n, namely,
(1.6.5) U = {1,s,st7 ' t,s7 s e 2

For a proof that ZU = R/J, it suffices to show that the initial ideal of J
with respect to the reverse lexicographic term order is generated by

(m~2-1)*S*T,t*T,m*s*T,S"2,t*S,s*S,t72,s%t,s72,T"3,5*T"2,s*T"2.
This proof amounts to computing a Grébner basis over the integers Z. ¢
The integral tropical variety tropy(I) is of interest even in the case n = 1.

Example 1.6.4. Suppose that £ is an algebraic number over Q and [ is the
prime ideal of all Laurent polynomials f(z) in Z[z,x~!] such that f(¢) = 0.



28 1. Tropical Islands

There are four possible cases of what the integral tropical variety can be:

If ¢ and 1/¢ are both algebraic integers, then trop,(I) = {0}.
If ¢ is an algebraic integer but 1/¢ is not, then tropy(I) = Rx>q.

If 1/¢ is an algebraic integer but & is not, then tropy (/) = R<g.

If neither & nor 1/¢ are algebraic integers, then tropy(I) = R.

Examples of numbers for the first, third, and last cases are & = V2 + \/§,
& = \/Li + %, and & = V2 + \/Lg, respectively. In particular, we see from

Theorem [[L6.1] that G is finitely presented if and only if tropz (/) #R. ¢

We now come to the punchline of this section, namely, the extension of
Example[6.4to n > 2 variables. Let I be any ideal in S = Z[zF!, ...z,
and let R = S/I. We associate with I the following group of 2x2-matrices:

1 R
o= (1 5).

This is a metabelian group, which means that the commutator subgroup
of G is abelian. The elements of G are ([1) 7’; ), where f is a Laurent
polynomial and m is a Laurent monomial, but both are considered modulo
1. The following result generalizes Theorem [[.6.T] to higher dimensions:

Theorem 1.6.5 (Bieri and Strebel). The metabelian group Gy is finitely
presented if and only if the integer tropical variety tropy(I) contains no
line.

This was the main theorem in the remarkable 1980 paper by Bieri and
Strebel [BS80, Theorem A]. It predates the 1984 paper by Bieri and Groves
BG84], which has been cited by tropical geometers for its resolution of
problems left open in Bergman’s 1971 paper on the logarithmic
limit set.

In what follows we aim to shed some light on the presentation of the
metabelian group G7. We begin with the observation that Gy is always
finitely generated, namely, by a natural set of n+1 matrices over R = S/I:

Lemma 1.6.6. The metabelian group Gy is generated by the n+1 matrices

11 1 0 .
A_<O 1) and XZ-—(O ﬂfz) fori=1,2,...,n.

For n = 1, these are the two generators in (LG.II), and G = G¢ if
I = (f(x)) is the principal ideal generated by the minimal polynomial of .
We now examine the relations among the n 4+ 1 generators in Lemma
[.6.00 Let us first assume that I = (0) is the zero ideal, so that R = S. The
matrices X; and X; commute, so the commutator [X;, X;] = XinXZ-_lXj_1
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is the 2x2-identity matrix. Next we consider the action of the group R* on
G1 by conjugation. For any monomial m = x" we have X" = ((1) xou),
and the product A™ = X "AX" is equal to ((7). Likewise, we have
AT = XTuATlXu = ((1) _lm), so the same identity holds for monomials
whose coefficient is —1. In particular, for any monomial m in S, the two
matrices A and A™ commute. Hence, in the group G we have

(1.6.6) [X;,X;] = [A4,A™] = 1 for 1<i<j<n and monomialsm € S*.
Lemma 1.6.7. The relations (LG.G) define a presentation of the group G ).

We next extend this to all ideals I. For any f € S, consider the matrix

_ (1 f
Af_<01>.

Matrix products such as (L6.2) show that A/ lies in G o)-

Proposition 1.6.8. For any ideal I in S, the group G has the presentation
(1.6.7) (Xi, Xj] = [4,4A™] = AF =1,

where m runs over monomials, f runs over I, and 1 <i < j <mn.

This presentation is infinite. We wish to know whether (L6.7) can be
replaced by a finite subset. Is the group Gy finitely presented? To answer
this, we first note that the conjugation action satisfies the relations

ATA9 = A9AT = ATH9 and  (AT)9 = (49)) = A9 for f g€ S.

This shows that it suffices to take f from any finite generating set of the
ideal I. So, the question is whether there exists a finite subset U C Z" such
that the monomials m = +z" with u € U suffice in the presentation (L6.7]).

Theorem offers a criterion for testing whether such a finite set U
exists. For instances in which the answer is affirmative, we can use the
techniques in [BS80L §3] to construct an explicit generating set U. These
techniques are quite delicate and have not yet been developed into an actual
algorithm. In what follows we outline a proposal for how to approach this.

The first step is to compute the integral tropical variety tropy (/) from
the given generators of I. We would replace I by its homogenization and
compute the Grobner fan. If K is a field, then the Grobner fan of I C
K|xo,21,...,7,]is a polyhedral fan in R"*! such that the initial ideal iny (1)
is constant as w ranges over the relative interior of any cone. See Corollary
However, here we need an extension to K = Z, and this theory
has yet to be developed. Grobner fans over Z will be finer than those
over K = Q. For example, if I = (21, x1292 — x123), then the Grobner fan
over (Q consists of a single cone, while the Grébner fan over Z has a wall on
the plane {ws = ws}.
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In the course of computing the Grobner fan of I, we would obtain gen-
erators for every initial ideal iny (7). From these we would derive a finite
generating set BB of I with the property that, for every w € R", either iny, (1)
is a proper ideal in S or the finite set {inw(f) : f € B} contains a unit. A
subset B of the ideal I that enjoys this property is a tropical basis over Z.
Every Laurent polynomial in a tropical basis B can be scaled by a unit, so
we can always assume that the relevant leading monomial is the constant 1.

Suppose now that [ is an ideal in S which satisfies the condition of
Theorem [[.6.5] and that we have computed a tropical basis B for I. Then

(1.6.8)  For all w € R"™ there is f € B with inw(f) =1 or in_w(f) = 1.

For each Laurent polynomial f in the tropical basis B, let support(f)
denote the set of all vectors a € Z" such that the monomial x# appears with
nonzero coefficient in f. We define the Newton polytope of the tropical basis
B as the convex hull of the union of these support sets for all f in B:

Newt(B) := conv( U support(f)).
fen
By examining the proof technique used in [BS80, §3.5], one can derive the

following explicit version of the “if” direction in the Bieri—Strebel Theorem:

Theorem 1.6.9. Fixz a tropical basis B satisfying (L6.8) for the ideal I.
Then the metabelian group Gy is presented by the relations (LG.0), where f
runs over the elements in the tropical basis B and m = ™ runs over the set
Newt(B) N Z™ of lattice points u in the Newton polytope the tropical basis.

Example 1.6.10. Let n = 1, and let I be the prime ideal of & = v/2 4+ /3.
The singleton B = {z* — 1022 + 1} is a tropical basis of I satisfying (LG.5).
Then the group G¢ = G is presented by five relations. The first relation is
the word in (L6.3), and the other four required relations are the words

[A, A" = AXTTAXTATIXTTAIXT fori=1,2,3,4. O
Example 1.6.11. Consider the group in [Str84, Example 43]. Let S =
Z[s*!,t*1] with T = ( f) generated by the polynomial in Example

f(s,t) = ms 4 s 4t 44 ost.

The tropical variety tropy(I) contains no line. A minimal tropical basis
satisfying the condition ([LG.8) consists of three Laurent polynomials:

B = {s_lt_lf(s,t), sf(s,t), tf(s,t) }

The corresponding polytope Newt(B) is a planar convex 7-gon that has 14
lattice points, corresponding to the 14 Laurent monomials:

m = s°t, st?, st, s, s/t t, 1, 1/t, t/s, 1/s, 1/st, 1/st 1/s*t, 1/s*t>.
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The metabelian group G has three generators A, X1, Xo. The description
in Theorem [[.6.9 gives a presentation with 17 = 3 + 14 relations. %

In this section we saw a connection between Grébner bases over Z and
tropical geometry. The beautiful group theory results by Bieri, Groves,
Neumann, and Strebel suggest that further research on this topic is desirable.

1.7. Curve Counting

The breakthrough that brought tropical methods to the attention of geome-
ters was the work of Mikhalkin [Mik05] on Gromov—Witten invariants of the
plane. These invariants count the number of complex algebraic curves of a
given degree and genus passing through a given number of points. Mikhalkin
proved that complex curves can be replaced by tropical curves, and he then
derived a combinatorial formula for the count in the tropical case. We al-
ready saw the first case of this result in Section[L3} there is a unique tropical
line (degree 1 curve) through two general points in R?. The objective of this
section is to present the basic ideas and the main result.

We begin by reviewing some classical facts about curves in the complex
projective plane P2. If C'is a smooth curve of degree d in P?, then its genus
is the number of handles of the Riemann surface of C'. That genus equals

1
9(C) = S(d—1)(d~2)
Moreover, that same number counts the lattice points in the interior of the

Newton polygon of the general curve of degree d. That Newton polygon is
the triangle with vertices (d,0,0), (0,d,0), and (0,0,d). In symbols,

9(C) = # (int(Newt(C)) N ZS).

The set of all curves of degree d forms a projective space of dimension

d+2 1
(17.1) ( s >_1 = S(@-1)(d-2) +3d-1.
As the (dgz) coefficients of its defining polynomial vary, the curve C' may
acquire one or more singular points. The simplest type of singularity is a
node. Each time the curve acquires a node, the genus drops by one. Thus for
a singular curve Cging with v nodes and no other singularities, the genus is

1
(1.7.2) 9(Csing) = §(d —1)(d-2)—v.
We are interested in the following problem of enumerative geometry:
What is the number Ny g of irreducible curves of genus g and degree d that

pass through g + 3d — 1 general points in the complex projective plane P??
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This question makes sense because the moduli space of curves of degree
d and genus g is expected to have dimension g+3d—1, by (L7.1) and (L7.2)),
since acquiring a node poses a codimension-1 condition on the curve. Thus
we expect the number N, 4 of curves satisfying all constraints to be finite.
Gromov—Witten theory offers the tools for proving this finiteness result.

The numbers N, 4 are called Gromov—Witten invariants of the plane P2
Their study has been a topic of considerable interest among geometers.

Example 1.7.1. The simplest Gromov-Witten invariants are Ny ; = 1 and
No = 1. This translates into saying that a unique line passes through two
points and that a unique quadric passes through five points. We also have
Ni 3 =1, which says that a unique cubic passes through nine points. O

Example 1.7.2. The first nontrivial number is Ny 3 = 12, and we wish to
explain this in some detail. It concerns curves defined by cubic polynomials

f= 00:1:3 +C1:L"2y+62:172z+63xy2 +C4xyz+05:cz2 +06y3 +C7y2z+68yz2 +69z3.

For general coefficients cy,...,cqg, the curve {f = 0} is smooth of genus
g = 1. The curve becomes rational, i.e., the genus drops to g = 0, precisely
when it has a singular point. This happens if and only if the discriminant of
f vanishes. The discriminant A(f) is a homogeneous polynomial of degree 12
in the ten unknown coefficients cg, ¢y ..., cg. It is a sum of 2040 monomials:

(1.7.3) A(f) = 19683cicacs — 26244ciciereses + -+ — chesciedc?.

The study of discriminants and resultants is the topic of the book by
Gel’fand, Kapranov, and Zelevinsky [GKZO08]|, which contains many formu-
las for computing them. Here is a simple determinantal formula for (L7.3]).
The Hessian H of the quadrics %, %, and % is a polynomial of degree
3. Form the 6 x 6-matrix M (f) whose entries are the coefficients of the six
quadrics %, g—i, %, %—i], %—ZI, and %—f. Then the discriminant (IL7.3]) equals
A(f) = det(M(f)).

Now, suppose the cubic {f = 0} is required to pass through eight given
points in P?. This translates into eight linear equations in cg,cy,. .., co.
Combining the eight linear equations with the degree 12 equation A(f) =0,
we obtain a system of equations that has 12 solutions in PY. These solutions
are the coefficient vectors of the Ny 3 = 12 rational cubics that we seek. ¢

Example 1.7.3. Quartic curves in the plane P? can have genus 3, 2, 1, or
0. The Gromov—Witten numbers corresponding to these four cases are

N374 =1, N274 =27, N174 = 225, and N074 = 620.

Here 27 is the degree of the discriminant of a ternary quartic. The last entry
means that there are 620 rational quartics through 11 general points. ¢
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The result of Mikhalkin can be stated informally as follows:

Theorem 1.7.4. The Gromov-Witten numbers Ny 4 can be found tropically.

The following discussion is aimed at making precise what this means. We
consider tropical curves of degree d in R%. Each such curve C' is the planar
dual graph to a regular subdivision of the triangle with vertices (0, 0), (0, d),
and (d,0). We say that the curve C' is smooth if this subdivision consists of
d? triangles each having unit area 1/2. Equivalently, the tropical curve C is
smooth if it has d? vertices. These vertices are necessarily trivalent.

We already encountered smoothness of tropical curves in Section
Proposition 5.1l explains this for hypersurfaces in arbitrary dimensions.
The next property for plane tropical curves is more inclusive than “smooth”.

A tropical curve C is called simple if each vertex is either trivalent or
is locally the intersection of two line segments. Equivalently, C' is simple if
the corresponding subdivision consists only of triangles and parallelograms.
Here the triangles are allowed to have large area. Let t(C) be the number
of trivalent vertices, and let 7(C') be the number of unbounded edges of C'.

We define the genus of a simple tropical curve C' by the formula

(1.7.4) 9(C) = %t((;)—%r(())ﬂ.

It is instructive to check that this definition makes sense for smooth tropical
curves. Indeed, if C is smooth, then ¢(C) = d? and r(C) = 3d, and we
recover the formula for the genus of a smooth classical complex curve:

_ L1, 1 _ L N
9(C) = d = 23d+1 = S(d—1)(d2),

We finally define the contribution of a simple curve C' as the product of
the normalized areas of all triangles in the corresponding subdivision. Thus,
in computing the contribution of C', we disregard the “nodal singularities”,
which correspond to 4-valent crossings. We just multiply positive integers
attached to the trivalent vertices. The contribution of a trivalent vertex
equals wiwsg|det(uy, ug)|, where wy, we, w3 are the weights of the adjacent
edges and uqp,ug,u3 are their primitive edge directions. That formula is
independent of the choice made because of the balancing condition wyu; +
woug + wyug = 0. If the curve is smooth, then its contribution equals 1.

Here now is the precise statement of what was meant in Theorem [[.7.4}

Theorem 1.7.5 (Mikhalkin’s Correspondence Principle). The number of
simple tropical curves of degree d and genus g that pass through g + 3d — 1
general points in R?, where each curve is counted with its contribution, equals
the Gromov—Witten number Ny 4 of the complex projective plane P2.
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The proof of Theorem [[LT.5 given by Mikhalkin in uses methods
from complex geometry, specifically, deformations of J-holomorphic curves.
Subsequently, Gathmann and Markwig [GMO07al,[GMOT7b] developed an al-
gebraic approach. See also the work of Tyomkin [Tyo12]. Mikhalkin’s Cor-
respondence Principle led to the systematic development of tropical moduli
spaces and tropical intersection theory on such spaces.

We close with one more example of what can be done with tropical
curves in enumerative geometry. The Gromov-Witten invariants Ny 4 for
rational curves (genus g = 0) satisfy the following remarkable recursion:

3d—4 3d—4
(1.75) Noa = >, (d%d% <3d1 3 2> — didy <3d1 B 1>>No,d1No,dz-

d+do=d
dy,do>0

This equation is due to Kontsevich, who derived it from the WDVV equa-
tions, named after the theoretical physicists Witten, Dijkgraaf, Verlinde,
and Verlinde, which express the associativity of quantum cohomology of P2.

Using Mikhalkin’s Correspondence Principle, Gathmann and Markwig
[GMOS8| gave a proof of this formula using tropical methods. Namely, they
establish the combinatorial result that simple tropical curves of degree d and
genus 0 passing through 3d—1 points satisfy the Kontsevich relations (I7.5]).

Students wishing to learn the foundations of tropical geometry as it
pertains to the topic of this section are referred to the text by Mikhalkin and
Rau [MR]. The present book does not contain a proof of Theorem
We do not focus on metric graphs, curves, and their moduli. Instead we
study embedded tropical varieties that are derived from polynomial ideals.

1.8. Compactifications

Many of the advanced tools of algebraic geometry, such as intersection the-
ory, are custom tailored for varieties that are compact, such as complex
projective varieties. Yet, in concrete problems, the given spaces are often
not compact. In such a case one first needs to replace the given variety X
by a nice compact variety X that contains X as dense subset. Here the em-
phasis lies on the adjective “nice” because the advanced tools will not work
or will give incorrect answers if the boundary X\ X is not good enough.

We begin by considering a nonsingular curve X in the n-dimensional
complex torus (C*)". The curve X is not compact, and we wish to add a
finite set of points to X so as to get a smooth compactification X of X.

From a geometric point of view, it is clear what must be done. Identi-
fying the complex plane C with R?, the curve X becomes a surface. More
precisely, X is a noncompact Riemann surface. It is an orientable smooth
compact surface of some genus g with a certain number m of points removed.
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The problem is to identify the m missing points and to fill them back in.
What is the algebraic procedure that accomplishes this geometric process?

To illustrate the algebraic complications, we begin with a plane curve

X = {(z,9) € (C)?: fla,y) =0},
Our smoothness hypothesis says that the Laurent polynomial equations

(1.8.) fla) = Ghan) = Gy = o

have no common solutions (z, y) in the algebraic torus (C*)2. A first attempt
at compactifying X is to replace f(z,y) with the homogeneous polynomial

fhom(x,y’z) = ZNf(%a%)

Here N is the smallest integer such that this expression is a polynomial. This
homogeneous polynomial defines a curve in the complex projective plane P?:

Xhom  — {(z:y:2)eP?: fhom(z,y, 2) = 0}.
This curve is a compactification of X but it is usually not what we want.
Example 1.8.1. Let X be the curve in (C*)? defined by the polynomial
(1.8.2) flz,y) = c + czy + 32’y + cux’y + s’y
Here ¢, ¢, 3, ¢4, c5 are any complex numbers that satisfy
(1.8.3) czc§ — 80%6%64 + 166%6?1 — clc§65 + 36c1coc3cscs — 276%046% # 0.

This condition ensures that the given noncompact curve X is smooth. The
discriminant polynomial in (IL83]) is computed by eliminating = and y from
(CZI). The homogenization of the polynomial f(z,y) equals

flom(zy, 2) = a2® + ey + sy + caxdyz + ey’
The corresponding projective curve XP™ in P2 is compact but it is not
smooth. The boundary we have added to compactify consists of two points

xtem\X = {(1:0:0),(0:1:0)}.

Both of these points are singular on the compact curve X"™  Their respec-
tive multiplicities are 2 and 3. In this context, multiplicities refers to the
lowest degrees seen in fP°™(1,y,2) and f'°™(x, 1, z), respectively.

Another thing one might try is the closure of our curve X C (C*)? in the
product of two projective lines P! x P'. Then the ambient coordinates are
(($0 cx1), (Yo - yl)), and our polynomial is replaced by its bihomogenization

1y
wgygf(x—oy %) = azdy] + comiyadyo + csriyizoyo + caxtyiyo + sty
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The compactification XM of X is the zero set of this polynomial in P* x P!,

Now, the boundary we have added to compactify consists of three points

XX = (((1:0),(0:1)), ((0:1),(1:0)), ((0: 1), (e, 1))}

The compactification XPP™ is better than X "™ but is still mildly singular.
The first point above is singular, of multiplicity 2, but the last two points
are smooth on XP°™m  They correctly fill in two of the holes in X. O

The solution to our problem offered by tropical geometry is to replace a
given noncompact variety X C (C*)" by a tropical compactification X' °P.
Fach such compactification of X is characterized by a polyhedral fan in
R™ whose support is the tropical variety corresponding to X. When the
dimension or codimension is small, there is a unique coarsest fan structure.
This includes all curves and all hypersurfaces. In these cases we obtain a
canonical tropical compactification. However, in general, picking a tropical
compactification requires making choices, and X"°P will depend on these
choices. See Example B.5.4] for a concrete illustration.

Tropical compactifications were introduced by Jenia Tevelev in [Tev0T7].
The geometric foundation for his construction is the theory of toric varieties.
In Chapter @], we shall explain the relationship between toric varieties and
tropical geometry. In Section[G.4lwe shall see the precise definition of tropical
compactifications X*°P of a variety X C (C*)", and we shall prove its key
geometric properties. In what follows, we keep the discussion informal and
entirely elementary, and we simply go over a few examples.

Example 1.8.2. Let X be the plane complex curve in ([[L8.2). Its tropical
compactification X*°P is a smooth elliptic curve, i.e., it is a Riemann surface
of genus g = 1. The boundary X" °P\ X consists of m = 4 points. Unlike
the extra points in the bad compactifications XP™ and XPhom in Example
[LR1] these four new points are smooth on X*°P. This confirms that the
complex curve X is a real torus with m = 4 points removed.

The tropical compactification of a plane curve is derived from its Newton
polygon, here the quadrilateral Newt(f) = conv{(0,0),(1,1),(3,2),(3,1)}.
The genus g of X is the number of interior lattice points of Newt(f).

The tropical curve is the union of the inner normal rays to the four
edges of this quadrilateral. In other words, trop(X) consists of the four rays
spanned by (1,—1), (1,-2), (—1,0), and (—1,3). Each ray has multiplicity
one because the edges of Newt(f) have lattice length 1. This shows that
m = 4 points need to be added to X to get X'°P. The directions of the
rays specify how these new points should be glued into X in order to make
them smooth in X'°P. Algebraically, this process can be described by re-
placing the given polynomial f by a certain homogeneous polynomial f%°P,
but the homogenization process is now more tricky. One uses homogeneous
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coordinates, on the toric surface given by Newt(f). These generate the Cox
homogeneous coordinate ring, to be defined in Section [6.1l Here, it suffices
to think of the homogeneous coordinates we know for P? and for P! xP!. ¢

The example of plane curves has two natural generalizations in (C*)",
n > 3, namely curves and hypersurfaces. We briefly discuss both of these.

If X is a curve in (C*)™, then the geometry is still easy. All we will do is
fill in m missing points in a punctured Riemann surface of genus g. However,
the algebra is more complicated than in Example[[.82 The curve X is given
by an ideal I C C[xfl, ..., o1, Our primary challenge is to determine the
number m from I. The number m is the sum of the multiplicities of the
rays in the tropicalization of X. The tropical curve trop(X) is a finite
union of rays in R™ but it is generally impossible to find these rays from
(the Newton polytopes of) the given generators of I. To understand how
trop(X) arises from I, one needs the concepts pertaining to Grébner bases
and initial ideals, which will be introduced in Chapters2and Bl In practice,
the software Gfan, due to Anders Jensen [Jen|, can be used to compute the
tropical curve trop(X) and the multiplicity of each of its rays.

If X is a hypersurface in (C*)", then the roles are reversed. The algebra
is still easy but the geometry is more complicated now than in Example
Let f = f(x1,...,x,) be the polynomial that defines X. We compute
its Newton polytope Newt(f) C R", as introduced in Definition 234

The tropical compactification X'°P has one boundary divisor for each
facet of Newt(f). These boundary divisors are varieties of dimension n — 2.
They get glued to the (n — 1)-dimensional variety X in order to create the
compact (n—1)-dimensional variety X *°P. The precise nature of this gluing
is determined by the ray normal to the facet. What is different from the
curve case is that the boundary divisors are themselves nontrivial hyper-
surfaces in X, and they are no longer pairwise disjoint. In fact, describing
their intersection pattern in X*°P\ X is an essential part of the construction.
The relevant combinatorics is encoded in the facial structure of the polytope
Newt(f), and we record this data in the tropical hypersurface.

Tropical geometry furnishes such a compactification for any subvariety X
of the algebraic torus (C*)". Starting from an ideal I C Clz{?, ..., z;7!] with
X = V(I), we can compute the tropical variety trop(X). For small examples
this can be done by hand, but for larger examples we use software such as
Gfan for that computation. The output is a polyhedral fan A in R™ whose
support |A| equals trop(X ). That fan determines a tropical compactification
X"OP(A) of the variety X. Now, this compactification may not be quite
nice enough, so one sometimes has to replace the fan A by a refinement A’.
This induces a map X"°P(A’) — X"P(A). For example, A may not be a
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simplicial fan, and we could take A’ to be a smooth fan that triangulates A.
Further, we may want to require the flatness condition in Definition [6.4.13]

Let us consider the case when X is an irreducible surface in (C*)".
In any compactification X of X, the boundary X\X is a finite union of
irreducible curves. What is desired is that these curves are smooth and that
they intersect each other transversally. If this holds, then the boundary
X\ X has normal crossings. The tropical compactifications of a surface X
usually have the normal crossing property. Here the tropical variety trop(X)
supports a two-dimensional fan in R™. Such a fan has a unique coarsest fan
structure. We identify the tropical surface trop(X) with that coarsest fan
A, and we abbreviate X'°P = X'P(A). The rays in the fan trop(X)
correspond to the irreducible curves in X\ X, and two such curves intersect
if and only if the corresponding rays span a two-dimensional cone. Since the
fan trop(X) is two dimensional, it has no cones of dimension > 3. Hence,
the intersection of any three of the irreducible curves in X\ X is empty.
Example 1.8.3. Let I be the ideal minimally generated by three linear poly-
nomials a1x1 + asxo +asxs + asxs +asrs +ag in (C[:c{cl, ar%tl, a:gfl, :cjfl, a?gtl]
Its variety X is a noncompact surface in (C*)3. If we took the variety of I in
affine space C°, then this would simply be an affine plane C2. But the torus
(C*)3 is obtained from C® by removing the hyperplanes {z; = 0}. Hence our
noncompact surface X equals the affine plane C? with five lines removed.
Equivalently, X is the complex projective plane P? with six lines removed.

If the three linear generators of I have random coefficients, then the six
lines form a normal crossing arrangement in P? and the tropical compacti-
fication simply fills the six lines back in, so that X'°P = P2, Here, trop(X)
consists of six rays and the 15 two-dimensional cones spanned by any two
of the rays. Five of the rays are spanned by the standard basis vectors
e1,eq, e3, ey, e5 of R, and the sixth ray is spanned by —e; —ey —e3—ey —es.

The situation is more interesting if the generators of I are special, e.g.,
(1.8.4) I = <x1+x2—1,x3+x4—1,x1+x3+m5—1>.

For this particular ideal, the configuration of six lines in P? has four triples
of lines that meet in one point. Two of these special intersection points are

{r1=24=25=0,20=23=1} and {xo =23 =25 =0, 1 = x4 = 1}.

The other two points lie on the line at infinity, where they are determined
by {z1 = z2 = 0} and {x3 = x4 = 0}, respectively. The tropical compactifi-
cation is constructed by blowing up these four special points. This process
replaces each triple intersection point with a new line that meets the three
old lines transversally at three distinct points. Thus X%°P is a compact
surface whose boundary X"°P\ X consists of ten lines, namely, the six old
lines that had been removed from P? plus the four new lines from blowing
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up. Now, no three lines intersect, so the boundary X"°P\ X is normal cross-
ing. There are 15 pairwise intersection points, three on each of the four
new lines, and three old intersection points. The latter are determined by
{z1 =23 =0}, {x2 = 24 = 0} and by intersecting {x5 = 0} with the line at
infinity.

The combinatorics of this situation is encoded in the tropical plane
trop(X). It consists of 15 two-dimensional cones which are spanned by
ten rays. The rays correspond to the ten lines. The rays are spanned by

€, €2, €3, €4, €5, —€] — €2 —€3 — €4 — €5,
e +e4+e5 €e+e3+e5 —e3 —eq4 —e5, —€e] — ey — e;.

The tropical plane trop(X) is the cone over the Petersen graph, shown
in Example . T.12] The ten vertices of the Petersen graph correspond to the
ten lines in X*°P\ X, and the 15 edges of the Petersen graph correspond to
the pairs of lines that intersect on the tropical compactification X%°P. ()

The previous example shows that tropical compactifications are nontriv-
ial and interesting even for linear ideals I. Since linear ideals cut out linear
spaces, we refer to trop(X) as a tropical linear space. The combinatorics
of tropical linear spaces is governed by the theory of matroids. This will
be explained in Chapter @ In the linear case, the open variety X C (C*)"
is the complement of an arrangement of n + 1 hyperplanes in a projective
space, and the tropical compactification X'°P was already known before
the advent of tropical geometry. It is essentially equivalent to the wonder-
ful compactifications of a hyperplane arrangement complement due to De
Concini and Procesi. This was shown in [FS05, Theorem 6.1].

1.9. Exercises

(1) Consider the 2 x 2-matrices A = (23) and B = (33). Compute
A® B and A @ B tropically. Also compute A@® A% @ --- @ A0,

(2) Formulate and prove the Fundamental Theorem of Algebra in the
tropical setting. Why is the tropical semiring “algebraically
closed”?

(3) Find all roots of the quintic 2° @ 102* @ 3023 ® 6022 © 100x @ 15.

(4) Let p : R® — R be a function that is continuous, concave, and
piecewise linear with finitely many pieces that are linear functions
with integer coefficients. Show that p can be represented by a
tropical polynomial in x1,..., Zy,.

(5) Prove the following generalization of Proposition [LZIl Let B €

(RU{o0})™ ™ be a matrix, and let G be the associated weighted di-
rected graph as in Section[L.2. We now allow negative edge weights,
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(9)
(10)

(11)

(12)

(14)
(15)

(16)

and G may have loops. Assume that G has no negative cost circuit,
so there is no path from a vertex to itself in G for which the sum
of the edge weights is negative. Consider the matrix

BT =BoB’¢B*®.---® B"™

Show that B;; is the length of the shortest path from i to j. What
goes wrong if G has a negative cost circuit?

Prove Proposition [I.2.3l This concerns the tropical interpretation
of the dynamic programming method for integer programming.

Let D = (d;;) be a symmetric nxn-matrix with zeros on the diag-
onal and positive off-diagonal entries. We say that D represents a
metric space if the triangle inequalities d;;, < d;; + dj; hold for all
indices 17, j, k. Show that D represents a metric space if and only if
the matrix equation D ® D = D holds.

The tropical 3x 3-determinant is a piecewise-linear real-valued func-
tion R3*3 — R on the nine-dimensional space of 3 x 3-matrices. De-
scribe all the regions of linearity of this function and their bound-
aries. What does it mean for a matrix to be tropically singular?

How many combinatorial types of quadratic curves are there?

Prove that the stable self-intersection of a plane curve equals its set
of vertices. What does this mean for classical algebraic geometry?

Given five general points in R2, there exists a unique tropical
quadric passing through these points. Compute and draw the qua-
dratic curve through the points (0,5), (1,0), (4,2), (7,3), (9,4).

For any multiset of five points in the plane there is a unique tropical
quadric passing through them. Argue how stable intersections can
be used to get uniqueness for configurations in special position.

A tropical cubic curve in R? is smooth if it has precisely nine nodes.
Prove that every smooth cubic curve has a unique bounded region,
and that this region can have either three, four, five, six, seven,
eight, or nine edges. Draw examples for all seven cases.

Install Anders Jensen’s software Gfan [Jen| on your computer.
Download the manual and try running a few examples.

Find explicit tropical biquadratic polynomials whose curves look
like those shown in Figure [[3.41

The amoeba of a curve of degree 4 in the plane C? can have either
0, 1, 2, or 3 bounded convex regions in its complement. Construct
explicit examples for all four cases.
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(17) Determine the logarithmic limit set A (1) for the line given by the
ideal I = (z1 + 22 + 1) in S = Clzf!, 23], Verify Theorem [Z2
for this example. How would the picture look for a line in 3-space?

(18) Consider the plane curve given by the parameterization
e = (-8B + 1) and y=(-1330+ 1)

Find the Newton polygon of its implicit equation f(z,y) = 0. How
many terms do you expect the polynomial f(x,y) to have?

(19) Let vi,va,..., Vv, be vectors in Z" that sum to zero: vi+---+vy, =
0. Show that there exists an algebraic curve in (C*)™ whose tropical
curve in R" consists of the rays spanned by vi,va, ..., vy,.

(20) Construct a rational parameterization (L51]) of a plane curve whose
Newton polygon is an octagon. Give ¢1(t) and ¢2(t) explicitly.

(21) Let G¢ be the group generated by the matrices A and X in (LG.T])
for £ = %1(1 ++/33). Can you construct a finite presentation of G¢?

(22) Find a nonzero ideal I in Z[z}, ...,z ] with trop,(I) = R™

rn
(23) What can the integral tropical variety tropy (1) look like for an ideal
I generated by two linear forms in Z[x,y, z]7 List all possibilities.

(24) Given 14 general points in the plane C2, what is the number of
rational curves of degree 5 that pass through these 14 points?

(25) The two curves in Figure [[34] are simple. For each of them, com-
pute the genus using the formula in (L7.4).

(26) Consider a curve X in (C*)? cut out by two general polynomials of
degree 2. What is the genus g and the number m of punctures of
this Riemann surface? Describe its tropical compactification X %P,

(27) The set of singular 3x3-matrices with nonzero complex entries is
a hypersurface X in the torus (C*)3*3. Describe its tropical com-
pactification X°P. How many irreducible components does the
boundary X*°P\ X have? How do these components intersect?

(28) Prove the tropical Bézout Theorem [[L3.2

(29) For which values of z are the following matrices tropically singular?

Lo o3 1 2 3 4 .o 3 r 2 3 4
5 46 2 4 6 8 5 oG 2z 6 8
- 360 2] D 13 6 z 12

* 48 12 =« v 4 8 12 =«

(30) The variety X C (C*)® defined by the ideal in (.84 is the comple-
ment of an arrangement of six lines in the projective plane P2. Draw
those six lines, and describe X'™°P in terms of your arrangement.






Chapter 2

Building Blocks

Tropical geometry is a marriage between algebraic and polyhedral geometry.
In order to develop this properly, we need tools and building blocks from var-
ious parts of mathematics, such as abstract algebra, discrete mathematics,
elementary algebraic geometry, and symbolic computation. The first three
sections of this chapter review fields and valuations, algebraic varieties, and
polyhedral geometry. In the last three sections, we begin our study of trop-
ical geometry in earnest. We redefine Grobner bases using valuations which
leads us to Grobner complexes and tropical bases. Unlike in Chapter [,
formal definitions and proofs will be given; our day at the beach is over.

2.1. Fields

Let K be a field. We denote by K* the nonzero elements of K. A valuation
on K is a function val: K — RU{oo} satisfying the following three axioms:

(1) val(a) = oo if and only if a = 0;
(2) val(ab) = val(a) + val(b); and
(3) val(a + b) > min{val(a), val(b)} for all a,b € K.

We often identify a valuation val with its restriction K* — R. The image of
val is an additive subgroup I'y,) of the real numbers R, called the value group
of (K,val). Every field K has a trivial valuation, defined by val(a) = 0 for
all a € K*. If we are given a valuation val on K that is nontrivial, then we
usually assume that the value group I'y, contains 1. This is not a serious
restriction because (A-val): K — RU{oo} is also a valuation for any A € Ry.

Lemma 2.1.1. If val(a) # val(b), then val(a + b) = min(val(a), val(b)).

43
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Proof. Without loss of generality we may assume that val(b) > val(a).
Since 12 = 1, we have val(1) = 0, and so (—1)? = 1 implies val(—1) = 0 as
well. This implies val(—b) = val(b) for all b € K. The third axiom implies
val(a) > min(val(a + b),val(—b)) = min(val(a + b), val(b)),
and therefore val(a) > val(a 4+ b). But we also have
val(a + b) > min(val(a), val(b)) = val(a),
and hence val(a + b) = val(a) as desired. O

Consider the set of all field elements with nonnegative valuation:
R = {ceK : val(c) >0}.
The set R is a local ring. This means that it has a unique maximal ideal:
mg = {ce K : val(c) >0}.
The quotient ring k = R/m is a field, called the residue field of (K, val).
Example 2.1.2. One of the original motivations for the study of valuations
is the p-adic valuation on the field K = Q of rational numbers. Here p is a

prime number, and the valuation val: Q* — R is given by setting val,(q) =
k, for ¢ = p*a/b, where a,b € Z and p does not divide a or b. For example,

vala(4/7) =2 and valp(3/16) = —4.

The local ring R is the localization of the ring of integers Z at the prime
(p). Its elements are the rational numbers a/b where p does not divide b.
The maximal ideal mg consists of rationals a/b where p divides a but not b.
The residue field k is the finite field with p elements, denoted Z/Zp = F,. O

Our other main example of a field with valuation is the Puiseux series.

Example 2.1.3. Let K be the field of Puiseux series with coefficients in
the complex numbers C. The elements of this field are formal power series
(2.1.1) C(t) = c1t™ + cot™ + 3t 4+ - ,

where the ¢; are nonzero complex numbers for all 7, and a1 < as < az < ---
are rational numbers that have a common denominator. We use the notation
C{{t}} for the field of Puiseux series over C. We can write this as the union

ey = ),
n>1
where C((t'/™)) is the field of Laurent series in the formal variable /7.

This field has a natural valuation val: C{{t}}* — R given by taking a
nonzero element c¢(t) € C{t}}* to the lowest exponent a; that appears in
the series expansion of ¢(¢). The field of rational functions C(¢) is a subfield
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of C{{t}} because every rational function ¢(¢) in one variable ¢ has a unique
expansion as a Laurent series in ¢. The valuation of a rational function c(t)
is a positive integer if ¢(t) has a zero at t = 0. It is a negative integer if ¢(t)
has a pole at t = 0. Hence, val(c(t)) indicates the order of the zero or pole.

Here are three examples that illustrate the valuation on C{{¢}} and the
inclusion of C(¢) into C{{t}}:

42T 49 2., T4 3.

t) = — 17 %2 B30 1(c(t)) = 2;
(t) 6+ 1144 sl Tt T as val(e(t)) = 2;
. 14t + 3t2 3 3., _
ét) = Ty Sl 273 + ?t + .-+ has val(¢(t)) = —3;

7 = 3.1415926535897932385 . .. has val(r) = 0.

We shall see in Theorem 2.T.5] that the field of Puiseux series is algebraically

closed, so we also get an inclusion of C(¢) into C{{¢}}. Here is an illustration:
Consider the two roots of the algebraic equation x? — z +t = 0. They are

1+1—4 - 1 (2
w1 (t) = %t = 1—Zk—ﬂ<:>t’f with val(z,(t)) = 0,
k=1
1— T4t N1 (2 .
nlt) = ——— = Zk—+1<k>tk with val(za(t)) = 1.
k=1

Similarly, every univariate polynomial with coefficients in C(¢) has its roots
in C{{t}}. The method of Theorem .10l for computing such series solutions
is available in computer algebra systems such as maple and Mathematica. ¢

Remark 2.1.4. We can replace C by another field k in Example and
construct the field k{{¢}} of Puiseux series over k. If k is algebraically closed
of characteristic zero, then so is k{{t}}. However, if k is algebraically closed
of positive characteristic p, then the Puiseux series field k{{¢}} would not be
algebraically closed. Explicitly, if char(k) = p > 0, then the Artin—Schreier
polynomial 2P — x —t~! has no roots (see Remark Z.T.10 below for details).

Here now is the promised key property of the Puiseux series field:

Theorem 2.1.5. The field K = k{{t}} of Puiseuz series is algebraically
closed when k is an algebraically closed field of characteristic zero.

Proof. We need to show that, given a polynomial F = Y"1 ¢z’ € K[zl
there is y € K with F(y) = > ;¢;iy* = 0. We shall describe an algorithm
for constructing y as a Puiseux series by successively adding higher powers
of t. We first note that we may assume that F' has the following properties:
(1) val(c;) > 0 for all 4;
(2) there is some j with val(c;) = 0;
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(3) ¢o # 0; and
(4) val(cg) > 0.

We must justify that these assumptions can be made. Property (4)
especially needs a justification. For (1) and (2), we note that if a =
min{val(¢;) : 0 < ¢ < n}, then multiplying F' by ¢t~* does not change
the existence of a root of F. For (3) if ¢g = 0, then y = 0 is a root so there
is nothing to prove.

To justify assumption (4), let us suppose that F satisfies the first three
assumptions except val(cg) = 0. If val(c,) > 0, then we can form G(z) =
2"F(1/z) = Y cp—ix’, which has the desired form, and if G(y') = 0
for y € K*, then F(1/y') = 0. If val(co) = val(e,) = 0, then consider
f = F € k[z]. This is the image of F' modulo mg. This is not constant
since val(e,) = 0. Since k is algebraically closed, the polynomial f has a
root A € k. Then

n n

F(z) = Flz+X) = Y. ch@v—i 2t

i=0 \ j=i

has the constant term F(0) = F()\) with positive valuation and F still
satisfies the first three properties. If 3/ is a root of F, then 3y’ + X is a root
of F.

Set Fy = F. We will construct a sequence of polynomials F; = Y cﬁz:’
Each of the Fj is assumed to satisfy conditions (1) to (4) above, by the same

reasoning as above. We define the Newton diagram to be the convex hull in
R? of the set

{(i,5) € N : there is k with k <4,val(c}) < j}.

This is different from the Newton polygon in Definition In fact, the
Newton diagram is the Minkowski sum of the Newton polygon and the
orthant ]RQZO.

The Newton diagram has an edge with negative slope connecting the
vertex (0,val(c})) to a vertex (ki, val(cfkl)). Up to sign, that slope equals

1(ch) — val(ct
o — val(cy) — va (Ckl).
ky
Let f; be the image in k[z] of the polynomial ¢~ ¥al(0) Fy(t¥iz) € K]a).
Note that f; has degree k; and has nonzero constant term. Since k is al-
gebraically closed, we can find a root A\; of f;. Let r;41 be its multiplicity.



2.1. Fields 47

Then fi(x) = (x — N\)"+1g;(x), where g;(A;) # 0. We define

Fiii(z) = Zcé“xj = t‘val(cé)Fl(twl(x—F)\l)).
=0

The coefficients c§-+1 of the new polynomial Fj(x) are given by the formula

n .
(212) Cé-+1 _ Z cli tiwlfval(cé) <Z> )\;'—j.
i=j

J

The image of this Puiseux series in the residue field k equals

I _ 191,
J gl Oxd

(A1)

For 0 < j < 741 this is zero, since A; is a root of f; of multiplicity r;11.

For j = r;41 this is nonzero. Thus val(cé-“) > 0 for 0 <1 < 741, and
val(cg-“) = 0 for j = r;41. Note that here we used the fact that char(k) = 0.

If cé‘H =0, then x=01is a root of Fj11, so \jt*! is root of F;. Further back
substitutions reveal that 22:0 AjtPot Wi g a root of Fy = F, and we are
done. Thus, we may assume cé“ # 0 for each [, so Fj;1 satisfies conditions

(1) to (4) above. This ensures that the construction can be continued.

The observation above on Val(c?'l) implies k;11 < 71 < k;. Since n is

finite, the value of k; can only drop a finite number of times. Hence, there
exist k € {1,...,n} and m € N such that k; = k for all [ > m. This means
that 7, = k for all | > m, so f; = y(x — \;)* for all I > m, and some p; € k.

Let N; be such that cé- € k(M) for 0 < j < n. By @ZIZ), we can
take N;11 to be the least common multiple of V; and the denominator of wj.
We claim that Njy; = N for [ > m. Indeed, we have w; = val(cf))/k:, S0 it
suffices to show Val(cé) € N%Z for [ > m. Since f; is a pure power, we have

Val(cé») = (k—j)val(c,_,) for 0 < j < k, and hence val(c}_,) = 1/kval(c})
lies in §-Z. This ensures that y, = Zé’:o AP0t ies in k((t1/M).
We have found N € N such that y; € k((t'/V)) for all I. Hence the limit

y = > Aot diesin k().
3>0

It remains to show that y is a root of F'. To see this, consider z; =
P Attt sand note that y = y;—q + w0t Ti-1z for [ > 0. We have

!
Fy(z) = t) P (241).
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Since zg = y, it follows that

val(F Zval + val(Fi11(2141)) Zval for all [ > 0.

Since Val(cé) € +Z, we find val(F(y)) = oo, so F(y) = 0 as required. O

Remark 2.1.6. When char(k)=0, the Puiseux series field k{{t}} is the alge-
braic closure of the Laurent series field k((t)). See [Rib99] 7.1.A(5), p. 186].

The fact that the field of Puiseux series is not algebraically closed when
char(k) > 0 motivates the definition in Example 2.7 Recall that a group
G is divisible if, for all g € G and all integers n> 1, there is ¢’ € G with ng’ =g.

Example 2.1.7. Fix an algebraically closed field k and a divisible group
G C R. The Mal’cev-Neumann ring K = k((G)) of generalized power series
is the set of formal sums o = deG agt?, where oy € k and t is a variable,
with the property that supp(a) = {g € G : ay # 0} is a well-ordered
set. If B =3 Byt then we set a+ 8 = 3" (g + By)t?, and aff =
EheG(2g+g,:h agﬁg/)th. Then supp(a + ) C supp(a) U supp(8) is well
ordered and thus a + f is well defined. For af, let supp(a) + supp(f)
denote {g + ¢’ : g € supp(«), g’ € supp(B)}. This set is well ordered, and
hence {(g,9') : g+¢' = h} is finite for all h € G. Thus, multiplication is well
defined. The same holds for division, so K is a field. For details see [Pas85],
Theorem 13.2.11]. Moreover, it is known that the field K is algebraically
closed. For a nonconstructive proof see [Poo93|, Corollary 4]. O

Remark 2.1.8. One might be tempted to define the elements of a ring
of generalized power series to be formal sums o = deG agt? with no
restriction on supp(«). However, with that definition, multiplication is not
well defined. Without the well-ordering hypothesis, the set {(g,¢') : g+¢' =
h} summed over in the definition of the product of two series may be infinite.

The field of generalized power series is one of the most general fields with
valuation that we need to consider. This is meant in the following sense.

Theorem 2.1.9 ([Poo93| Corollary 5]). Fiz a divisible group G. Let K be a
valued field whose residue field k is algebraically closed and whose value group
Iyal equals G. If the valuation is trivial on the prime field (F, or Q) of K,
then (K, val) is isomorphic to a subfield of k((G)) with the induced valuation.

Remark 2.1.10. Consider the case when k has characteristic p > 0. Then
the Artin-Schreier polynomial P — 2 — ¢! has roots

(t—l/p + t—l/pQ + t—l/ps + - ) + c,
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where ¢ runs over the prime field F,, of k. These are well-defined elements
of the ring of generalized power series, since {—1/p* : i > 0} U {0} is well or-
dered, but they are not Puiseux series. Since the Artin—Schreier polynomial
of degree p has p such roots and the Puiseux series are a subfield of the gen-
eralized power series, we see that there are no Puiseux series roots. Hence,
the Puiseux series field over k is not algebraically closed. See [Ked01] for
a subfield of the field of generalized power series that contains the algebraic
closure of the field of Laurent series in positive characteristic.

Example 2.1.11. Let K = Q(¢) be the algebraic closure of the field of
rational functions in one variable with coefficients in Q. Since Q(t) C C((t)),
the field K is a subfield of C{{t}}. An advantage of K over C{{t}} is that
elements of K can be described in finite space as the roots of polynomials g =
Yo aix’ with coefficients a; € Q(¢). This allows them to be represented
in a computer. The valuation val: K* — R is inherited from C{{t}}. The
valuations of the roots of g can also be read from ¢ as follows: Write a; =
pi/q; for 1 < i < n where p;, ¢; € Q[t]. The valuation of p = Zj:o bt/ € Q]
is min{j : b; # 0}, and val(a;) = val(p;) — val(g;). Then the valuations
of the roots a of g are the w € R at which the graph of the function
x +— min{val(a;) +ix : 0 < i < r} is not differentiable. There are at
most r such values w. See Figure [[T.] and the surrounding discussion for
related examples. The polynomial g is replaced by the associated tropical
polynomial, and the valuations of the roots of g are the roots of that tropical
polynomial, as in Section [Tl See Example for another example of
this phenomenon and Section B.1] for more underlying theory. O

Lemma 2.1.12. Let K be algebraically closed with nontrivial valuation.
Then the value group I'ya is a divisible subgroup of R that is dense in R.

Proof. The fact that Ty, = val(K*) is divisible follows from val(a'/") =
1/nval(a). We assume for all valuations that 1 € I'y,, so this means in
addition that Q C I'y,;, which implies that I'y,; is dense in R. O

Example 2.1.13. In Thomas Markwig proposes using a subfield
of k((R)) that contains the Puiseux series when char(k) = 0. His field has
the advantage that the valuation map K* — R is surjective. This is not the
case for the Puiseux series, since the valuation of any series is rational. ¢

Example 2.1.14. Consider the p-adic valuation on Q described in Ex-
ample We use this valuation to construct the completion Q, of Q.
Algebraically, this is the field of fractions of the completion Z, of Z at the
prime p. See [Eis95, Chapter 7] for details on completions.

More analytically, the field @Q, is the completion of Q with respect to
the norm | - |, induced by the p-adic valuation val,. This norm is given by
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—val(@) Every element a € Q, can be written in the form

00
a = a;p-,
i=m

where a; € {0,...,p— 1} and m € Z. The p-adic integers Z, have the same
representation but with m € N. The valuation val extends to Q, by setting
val(a) = min{i : a; # 0}. This is consistent with the valuation on Q and the
inclusion of Q into Q,; for example, valy(6) = 1, and 6 = 1-2! + 1. 22

lal, = p

It is instructive to explore the topological properties of Q,. The ball with
center 0 and radius 1 in this metric space equals Z,. The topology on Z, is
fractal in nature, and, in fact, Zs is homeomorphic to the Cantor set. For an
introduction to such topologies on valued fields and arithmetic applications,
we recommend the lecture notes by Bosch [Bos| on rigid analytic geometry.

The field Q) is not algebraically closed. For instance, x” —x— p~! hasno
roots. Its algebraic closure @p inherits the norm but it is not complete. The
completion of @p is the field C,, which is both complete and algebraically
closed. Performing arithmetic in these fields is a challenge. %

We will frequently use the fact that there is a splitting of the surjection
K* — I'y,1 from the multiplicative group of the field to the value group.

Lemma 2.1.15. If K is algebraically closed, then the surjection K* — 'y
splits: there is a homomorphism ¥ : (Iyay, +) — (K*, ) with val(y(w)) = w.

Proof. Since K is algebraically closed, it contains the nth roots of its ele-
ments. Thus, for any a € K*, there is a group homomorphism ¢: (Q,+) —
(K*, ) with ¥(1) = a. Both (K*,-) and (I'ya,+) are divisible abelian
groups. Since I'y,; is an additive subgroup of R, it is torsion-free, so I'y,1 is a
torsion-free divisible group, and thus isomorphic to a (possibly uncountable)
direct sum of copies of Q (see [Hun80, Exercise 8, p. 198]). Given w € T'y,
in one of these summands of I'y,; isomorphic to Q, for which w is taken to
1 by the isomorphism, and any a € K* with val(a) = w, there is a group
homomorphism ¥, : I'ya — K* taking w to a. By construction, this satisfies
val(¢y (mw/n)) = mw/n. The universal property of the direct sum implies
the existence of a homomorphism 1 : 'y, — K* with val(¢(w)) =w. O

Throughout this book, we use the notation t* to denote the element
Y(w) € K*. This is consistent with the canonical splitting for the Puiseux
series field C{{t}}. Here 'y, = Q, and the elements t* are the powers of ¢.

Consider any field K with a valuation val: K — RU{oco}. The valuation
induces a norm | - |[: K — R by setting |a| = exp(—val(a)) for a # 0,
and [0 = 0. Here “exp” can be the exponential function for any base.
The standard norm axioms are satisfied: |a| = 0 if and only if a = 0,
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|ab| = |a||b], and |a + b| < |a| + |b|. The last condition can be strengthened
to |a+ b| < max{|al, |b|}. Norms satisfying this are called non-archimedean.

The norm on K allows the use of analytical and topological arguments.
The field K is now a metric space with distance |a —b| between two elements
a,b € K. A ballis the set of all elements whose distance to a fixed element
is bounded by some real constant. Our metric space K has the following
remarkable property: if two balls intersect, then one must be contained in
the other. This suggests that K can be drawn as the leaves of a rooted tree.
That is why pictures of trees are ubiquitous in arithmetic geometry.

In Theorem 2.9 we assumed that val is trivial on the prime field. That
result does not apply to the fields K in Example Z1.14] where the prime
field is Q but with the p-adic valuation. There exists a generalization of
the field k((G)) of generalized power series which allows an extension of
Theorem to the case where val is the p-adic valuation on Q. However,
the arithmetic in such fields is very tricky. See [Poo93]| for details.

Readers who wish to learn more about valued fields are referred to the
book by Engler and Prestel [EP05]. The extension of valuations
Chapter 3] is a subtle issue that is important for geometric applications.

Example 2.1.16. What is the 2-adic valuation of the algebraic number
a = VI1+V177

This elementary question does not have a unique answer, since there are
several ways to extend the 2-adic valuation from Q to the extension field
Q(«). To find all the possibilities, we first compute the minimal polynomial

ab —5l-a* —2-11-a® + 867 -a® — 2-561-a — 23-599.

From this we see that the valuation of « can be either 0, 1, or 2. In fact, these
are the distinct roots, as in ((LI]), of the corresponding tropical polynomial

0oz @ 00z @ 1o ® 0022 ® 1ox & 3.

Fach coefficient of this tropical polynomial in x is the 2-adic valuation of
the corresponding coefficient of the classical polynomial in «. This shows
that computing with algebraic extensions of valued fields leads naturally to
solving tropical polynomial equations in one variable. We saw this already
in Example 2.1 and will return to the underlying theory in Section Bl ¢

We close this section with a remark about computational issues. It is
impossible to enter a generalized power series or arbitrary Puiseux series into
a computer, as it cannot be described by a finite amount of information. This
suggests that the best pure characteristic zero field with which we can hope

to compute is the algebraic closure Q(¢) of the ring of rational functions in
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t with coefficients in Q. Many of the examples in this book will be defined
and computed over the field Q(t) of rational functions.

A typical computation one may wish to perform is finding a Grébner
basis of a homogeneous ideal in a polynomial ring, as in Section 4] below,
or perhaps even a tropical basis of an ideal in a Laurent polynomial ring, as
in Section 2.6 below. If K = Q(t), then this can be reduced to Working over
the field of constants k = Q. Namely, given an ideal I C Q(¢ )[:E1 =

we may instead do our computation for I’ = I N Q[t*!, x{cl, oo,

2.2. Algebraic Varieties

We now recall some concepts from the highly recommended undergraduate
textbook on algebraic geometry by Cox, Little, and O’Shea [CLOQT].

Definition 2.2.1. The n-dimensional affine space over a field K is
% = A" = {(a1,a2,...,an) :a0; € K} = K",
The n-dimensional projective space over the field K is
k=P = (K" {0})/ ~,

where v ~ Av for all A\ # 0. The points of P™ are the equivalence classes of
lines through the origin 0. We write (vg : v; : -+ : v,) for the equivalence
class of v = (vg,v1,...,v,) € K", The n-dimensional algebraic torus is

w =1T" = {(a1,a9,...,ay) :a; € K*}.

Definition 2.2.2. The coordinate ring of the affine space A" is the polyno-

mial ring Klz1,...,2zy,]. The homogeneous coordinate ring of the projective
space P" is K[xg,x1,...,Zy], and the coordinate ring of the algebraic torus
T™ is the Laurent polynomlal ring K[z, ... o).

The affine variety defined by an ideal I C K[x1,...,zy] is
V(I) ={aeA": f(a) =0 for all f eI}

An ideal I C Klzg,x1,...,x,) is homogeneous if it has a generating set
consisting of homogeneous polynomials. The projective variety defined by a
homogeneous ideal I C K[xg,x1,...,xy,] is

V() = {VEP”'f( )=0forall f el}.
Any ideal I in K[l’l ..., o1 defines a very affine variety in the torus:

V(I) ={aeT": f(a)=0for all feI}.

For any variety X we consider the ideal Ix of all polynomials (or ho-
mogeneous polynomials, or Laurent polynomials) that vanish on X. The
coordinate ring K[X] of a variety X is the quotient of the coordinate ring
of the ambient space, namely A", P" or T", by the vanishing ideal Ix.



2.2. Algebraic Varieties 53

In tropical geometry, we are mostly concerned with Laurent polynomials
and the very affine varieties they define. Frequently, our ground field will
be K = C, the complex numbers, or K = C{{t}}, the Puiseux series. Very
affine varieties over C are noncompact, as was discussed in Section

The map that takes an ideal to its variety is not a bijection; for example,
V((z)) = V((z?)) in Al. Two ideals I and J satisfy V(J) = V(I) if they
have the same radical v/J = v/I. The converse holds when K is algebraically
closed. Namely, assuming this hypothesis, Hilbert’s Nullstellensatz states
that VT = Ix, where X = V(I) is the variety of I. For details, see any book

on commutative algebra, such as [Eis95| or [CLOOT].

We do not assume that our varieties are irreducible. A variety X is
irreducible if it cannot be written as the union of two proper subvarieties.
Every variety can be decomposed into a finite union of irreducible varieties.
This decomposition can be computed algebraically (e.g., in Macaulay?2 [M2])
by means of the primary decomposition of the corresponding ideals. If X is
an irreducible variety, then its vanishing ideal Ix is a prime ideal.

The simplest prime ideals are those generated by linear polynomials. The
corresponding varieties are called linear spaces. An ideal is principal if it is
generated by one polynomial, and in this case the variety is a hypersurface.
Hypersurfaces are varieties of codimension 1. The dimension of a variety is
its most basic invariant. The codimension is n minus the dimension. See
[CLOO0T, Chapter 9] for the definition of dimension and how to compute it.

Linear algebra furnishes many interesting examples of varieties. For
example, the set X of all m x n-matrices of rank at most 7 is an irreducible
variety. Its prime ideal Ix is generated by all (r+1) X (r+1)-minors of an
m X n-matrix of variables. Such varieties are called determinantal varieties.
Introductions to determinantal varieties, from two different perspectives, can
be found in the textbooks by Harris [Har95] and by Miller and Sturmfels

IMS05).

Example 2.2.3. Let n = 8. Fix any field K, and consider the affine space
A® = A%, whose points are pairs (A4, B) of 2x2-matrices with entries in K:

A = (an CL12> ond B — (bn 512>
ao1 G922 b21 622
The commuting variety is defined by the four entries of the matrix equation

A- B = B - A. These four polynomials generate a prime ideal of dimension
4. This means that the variety is irreducible of dimension 4.

For an example with different properties consider the five-dimensional
variety defined by the matrix equation A - B = 0. Its radical ideal equals

I = (anbii + a12ba1, a11biz + a12ba2, az1bir + asbor, azibiz + agebas ).
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This ideal I has the prime decomposition

(I 4 (a11a22 —aizaz1, bi1baa —biaba1)) N (b1, bar, b1z, baz) N{ai1, aiz2, azi, agz).

Hence, the variety has three irreducible components. These live inside the
affine space A8, and they have dimensions five, four, and four, respectively.
The last two components correspond to one of A or B being the zero matrix.

Tropical geometers would study the variety {A - B = 0} not in affine
space A® but in the torus 7. That variety in 7% is irreducible because the
components {A = 0} and {B = 0} disappear. In terms of algebra, the ideal
I is a prime ideal in the Laurent polynomial ring K [aﬁl, aﬁl, cen b;EQl]. O

We place a topology on affine space A™ by taking the closed sets to be
{V(I) : I is an ideal of K[x1,...,x,]|}. This is the Zariski topology. To see
that () and A™ are Zariski closed, note that ) = V((1)) and A™ = V ({0}).
It is an exercise to check that finite unions of closed sets and arbitrary
intersections of closed sets are closed. We denote by U the closure in the
Zariski topology of a set U. This is the smallest set of the form V(I) that
contains U. Similarly we can define the Zariski topology on P and T™.

There are inclusions 77 % A" 2 P", where the second map sends
x € A" to (1 x) € P". The affine closure of a variety X C T™ is the Zariski
closure i(X) of i(X) C A™. The projective closure of X C A™ is the Zariski
closure j(X) of j(X) C P". We now recall their algebraic descriptions.

Definition 2.2.4. The degree of a polynomial f =Y cyz" in K[x1,...,x,]
is W = max{|u| : ¢y # 0}, where |u| = >""" | u;. The homogenization fof f
is the homogeneous polynomial f = > cuxW ul ¢ Klxo,x1,...,2y]. The
homogenization of an ideal I in K|x1,. .., z,] is the ideal IprOJ (f:fel).
We similarly define I,,; for a given Laurent ideal I C K[z, ... ).

Proposition 2.2.5. Let X =V (I) be a subvariety of the torus T™ with ideal
Ic Kzl ot Then i(X) = V(Lg), where Lig = I N K[x1,..., ).

For an ideal I C K|x1,...,x,], the projective closure j(X) of V(I) is the
subvariety of projective space P" defined by the homogeneous ideal Ipyo;.

Proof. The sets V(Iag) and V (Iproj) are Zariski closed in A™ and P", re-
spectively. They contain i(X) and j(X), so they contain i(X) and j(X).
Conversely, suppose that f € K[z, ..., xy] vanishes on i(X). Then fly) =

for all y € X, so f € Ix when regarded as a polynomial in K[xl o
Thus f € \/_ I, by the Nullstellensatz, and so f lies in v/I,g. This shows that
V(L) € 4(X). Similarly, if a homogeneous polynomial g € Kfzo, ..., %]
vanishes on j(X), then g(1,y1,...,y,) =0 for all y = (y1,...,yn) € X, and
hence g € \/Iproj. This shows that V(1) € 5(X). O
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Example 2.2.6. Consider the very affine variety X = V(I) in 7° defined by

Its affine closure i(X) = V(I g) in A3 is defined by the ideal

Lg = IN Kz, x9,23] = (xows + 229 + 3, 20123 + 1 — T3 ),
and its projective closure j(X) = V (Ip0;) in P? is defined by the ideal
Inroj = (xox3 + 2x0x2 + 03, 20123 + Tox1 — LT3, 3T1T2 — Tx1 — 2X0L2).

Such computations are based on ideal quotients as in [CLOQT, §4.4]. O

A morphism ¢ : X — Y of affine or very affine varieties is induced by a
ring homomorphism ¢* : K[Y] — K[X] between the respective coordinate
rings. Note that the map ¢* takes the coordinate ring of Y to that of X.
The transformation X — K[X] is a contravariant functor. Computing the
image of a morphism ¢ is known as implicitization (cf. Section 1.5).

For a morphism ¢ : T™ — T™, we place the additional constraint
that the map ¢ be a homomorphism of algebraic groups. This means that

o* : K[zt ail] — Klyit, ... yF!] is a monomial map, so ¢*(z;) is a
Laurent monomial in y1, ..., y, for 1 <i <m. Equivalently, the ring homo-

morphism ¢* is induced by a group homomorphism, which we also denote
by ¢*, from Z™ to Z". If X = V(I) is a subvariety of 7™, then the Zariski
closure of its image ¢(X) in the torus 7™ is the variety V(¢*~1(I)).

Recall that the group of automorphisms of the lattice Z" is isomorphic
to the group GL(n,Z) of invertible matrices with integer entries and deter-
minant +1. We denote by eq,...,e, the standard basis for Z".

Lemma 2.2.7. Given any vector v € Z™ with the greatest common divisor
of vil,- .., |vn| equal to one, there is a matriz U € GL(n,Z) with Uv =
e1. Further, if L is a rank k subgroup of Z™ with Z" /L torsion-free, then
there is a matriz U € GL(n,Z) with UL equal to the subgroup generated by
€e1,...,eL.

Proof. The first statement follows from the second. Indeed, if the greatest
common divisor of |v1|, ..., |v,]| is one, then the group Z"/Zv is torsion-free.
Let A be a k X n-matrix with rows an integer basis for the subgroup L.
The condition that Z"/L is torsion-free implies that the Smith normal form
of A is the k x n-matrix A" with first k x k-block the identity matrix, and
all other entries zero. The Smith normal form algorithm furnishes matrices
V € GL(k,Z) and U’ € GL(n,Z) that satisfy A’ = VAU’. Multiplying on
the left by an element of GL(k,Z) does not change the integer row span, so
the integer row span of V A equals L. We now take U = U’ T O
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An automorphism of the torus T™ is an invertible map specified by n
Laurent monomials in x1,...,x,. Thus the automorphism group of T" is
isomorphic to GL(n,Z). Here the matrix entries are the exponents of the
monomials. When we speak of a coordinate change in T", we mean the
transformation given by such an invertible monomial map. These multi-
plicative changes of variables behave very differently from the more familiar
linear changes of variables in affine space A™ or projective space P". Auto-
morphisms of T are essential for tropical geometry.

Example 2.2.8. The invertible integer matrix U = ( % :%) represents the

automorphism (x,%) — (zy, 2z~ 'y~2) of the torus 72 and of its coordinate
ring C[z*!, y*!]. The image of the curve X = {(x,y) € T?: f(x,y) = 0} in
Example [[L81] under the automorphism U is the curve defined by

(Uo f)z,y) = 02+059€+01y+03$y+04962y2-

Note how the linear map U moves the tropical curve trop(X). The com-
pactifications X"™ = j(X) c P? and XPhom c P! x P! change under this
automorphism. The tropical compactification X"°P remains the same. ¢

We close this section by introducing an important variety that we will
use later in proofs and will study tropically in Section 3l The Grassman-
nian G(r,m) is a fundamental parameter space in algebraic geometry. It
is a smooth projective variety of dimension r(m — r). Each of its points
corresponds to an r-dimensional linear subspace of a fixed m-dimensional
vector space V. The Grassmannian G(r, m) embeds into P(7) = as follows.

Fix the vector space V ~ K™. Every r-dimensional subspace of V' is the
row-space of some r X m-matrix of rank r. An issue with this representation
is that different matrices can have the same row-space. If two r X m-matrices
A and B have the same row-space, then one can be obtained from the other
by row operations, so there is an element G € GL(r, K) with A = GB.
We solve this ambiguity problem by mapping these matrices to the vector of
length (T) of their r x r-minors. This Plicker vector has coordinates indexed
by all subsets I of size r of [m] = {1,...,m}. The coordinate indexed by
I is the determinant of the r x r-submatrix with columns indexed by I. If
A = GB for some G € GL(r, K), then the Ith minor of A is det(G) times the
Ith minor of B, so these represent the same point of ]P’(Zl)_l. The subspace
can be uniquely recovered from its Pliicker vector.

Example 2.2.9. Let U € C* be the row-space of the matrix

1111
A‘( 123)'
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Note that U is also the row-space of the matrix

3 2 10
b= < 01 2 3 ) '
The 2 x 2-minors of a 2 x4-matrix are indexed by the sets {1,2},{1,3},{1, 4},
{2,3},{2,4}, and {3,4}. The vector of 2 x 2-minors of A, listed in this order,
is (1,2,3,1,2,1), while the one for B is (3,6,9,3,6,3). However, we have
(2.2.1) (1:2:3:1:2:1) = (3:6:9:3:6:3) in P

It is instructive to recover the subspace U from this point in P?. O

The set of all such Pliicker coordinate vectors forms a projective variety.
We denote by K[p] = K[pr : I C [m],|I| = r] the coordinate ring of p(7)-1,
The Pliicker ideal I, ,, is the set of all polynomials in K [p] that vanish on the
vectors of 7 X r-minors for all » X m-matrices. This is the homogeneous prime
ideal of all polynomial relations among the r x r-minors. It is generated by
the Pliicker relations, which are defined as follows.

Fix a subset I C [m] of size r — 1, and a subset J C [m] of size r + 1.
For j € J, the sign sgn(j;I,J) is (—1)%, where £ is the number of elements
j'" € J with j < j' plus the number of elements i € I with i > j. The Plicker
relation Py y is the homogeneous quadric

Prg = Z sgn(j; 1, J) - pruj - P>
JjeJ
where pry; = 0 if j € I. Note that Pr ; is nonzero only if [J\I| > 3. If
|J\I| = 3, then, after suitable reorderings and adjusting signs, we can write
I=TuU{i}and J=T'"U{j,k,1} with i < j < k <, and this implies

Pr.g = prij-pre. — Prik - prj + pri - Prjk-
Such Pliicker relations are called three-term Pliicker relations.
Proposition 2.2.10. The Pliicker relations generate the Pliicker ideal
Lim = (Pry : L,JC[m], |[I|=r—1,]J|=r+1).
The Grassmannian G(r,m) is the subvariety of p(7)-1 defined by this ideal.

See, for example, [MS05, Theorem 14.6] for a proof.

Example 2.2.11. Consider the case r = 2,m = 4. The six variables of
K|[p| are p12, p13, P14, P23, P24, P3a. The Pliicker ideal is principal:

Iny = (P1234)-

The generator is the three-term Pliicker relation

P1234 = pi12p34 — P13p24 + P14p23-
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This quadric is equal, up to sign, to P 134, P3,124, and Py 123. All other
Pliicker relations, such as Pj 123, are zero. The Grassmannian G(2,4) =
V(I2,4) is a hypersurface in P°. Note that the point (221 lies in G(2,4). ¢

Our next result relates the valuation on a field K with the Zariski topol-
ogy on the torus T" over K. It will be used in the proof of Proposition [3.1.5]
Analogous statements hold for affine space A™ and projective space P".

Lemma 2.2.12. Let K be a valued field with a splitting Iy — K*, w +— t%,
so that val(t¥) = w. Let ay,...,a, € k* andwi,...,w, € Ly, and consider

the set of all'y = (y1,...,yn) in T™ that satisfy val(y;) = w; and t=Viy; = oy
fori=1,...,n. This set is dense in T™ with the Zariski topology.

Proof. We will show that for any nonzero polynomial h € K[z{!, ... z]
there is a point y of the desired form with h(y) # 0. For each ¢ we fix an
element z; in the valuation ring R with Z; = «;. Then y; = t“iz; satisfies
val(y;) = w;, as a; # 0 implies that val(z;) = 0. Each coordinate y; can be
replaced by an infinite number of other choices in K*; for example, y; 4 t®i+7
also has the desired properties for all j > 0. We now show, by induction on
n, that we can choose y of this form with h(y) # 0. When n = 1, we choose
y1 from the infinite number of choices with val(y;) = wy and t~%1y; = o
to avoid the ﬁnitely many roots of h. When n > 1, write h = ) hja:% where
hj € Klzf', ... 2 ]. By induction there is y' = (y1,...,yn_1) € (K*)"!
with val(y;) = w; and t~%iy; = a; with h;(y’) # 0 for all j. We then choose
yn, with val(y,) = w, and t~¥ry,, = «, to avoid the finite number of roots
of Myt .-y Yn—1,Tn) € K[z O

2.3. Polyhedral Geometry

We review here the notions from polyhedral geometry that are needed in
this book. Polyhedral geometry is a rich and beautiful part of discrete
mathematics. The reader unfamiliar with this area is encouraged to spend
some time with the first few chapters of Ziegler’s textbook [Zie95].

Definition 2.3.1. A set X C R"” is conwvez if, for all u,v € X and all
0 < A <1, we have Au+ (1 — A\)v € X. The convexr hull conv(U) of a
set U C R™ is the smallest convex set containing U. If U = {uj,...,u,} is
finite, then conv(U) = { Y7_; Aiw; : 0 <\ < 1,37 | A\ = 1} is a polytope.

A polyhedral cone C' in R™ is the positive hull of a finite subset of R™:

C = pos(vi,...,v,) = {Z)\ivieR":)\iZO for all 2}
i=1



2.3. Polyhedral Geometry 59

W &

Figure 2.3.1. Polyhedral fans.

Figure 2.3.2. Not a polyhedral fan.

The cone is simplicial if the v; are linearly independent. Every polyhedral
cone has the alternate description as a set of the form

C = {xeR": Ax <0},
where A is a d x n-matrix. For a proof see [Zie95| Theorem 1.3].

A face of a cone is determined by a linear functional w € (R™)Y, via
facew (C) = {xeC:w-x<w-yforalyeC}.

This has an alternate description as facew (C) = {x € C': A’x = 0}, where
A’ is a suitable d’ x n-submatrix of A derived from w. A (polyhedral) fan
is a collection of polyhedral cones satisfying two conditions: every face of a
cone in the fan is in the fan, and the intersection of any two cones in the
fan is a face of each. For an illustration of this definition see Figures 2.3.1]
and The fan is simplicial if every cone is simplicial. The notion of a
fan is fundamental for toric varieties, as seen in Chapter [l

A convex set is the intersection of a collection of half-spaces in R™. A
polyhedron P C R"™ is the intersection of finitely many closed half-spaces:
P = {xeR": Ax < b},

where A is a d x n-matrix, and b € R%. Polytopes are bounded polyhedra;
see [Zie95] §1.1]. A face of a polyhedron is determined by a linear functional
w € (R")Y, via facew(P) ={x € P:w-x<w-y forally € P}.

A face of P that is not contained in any larger proper face is called facet.
A polyhedral complez is a collection ¥ of polyhedra satisfying two conditions:
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Figure 2.3.3. A polyhedral complex.

if P isin %, then so is any face of P, and if P and @ lie in >, then P N Q
is either empty or a face of both P and ). An example is shown in Figure
2.3.3. The polyhedra in a polyhedral complex ¥ are called the cells of 3.
Cells of X that are not faces of any larger cell are facets of the complex.
Their facets are called ridges of the complex. The support |X| of ¥ is the set
{x € R" : x € P for some P € ¥}. Note that polyhedral cones are special
cases of polyhedra and fans are special cases of polyhedral complexes.

The lineality space of a polyhedron P is the largest linear subspace V' C
R™ with the property that x € P,v € V implies x + v € P. The lineality
space of a polyhedral complex . is the intersection of all the lineality spaces
of the polyhedra in the complex. The affine span of a polyhedron P is
the smallest affine subspace containing P. This is the translate of a linear
subspace of R™, which we call the linear space parallel to P. The dimension
of P is the dimension of the linear space parallel to P.

A polyhedral complex ¥ is pure of dimension d if every facet of ¥ has
dimension d. The f-vector ( fo, fi,..., fq) of a polyhedral complex ¥ records
the number f; of cells of the complex of dimension i. The relative interior
of P, denoted relint(P), is the interior of P inside its affine span. If P =
{x € R": Ax = b, A’x < b’}, where each of the inequalities in A’x < b’ is
strict for some x € P, then relint(P) = {x € R": Ax = b, A’x < b’}

Definition 2.3.2. Let I" be a subgroup of (R, +). A I'-rational polyhedron is
P = {XER" : Axgb},

where A is a d x n-matrix with entries in Q, and b € I'?. A polyhedral
complex ¥ is I'-rational if every polyhedron in ¥ is I'-rational. We will be
interested in the case where I' = I'y, is the value group of a field K. If
I' = Q, then we simply use the adjective rational instead of Q-rational.

Definition 2.3.3. Let P C R" be a polyhedron. The normal fan of P is
the polyhedral fan Np consisting of the cones

Np(F) = c({w € (R™")Y : facew(P) = F})
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Figure 2.3.4. The normal fan of a polyhedron P.

as I varies over the faces of P. Here, cl(-) denotes the closure in the Eu-
clidean topology on (R™)Y, which is the vector space dual to R"™. The fan
Np is also called the inner normal fan of P. Figure 234 shows the normal
fan of a quadrangle P. This fan consists of nine cones, four of dimension 2,
four of dimension 1, and one of dimension 0.

Definition 2.3.4. Let S = K[:Blil, ..., -] be the Laurent polynomial ring.

r'n

Given f =} czn cux® € S, the Newton polytope of f is the polytope
Newt(f) = conv(u:cy #0) C R™
We call this a Newton polygon if it is two dimensional, as in Definition [LT.3l
Example 2.3.5. Let S = C[z*™!, y*!]. Consider the polynomial
f = Te+ 8y — 3xy + 42y — 172y + %2
The Newton polygon of f is shown in Figure 35l Now, consider
g = x ' —y 43— 2y +ay.
The Newton polygon of the Laurent polynomial g is the translation of the
Newton polygon of f by the vector (—1,—1). %

Let ¥; and X5 be two polyhedral complexes in R". The common re-
finement of ¥1 and X9 is the polyhedral complex 1 A X9 consisting of the
polyhedra {PNQ : P € ¥1,Q € Xo}. Note that |21 AXa| = |31]N[X2|. We
usually apply this operation when 3; and Y5 have the same support.

The Minkowski sum of two subsets A, B C R™ is the set
(2.3.1) A+B = {a+b:acAbeB} C R".

If A and B are polyhedra in R, then A 4+ B is also a polyhedron in R".
The same holds for polytopes, cones, and supports of polyhedral complexes.
Here are two useful facts that relate Minkowski sums to other constructions.
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Figure 2.3.5. The Newton polygon in Example 2.3.5

e If P and () are polyhedra in R", then the normal fan of their
Minkowski sum is the common refinement of the two normal fans:

(2.3.2) Npig = Np ANg.

e The Newton polytope of a product of two Laurent polynomials is
the Minkowski sum of the two given Newton polytopes:

(2.3.3) Newt(f-g) = Newt(f) + Newt(g).

Definition 2.3.6. Let X be a polyhedral complex in R", and let o be a cell
in 3. The star of o in ¥ is a fan in R™, denoted by stary (o). Its cones are
indexed by those cells 7 in ¥ that contain o as a face. The cone of stary (o)
that is indexed by 7 is the following subset of R":

T ={AMx—-y): A>0,xeT,y €0}

Example 2.3.7. The polyhedral complex 3 shown on the left of Figure 2.3.6]
is a quadratic curve in the tropical plane, as seen in Section The affine
span of the vertex o1 in X is just the vertex itself. The star is shown on the
right. For o9 the affine span is the entire y-axis, and this is also the star. ¢

A particularly interesting class of polyhedral complexes are the reqular
subdivisions of a polytope. Regular subdivisions were called coherent sub-
divisions in [GKZO08]. An excellent reference for all topics pertaining to
triangulations and subdivisions is the book by De Loera et al. [DRS10].

Definition 2.3.8. Let vq,...,v, be an ordered list of vectors in R™*!.
We fix a weight vector w = (wy,...,w,) € R". The regular subdivision of
Vi,...,V, induced by w is the polyhedral fan with support pos(vy,...,v;)
whose cones are pos(v; : i € o) for all subsets o C {1,...,r} such that there
exists ¢ € R"! with ¢-v; = w; for i € o and ¢ - v; < w; for i € 0. When
the fan is simplicial, the subdivision is called a regular triangulation.
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star(o,)

star(o,)

Figure 2.3.6. The star of a polyhedron in a polyhedral complex.

This construction is usually applied to vectors v; = (u;, 1) representing a

point configuration uy, ..., u, in R”. In that case, the fan above corresponds
to a subdivision of the polytope P = conv{u; : 1 < ¢ < r} in R". The
regular subdivision of P induced by w = (w1, ..., w,) € R" has the following

geometric description. We form the polytope
P, = conv{(ui,wi) 1< < r} c R

The lower faces of Py, are those with an inner normal vector ¢ € (R**1)Y
with last coordinate positive. These lower faces project down to P C R™.
They form a polyhedral complex whose support equals P. This is the reqular
subdivision of uy, ..., u, induced by w. When each polytope in the complex
is a simplex, the subdivision is called a regular triangulation of P.

It can now be checked that the regular subdivision of uy, ..., u, induced
by w is the polyhedral complex obtained by intersecting the regular sub-
division of the vectors {(uy,1),...,(u,,1)} € R"! induced by w with the
hyperplane obtained by setting the last coordinate equal to one. Indeed, if
(c,1) is an inner normal vector for a face conv{(u;, w;) : i € o} of Py, then
there is ¢p € R with (c, 1) - (u;, w;) > ¢ for all 4, with equality exactly when
i € 0. Thus (—c, ) - (u;,1) < w;, with equality exactly when i € o.

Example 2.3.9. We present three low-dimensional examples to show the
concepts of regular subdivisions and triangulations for cones and polytopes.

(1) Let n = 1,7 = 4. The vectors (0,1),(1,1),(2,1),(3,1) span the
cone pos((0,1),(3,1)) in R%2. When w = (4,2,1,2), the regular
triangulation has three cones: pos((0,1),(1,1)),pos((1,1),(2,1)),
and pos((2,1),(3,1)). The same is true for the weight vector w =
(1,0,0,1). For w = (3,2, 1, 2) there are two cones: pos((0,1),(2,1))
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w=(4,2,1,2) or w=(3,2,1,2) w=(4,3,2,1) or

w=(1,0,0,1) w=(0,0,0,0)

Figure 2.3.7. Some examples of regular subdivisions.

and pos((2,1),(3,1)). For w = (4,3,2,1) there is only one cone:
pos((0,1),(3,1)). The three subdivisions are shown in Figure
237

Consider the points 0,1, 2,3 on the line R' = R. Their convex hull
is the segment [0,3]. When w = (4,2,1,2), the regular triangula-
tion consists of three line segments: [0, 1], [1, 2], and [2, 3]. The same
is true for the weight vector w = (1,0,0,1). For w = (3,2,1,2)
there are two line segments: [0, 2] and [2, 3], and for w = (4,3,2,1)
or w = (0,0,0,0) there is only one line segment: [0, 3]. These are
also shown in Figure 2337l Note that this example is a slice of the
previous one obtained by setting the last coordinate equal to one.

Let n=2,r=6. Fix the points (2,0), (1, 1), (0,2), (1,0), (0, 1), (0,0).
Forw = (1,0, 1,0,0,2), we get the triangulation with four triangles
shown first in Figure For w = (3,0,3,1,1,0) the triangula-
tion again has four triangles but is different from the first one;
it is second in Figure 23.8 Finally, for w = (0,0,0,0,0,0), the
regular triangulation has only the one triangle shown at right in
Figure O

w=(1,0,1,0,0,2) =(3,0,3,1,1,0) =(0,0,0,0,0,0)

R B

Figure 2.3.8. Some more examples of regular triangulations.
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Figure 2.3.9. An example of a nonregular triangulation.

Remark 2.3.10. Not every subdivision of conv(uy,...,u,) is regular. The
smallest nonregular example is shown in Figure 2.3.91 A subdivision is
regular if and only if it is dual to a tropical curve, as defined in Section

Computationally inclined readers may wonder what software is available
for polytopes and polyhedra. An excellent general purpose platform is the
software polymake [GJO00] due to Evgeny Gavrilov and Michael Joswig.
For the specific study of polyhedral complexes and fans arising in tropical
geometry, we also recommend Anders Jensen’s package Gfan [Jen)|.

In this section we distinguished between a vector space R™ and its dual
(R™)V. In later sections we identify these two via the usual dot product.

2.4. Grobner Bases

In this section we introduce Grobner bases over a field K with a valuation.
This is a generalization of the Grobner basis theory familiar from [CLOOQY]
and other standard references, such as [Eis95, Chapter 15]. The material
in this section is not easy. Even those who are familiar with Grébner bases
will need to put some extra effort in now. For that reason, some readers
may prefer to jump to Section Bl first and to return to this point later on.

In what follows, the field K not need be algebraically closed, but we will
assume that it has a splitting ¢: I'vay — K*,w +— t*. This hypothesis is
needed for defining Grobner bases. It holds if the valuation on K is trivial.

If a € K satisfies val(a) > 0, so a lies in the valuation ring R of K, we
denote by @ the image of a in the residue field k. The splitting ¢ ensures
that for every element a € K* we get a nonzero element ¢t~ Val@)g € k. The
resulting function K* — k* is a homomorphism of multiplicative groups.
For a polynomial f with coefficients in R, we write f for the polynomial
obtained by replacing every coefficient a by @.

Our first goal is to define Grobner bases for a homogeneous ideal [ in the
polynomial ring S = K[z, z1,...,x,]. Asinstandard Grobner basis theory,
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this involves passing from [ to an initial ideal. The difference is that now
the valuations of the coefficients play a role in determining the initial ideal.

Let us start with a single polynomial f = " o1 cuz™ in S. The trop-
icalization of f is the piecewise linear function trop(f): R"*! — R given by

(2.4.1)  trop(f)(w) = min{val(cy) +w-u : ue N and ¢, #0 }.

Thus, trop(f) is the tropical polynomial induced by the classical poly-
nomial f. Fix a weight vector w € R"™1 and let W = trop(f)(w) =
min{val(cy) + W - u: ¢y # 0}. The initial form of f with respect to w is

(2.4.2) inw(f) = Z cut~Vallew)g™ € Ko, ...,z

uenNn+1.
val(cy)+w-u=w

When w € Fﬁ;{ ! the initial form can also be expressed as

lnw(f) = t_W Z Cutw'ux“ = t- trop(f)(w)f(two‘xo, . ,t’IUnxn).
ueNn+1

Example 2.4.1. Let f = (t + t*)zo + 2t%21 + 3t'ay € C{t}Hzo, 21, 22). If
w = (0,0,0), then W = 1 and inyw(f) = (1 +t)xo = zo. If w = (4,2,0),
then W =4 and inw(f) = 271 + 3z2. Note also ingp 1 0y(f) = zo +221. O

It is instructive to also consider the field K = Q with the p-adic valuation
of Example Here, if f is a polynomial with rational coefficients, then
iny (f) is a polynomial with coefficients in the finite field Z/pZ. See Example
for an illustration with linear polynomials in the case p = 2.

If I is a homogeneous ideal in K|z, ...,z,], then its initial ideal is
ing(I) = (inw(f): fel) C klxo,...,xp).

Note that iny (/) is an ideal in k[zg,...,z,]. A set G = {g1,...,9s} C [ is
a Grébner basis for I with respect to w if inw (/) = (inw(g1),...,inw(gs))-

Lemma 2.4.2. Let I C K|xo,...,zy] be a homogeneous ideal. Fix w €
R Then iny(I) is homogeneous, and we may choose a homogeneous
Grébner basis for I. Further, if g€iny(I), then g=inw(f) for some fel.

Proof. To see that iny () is homogeneous, consider f =", f; € S with
each f; homogeneous of degree i. The initial form iny(f) is the sum of
initial forms of those f; with trop(f)(w) = trop(f;)(w). Since each homo-
geneous component f; lives in I, the initial ideal iny (/) is generated by
elements iny (f) with f homogeneous. The initial form of a homogeneous
polynomial is homogeneous, so this means that iny (/) is homogeneous. As
the polynomial ring is Noetherian, iny (/) is generated by a finite number
of these iny (f), so the corresponding f form a homogeneous Grébner basis
for I. For the last claim, let g = Y auz" ing(fu) € inw(I), with ay € k*
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and fy € I for all u. Then g = > ayinw(z" fu). For each ay choose a lift
cu € R with val(cy) = 0 and &g = ay, and let Wy, = trop(fu)(w) + w - u.
Let f = > cut Vuaz¥f,. Then by construction trop(f)(w) = 0, and
inw(f) => , euz"ing(f) = g. O

Example 2.4.3. Let K = Q with the 2-adic valuation, so k = Z/27Z. Let
n = 3 and consider the line in IP’% defined by the ideal of linear forms

I = (l’o + 221 — 329, 3x1 — 422 —|—5:E3>.

If w=(0,0,0,0), then the two generators are a Grobner basis and iny (/) =
(xo+ 2, 1 +x3). This is an ideal in the polynomial ring with coefficients in
k=27/2Z. If w = (1,0,0,1), then iny (I) = (x1,x2), and a Grobner basis is
{xe — 3xo + 1023, 1 — 420 + 1523}. One may ask, how many distinct initial
ideals there are as w varies over R*? For an answer see Example ¢

Remark 2.4.4. Our definition of Grobner bases is restricted to polynomial
ideals I that are homogeneous. With this restriction, every Grobner basis
G generates its ideal I. For a proof see [CM13|. The same definition of
Grobner bases makes sense also for nonhomogeneous polynomial ideals 1,
but these are generally not generated by their Grobner bases. For instance,
the singleton G = {x — 2} is a Grobner basis for the ideal I = (z) in the
univariate polynomial ring K[z] with w = 1, but G does not generate I. ¢

Remark 2.4.5. The material in this section contains the usual Grobner
basis theory using term orders [CLOQT]| as a special case. The latter arises
when the field K has the trivial valuation. That situation is ubiquitous in
this book. We refer to it as the case of constant coefficients. Here, if f is a
polynomial and w is generic in R™*!, then iny (f) is the leading monomial
of f with respect to the term order determined by —w, as defined in [Eis95),
§15.1]. For arbitrary w, this is the leading form in the sense of [Stu96l §1].

We now iterate this construction, by taking initial forms of initial forms.
In the outer iteration, the operator iny is applied to a polynomial f with
coefficients in k, where k has the trivial valuation. The same is done in
LemmaR.4Mand Corollary 2Z4.T0 but with ideals I in place of polynomials f.

Lemma 2.4.6. Fiz f € K|xg,...,r,] and w,v € R, There exists an
€ > 0 such that, for all € with 0 < € < €, we have

(2.4.3) iny(inw (f)) = ingaev(f)-
Proof. Let f =3 cynt1 cuz®. Then
ne(f) = 3 v,

ueNntl;
val(cu)+w-u=W
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where W = trop(f)(w). Let W' = min(v - u : val(cy) + w - u = W). Then
iny(inw(f)) = Y catwuWat

v-ou=W’
For all sufficiently small ¢ > 0, we have

trop(f)(w +ev) = min(val(cy) + w-u+ev-u) = W+ W',  and
{u:val(cy)+(wtev)u=W+eW'} = {u: val(cy)+wu=W,v.u= W'}
This implies inyyev(f) = iny(ing (f)) for € with 0 < € < e. O

In Corollary [Z4.10 we shall see that (2.4.3]) holds for any homogeneous
ideal I in place of the polynomial f. The next lemma shows one containment.

Lemma 2.4.7. Let I be a homogeneous ideal in K|xo,...,z,], and fit w €
R, There ezists v € R" and € > 0 such that iny(iny (1)) and ingyeyv (1)
are monomial ideals, and iny (iny (1)) C iny4ey () holds.

Proof. Givenv € R"*!, let M, denote the ideal generated by all monomials
in iny(inw (7)), and let M denote the ideal generated by all monomials in
inwev(I) for some € > 0. Choose v € R*""! with M, maximal, so there
is no v/ € R*"! with M, C M,,. This is possible since the polynomial
ring is Noetherian. If iny(iny (7)) is not a monomial ideal, then there is
f € I with none of the terms of iny (inw(f)) lying in M. Choose v/ € R"*!
with iny/ (iny (inw(f))) @ monomial; any v’ for which the face of the Newton
polytope of iny (ing(f)) minimizing v’ is a vertex suffices. By Lemma 2.4.0]
there is € > 0 for which iny ¢ (ing(f)) is this monomial. For € sufficiently
small, the ideal iny ¢+ (inw(I)) contains each generator z% of My, as " =
iny (inw (f)) for some f € I. This follows from applying Lemma to
inw (f). This contradicts the choice of v, so we conclude that iny (iny (7)) =
M., for this choice of v.

Let My = (x™,...,2%), and choose fi,..., fs € I with iny(inw(f;)) =
x%. By Lemma 246 there is € > 0 with inw4ev(f;) = 2% for all 4. For
this € we have iny(ing(I)) C ingiev(I). We may assume that v € R
has been chosen so that M$ is as large as possible, so there is no v/ with
M, = M, and Mg C M¢,. Again, if iny ey (1) is not monomial, then there
is f € I with no term of inwtev(f) € M§. We can choose v/ as above so that
Mg € M, ., for small €. For sufficiently small ¢ we have My oy = My.
From this contradiction we conclude that iny ey (1) is also a monomial ideal.
We then have the inclusion iny (inw (7)) C inwtev(1). O

In what follows we use the notations Sk = Klzog,...,z,] and Sy =
k[zg,...,z,] for the polynomial rings that contain a given homogeneous
ideal I and its various initial ideals iny (/). We measure the size of these
ideals by their Hilbert functions. These are numerical functions N — N,
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d — dim(Sg /I)4. For d > 0, the Hilbert function agrees with a polynomial
(called the Hilbert polynomial) whose degree is one less than the Krull di-
mension of the quotient of the polynomial ring modulo that ideal. Grobner
bases are used to compute invariants of I that are encoded in the Hilbert
function, such as dimension, as the Hilbert function of an ideal and its initial
ideal agree. We now extend this to our modified Grébner theory.

Lemma 2.4.8. Let I C Sk be a homogeneous ideal, and let w € R pe
such that iny (I)q is spanned over k by its monomials. Then the monomials
" of degree d that are not in iny (I) form a K-basis for (Sk/I)q.

Proof. Let B, be the set of monomials of degree d not contained in iny (7).
We first show that the image of By in (Sk/I)4 is linearly independent over K.
This will imply dimy inyw (I)g > dimg I; because |By| = (":d) —dimy iny (1)g4.
Indeed, if this set were linearly dependent there would exist f = > cya™ €
I;, with 2" ¢ iny (I) whenever ¢, # 0. But then iny(f) € inw(I)g. Thus,
every term of iny (f) is in inw ([)4, contradicting the construction of f.

For each monomial z% € iny([)4, choose fu € Iz with iny(fy) = =™
This is possible by Lemma .42l We next note that {fy : 2% € inyw (I)4} is
linearly independent in Sk . If it were not, there would be a, € K not all zero
with Y aufu = 0. Write fu = 2% + > cyvz¥. Let u’ minimize val(ay) +
w - u for all u € N**! with 2% € ing(I)g. Then ayw + Zu#u, AuCuuw/ =
0, so there is u” # u’ with val(ayr) + val(cynw) < val(ay). But then
val(ayr) + val(cyrw) + w-u’ <val(ay) + w-u’ < val(ays) +w-u”, which
contradicts iny (fur) = 2% . This shows dimg I; > dimy ing (I)g. Thus
dimK(SK/I)d = dimk(S]k/ inw(I))d, and Bd is a K-basis for (SK/I)d. O

Corollary 2.4.9. For any w € R"™! and any homogeneous ideal I in S,
the Hilbert function of I agrees with that of its initial ideal ing, (I) C Sk, i.e.,

dimK(SK/I)d == dimk(S]k/ inw(I))d for all d > 0.
Thus the Krull dimensions of the rings Sk /I and Sx/inw(I) coincide.

Proof. By Lemma 47 there is v € R"™! and ¢ > 0 with iny(iny (7)) C
inwiev(l), and both are monomial ideals. Let 2" € iny ey (1) g\ iny (inw (1)) 4.
By Lemma 2.4.8, monomials not in iny.ev(1)g span (S/I)g. Thus there is
a polynomial f, = 2% — f! € I; with none of the monomials of f lying in
iNwtev(l)g. But then iny(fy) contains only monomials not in iny (inw (7)),
50 iny(inw(fu)) & iny(inw(I))g. From this contradiction we conclude that
wtev(l)g = iny(inw (I))g. Lemma 248 applied to iny(I) gives

dimk(Sk/ il’lw(I))d = d1mk(5’k/ inv(inw(I)))d.

Applied to I, it gives dimg (Sk/I)g = dimy(Sk/ inw+ev(I))q. Hence, for any
w € R"™! we have dimg (Sk /I)q = dimg(Sk/ inw (I))q for all degrees d. O
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Corollary 2.4.10. Let I be a homogeneous ideal in K|xo, ..., xy,]. For any
w,v € R there exists € > 0 such that

iny(inw (1)) = ingiev(l) forall 0 < € <e.

Proof. Let {g1,...,9s} Ck[xo,...,z,] be a generating set for iny (iny (7)),
with each generator g; of the form iny (inw(f;)) with f; € I. By Lemma[2.4.6]
there exists € > 0 such that g; = iny(inw (f;)) = inwrev(fi) fori =1,...,s
whenever 0 < € < ¢. This implies that iny(iny (7)) C ingiev(l). By
Corollary 2249 the two ideals iny(inw (7)) and ingie+ () have the same
Hilbert function as I, so their containment cannot be strict. [l

Example 2.4.11. The Hilbert function of the ideals in Example 2.4.3 equals

dimg(Q[zo, x1, w2, x3]/1)q = dimy(k[zo, z1, 22, 23]/ inw(I))g = d+ 1.

Here k = Z /27 is the field with two elements. The Hilbert polynomial d + 1
shows that the projective varieties V' (I) and V (inw (1)) both have dimension
1 and degree 1. They are straight lines in ]P’(?@ and in IPH?;, respectively. %

We finish this section with some results that will be useful later in the
book. Corollary ZZ9implies that the varieties V (I) C P and V (inw (1)) C
Py always have the same dimension. In typical applications, the given variety
V(I) is irreducible but V(inw(I)) can have many irreducible components.

The following lemma states that every irreducible component of
V(inw(/)) has the same dimension as V' (I). We shall phrase this in the
algebraic language of primary decomposition. Recall that P is a minimal
associated prime of an ideal I in Sk or Sk if I C P and there is no prime
ideal P’ with I C P’ C P. For technical reasons we assume here that

n+1
w € Fval .

Lemma 2.4.12. If I C Sk s a homogeneous prime of dimension d and

w € Fg{ﬁl, then every minimal associated prime of ing (I) has dimension d.

Proof. Since w € I} ! we may perform the change of coordinates ¢*(x;) =
tWiz; to reduce to the case w = 0. This takes g € I to g(t""zg,...,t""x,) €

¢*(I), so inw(I) = (f : f € ¢*(I)) = ing(¢"(I)). Now, let G = {g1,...,gs}
be a Grobner basis for I, with respect to 0. After multiplying by t* for
w > 0 we may assume that g; € R[xo,...,zy] and g; 0 for 1 <i < s.

We first pass to a Noetherian subring R’ of R where I is defined, as
dimension is better behaved over Noetherian rings. It has the following
definition. Let F be the subring of R generated by 1. This is F,, if char(K) =
p > 0, and Z if char(K) = 0. Let R be the F-algebra generated by the
coefficients of the g;. Let m’ = mg N R, and let R’ be the localization
R’ = Ry. Since R is a finitely generated algebra over a Noetherian ring,
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and localization preserves Noetherianity, the ring R’ is Noetherian. The
fraction field K" of R’ is a subfield of K, and k' = R'/m’ is a subfield of k.

Let ¢ = dim(R’). By the converse to the Principal Ideal Theorem
[Eis95, Corollary 10.5] there are ai,...,a. € m’ for which m’ is mini-
mal over {(aj,...,a.) C R'. Since m’ is the maximal ideal of R/, any
proper prime ideal of R’ containing (ai,...,a.) equals m’. Let I’ = I N
R'[xo,...,2y], and let I” = I N K'[xg,...,2,]. Since I = I" @ K, we
have dim(K|xo,...,x,)/I) = dim(K'[zo,...,2,])/I") = d. In addition,
dim(R'[xo,...,2,)/I") = d+ c. This follows from [Eis95, Theorem 13.8]
applied to the prime Q = (xq,...,z,) + m of R'[xq,...,z,]/I', since R’ is
universally catenary.

Let P be a prime ideal of R'[xg,...,x,] minimal over I’ + m’. Any
proper prime containing I’ + {(a,...,a.) must intersect R’ in a proper
prime containing ai,...,a., so it contains m’. Thus P is minimal over
I' + {aj,...,a.). By the Principal Ideal Theorem [Eis95, Theorem 10.2]
applied to the domain R'[zo, ..., z,]/I’, the codimension of P/I" is at most
¢, so the dimension of P is at least d + ¢ — ¢ = d. Since minimal primes
of (I' + m’)/m’ have the form P/m’ for minimal primes P of I’ + w/, this
shows that all minimal primes of (I’ + m’)/m’ have dimension at least d.
We now show (I’ + m')/m/ @ k = ing(I). Each Grobner basis element g;
lies in R'[xg, ..., xy,] by construction. Its image g; lies in k'[xq, ..., x,], and
equals ing(g;). This shows ing(I) C (I’ +m’)/m’ ® k. The other inclusion is
immediate from the description ing(I) = (f : f € I). Since dim(iny (1)) = d
by Corollary [24.9] every minimal prime of ing(/) is thus d-dimensional. [

Remark 2.4.13. The ring R = {x € K : val(z) > 0} need not be Noether-
ian. For example, when K = C{t}}, the ideals I, = {zr € R : val(z) >
1/m} form an infinite ascending chain in R. This necessitated passing to the
Noetherian subring R’ of R in the proof of Lemma 2412, as many of the
fundamental theorems of dimension theory apply only to Noetherian rings.

A key geometric property of Grobner bases is the existence of a flat
family over A! for which any general fiber over t # 0 is isomorphic to the
scheme defined by I, and the special fiber over ¢ = 0 is isomorphic to the
scheme defined by iny (7). See [Eis95, Chapter 15] for an exposition. This
generalizes to our new setting, where K has a valuation, as we now illustrate.

If A and B are rings with B an A-module, then B is a flat A-module if the
right exact functor — ® 4 B is exact; i.e., if C — D is an injective A-module
homomorphism, then the induced map C ®4 B — D ® 4 B is also injective.
When A and B are coordinate rings of varieties X and Y, respectively, and
the A-module structure on B is induced from a homomorphism ¢*: A — B,
then the corresponding morphism ¢: Y — X is a flat family. The variety X
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is the base of the family, and we say that Y is flat over X, or over A. The
fiber of the family at a point x € X has coordinate ring equal to the tensor
product B®4 A/P, where P is the ideal of the point x. We refer to [Eis95,
Chapter 6] for more on flatness and its geometric significance.

We will show in LemmaR-Z. T4 that our Grobner theory gives a flat family
over the valuation ring R of K. We associate to R the scheme Spec(R). As a
set, this has one point for each prime ideal of R. If the valuation is nontrivial,
then R has exactly two prime ideals: the zero ideal and the maximal ideal
mg. Hence Spec(R) has only two points, namely the general point and the
special point. The fibers over these points are the general fiber and the
special fiber, respectively. They are isomorphic to the schemes defined by
the ideals I and iny (/). If valuation on R is trivial, then R = K =k, so
Spec(R) has only one point; the general and special fibers coincide.

Fix w € Fc?jl, and let I be the ideal in R[xo,...,z,] defined by
In = (5RO p(ggy gy e T,

Lemma 2.4.14. The quotient M = R|xq,...,z,]/Ir is a flat R-module,
with M @p K = Klzo,...,x,)/I and M @gk = Kk[zo, ..., x|/ inw(I). Thus

Spec(M) — Spec(R)

is a flat family with general fiber isomorphic to Spec(K [z, ...,z,|/I) and
special fiber isomorphic to Spec(k(zo, ..., zy]/iny(1)).

Proof. We first show that M is a flat R-module. By [Eis95 Proposition
6.1] this is the case if and only if Torf(R/.J, M) = 0 for all finitely generated
ideals J C R. Since R is a valuation ring, if J is a finitely generated ideal,
it is principal: if J = (a1, ..., a,) with val(a;) < val(a;y;1) for 1 <i<r—1,
then J = (a1), as a;/a; € R. Now Torf(R/a, M) = (0 :j; a), so this equals
zero if and only if a is a nonzerodivisor on M. To see this, first note that
M is isomorphic as an R-algebra to SW/I%V, where

—{Zcuaz :val(ey) +w-u>0} C Sk = Klxo,. ..,z

and IV = I N SY. The isomorphism sends z; to t~%iz;. The fact that M
is torsion-free is then immediate; if f = > cya™ € SV with af € IV, then
af € I,s0 f €1, and thus f € I'V.

We now show the claim about the general and special fibers. For the
general fiber, we again use the isomorphism M = SW/I%Y. Consider the
homomorphism v: SV /IV ®r K — Sk /I given by sending f ® a to af. To
see that this is well defined, note that if f € IV, then ¥(f® 1) = f € 1.
To see that it is injective, suppose that (> ui(fi ® a;)) = 0, where u; € Z,
fi € SV, and a; € K for each i. This means that ) u;fia; € I. Let
v = min(val(a;)), and note that f; ® a; = fia;/t" ® t¥, since a;/t" € R for
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all i. Thus > uifi ® a; = > (pifiai/t") @ t¥ = (7Y > pifia;) @ t¥. Since
duifiai € I, s0is t7V > p;fia;, and thus this latter sum is in IV. This
shows that > pifi ® a; = 0, and thus ¢ is injective. It remains to note
that v is surjective. This follows from the facts that for u € N*T! we
have cz™ € SV for any ¢ with val(¢) > —w - u, and for such a ¢ we have
P(cx" ®@a/c) = az™ for any a € K. Thus SV /IV @r K = Sk /I as required.

Let Sk = k[zo, ..., x,] and consider the homomorphism
Y1 Rlzo, ... zn]/Ir ®p R/mg — Sk/inw(I)

given by (f ®c) = cf for f € R[zg,...,r,] and ¢ € R. To see that 1 is well
defined, note that if f € I and f’ = ¢t~ #oPUW) f(gwogy . tWng,) € Ip,
then ¢ (f'®1) = iny (f). The homomorphism v is surjective by construction.
To see that it is injective, note that if f € R[zo,...,z,] with f € ing(I),
then there is g € I with ing(g) = f. Set ¢’ =t~ #POW)g(pwoy . t¥ng,).
Then ¢’ = inw(g9) = f, so ¢ — f € mgR[xg,...,r,]. Now suppose that
>omi(fi ®a;) € ker(¢) for m; € Z, f; € R[xo,...,zy], and a; € R. We have
>omi(fi®a;) = (O mia;fi) ®1, s0 > msa;f; = 0. The previous observation
then implies that  m;a;f; = h1 + aha, where hy € IR, ha € R[zo,...,Zy]
and a € mg. But then (D> ma;fi)®1 = (hi+ahs)®1 =h; @1+ ha®a = 0,
which shows that v is injective. We conclude that M@rR/mg = Si/inw (1),
which proves the claim for the special fiber. [l
Remark 2.4.15. The assumption w € I !in Lemma 2ZI4 cannot be
easily removed. For example, if the valuation on K is trivial, so that 'y, =
{0}, then the general and special fibers of any family over R coincide. This
means that K|z, ...,z,]/] equalsk|xo, ..., z,]/inw(]), and hence iny () =
I. But this happens for all w € R"*! only if I is a monomial ideal.

Remark 2.4.16. Our definition of initial ideal depends on the choice of a
splitting w + t* of the valuation map. Under the assumption that K is
algebraically closed, this always exists by Lemma 2.1.151 We note here that
different choices do not lead to substantially different initial ideals. Indeed,
suppose @1, ¢2 : I'yyg — K™ are two different splittings of val, so valog; =
valogs = id : I'yy — I'va. Fix w € R*t1. We then have isomorphisms
¢i: Klzo,...,xn] = Klxg,...,2,] given by x; — ¢;(w;)z; for i = 1,2.
The composition ¢ = ¢ o q§2_1: Klxo,...,zn] — Klzg,...,x,| restricts
to an automorphism 1 : R[zg,...,z,] — Rlxo,...,z,], given by ¢(z;) =
(p1(wj)/p2(w;)) - ;. This maps the ideal I defined above using ¢o to the
ideal Ir defined using ¢1. The induced isomorphism : k[zo,...,z,] —
k[zo,...,x,] maps the initial ideal defined using ¢2 to the one using ¢;.
Thus any two initial ideals defined using different splittings are related by
an automorphism of k[zo, ..., x,], so all invariants of these ideals coincide.
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2.5. Grobner Complexes

The goal of this section is to construct a polyhedral complex from a given
homogeneous ideal I C K|[zg, 21, ..., x,). This will be the ambient space for
the tropical variety of I. Our assumption on the field K, as in Section 2.4]
is that there is a splitting w — t* of the valuation on K.

We begin by defining the polyhedra in our complex. For w € R"*! set
Criw] = {w e R"™ ¢ ing/(I) = inw (I)}.

Let C7[w] be the closure of C7[w] in R**! in Euclidean topology.

Example 2.5.1. Let n = 2 and K = Q with the 2-adic valuation, and let
I be the principal ideal generated by the homogeneous cubic polynomial

f = 2x3 + 42} + 223 + zoz170.
The initial ideal for w = (0,0,0) equals iny(I) = (xor122). Note that
Crlw] = {(’U[),Ul,vg) ER?:vg+ vy +v9 < min(3vg + 1, 3vy + 2, 3vy + 1)}

The valuation is essential here because xgx1z2 would not be an initial mono-
mial of f in the usual Grobner basis sense of [CLO07|. The polyhedron

Crw] is the product of a triangle with the line spanned by 1 = (1,1,1). In
what follows we shall work in the quotient modulo that line. O

We denote by 1 = (1,1,...,1) the all-one vector in R**1,

Proposition 2.5.2. The set Cr[w] is a gy -rational polyhedron whose lin-
eality space contains the line R1. If iny(I) is not a monomial ideal, then
there exists w' € Tt such that inys(I) is a monomial ideal and C[w] is a

proper face of the polyhedron Cr[w'].

Proof. By LemmaZZT] there exists v € R"*! with iny (iny (7)) a monomial
ideal. By Corollary 2410, we have iny ey (/) = iny(inw (1)) for sufficiently
small € > 0. Fix such an €, and let w' = w+ev. Let ing/ (1) = (z™, ... a").
By Lemma[2.4.§ the monomials not in iny (/) of degree d = deg(z") form a
basis for (S/I)4. Let g} be the expansion of 2% in this basis, so no monomial
occurring in ¢} lies in iny/ (7). We write ¢;y for the coefficient of zV in g.
The polynomial g; = 2% — g} is in I. Since iny(iny(g;)) must lie in iny(I),
we have iny (iny(g;)) = 2%, and thus iny/(g;) = . By construction, the
polynomials {g1, g2, ..., gs} form a Grobner basis for I with respect to w'.

We claim that Cj[w’] has the following inequality description:

(2.5.1) Crlw'] = {z € R uy-z < val(ciy)+vezfor 1 <i<s,ve N"'H}.

This implies that Cj[w’'] is a I'yy-rational polyhedron.
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We now prove (Z5.1)). Suppose w € Cr[w’'], but one of the inequalities
u; -z < val(ciy) + v - z is violated for z = w. For that index i, we have
ing(gi) # x". Since ing (I) = ing(/) is a monomial ideal, every term
of ing(g;) lies in ing (), so this would contradict the construction of the

polynomials g;. Thus Cr[w’] is contained in the right-hand side of (Z.51]).

For the reverse inclusion, we assume u;-w < val(¢;y)+v-w for all i. Then
ing(g;) = " for all i, and hence iny/ (1) C ing(I). The two ideals have the
same Hilbert function, so they are equal, and we conclude w € Cj[w'].

The first paragraph of the proof shows Cj[w] C Ci[w’]. To see that
Crlw] is a I'yy-rational polyhedron, it suffices to show that it is a face of
Cr[w’]. Note that {inw(g1),...,inw(gs)} is a Grobner basis for iny (/) with
respect to v. If w € R"™! satisfies ing (I) = iny (1), then ing(g;) = inw(g)
for all . Otherwise, ing (g;) would still have 2% in its support, or iny (ing (1))
would not be equal to the monomial ideal iny/(I). But then ing(g;) —
inw(gi) € inw(I), and this polynomial does not contain any monomials from
iny(I), contradicting the fact that iny(inw (7)) = iny/ (/). We conclude that
Cr[w] is the set of points z in the cone C7[w’] that satisfy u;-z = val(c;y)+v-z
whenever =V appears in iny(g;). This shows that Cr[w] is a face of Cr[w’].

Finally, for any homogeneous polynomial f € Klzg,...,x,], we have
inw(f) = inw4a1(f) for all A € T'y,). Since all initial ideals of I are gener-
ated by homogeneous polynomials, by Lemma 2.4.2] this implies iny (/) =
ing4a1(f) for all A € I'yyy. Therefore, Crlw] = Cr[w]| + R1. We conclude
that the lineality space of the polyhedron C7[w] contains the line R1. [

Since the line R1 is in the lineality space of Cr[w], we will from now on

regard Cj[w] as a polyhedron in the n-dimensional quotient space R"*1/R1.
The key result of the section is the following theorem.

Theorem 2.5.3. The polyhedra Cr[w] as w varies over R form a Tya -
rational polyhedral complex supported on the n-dimensional space R"1/R1,

We actually prove something stronger: the complex in Theorem[2.5.3]is a
regular subdivision of the ambient space. This requires the following lemma.

Lemma 2.5.4. Let I be a homogeneous ideal in Klxg,...,x,|. There
are only finitely many distinct monomial initial ideals iny(I) as W runs
over R"+1,

Proof. If this were not the case, by [Mac01l Theorem 1.1}, there would
be wi, ws € R"™! with iny,(I) € ingw, (1), where both are monomial ideals.
Fix 2" € inw, (I)\ inw, (I). By Corollary 2.4.9] the monomials not in iny, (1)
form a K-basis for S/I, so there is fy € I with fy = 2% + > cyz¥ where
¢y # 0 implies 2V ¢ iny, (I). But then iny, (fu) € inw, (I). Since iny, (1) isa
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monomial ideal, all terms of iny, (fu) lie in iny, (I). However, all monomials
of inw, (fu) appear in fy. This leads to a contradiction. We conclude that
I has only finitely many monomial initial ideals. ]

The following definition is important for the subsequent construction.

Definition 2.5.5. Given a tropical polynomial function F : R"*! — R, we
write X for the coarsest polyhedral complex such that F' is linear on each
cell in ¥r. The maximal cells of the polyhedral complex ¥z have the form

o = {WGR"+1 : F(w)=a+w-u},

where a ® x% runs over monomials of F. We have |Sp| = R*". If the
coefficients « lie in a subgroup I' C R, then the complex ¥ is I'-rational.

We shall also need the following lemma concerning linear algebra over K.
For an r x s matrix A of rank » and a subset J of the column indices of
size r, we denote by A7 the r x r submatrix of A with columns indexed
by J. This lemma has no assumption on the field K other than that it has
a valuation.

Lemma 2.5.6. Let A be an r X s matriz of rank r with entries in a field K,
and fir w € R®. There exists U € GL(r, K) and an index set J = {l1,...,1l,}
such that (UA)” is the identity matriz and val((UA);;)+w; > @y, forj & J.

Proof. Choose J' = {ly,...,l.} for which val(det(A”7)) + >_jes Wy is mini-
mized. This minimum is not co because A has rank r, so it has a nonzero
r x r-minor. This means that val(det(A”")) < oo, so det(4”") # 0. Let
U = (A7)~!. The matrix UA then has an identity matrix in the columns
indexed by J’. To prove the lemma, it remains to show the inequality on val-
uations. To see this, note that, up to sign, we have (UA);; = det((UA)”i7),
where J;; = J'\{l;} U{j}. This follows from the fact that the submatrix of
UA with columns indexed by J'\{l;} has only one nonzero entry in every
column. The identity det(UA”) = det(U) - det(A”) implies

val(UA)i;) = val(det(U)) + val(det(A”i))
= —val(det(A”")) + val(det(A7)).
Now val(det(A7")) + doey W < val(det(A”i7)) + ZleJij w; by the choice

of J'. Subtracting >, JA\{1;} W from both sides of the inequality, we get
val(det(A”")) 4y, < val(det(A”))+b;, and so val((UA);) +1; > ay,. O

For what follows we fix a homogeneous ideal I in S = K|z, ..., x,]|. Let
d € N, and choose a K-basis {fi1,..., fr} for I;. Let A4 be the (r x (":d))—
matrix that records the coefficients of the polynomials f;. The columns of
Ay are indexed by the set My of monomials in Sy. The entry (Ag)iu is
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the coefficient of " in f;. Each J C M, with |J| = r specifies an 7 X r
minor det(A7) of A4. The vector with entries det(A7) for all J is the vector
of Pliicker coordinates of the point I; in the Grassmannian G(r,Sy). In
particular, this vector is independent of our choice {f1,..., f;} of basis.

By Lemma 257l there exists D € N such that any initial monomial ideal
inw (I) of I has generators of degree at most D. We define the polynomial

D
(2.5.2) g = Hgd, where g4 := Z det(AZ) H xv.

d=1 JEMy ueJ
|J|=r

We consider the associated piecewise-linear function trop(g) : R"*! — R, as
defined in (Z4J]), and let ¥,y (g) be the complex in Definition 2.5,

Theorem 2.5.7. Let I C K[z, ...,%n] and g4, g, Lirop(g) as above. If w €

R+ lies in the interior of a mazimal cell o of Ytrop(g)s then o = Crlw].

Proof. We need to show two things: first, if w/ € R™*! lies in the interior
of o, then ing/(I) = iny(I); and second, if w’ does not lie in the interior
of o, then iny(I) is not equal to iny (I). Note that ¥4, is the common
refinement of the polyhedral complexes X, (y,) for d < D, where Y654,
is the coarsest polyhedral complex for which trop(gg) is linear on each cell.
Thus it suffices to restrict to a fixed degree d < D.

Let o4 be the maximal cell of ¥, 4,(4,) containing o. We will show that
w’ € R"! is in the interior of oy if and only if ing/(I)g = iny(l)g. This
suffices because iny/ (I) = iny (1) if and only if iny/ (I)g = inw (I )4 for d < D.

For the “only-if” direction, let w’ be in the interior of o4. The minimum
in trop(gq) is achieved at the same term for w and for w’. Since oy is
a maximal cell, this minimum is achieved at only one term, indexed by
J C M, By Lemma applied to Ay and the vector w € R("E") with
Wy = W - u, there is an (r x (":d))—matrix B with B’ an identity matrix
and val(Byy) + w-v > w-u for all 2" € J, vV ¢ J. The strict inequality
comes because the minimum in trop(gq)(w) is achieved only once. Each
row of B gives a polynomial fy = 2% + vag j BuvxY indexed by 2" €
J. Then iny(fy) = #* and hence 2" € iny(I)g. Corollary implies
dimy inw (I)g = 7, so J consists of precisely the monomials in iny(/)4. Since
|J| = r = dimg ing (I)g = dimg ing (1) g, we have iny (I)g = ing (I)g4.

For the “if” direction, suppose that w’ does not lie in the interior of og.
This means that there exists J' C My with

val(AZ') + Z wu < val(A]") + Z w'-u forall J" € Mg\{J'}.

zueJ’ zueJ”
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We may choose J' to index a vertex of the polytope

(2.5.3) conv ( D uval(4]) + ) wouis minimal) :

zueJ” gueJ”

Hence, there exists v € R"™! with v+ 3" ., u <v-> .., ufor all other
J” on the right-hand side of the last equation on page [[7l For sufficiently
small € > 0, we have

val(A7) + Z (W tev)u<val(A]") + Z (w'+ev)u  for J' € My\{J'}.
aveJ’ aue]”

So, the minimum in trop(gy)(w’ + €v) is achieved uniquely. The proof of

the “only-if” direction implies iny/ ey (I)g = span{z" : z* € J'}. By Corol-

lary we have iy 1y (1) = iny(ing/(7)). This means that iny([)g is

not the span of the monomials in J, and thus iny/ (1) # inw({)4. O

At this point, Theorem 5.3 can be derived easily from Theorem 5.7

Proof of Theorem [2.5.3l Theorem [2.5.7] states that all top-dimensional
cells of the I'y,-rational polyhedral complex ¥, are of the form Cy[w]
for some w € R""! with iny (/) a monomial ideal. For such w € R"*1,
Corollary implies that inyiey(I) = ing(I) for all v € R*! and
small € > 0. Hence Cr[w] is full dimensional, so it must be one of the top-
dimensional cells of Yi,4p(g). For any w' # w with iny (/) monomial, the
cells Cr[w] and Cy[w’] are either disjoint or they coincide. Theorem

now follows from Proposition[2.5.2] namely, if iny (/) is not a monomial ideal,

then Cjlw] is a face of some Cj[w’] with iny(I) a monomial ideal. O

Definition 2.5.8. The Grdbner complex (1) of a homogeneous ideal I in
Klzg,x1,...,zy] is the polyhedral complex constructed in Theorems 2.5.3]
and 257 Tt consists of the polyhedra Cj[w] as w ranges over R,

The Grébner complex (1) lives in the quotient space R"*!/R1. This
space is obtained from R™*! by identifying vectors that differ from each other
by tropical scalar multiplication. For that reason, R""1/R1 was denoted
by TP" in some early papers on tropical geometry. In this book, we retain
the notation R"*1/R1, and we call this the tropical projective torus. The
notation TP™ and the name tropical projective space are reserved for the
natural compactification of R"*1/R1 obtained by allowing co among the
coordinates. This will be explained in Chapter [l For a quick glance, see
Figure Points in R"*1/R1 can be uniquely represented by vectors of
the form (0, v1,...,v,). This is the convention we use for drawing pictures.

In our construction, we realized the Grébner complex as ¥(I) = qp(g)5
where g was the auxiliary polynomial (Z5.2) that represents the ideal I.
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A B C
(0,1,1)
H 'D
(0,-1,0) (0,0,0) E
G (0707_1)
F

Figure 2.5.1. The Grébner complex of a plane curve subdivides ]RB/]RI.

Namely, () consists of the regions of linearity of the tropical polynomial
trop(g), which is a piecewise linear function on R"*!. These regions are
regarded as polyhedra in R"*!/R1. In the special case when I = (f) is a
principal ideal, generated by a homogeneous polynomial f of degree d, we
can take D = d. This gives g1 =--- =g4-1 =1 and g = g4 = f in (Z52).
Example 2.5.9. Let n=2, let K =C{{t}}, and let I be the ideal generated
by

f = tw% + 2z129 + 3t:c§ + 4xgx1 + droxo + Gtxg.
The Grébner complex of I is the polyhedral complex in R3/R1 shown in
Figure 25 It represents the regions of linearity of the map trop(f).

The ideal I has 19 distinct initial ideals, corresponding to the various
cells of 3(I). There are six cells of dimension 2, nine cells of dimension 1,
and four cells of dimension 0. Table 2.5.1] lists eight of the 19 initial ideals,
namely, those corresponding to the labels in the diagram.

Table 2.5.1. Initial ideals.

Cell Initial ideal Cell Initial Ideal
A <4:L’0:L‘1> E <5ZE03}2>

B (4zo71 + 623) F (322)

C (623) G (2z172)

D (4wow1 + Szom2 + 622) H (z?)

The initial ideal iny (/) contains a monomial if and only if the corresponding
cell is full dimensional in the tropical projective torus R?/R1. %
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Another special case that deserves particular attention is that of linear
spaces. Suppose that I is generated by linear forms in K|z, ..., z,]. Then
we may take D = 1 in ([25.2)), and hence ¢ = ¢g1. The polynomial g rep-
resents the vector of Pliicker coordinates of the linear variety V(I) in P",
and trop(g) represents the vector of tropicalized Pliicker coordinates. The
Grobner complex Y (I) consists of the regions of linearity of the map trop(g).
It is determined by the valuations of the Pliicker coordinates of V' (I).

Example 2.5.10. Let n = 3, and consider the ideal of a general line in P3,
I = <a1m1 + aoxs + agxs + asxy, bix1y + boxo + byxs + baxy )

In the notation of the paragraph prior to ([Z5.2]), we have d = 1,7 = 2, and

o ay az as a4
A= <b1 by b b4> ‘
The 2 x 2-minors p;; of Ay are scalars in K that satisfy the Pliicker relation

P12p34 — P13p24 + prapes = 0 of Example 222111 Up to relabeling of the
variables, the following relation will hold for the scalars p;; = a;b; — a;b;:

(2.5.4)  val(p12) + val(pss) = val(pi3) + val(pas) < val(pi4) + val(pas).

The inequality is strict for most choices of a; and b;. Let us now assume
that this is the case. The polynomial g of (2Z5.2)) is the quadric

g = D1271%2 + P13X1T3 + P14X1T4 + P23T2T3 + P24T2X4 + P34T3L4.

The Grébner complex X(I) = Siyop(g) is a subdivision of the space R*/R1
into six three-dimensional regions. It has twelve unbounded two-dimensional
walls, nine edges (one bounded and eight unbounded), and two vertices. ¢

The construction of the Grobner complex allows us to define the concept
of a universal Grébner basis for a homogeneous ideal I C Klxo,...,zy].
This is a finite subset U of I such that, for all w € R"*!, the set iny (U) =
{inw(f) : f € U} generates the initial ideal iny (1) in k[zo, ..., zy)].

Corollary 2.5.11. Fix a field K with valuation. FEvery homogeneous ideal
I in the polynomial ring K|xg,...,x,] has a finite universal Grébner basis.

Proof. The Grébner complex ¥ (I) is finite. For each maximal cell o, pick
w in the interior of o. The initial ideal iny (/) is a monomial ideal. For
each generator z" of iny(I) there is a polynomial gy, = 2% — > cya¥y € I
with 2V ¢ inw (/) whenever ¢, # 0. The set of all g, as " varies over the
minimal generators of iny (/) forms a Grébner basis for I in KJzo,...,Z,]
with respect to any w’ € o = Cj[w]. For w' € C[w] this is immediate as we
must have iny/(gy) = 2. For w’ € Cr[w]\C[w], this can be derived from
Corollary since iny (/) is an initial ideal of iny/(I) C k[zo,...,xy]
using the trivial valuation on k. O
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It follows that the Grobner complex of a constant coefficient ideal I can
be identified with the Grébner fan of [Stu96l §2] up to the sign change.

Corollary 2.5.12. Let I be a homogeneous ideal with constant coefficients.
Then the negated Grébner compler —X (1) is equal to the Grébner fan of 1.

In many of the geometric examples later in this book we will study a
projective variety whose defining ideal I has coefficients in the field Q of
rational numbers. Such an ideal I has a well-defined Grobner fan. It arises
as —X(I) when Q has the trivial valuation. On the other hand, we can
also consider the p-adic Grobner complex of the same ideal I. The p-adic
Grobner complex X(I) is generally not a fan.

2.6. Tropical Bases

In the last two sections we introduced Groébner bases and the Grobner com-
plex for homogeneous ideals in a polynomial ring K{[zg, z1,...,z,]. We now
examine the case when the ambient ring is the Laurent polynomial ring
Kzt ..., x#] There is no natural intrinsic notion of Grobner bases for
ideals in K [arl e ,xfl]. There is, however, a natural analogue to the no-
tion of a universal Grobner basis, namely, that of a tropical basis. This is our

subject in this section, and it will be introduced formally in Definition 2.6.3]
We begin by defining initial ideals for ideals in K [:n1 Loz As

n
in the previous two sections, unless otherwise noted we assume that the

valuation on the field K has a splitting w +— t* with val(t¥) = w. For

f e Kzt ,...,xﬁl] and w € R", we define the initial form iny(f) €
k[z£!, ..., 2] by the same rule as in (ZZ3); namely, we set
(2.6.1) ing(f) = > vl gy o,

wval(cy)+w-u=Ww

where W = trop(f)(w) = min{val(cy) + w - u}.

Let I be any 1deal in K[zf!,... 2. The initial ideal iny (I) is the
ideal in k[z7',..., 2] generated by the initial forms iny(f) for all f €
I. So far, this is the same as in the polynomial ring. But there is an
important distinction that arises when we work with Laurent polynomials.
For generic choices of w = (wy, ..., w,), the initial form iny(f) is a unit in
k[z{!, ..., 2], and the initial ideal iny (I) is equal to the whole ring. If
this happens, then the initial ideal contains no information at all. Tropical
geometry is concerned with the study of those special weight vectors w € R”

for which the initial ideal iny (1) is actually a proper ideal in k[z5!, ... 2;F1].
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In order to compute and study these initial ideals, we work with homo-
geneous polynomials as in Section 24l As in Definition 2.2.4] the homoge-

nization Ipyj is the ideal in K[zg,x1,. .., 2,] generated by all polynomials
r m x]. ':U’FL
= zi-f(—,...,—),
e

where f € I and m is the smallest integer that clears the denominator.
The initial ideals iny (1) of a Laurent ideal I C K[z, ... 7] can be

r'n
computed from the initial ideals of its homogenization I;,o; as follows. The
weight vectors for the homogeneous ideal Ij,,; naturally live in the quotient

space R"™/R1, and we identify this space with R” via w — (0, w).
Proposition 2.6.1. Let I be an ideal in K[xl o Y, and fir w € R™.

rn
Then iny(I) is the image of ingw)(Iproj) 0 k[z£l ... 2t obtained by
setting xo = 1. FEvery element of iny(I) has the form x'g, where z% is a

Laurent monomial and g = f(1,21,...,zn) for some f € in(g w)(Iproj)-

Proof. Suppose f = " cua™ is in 10 K[z1,...,z,] and f = 3 cur®ad® is
its homogenization, where j, = (max., o |v|) — |u|. We abbreviate

W = trop(f)(w) = min(val(cy)+w-u)
= min(val(cy) + (0,w) - (ju,u)) = trop(f)((0,w)).

Then in(07w)(f) = 2 val(cw)+wout Cul” Val(cu)x“xé“ in k[zo, ..., z,] and

(26.2)  ingw)(Hlap=t = cat— V()™ = ing(f).

val(cu)+w-u=W

By multiplying by monomials if necessary, we can choose polynomials
fi,oo o fs in Klzg,...,20] N1 such that ing(I) = (inw(f1),...,nw(fs))-
Since inw (fi)|zo=1 = inw(fi), we have iny (I) C in(g ) (Iproj)|zo=1- For the
reverse inclusion, note that if g is a homogeneous polynomial in Ij;j, then
g= x{)-ffor some j, where f(x) = g(1,z). By Lemma .42l we can choose a
homogeneous Grébner basis for Ip,.;. Hence (2.6.2)) also implies the reverse
inclusion.

The last sentence follows since each element of an ideal J in ]k[acl oo
is a Laurent monomial times an element of J Nk[z1,...,z,]. ]

Here are some basic facts about initial ideals of Laurent ideals.
Lemma 2.6.2. Let I be an ideal in K[z, ... o], and fir w € R".

(1) If g € inw(I), then g = inw(h) for some h € I.

(2) If iny(inw (1)) = inw (1) for some v=(v1,...,v,) € R", then iny (1)
is homogeneous with respect to the grading given by deg(x;) = v;.

(3) If f,g € K[l’l - ,:Efl], then iny (fg) = inw (f) inw(g).
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Proof. For part () suppose g € inw(I). By Proposition 2.6.1] we have
g=a%f(1,x1,...,2,) for some f € in(gw)(Iproj). By Lemma 2.4 there is
h € Ipoj with ingg w)(h) = f. Then %A € I and inw(2"h) = g, as required.

For part (2) suppose iny(iny (7)) = inw (7). Then iny () is generated by
elements iny(g) where g € iny (I). For any g = auz™ € k[zF, ... 2],
the initial form iny(g9) = >, ,_w Guz" is v-homogeneous of degree W =
ming, o v - u. Hence iny, (/) has a v-homogeneous generating set.

For part ([B]) consider f = )" cya™ and g = ) dyz™. Then fg =" eva¥
for ey = > w—y Cudw. Let W1 = trop(f)(w) and Wy = trop(g)(w). The
definition (ZZT]) readily implies trop(fg)(w) = W1 + Wa. We conclude

iny (fg) - Z eyt~ val(ev) v

vival(ey)+w-v
=Wi+Ws

LYY amrmm

vival(ev)+w-v u4+u’/=v

=W1+Ws3
Sy G| x e
w:val(cy)+w-u=wq u’:d s +wu'=Ws
= inw (f) inw(g)-
This completes the proof of all three parts. O
With the definition of initial forms in K [:n1 ..., - we can now define

the notion of a tropical basis. For this we relax our assumption that the
valuation of K has a splitting w +— t%. Now, K can be any valued field.

Definition 2.6.3. Let I be an ideal in K[zi!,..., 2], where K is an
arbitrary field with a valuation. A finite generating set T of I is a tropical
basis if, for all vectors w € R”, there is a Laurent polynomial f € I for
which the minimum in trop(f)(w) is achieved only once if and only if there

is g € T for which the minimum in trop(g)(w) is achieved only once.

If the valuation on K has a splitting so the notion of initial ideal and
initial form are defined, this has the following reformulation. The set 7T is
a tropical basis if, for all w € R", the initial ideal iny (/) contains a unit if
and only if the finite set iny (7) = {inw(f) : f € T} contains a unit.

Our first example of a tropical basis concerns principal ideals.

Example 2.6.4. If f € K[z}',..., 5], then {f} is a tropical basis for
the ideal I = (f) it generates Indeed suppose that iny (/) contains a unit.
Then there exists g € K[z}, ..., 2] such that ing(fg) = inw(f) - in(g)
is a unit, and this implies that iny (f) is a unit. O
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Our goal in this section is to show that every ideal I C K [xl sy
has a finite tropical basis. The proof will require passing to an extension

field, so we begin by showing that this does not create serious problems.

A wvalued field extension L/K of a field K with a valuation valg is a
field extension L/K for which L has a valuation valy: L — R U {oo} with
valy, |k = valg. Useful examples include the extension C{{t}}/C of C by the
Puiseux series, and the extension K ((R))/K of an arbitrary field K with a
trivial valuation by the field of generalized power series K ((R)).

Lemma 2.6.5. Let L/K be a valued field extension with no hypotheses on L
or K. Let I C K[z, ... 2;'] be an zdeal and let Iy, = IL[zEY, ... ;Y] be
its extension to an ideal in L[a:1 vy oi Y. If a tropical basis for I, exists,
then there is one for which all coefficients of all polynomials lie in K.

Proof. Let T, be the tropical basis for Ir,. Our goal is to transform 77, into
a tropical basis for I, consisting of polynomials with coefficients in K.

Fix a polynomial g € Ty, and set
Cy = {w e R": the minimum in trop(g)(w) is achieved only once}.

We shall construct a finite collection of f € I such that for all w € Cj the
minimum in trop(f)(w) is achieved only once for some f in this collection.
Since g € I, we can write g = S°_, hifi for f; € I and h; € L[z, ... 2.
By writing each h; as a sum of terms and absorbing the monomial into the
polynomial f;, we may assume that each h; is a scalar ¢; € L. We may
also assume that g cannot be written as a linear combination of a proper
subset of { f1,..., fr}. LetU = {z™, ..., 2"} be the collection of monomials
occurring in the f;, and let A be the r x s-matrix whose entry A;; € K is
the coefficient of % in f;. Our assumptions imply that the matrix A has
rank 7, and the coefficient vector of ¢ is an L-linear combination of the rows
of A. Fix w € C,. Define the vector w' € Rl by w; = w-u;. Then
by Lemma [Z5.6] after renumbering the entries of U if necessary, there is
another r x s-matrix B with entries in K with the same row space as A and
the property that the first » x r-submatrix of B is the identity matrix, and
val(B;j) + w; > wj for j > 7. The rows of this matrix are the coefficient
vectors of Laurent polynomials that are K-linear combinations of the f;.
These Laurent polynomials lie in I. The matrix B may depend on the
specific choice of w, but there are only finitely many choices for it.
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Write g = >°7_; a;z"%. By assumption, a; = i_, ¢/ B;; for some c; € L.

The special form of B means that a; = ¢, for 1 <i <r. We note that
val(aj) +w-u; > lrgig (val(c) 4+ val(B;;)) + w - u;
SIST

> i / 1T

> min (val(c;) +w - ;)

= 121@1£r(val(ai) +w-u).
Hence the minimum in trop(g)(w) is achieved at a term involving u for
some 1 < ¢ <r. We now claim that w-u; < val(By;)+w-u; for all j # 4'.
If not, then val(c,) +w - uy = val(c},) + val(By;j) + w - u; for some j # 7'.
Fix i € {1,...,7}\{¢}. Then

val(c}) + val(B;j) + w-u; > val(c})
= val(a;) + w - u;

> val

= val(cy) + val(By;) + w - u;.

The strict inequality > holds because the minimum in trop(g)(w) is achieved
uniquely at uy. Thus the minimum in min,(val(c}) + val(B;;)) is achieved
uniquely at i/, so val(aj) = val(}_,c;Bij) = val(c,) + val(By;). Hence,
val(a;) +w-u; = val(c,) + val(Byj) + w - u; = val(c,) + w-uy = val(ay) +
w - uy. This contradicts the fact that minimum in trop(g)(w) is unique.
Let f = Zj Bjjaz% € I. In the previous paragraph we showed that
w - uy < val(By;) +w-u; for j # ¢'. Since Byy = 1, this means that the
minimum in trop(f)(w) is achieved uniquely at the term involving u;. As
there were finitely many choices for the matrix B as w varied over Cy, we
thus get a finite set of polynomials f with the property that for all w € C
there is some f in this set with the minimum in trop(f)(w) achieved uniquely
at the term involving x". Adding to our set a generating set for I, which
also generates Iy, then gives a tropical basis for I; with all coefficients in
K. Il

This allows us to prove the main theorem of this section.

Theorem 2.6.6. Let K be an arbitrary valued field. FEvery ideal I in
K[:c{cl, ..., &Y has a finite tropical basis.

Proof. We first consider the case that the valuation on the field K has a
splitting w +— t*, so we can apply the Grébner theory of Sections 224 and
Consider the homogenization Ipo; of I. Its Grébner complex 3(/pro5)
consists of finitely many polyhedra ¢ in R"*!/R1. For each o, we select one
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representative vector (0,w) in relint(o). The initial ideal inyw(7) depends
only on o, not on the choice of w, by the definition of 3(Zproj).

Fix any w € R" with inw(/) = (1). There is a monomial z" €
in(gw)(Zproj). Choose w' = (0, w) +ev for v € R"*! generic and € > 0 suffi-
ciently small so that iny/(/prej) is a monomial initial ideal of in(o w) (Lproj)-
Since 2% € iny/(Iproj), by Lemma Z48 we can find f = 2" — g € Ipj
such that no monomial occurring in g lies in ing(lproj). For any (0,w) €
relint(o) we have ing ) (f) = 2%, as ingw)(f) — 2% € ingw)(Iproj) and
otherwise one of iny (inw)(f) — z%) and iny(inggw)(f)) would not be in
iny (in(g.w) (Iproj)) = inw/ (Iproj). Set f* = flzo=1. Then ing(f’) is a unit.

We define 7 by taking any finite generating set of I together with the
Laurent polynomials f’ constructed above. Then T also generates I. Con-
sider an arbitrary weight vector w € R™. Then (0, w) € relint(c) for some
cell o in the Grobner complex of Iwoj. If ing (1) = (1), then iny(f’) is a
unit for the corresponding polynomial f € 7. Hence the initial ideal iny (1)
equals (1) if and only if the finite set iny (7)) contains a unit.

When K is an arbitrary field, we can choose a valued field extension L/K
for which the valuation on L has a splitting. For example, by Lemma 2. T.15],
taking L to be the algebraic closure of K suffices. The above argument
shows that there is a finite tropical basis 77, for I, = IL[zE!, ... 2t
Lemma then shows that there is a tropical basis 7/ for I, with co-
efficients in K. Suppose that f € I and the minimum in trop(f)(w) is
achieved uniquely. Then since f € Iy, there is g € 7/ with the minimum in

trop(g)(w) achieved once. The set 7, is thus also a tropical basis for I. [

In this section we used the finiteness of the Grobner complex to prove
the existence of finite tropical bases. An alternative proof, based on generic
projections of tropical varieties, was given by Hept and Theobald [HTO09J.
Their approach shows that any generating set of I can be augmented to a
tropical basis by a very small number of polynomials of high degree.

The concept of a tropical basis extends to ideals in a polynomial ring.
If J is a homogeneous ideal in K|[xzo,...,2,]|, then a generating set 7 of J
is a tropical basis if, for all w € R"*1  the ideal iny (.J) contains a monomial
if and only if iny (7) contains a monomial. This is different from the notion
of a universal Grobner basis for J, as the following example shows.

Example 2.6.7. Let n = 2, and consider the homogeneous polynomials

T = {zo(z1+ 22 — 20), 21(20 + 22 — T1), T2(T0 + 71 — T2),
zoz1(zo — 1), Toze(wo — x2), x1w2(x1 — T2) }.

This set is a universal Grébner basis for the polynomial ideal it generates:

I = <T> = (xo —z1,72) N (T0 — T2, 71) N (T1 — T2, T0).
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However, the set 7 is not a tropical basis. For w = (1,1,1) the minimum
in trop(f)(w) is achieved at least twice for all f € T, but zozize € I. O

Tropical bases for specific polynomial ideals play an important role for
combinatorial studies in tropical geometry. In this book, we shall encounter
special generators that form a tropical basis for the ideals of linear spaces (in
Proposition T.6]), Grassmannians (in Corollary d3.12)), complete intersec-
tions (in Theorem [A.6.18)), and determinantal varieties (in Theorem [5.3.25]).

Example 2.6.8. Consider the linear forms f = x¢ + x1 + x2 + x3 and
g = wg + t321 + t7x9 + tw3 over the Puiseux series field K = C{{t}}. We
claim that {f, g} is a tropical basis for its ideal J = (f, g) in K|z, x1, z2, z3].
This will follow from Theorem .6.18] but it can also be seen directly using
the combinatorial analysis in Example For the matrix A; derived
from f and g, the inequality in (Z54) is strict, so the Grébner complex
Y(J) has 6 + 12 + 9 + 2 = 29 cells. For vectors w in the interiors of the six
maximal cells, either iny(f) or inyw(g) is a monomial. For w in any of the
lower-dimensional cells of 3(.J), neither iny (f) nor iny(g) is a monomial. ¢

Our next goal is to show that the notion of a tropical basis is invariant
under multiplicative coordinate changes in K [:L’itl, ..., o1, Along the way,

we shall prove a general lemma that will be used in the proofs of Chapter Bl

Given a monomial map ¢ : T" — T™ with associated ring homomor-
phism ¢*: K[zF', ... atl] — K[z, ..., 251, we also denote by ¢* the
map Z™ — Z" given by ¢*(e;) = u, where ¢*(z;) = z". This gives an
induced map, called the tropicalization of ¢, by applying Hom(—,Z) to ¢*:

trop(¢): Hom(Z",Z) = Z" — Hom(Z™,Z) = 7.
Suppose the abelian group homomorphism ¢* is given by ¢*(z;) = 2 for
a; € Z". Let A be the nxm-matrix with ith column a,;. Then trop(¢): Z" —
7™ is the (classically) linear map given by the transpose A”. We also denote
by trop(¢) the vector space homomorphism A7 : Z" @ R 2 R" — Zm @ R =
R™ induced by tensoring with R. Note that the image of the restriction of
trop(¢) to I',, is contained in I'?,. For any y = (y1,...,yn) € T™, we have

val(g(y)) = (val(y™),...,val(y®"))
(2.6.3) = (a; -val(y),...,an -val(y))
= ATval(y) = trop(¢)(val(y)).

Example 2.6.9. Let K = C{{t}} and ¢ : T3 — T2, (t1,t2,t3) — (t1to, tat3).
Then ¢* : K[xfl,xécl] — K[zfcl,zécl,z;fl] maps z1 to 2129, T2 to 2923, and
1 0
A= 1 1
0 1
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Consider the element y = (1 + 3t,t + t°,7) € T3, with val(y) = (0,1,0).
Then ¢(y) = (t+3t2+t54+3t8, 7t 4 7t°), so val(¢(y)) = (1,1) = AT val(y). O

We now reinstate our assumption that the valuation on K has a splitting,
so that we can consider the effect of projections on initial ideals.

Lemma 2.6.10. Letqﬁ* [azfl,... il — K[

, T , zFY be a monomial
map. Let I C K[zl e be an ideal, and let I' = ¢*~*(I). Then

o]
¢* (Ingrop () (w) (I') C inw(I) for all w € R".

Thus, in particular, if ing (I) # (1), then we also have ngyop(e)w)(I') # (1).

Proof. Let ¢*(z;)=22, where a; € Z". Then ¢*(z%) = 24%, where A =
(ar,...,am). Let f =Y cuz® € I', so that ¢*(f) = 3. cuz™ € I. Then
W = trop(f)(ATw) = min,,zo(val(cy) + w - Au) = trop(¢*(f))(w), and

¢* (introp(¢)(w)(f)) = qb* ( Z t— Val(cu)Cu - >
val(cu)+w-Au=W

= > e et = ing(67()).

val(cu)+w-Au=W

This implies ¢*(ingrop(g)(w)(I)) € inw (). This ideal contains 1 = ¢*(1) if
Nrop(g)(w)(I') = (1). This proves the contrapositive of the last claim. O

Example 2.6.11. Fix ¢ as in Example 2. Consider the principal ideal
I = (z1+23) in K[zF 25" 257"]. Then I’ = gb* YI) = (z1+x2). For w =
(1,0,0), we have inw (I) = (z3) and ingop(g)w) (L") = ing0)(I') = (x2). Here
we have ¢ (iNgrop(gyw)(I')) = (2223) = ing(1). O

Corollary 2.6.12. Let ¢* be a monomial automorphism ofK[ac1 A xﬂ],

rrn

let I be any ideal in this Laurent polynomial ring, and let I' = ¢*~ 1( ). Then
(2.6.4) ing (1) = (1) if and only if Mgep(e)w) (L) = (1).

In this section we showed that every Laurent ideal I over a valued field
possesses a finite tropical basis. In Chapter [B we shall introduce the tropical
variety of I, and we shall see that iny (1) # (1) is one of the characterizations
for w that lie in that object. To cut out the tropical variety by tropical
polynomials, it suffices to take a tropical basis of I. In that context, Theorem
can be regarded as a version of the Hilbert Basis Theorem for tropical
geometry.
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2.7. Exercises

(1) Show that the residue field of k{{t}} is isomorphic to k.

(2) Let K = Q with the p-adic valuation. Show that the residue field
of K is isomorphic to Z/pZ.

(3) The quotient ring K = Q[s]/(3s3+5%+365+162) is a field. Describe
all valuations on this field that extend the 3-adic valuation on Q.

(4) Show that if K is an algebraically closed field with a valuation
val : K* — R and k = R/m its residue field, then k is algebraically
closed. Give an example to show that if k is algebraically closed,
then it does not automatically follow that K is algebraically closed.

(5) Apply the algorithm implicit in the proof of Theorem 215 to com-
pute (the start of) a solution in C{{t}} to the equation z?+t+41 = 0.

(6) In this exercise you will show that the splitting of Lemma
does not always exist if the field is not algebraically closed.

Let F be an arbitrary field, and let K = F(x1,x9,...) be the
field of rational functions in countably many variables. This is the
union of the rational function fields F(xy,...,x,) for all n > 1 so
only finitely many variables appear in each rational function.

(a) Show that there is a valuation val : K* — R with val(a) = 0
for a € F and val(z;) = 1/j.

(b) Show that for this valuation the value group I'y, equals Q.

(c) Suppose a splitting ¢ : Q — K* exists. There exist fp,gn €
Flx1,z2,...] with ¢(1/n) = f,/gn for n > 1. Derive a contra-
diction by comparing these polynomials for n = 1 and n > 1.
Hint: The polynomial ring in finitely many variables is a UFD.

(7) In the setting of Definition 224 find an ideal I in Q[z!, 23!, ]
such that I,g C Q[z1, x2, x3] requires more generators than I, and
also Iproj C Q[zo, 1, 2, 23] requires more generators than Ing.

(8) List an explicit minimal set of generators for the Pliicker ideal Iy g.

(9) (a) Show that if ¢: C* — C* is a homomorphism of algebraic
groups, then ¢ has the form ¢(x) = 2™ for some n € Z.
(b) Deduce that Hom, (7™, C*) = Z".
(c) Conclude that the group of automorphisms of 7" as an alge-
braic group is GL(n,Z).

(10) Pick two triangles P and @ that lie in nonparallel planes in R3.
Draw their Minkowski sum P + @, and verify the identity (2.3.2]).

(11) Classify all regular triangulations of the three-dimensional cube.
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(12) What is the maximal number of facets of any four-dimensional
polytope with eight vertices? How many edges (= one-dimensional
faces) are there in such a polytope?

(13) Show that for a polyhedron ¢ in a polyhedral complex ¥, the cone
7 of stary (o) defined in Definition 2:3.6] is

7 = {veR":3e>0withw+ev e 7} + aff(0),

for any fixed w € relint(o).

(14) Let K = C{t}} and consider the homogeneous polynomial
fo= (o + t"awy + t%829)20 4 (zozy + t%mows + t*¥1129)"0%.
Determine trop(f)(w) for w = (3,4,5) and for w = (30, 40, 50).

(15) Let K = Q7, and let R be its valuation ring. Give an example
of an ideal I in R[xg,x1,x2] such that R[xg,x1, 22|/ is not a flat
R-module.

(16) Compute all initial ideals of I = (Tw3+8wor1—ai+x0T2+323) C
Clxo, 1, x2], and draw the Grobner complex of I. Repeat for the
ideal I = (tx? 43z 129 —tz3+5x011 — 1072 +2t28) CC{t}} 20, 71, T2).

(17) Draw the set {w € R? : iny(I) # (1)} for the principal ideal
I =(7+8x; — 23 + xo + 323) in C[zF", 251]. Repeat for the ideal

I = (ta? + 3w122 — tad + 521 — 20 + 2t) C C{tP a7t 235,
(18) Let I be the ideal (L84]) in Example[[.83] Determine the Grobner

fan, a universal Grobner basis, and a tropical basis for 1.

(19) One property of Grobner bases as in [CLOOQ7] is that the con-
dition inw(I) = (inw(g1),...,inw(gs)) for gi1,...,9s € I implies
I = {g1,...,gs). Does this hold for ideals I C K[z{',... z:']?
Can you formulate sufficient conditions under which it holds?

(20) Let I be an ideal in K[xo,...,2,]. Let m = [[I",z;. Show that
I contains a monomial if and only if the saturation (I : m®™) :=
{f: fm* € I for some k > 0} contains 1.

(21) The maximal ideal (z] + 9 + 3, x1 + 529 +7) C Clz!, 23] defines
a point in the plane. Compute a tropical basis for this ideal.

(22) The set Z of integers with the 2-adic valuation is a metric space,
by Example [L84l Sketch a picture of this space. How about Q97

e e the homogeneous ideal in Q[z,y, 2] generated by the se
23) Let I be the h ideal in Q ted by the set
G = {z+y+z2%y+ay® 2%z + 222 vz + y22).

Show that G is a universal Grébner basis, that is, G is a Grobner
basis of I for all w € R3. Also, show that G is not a tropical basis.
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(24)

(25)

(26)

Draw the graph of F' and the polyhedral complex X for the tropical
polynomial functions F' = p and F = p ® p ® p in Example [.2.4]
Work out a similar example in one dimension higher, and interpret
your pictures in terms of integer linear programming.

Fix two random quadrics in K|xg,x1,x2,x3]. Let I be the homo-
geneous ideal they generate. Compute the polynomial g in ([25.2]).
Which D did you take and why? Describe trop(g) and Xi,p(g)-

The Pliicker ideal I3, is minimally generated by the quadrics
PikPjL — PijPkl — Pupjr  for 1 <i<j <k <l<n.

Find w € Q(g) which selects the underlined initial monomials.

Compute the cone Cp, , [w]. How many extreme rays does it have?

Solve the equation z®+tz* 4323 +1522 +¢02 = !5 in the Puiseux
series field C{{t}}. Also, solve the equation z°+2x*+ 823 + 6422 +
10242 = 32768 in the field Qq. (Hint: See Exercise 1.9(3).)

Let 31 be the polyhedral complex consisting of all faces of the
cube [—1,1]3, and let Y5 consist of all faces of the octahedron
conv{tej, +eq, tes}. Determine the common refinement ¥; A .

Let K = C{{t}}, and consider the matrix
2 43 45 4T
A = (tm t11 t17 t13> :
t t t t
For each of the six 2-element subsets J of {1,2,3,4}, construct the
transformation U € GL(2, K) that is promised by Lemma [2.5.0






Chapter &

Tropical Varieties

We now introduce the main player of this book: the tropical variety. The
two main results of this chapter are the Fundamental Theorem B.2.3 and the
Structure Theorem The Fundamental Theorem gives several equiva-
lent definitions of a tropical variety. We discuss this first for hypersurfaces
and then for general varieties in Sections Bl and B2l respectively. The
Structure Theorem strengthens the connection between tropical and poly-
hedral geometry. The main ideas are introduced in Section B3] with the
proofs following in Sections B.4] and In Section we develop the
theory of stable intersections, which was previewed for tropical curves in
Section

We restrict our usage of the name tropical variety to mean the tropical-
ization of a classical variety over a field with a valuation. A more inclusive
notion of tropical varieties allows for balanced polyhedral complexes that do
not necessarily lift to a classical variety. In Chapter[d] we will see this distinc-
tion in the context of linear spaces. For now, we always start with Laurent
polynomial ideals or, equivalently, with subvarieties of an algebraic torus.

3.1. Hypersurfaces

Let K be an arbitrary field with a possibly trivial valuation. We work in the
ring K [:Elﬂ, ..., o1 of Laurent polynomials over K. Given a Laurent poly-
nomial f = ) ;. cur™, we define its tropicalization trop(f) as in ([2.4.1]).
Namely, trop(f) is the real-valued function on R™ that is obtained by re-

placing each coefficient ¢y, by its valuation and by performing all additions

93
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and multiplications in the tropical semiring (R, @, ®). Explicitly,

tl"Op(f)(W) = LEIEHZ% Val Cu + Zuzwz = éréizg(val(cu) +u- W)

The tropical polynomial trop(f) is a piecewise linear concave function R —
R. For an illustration of the graph of trop(f) when n = 2, see Figure [[.3.2]

The classical variety of the Laurent polynomial f € K [xl Loz s

a hypersurface in the algebraic torus 7" over the algebraic closure of K:
V(f) = {yeT": f(y)=0}.
We now define the tropical hypersurface associated with the same f.

Definition 3.1.1. The tropical hypersurface trop(V (f)) is the set
{w € R" : the minimum in trop(f)(w) is achieved at least twice}.

This is the locus in R™ where the piecewise linear function trop(f) fails to
be linear. When the valuation on K has a splitting w + t%, this can be
rephrased in terms of the initial forms we introduced in (2.6.0)):

(3.1.1) inw(f) = Yt eyt

u:val(cy)+w-u

= trop(f)(w)

The tropical hypersurface trop(V(f)) is the set of weight vectors w € R" for
which the initial form iny (f) is not a unit in k[z7, ..., 2;-!]. The equivalence
of these two definitions is the easy direction in Theorem B.T.3] below.

When F is a tropical polynomial, we write V(F) for the set

{w € R" : the minimum in F'(w) is achieved at least twice}.

(0,0) (=2,0)

Figure 3.1.1. A tropical line and a tropical quadric.
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With this notation, we have

trop(V'(f)) = V(trop(f)).

Example 3.1.2. Let K = C{t}} be the field of Puiseux series with complex
coefficients. We examine bivariate Laurent polynomials f € K[zT!, y*1].

(1) Let f =2 +y+ 1. Then trop(f)(w) = min(wy, w2, 0), so
trop(V(f))(w) = {w1 = w2 <0} U{w; =0 <wa}U{ws =0 < w}.

This is the tropical line shown on the left in Figure 3111

(2) Let f = 222 + oy + (2 +t3)y? + (1 + 3z + t7 1y + 3. Then
trop(f)(w) = min(2 + 2wy, w; + we, 2 + 2wy, wi, —1 + wa, 3), so
trop(V(f)) consists of the three line segments joining the pairs
{(_170)7 (_270)}7 {(_170)7 (_17 - )} {( ) (3 4)} and the six
rays {(_270) + A(Oa 1)}7 {(_270) (1 1)} {( 1 - ) - >‘(1’ 1)}7
sets, A runs over R>g. This is shown on the right in Figure BIT1l ¢

The following theorem was stated in the early 1990s in an unpublished
manuscript by Mikhail Kapranov. A proof appeared in [EKLO6|. It estab-
lishes the link between classical hypersurfaces over a field K and tropical
hypersurfaces in R". In the next section, we present the more general Funda-
mental Theorem which works for varieties of arbitrary codimension. Kapra-
nov’s Theorem for hypersurfaces will serve as the base case for its proof.

We place the extra conditions here on the field K that it is algebraically
closed and has a nontrivial valuation with a splitting. If K is an arbitrary
field with a valuation, then we may pass to its algebraic closure K with an
extension of the valuation. If the valuation on K is trivial, we further pass
to the field of generalized power series K ((R)). This yields a field satisfying
these conditions. Note that passing to an extension field does not change
the function trop(f), so does not alter the tropical hypersurface trop(V (f)).

Theorem 3.1.3 (Kapranov’s Theorem). Let K be an algebraically closed

field with a nontrivial valuation. Fix a Laurent polynomial f =3 cyn cux™

in K[z, ... 2], The following three sets coincide:

(1) the tropical hypersurface trop(V (f)) in R™;
(2) the set {w € R™ : iny(f) is not a monomial };
(3) the closure in R™ of {(val(y1),...,val(yn)) : (y1,-...yn) € V(f)}.

Furthermore, if f is irreducible and w is any point in I, N trop(V (f)), then
the set {y € V(f) : val(y) = w} is Zariski dense in the hypersurface V(f).

Example 3.1.4. Let f =z —y + 1 € K[z*!, yT!], where K is as above.
Then V(f) ={(z,2+1):z2€ K,z #0, -1}, and trop(V (f)) is the tropical
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line in FigureB.I.1l Note that iny(f) is a monomial unless either w is (0, 0),
or w is a positive multiple of (1,0),(0,1) or (—1,—1). In the former case,
inw(f) is  —y + 1. In the latter cases, it is —y+ 1,2+ 1 or x —y. We have

(val(z),0) if val(z) > 0,

(val(z),val(z)) if val(z) <0,

(0,val(z + 1)) if val(z) =0, val(z + 1) > 0,
(0,0) otherwise.

(val(z),val(z + 1)) =

As z runs over K\{0, —1}, the above case distinction describes all points of
I'2 | that lie in the tropical line trop(V(f)). Since K is algebraically closed,
the value group I'y, is dense in R, so the closure of these points in F\Q,al is
the entire tropical line in R%. This confirms Theorem B.1.3 for this f. O

Proof of Theorem B.1.3l Let w = (wy,...,wy,) € trop(V(f)). By def-
inition, the minimum in W = ming.,20(val(cy) + u - w) = trop(f)(w)
is achieved at least twice. Therefore iny(f), as seen in ([BII]), is not a
monomial. Thus, set () is contained in set (). Conversely, if iny(f) is
not a monomial, then the minimum in W is achieved at least twice, so
w € trop(V(f)). This shows the other containment, and so the equality of

sets () and (2I).

We now prove that set () contains set (). Since set () is closed, it is
enough to consider points in set (3]) of the form val(y):=(val(y1), ..., val(yy))
where y = (y1,...,yn) € (K*)" satisfies f(y) = > yezn cuy" = 0. This
means val(} - czn cuy™) = val(0) = oo > val(cyy™) for all u’ with ¢y # 0.
Lemma 2T Tlimplies that the minimum of val(cyy™) = val(cy ) +u’ - val(y)
for u’ with ¢y # 0 is achieved at least twice. Thus val(y) € trop(V(f)).

It remains to be seen that set (B]) contains set ([II). This is the hard part
of Kapranov’s Theorem. It will be the content of Proposition That
proposition also shows that {y € V(f) : val(y) = w} is Zariski dense when
f is irreducible, so it completes our proof. O

The next result, which finishes the proof of Theorem B.1.3 states that
every zero of an initial form lifts to a zero of the given polynomial.

Proposition 3.1.5. Fiz [ € K[mlﬂ, o aEY, and let w € T, Suppose
inw (f) is not a monomial and o € (k*)" satisfies iny(f)(a) = 0. There
exists y € (K*)" satisfying f(y) = 0, val(ly) = w, and t=viy; = «; for
1 <i<n. If f is irreducible, then the set of such'y is Zariski dense in the

hypersurface V(f).

Proof. We use induction on n. The base case is n = 1. After multiplying
by a unit, we may assume that f = 37 iz’ = [[7_;(a;2 — b;), where

co,cs # 0. Then in,(f) = [[j-; inw(a;z — b;) by Lemma Since
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a € k* and in,(f)(a) = 0, the initial form in,(f) is not a monomial,
and iny(ajz — bj)(a) = 0 for some j. This implies that in,(ajz — b;) is
not a monomial. Hence val(a;) + w = val(b;), and o = t=%bj/a;. Set
y =bj/aj € K*. Then f(y) =0, val(y) = w, and ¢t~ ¥y = « as required.

We now assume n > 1 and that the proposition holds for smaller dimen-
sions. We first reduce to the case where no two monomials appearing in f
are divisible by the same power of z,. This has the consequence that, when

f is regarded as a polynomial in x, with coefficients in K [:171 ,...,mffil],
the coefficients are all monomials of the form cx® for ¢ € K and u € Z" L.
Consider the automorphism ¢; : [:Eitl, oo Y given by ¢F (z;) = xjal) 2l

forl1 <j<n-1, and ¢F(zn) = xp, where | € N. For u € Z" !, we have

oF (x%al) = v a:HZJ L J. For [ > 0 each monomial in ¢} (f) is divisible
by a different power of x,, as required. Suppose that y = (y1,... ,yn) E S
satisfies ¢/ (f)(y) = 0, val(y;) = w; — l'w, and t—witlwny, = a0t for
1<i<n-—1,as well as val(y,) = w, and t~%ny, = a,,. Define y’ € T” by
Yl = iyl for 1 <i <n and y}, = y,. We then have f(y') =0, val(y’) = w,
and t~%iy! = ;. Hence it suffices to prove Proposition for ¢ (f).

We now assume that f has the special form described above. Consider
the set of all (y1,...,Yn_1) in T with val(y;) = w; and t~%iy; = q; for
1 <i<n—1. By LemmaZI2 this set is Zariski dense in 7"~!. Moreover,
for all such choices, g(x,) = f(y1,---,Yn—1,%y) is not the zero polynomial.

Write u’ for the projection of u € Z" onto the first n — 1 coordinates.
Writing g = ) d;zl,, we have d; = cuy™ for a unique u € Z" that has
U, = i. Note that val(d;) + wpi = val(cy) + val(y™) 4+ wpi = val(cq) +

/

w' - u +wyu, = val(cy)+w-u. Therefore trop(g)(wy,) = trop(f)(w), and

ing,(9) = Z t~ Val(di)dix;

irval(d;)+wni=trop(g)(wn)

_ Z t— Val(cu)cut_w'wlyulxgn
wval(cuy™ ) +wn un=trop(g)(wn)

- S e, ol
u:val(cy )+w-u=trop(f)(w)

= inw(f)(aly---aanflaxn)-

Thus iny,, (¢)(a,) = 0. By the n = 1 case there is y,, € K* with val(y,) = w,
and t~%ny,, = a, for which g(y,) = 0, and thus f(y1,...,Yn—1,yn) = 0. We
conclude y = (y1,...,yn) is the required point in the hypersurface V(f).

We now show that if f is an irreducible polynomial, then the set ) of y
with val(y) = w and t~%iy; = a; for 1<i<n is Zariski dense in V(f). For
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any (y1,...,Yn—1) € T", with val(y;) = w; and t~%iy; = «; for all i, we con-
structed a point y = (y1,...,Yn—1,Yn) € V. The set of such (y1,...,yn—1)
is Zariski dense in 7"~ ! by Lemma 22212l Hence the projection of ) onto
the first n — 1 coordinates is not contained in any hypersurface in 777!,
Consider any g € K[zi!,... 2] with g(y) = 0 for all y € ). Then

r'n

(f,9) N K[z, ... aF' ] = {0}. Since f is irreducible, this implies that g

»n—1

is a multiple of f. We conclude that the set ) is Zariski dense in V(f). O

In the rest of Section B we study the combinatorics of tropical hyper-
surfaces. This uses the notion of reqular subdivisions from Section By
the k-skeleton of a polyhedral complex Y, we mean the polyhedral complex
consisting of all cells 0 € ¥ with dim(c) < k. The field K is again arbitrary.

Proposition 3.1.6. Let f € K[xfl, ..., be a Laurent polynomial. The
tropical hypersurface trop(V (f)) is the support of a pure I'ya-rational poly-
hedral complex of dimension n — 1 in R™. It is the (n — 1)-skeleton of the
polyhedral complex dual to the regular subdivision of the Newton polytope of

f=>_caz™ given by the weights val(cy) on the lattice points in Newt(f).

Proof. By definition, trop(V(f)) is the set of w € R" for which the mini-
mum in trop(f)(w) = miny(val(cy) + w - u) is achieved at least twice. Let
P = Newt(f) = conv{u : ¢y # 0} C R™ be the Newton polytope of f, and
define Py, = conv{(u,val(cy)) : ey # 0} C R Let 7 : R — R” be
the projection onto the first n coordinates. The regular subdivision of P
induced by the weights val(cy), ¢y # 0, consists of the polytopes 7(F') as F
varies over all lower faces of P,,. Being a lower face of P, means that

F = facey(P) = {x €Pgy:v-x<v-yforalye Pval}

for some v € R"*! with last coordinate v, 1 positive. For such an F, let
N(F) = {v : facey(Pya) = F'} be the normal cone. We denote by 7 (N (F))
the restricted projection {w € R™ : (w,1) € N(F)}. The collection of
T(N(F)) as F varies over all lower faces of Py, forms a polyhedral complex
in R™ that is dual to the regular subdivision of P induced by the val(cy).

If v.= (v1,...,0,1) € N(F), then ing)(f) is a sum of monomials
with exponents in 7(F'), and all vertices of the polytope m(F') appear with
nonzero coefficient. This means that w = (wy,...,w,) € trop(V(f)) if and
only if w € T(N(F)) for some face F of Py, that has more than one vertex.
So w € trop(V(f)) if and only if F' = face(y 1)(FPra1) is not a vertex. This
happens if and only if the face 7 (N (F')) of the dual complex that contains w
is not full dimensional. We conclude that trop(V(f)) is the (n — 1)-skeleton
of the dual complex. This is a pure I'y,-rational polyhedral complex. O

Remark 3.1.7. The proof shows that the tropical hypersurface trop(V(f))
is precisely the (n — 1)-skeleton of the complex ¥, (f) in Definition
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(2,2)
(=2,1) (=1.1)
(_170)
(0,0)
(17_1)
(07_1)
(17_2)
01| (1,1 (2,2)
(-2,0)| CLO)
(1,0)
0,0
(-1,-1 (0,-1) 00

(07_2)

Figure 3.1.2. Five tropical curves from Example [3.1.8

Example 3.1.8. Let K = C{{t}} and n = 2. Tropical hypersurfaces in R?
are tropical curves. The following five examples are depicted in Figure .12
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(1) If f1 = 3tz +5xy—Tty*+8x—y-+t2, then trop(V(f1)) is dual to the
regular subdivision of Ay = {(2,0), (1,1), (0,2),(1,0),(0,1),(0,0)}
induced by w = (1,0,1,0,0,2). This subdivision is shown on the
left in Figure The curve trop(V(f1)) is shown in the upper
left in Figure

(2) Let fo = 3t322 + 5ay — Tt3y? + 8tz — ty + 1. The tropical curve
trop(V(f2)) is dual to the regular subdivision of Ay induced by w =
(3,0,3,1,1,0). This subdivision is shown second in Figure [Z3.8
and trop(V(f2)) is second in Figure B.1.21

(3) Let f3 = bt3a3+Tta2y—8twy? +9t3y> + 8t +5ry—ty? +4dta+8ty+t3.
The tropical curve trop(V(f3)) is dual to the regular subdivision of
A3:{(37 0)7 (27 1)7 (17 2)7 (07 3)7 (27 O)? (17 1)7 (07 2)7 (17 0)7 (07 1)7 (07 O)}
induced by w = (3,1,1,3,1,0,1,1,1,3). It consists of nine trian-
gles. Note that V'(f3) is an elliptic curve with nine points removed,
and trop(V(f3)) has a cycle. See the second row of Figure

(4) Let fy = 523+ 722y +8xy? +9y3 + 822+ 5xy —y? +42+8y+1. The
tropical cubic trop(V(f4)) is dual to the regular subdivision of As
induced by w = (0,0,0,0,0,0,0,0,0,0). The subdivision consists
of just the single triangle conv(.A3). The picture of trop(V'(fs1)), on
the right of the second row of Figure[3.1.2] looks like a tropical line.
In Section B.4] we will attach weights to tropical varieties. Those
weights will distinguish our tropical cubic from a tropical line.

(5) Let f5 = (3t3+5t2)zy~! + 82y~ +4¢=2. The curve trop(V(f5)) is
dual to the regular triangulation of {(1,—1), (0,—1), (0,0)} induced
by w = (2,2,—2). This consists of a single triangle. The curve
trop(V(f5)) is a tropical line, shifted so that the vertex is at (0,4).
This is shown at the bottom of Figure ¢

It is instructive to also examine some tropical surfaces in R3.

Example 3.1.9. Let K = Q, and fix the 2-adic valuation. The following
polynomial defines a smooth surface in the three-dimensional torus T[?’(:

f = 1222 + 200% + 82% + Tay + 2222 + 3yz + bz + Yy + 62 + 4.

Its Newton polytope P = Newt(f) is the tetrahedron conv((2,0,0), (0,0, 2),
(0,0,2),(0,0,0)). The 2-adic valuations of the coefficients of f define a reg-
ular triangulation of P into eight tetrahedra of volume 1/6. That triangula-
tion has 24 triangles, 25 edges, and ten vertices. It is a good exercise to verify
these numbers. Eight triangles and one edge lie in the interior of P. The dual
complex Y sy is a subdivision of R3 into ten unbounded full-dimensional
regions. Its 2-skeleton is the tropical quadric surface trop(V(f)). That
tropical surface consists of 25 two-dimensional polyhedra (24 unbounded
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Figure 3.1.3. The regular triangulation and tropical surface of Example 3.1.9

and one bounded square). It has eight vertices and 24 edges (16 unbounded
and eight bounded). The regular triangulation of P is shown on the left of
Figure B.1.3] and the tropical surface is shown on the right. See Proposition
B354 for the classification of all tropical surfaces of degree 2 in R3. O

An important special case of Proposition[B.1.6larises when the valuations
of the coefficients of f are all zero. In that case, the tropical hypersurface is
a fan in R"™. We saw an n = 2 instance of this in part ({#l) of Example B.1.8

Proposition 3.1.10. Let f € K[:Eitl, .., be a Laurent polynomial
whose coefficients have valuation zero. The tropical hypersurface trop(V (f))
is the support of an (n — 1)-dimensional polyhedral fan in R™. That fan is
the (n — 1)-skeleton of the normal fan to the Newton polytope of f.

Proof. Let f =3 cya™. If val(cy) = 0 whenever ¢, # 0, then the regular
subdivision of Newt(f) induced by the vector with coordinates val(cy) is
just the polytope Newt(f). The complex Yo (s of Definition is the
normal fan of Newt(f), so the claim follows from Proposition O

Example 3.1.11. Let f denote the determinant of an n x n-matrix (z;;)
whose entries are variables. We regard f as a polynomial of degree n with
n! terms in K[z11,219,...,Zn]. Each coefficient is —1 or 1, so has valua-
tion zero. The Newton polytope P = Newt(f) is the (n — 1)*-dimensional
Birkhoff polytope of bistochastic matrices. The piecewise-linear function
trop(f) is the tropical determinant from (LZG). The dual complex Y. f)
is the normal fan of the Birkhoff polytope P. The polytope P has one vertex
for each permutation of n. The normal fan thus divides R"™ into n! cones.
The cones indexed by two permutations m and 7 intersect in a common
facet if and only if 77! o7’ is a cycle. Checking this is a good exercise.
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The tropical hypersurface trop(V (f)) is an (n?—1)-dimensional fan with

lineality space of dimension 2n — 1. The dimension of the lineality space
comes from the calculation n? — (n — 1)?> = 2n — 1 for the codimension of
the affine span of P. That fan has n? rays, one for each matrix entry, and
its maximal cones are indexed by pairs (7, 7’) such that 7= o7’ is a cycle.

If n = 3, then the Birkhoff polytope P is the cyclic 4-polytope with six
vertices, whose f-vector is (6,15,18,9). The f-vector records the number
of faces of P of each dimension; here P has 15 edges, 18 two-dimensional
faces, and nine facets (three-dimensional faces). The tropical determinantal
hypersurface trop(V (f)) is an eight-dimensional fan in R?. Modulo its five-
dimensional lineality space, this fan has nine rays, 18 two-dimensional cones,
and 15 maximal cones. It is the fan over a two-dimensional polyhedral
complex with nine squares and six triangles, namely the 2-skeleton of the
product of two triangles. O

3.2. The Fundamental Theorem

The goal of this section is to prove the Fundamental Theorem of Tropical
Algebraic Geometry, which establishes a tight connection between classical
varieties and tropical varieties. We must begin by defining the latter objects.

Definition 3.2.1. Let I be an ideal in K[z{',... 2], and let X = V(1)
be its variety in the algebraic torus T". The tropicalization trop(X) of the
variety X is the intersection of all tropical hypersurfaces defined by elements
of I:

(3.2.1) trop(X) = () trop(V(f)) € R™.

We shall see that the set trop(X) depends only on the radical v/T of the
ideal I. By a tropical variety in R™ we mean any subset of the form trop(X)
where X is a subvariety of the torus 1™ over a field K with valuation.

In Definition B27] it does not suffice to take the intersection over the
tropical hypersurfaces trop(V(f)) where f runs over a generating set of I.
We usually have to pass to a larger set of Laurent polynomials in the ideal I.
In other words, tropicalization of varieties does not commute with intersec-
tions. This fact is a salient feature of tropical geometry. A finite intersection
of tropical hypersurfaces is known as a tropical prevariety.

Example 3.2.2. Let n = 2, K = C{t}}, and I = (x +y + 1, 2 + 2y).
Then X = V(I) = {(—2,1)} and hence trop(X) = {(0,0)}. However, the
intersection of the two tropical lines given by the ideal generators equals

trop(V(z +y + 1)) N trop(V(z +2y)) = {(wi,ws) € R? 1wy = wy < 0}.

This half-ray is not a tropical variety. It is just a tropical prevariety. %
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This example shows that a tropical variety trop(X) is generally not the
intersection of the tropical hypersurfaces corresponding to a given generating
set of the ideal I of X. This brings us back to the notion of a tropical basis, as
in Section[2.6l Definition 2.6.3] can be restated as follows: a finite generating

set T for an 1deal Iin K[z£Y, ... 2" is a tropical basis for I if
trop(V(1)) = (] trop(V(f))
feT

Theorem [2.6.0] states that every Laurent ideal has a finite tropical basis, and
this implies that every tropical variety is a tropical prevariety.

In Example B2.2] the two given generators are not yet a tropical basis of
the ideal I. However, we get a tropical basis if we add one more polynomial:

= {z+y+1,2+2y, y—1}.

We now come to the main result of this section, which is the direct
generalization of Theorem [B.1.3] from hypersurfaces to arbitrary varieties.

Theorem 3.2.3 (Fundamental Theorem of Tropical Algebraic Geometry).
Let K be an algebmically closed field with a nontrivial valuation, let I be an
ideal in K[z, ..., xt, and let X = V(I) be its variety in the algebraic
torus T™ = (K*)™. Then the following three subsets of R™ coincide:

(1) the tropical variety trop(X) as defined in equation [B2ZT);
(2) the set of all vectors w € R™ with inw (1) # (1);

(3) the closure of the set of coordinatewise valuations of points in X,

val(X) = {(val(y1),...,val(yn)) : (y1,...,yn) € X}.

Furthermore, if X is irreducible and w is any point in I N trop(X), then
the set {y € X : val(y) = w} is Zariski dense in the classical variety X .

The rest of this section is devoted to proving Theorem We first
explain why the assumptions that K is algebraically closed and that the
valuation is nontrivial are not serious restrictions for tropical geometry.

Fix a field extension L/K. If Y C T} is a variety defined by an ideal
I C K[, ... 2t then the extension of Y to Tp is the subvariety Y7, of
T} defined by the ideal I, = IL[z7, ..., 2;*!]. Recall that L/K is a valued
ﬁeld extension if the valuations satisfy valy|x = valg.

Theorem 3.2.4. Let K be a field with a possibly trivial valuation, and let
L/K be a valued field extension. Let X C T} be a subvariety of the torus
Ty, and let Xy, be its extension to TT'. Then

trop(Xy) = trop(X) C R".
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Proof. Let I C K[zi!, ..., 2;"!] be the ideal of X so I, = IL[z{!, ... x]
is the ideal of X;. By definition we have trop(Xy.) = (¢, trop(V(f)).
Since every polynomial f € I is also a polynomial in I7,, we have trop(X) C
trop(X), so it suffices to show the other inclusion. By Theorem the
ideal I7, has a finite tropical basis, and by Lemma there is a tropical
basis T for I, with all coefficients in K. Thusifw ¢ trop(Xp), thereis f € T
with the minimum in trop(f)(w) achieved only once, so w & trop(V(f)).

Since f € I, we have w ¢ trop(X ), which shows the other inclusion. O

Remark 3.2.5. Theorem [B.2.4] allows us to work over an extension field
when this is necessary. In particular, if K has the trivial valuation, then we
can take the field L = K((R)) of generalized power series with coefficients
in K (or the simpler field of Puiseux series if K has characteristic zero). We
can thus assume that the given field has a nontrivial valuation. It also does
not change the tropical variety to pass to the algebraic closure of the field
K. This lets us assume that the value group Iy, is dense in R. We may
also pass to an extension field L/K for which the valuation map L* — T'y,
splits; by Lemma we can take I = K, but smaller fields may also
suffice. This allows us to use the Grobner theory developed in Sections 2.4
and when studying tropical varieties over an arbitrary field.

For the rest of this section we assume that K is an algebraically closed
field with a nontrivial valuation that splits. We begin with a sequence of
lemmas whose purpose is to prepare for the proof of Theorem [3.2.3]

Recall from commutative algebra that a minimal associated prime of an
ideal I in K [a:l e :c#] is a prime ideal P D I for which there is no prime

ideal @ with P 2 @ D I. The variety V(I) decomposes as Jp inimal V (£)-
See [Eis95], Chapter 3] or [CLOQT], §4.7] for more details.

Lemma 3.2.6. Let X CT"™ be an irreducible variety with prime ideal I C
Klzt,...,xHY, and fic w with inw(I) 75 (1). Then all minimal associated
primes of the initial ideal ing (I) in k[z, ... 2] have the same dimension

as X.

) n

Proof. Let d = dim(X). The ideal Ipo; € Klzg,21,...,%y), as in Defi-
nition 22241 is prime of dimension d + 1. Since we are assuming that K
is algebraically closed with a nontrivial valuation, I'y, is dense in R. By
Theorem [25.3] the Grobner complex X(Iproj) is I'va-rational, so the cell of
Y (Iproj) containing (0, w) contains a point (0, w') € F:f;[l. We may thus
assume that w € I';. Hence, by Lemma [Z4.T2 all minimal primes of
in( w)(Iproj) have dimension d + 1. By the Principal Ideal Theorem, all
minimal primes of in( w)(/proj) + (¥o — 1) have dimension at least d. Since
in( w)(Iproj) is homogeneous by Lemma .42 all minimal primes are ho-
mogeneous and contained in (zg,...,x,). None of them contains xg — 1.
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Thus, the minimal primes of in(g w)(Iproj) + (¥o — 1) have dimension exactly
d. By Proposition 2Z.6.1] we have iny (I) = in(gw)(Iproj)|zo=1, viewed as an

ideal in k[afl 1 ...,zF']. The minimal primes of iny(I) are the images in
k[z{!, ..., 2] of those primes minimal over in(o,w) (Iproj) + (w0 — 1) that do
not contain any monomial in 1, ...,z,. These all have dimension d. (I

The proof of Theorem [B.2.3] will proceed by projecting to the hypersur-
face case. The next result ensures that a sufficiently nice projection exists.

Proposition 3.2.7. Fiz a subvariety X in T™ and m > dim(X). There
exists a morphism : T™ — T™ whose image V(X ) is Zariski closed in T™
and satisfies dim(¢ (X)) = dim(X). This map can be chosen so that the
following hold.

(1) The kernel of the linear map trop(¢): R™ — R™ intersects trivially
with a fixed finite arrangement of m-dimensional subspaces in R™.

(2) When n > m, if we change coordinates so that 1 is the projection
onto the first m coordinates, then the ideal I of X is generated by
polynomials in Tps1, ..., T, whose coefficients are monomials in
LlyeeesyLm-

Proof. To prove this we derive a version of Noether normalization for the
Laurent polynomial ring K [xl L ..., zF. We proceed by induction on
n —m, the case n = m being trivial. For n > m, the ideal I of X is not the

zero ideal. For [ € N, we define a monomial change of variables in T" by

2
of(x1) = 212, F (v2) = wazl) ..., & (2n_1) = Tpe 1$l . O (Tn) = Tn.

For any f, choosing [ sufficiently large, the transformed Laurent polynomial

n—1

2
g9 = (ZS?((f) = f(xlxlTNxQxln? SRR xn—lxln 71.71)
has the property that its monomials have distinct degrees in the variable x,.
Since ¢* is invertible, we may replace I by ¢*(I), and assume that I is
generated by a set of polynomials with this property.

This suffices to show that the image of X under the monomial map

7T — T (1,22, ...,2n) = (T1,...,Tp_1)
is closed. By [CLOQ7, Theorem 3.2.2], the closure of 7(X) is the vari-
ety in 7" defined by I N K[z, ..., 2 ]. The difference 7(X)\7(X) is

contained in the variety of the leading coefficients of the polynomials in a
generating set of I when viewed as polynomials in z,,. As the leading coef-
ficient of each generator is a monomial in z1,...,z,_1, the variety in 77!
defined by these polynomials is empty. We conclude that 7(X) = 7(X).

To see that dim(X) = dim(7 (X)), we note that the ideal I contains a
polynomial that is monic when regarded as a polynomial in z,,. Hence K|[X]
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is generated by x,, as a K[r(X)]-algebra, and the field of fractions K (X) is
a finite extension of K (7(X)). This shows that their transcendence degrees
agree, and thus dim(X) = dim(7w (X)) (see [CLOOQT, Theorem 9.5.6]).

By induction on n — m, there is a morphism 1 : 7"~! — T™ with the
desired properties. The claims on dimension, on the image being closed, and
the second requirement on the form of the generators all follow.

We can choose our change of coordinates so that the kernel of trop(m)
avoids some subspaces, because in the original coordinates the kernel of
trop(m) : R® — R”~! is the line spanned by (1,1,1%,...,1""1) in R™. For
[ > 0, this line intersects any fixed finite number of hyperplanes only in the
origin. We obtain the general case using again induction on n — m. This
shows that we can guarantee the map 1 to also satisfy property (1). ([

A key point of tropical geometry is that trop(X) is the support of a
I'ya-rational polyhedral complex. One particular I'y,-rational polyhedral
structure on trop(X) is derived from the Grobner characterization in the
Fundamental Theorem (part (2]) of Theorem B:2:3). In the following state-
ment we identify R” with R"™!/R1 via the map w +— (0, w).

Proposition 3.2.8. Let I be an ideal in K[z, ..., x5, and let X = V(I)
be its variety. Then {w : iny (I) # (1)} is the support of a subcomplex of the
Grébner complex X(Iproj) and is thus the support of a T'var-rational polyhedral

complex.

Proof. The Grobner complex X(Ipr05) is a I'ya-rational polyhedral complex
in R""1/R1 by Theorem Let Ipoj be as in Proposition 2611 By
Proposition 2.6.1] we have iny (/) = (1) if and only if 1 € in(g w)(Zproj)|zo=1-
This occurs if and only if there is an element in inggw)(/proj) that is a
polynomial in xy times a monomial in x1,...,z,, and thus if and only if
there is a monomial in in(g w)(Iproj), since in( w)(Iproj) is homogeneous by
Lemma 242 So {w € R" : iny(I) # (1)} equals the set {w € R" :
in(g,w)(Iproj) does not contain a monomial}. This is a union of cells in the
Grébner complex Y(Ip5). The set of w € R™ for which ing ) (Iproj) con-
tains a monomial is open by Corollary 22410} so the complement is closed.
Hence trop(X) is the support of a subcomplex of the Grébner complex. [

The polyhedral complex structure defined by Proposition [3.2.8] depends
on the choice of coordinates in T™. The following example illustrates this.

Example 3.2.9. Let K = C, let n = 5, and consider the ideal

I = (a?1+a:2+:c3+x4+ar5,3x2+5x3+7x4+11w5> - K[:c{c,,a?gt]

The generators are linear forms, so we can identify I with its homogenization
Ipoj. The tropical variety trop(V (Iproj)) is a three-dimensional fan with



3.2. The Fundamental Theorem 107

one-dimensional lineality space. It is a fan over the complete graph Kj
(cf. Example 22.13). That fan has ten maximal cones and five ridges. We
consider the isomorphism ¢ : 7% — T° defined by

gb* X1 > X1, X k> XT3, T3 > T3X4, T4 > 45, T5 > T5.

The transformed ideal J = (¢*)7!(I) has a finer Grébner fan structure
on its tropical variety trop(V(Jprwoj)). The support is still a fan over the
complete graph K5, but now two edges are subdivided, so the fan has 12
maximal cones. This can be verified using the software Gfan [Jen]. O

We now embark on the proof of the Fundamental Theorem [B.2Z3l At this
point we must treat the three sets described in Theorem as distinct
objects. We begin with proving a bound on the dimension of the polyhedral
set {w € R" :iny () # (1)}, not yet knowing that it equals trop(X). That
bound will be further improved to an equality in Theorem B.3.8, whose proof
in the next section will rely on Theorem

Lemma 3.2.10. Let X be a d-dimensional subvariety of T™, with ideal
Ic K[z, .. ). Bvery cell in the Grobner complex ¥ = ¥ (Ipro;) whose
support lies in the set {w € R" :iny(I) # (1)} has dimension at most d.

Proof. Let w € I'} | lie in the relative interior of a maximal cell P € .
The affine span of P is w+ L, where L is a subspace of R". By Lemma[2.2.7]
and Corollary we may assume that L is the span of eq,...,e; for
some k. We need to show that £ = dim(L) < d. Since w lies in the
relative interior of P, inyyev(I) # (1) for all v € Z" N L and e sufficiently
small. Lemma and Proposition 22611 imply iny (inw (1)) = iny(I) for
all v.e LNZ". Choose a set G of generators for iny (/) so that no generator
is the sum of two other polynomials in iny (/) having fewer monomials.
Then f € G implies that iny(f) = f for all v € L, as iny(f) is otherwise
a polynomial in iny (/) having fewer monomials. In particular, we have

ine,(f) = ffor 1 < i <k, so f = mf, where m is a monomial, and
z1, ...,z do not appear in f. Since monomials are units in k[mfl, I
this means that iny () is generated by elements not containing 1, ..., xg.
Hence k < dim(inw(/)) < dim(X) = d as required. O

We now use Theorem [3.1.3] to prove Theorem [3.2.3

Proof of Theorem The points in set @) are (val(y1),...,val(yn))
fory = (y1,...,yn) € X. For any f € I, these satisfy f(y) = 0. By Theo-

remB.T3 (val(y1),...,val(y,)) isin trop(V (f)). Hence (val(y1), ..., val(y,))
lies in set (). Since set () is closed by construction, set ([II) contains set (3]).
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Next, let w lie in set ([{I). Then, for any f = > cyaz™ € I, the minimum of
{val(cy) +u-w: ¢y # 0} is achieved twice. Thus iny(f) is not a monomial.
By Lemma 2:6.2] we see that iny (/) is not equal to (1), so w lies in set (2).

It remains to prove that set (2) is contained in set ([B]). We first reduce
to the case where I is prime. Since iny (f") = inw(f)" for all f,r by part (3)
of Lemma 262, we have iny (1) = (1) if and only if iny(vI) = (1), so
we may assume that [ is radical. Thus we can write I = (;_; P;, where
P; is prime, and V(Py),...,V(Ps) are the irreducible components of X.
Note that if w € R™ has inw (/) # (1), then there is j € {1,2,...,s} with
inw(P;) # (1). Indeed, if not, by Lemma there are fi,..., fs with
fi € Py and inw(f;) = 1. Set f =[[;_; fi- Then iny(f) =1and f € I, so
inw (1) = (1), contradicting our assumption.

We have shown that if w lies in set ([2]) for X, then w lies in set ([2]) for
some irreducible component V' (P;) of X. Thus to show that w = val(y) for
some y € X it suffices to show that w = val(y) for some y € V(P;). This
remaining case is the content of Proposition B.2.11] below. (I

Proposition 3.2.11. Let X be an irreducible subvariety of T, with prime
ideal I C K[z, ... 2. Fizw € I, with ing (I) # (1), and let o €

V(inw (1)) C (k*)". Then there exists a point'y € X with val(y) = w and

t=Wy = «. The set of such 'y is dense in the Zariski topology on X.

Proof. Let d = dim(X). The cases n = 1 and n — d = 1 follow from
Proposition B8 So, we can assume 0 < d < n — 2. We shall use induction
on n. By Lemma B2.I0l the set {v € R™ : iny(I) # (1)} is the support
of a polyhedral complex 3., and every cell P in ¥ has dimension at most
d = dim(X). Let Lp denote the linear span of P—w in R". Then dim(Lp) <
d+1 < n,and w + Lp is the affine subspace spanned by P and w.

Choose a monomial projection ¢: T" — T"~! so that the linear map
trop(¢) : R™ — R"~! satisfies ker(trop(¢)) N Lp = {0} for all P € . This
is possible by Proposition B.22771 We may also assume, after a change of
coordinates, that ¢ maps onto the first n — 1 coordinates, and the image
#(X) is closed in T""!. These assumptions ensure that we can uniquely
recover w from its image under trop(¢). Indeed, suppose some other vector
w' € I'? | satisfies iny (1) # (1) and trop(¢)(w’) = trop(¢)(w). The first
condition says that w’ € P for some cell P € ¥. This implies w € w + Lp
and hence w' — w € Lp. The kernel condition then gives w = w’.

Let I' = ¢* Y1) = IN K[zi', ...,z ] and X’ = V(I'). Since ¢(X)
is closed, we have X' = ¢(X). By Lemma REGI0 ingopg)w) () # (1)
By induction, there is y' = (y1,...,yn_1) € X' € T ! with val(y;) = w;,
and t~%iy; = a; for 1 <i<n—1. Let J = (f(y1,..- yYn—1,2n) : f € I) C
K[zt!]. Since K[z;!] is a principal ideal domain (PID), there exists a single
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polynomial f € I whose specialization generates the principal ideal J. By
Proposition B.2.7 we may assume that f = x, + f/, where z!, does not divide
any monomial in f’. So, the degree [ is positive, hence J # (1), and we can
find a point in V(J).

By Proposition .27 we may also assume that all coefficients of f, re-
garded as a polynomial in z,, are monomials, so f =), cipixt for u; €
Znt Let g = f(y1,. .\ Yn—1,Tn) = Y_; ciy™iat,. Asin the proof of Proposi-
tion B.2Z.11] trop(f)(w) = trop(g)(wy,), and thus ing (f)(aq,...,an—1,2,) =
iny, (9)(xy). This implies iny,, (¢)(an) = 0. As a,, # 0, the polynomial
iny, (g) is not a monomial. By the n = 1 case in Proposition B.I5] there
is y, € K* with g(y,) = 0, val(y,) = w, and t=%»y,, = a,,. We then have
y = (Y1,...,yn) € X with val(y) = w, and t¥iy; = «; for all i, as required.
This last step uses the “unique recovery” property from two paragraphs ago.

To finish the proof, we now argue that the set ) of all such y is Zariski
dense in X. Suppose that there was a subvariety X’ C X containing ).
The projection ¢(X’) contains ¢()), and so all y’ € ¢(X) with val(y)) = w;
and t=wiy; = ; for 1 < i < n — 1. By our choice of the map ¢, we have
dim(¢(X)) = dim(X) > 0. This set is Zariski dense in ¢(X), by induc-
tion, and thus ¢(X’) = ¢(X). This contradicts the fact that dim(¢(X’)) <
dim(X’) < dim(X). The last inequality uses that X is irreducible. We
conclude that there is no such X', and so Y is Zariski dense. O

The observation that the set of preimages of w under the valuation map
is Zariski dense is due to Payne; see [Pay09b], [Pay12].

Remark 3.2.12. It is a consequence of Theorems and .24 that if
Li/K and L9/K are two algebraically closed valued field extensions and
X C T} is a variety, then the closures of val(X (L)) and val(X (L)) agree.
Here X (L;) is the set of L;-valued points of X; if I is the ideal of X
in K[z . ) and I, = IL;zfh ... 2FY, then X(L;) = V(I1,) C
17 . To see the equality, note that trop(V(Ir,)) = trop(V(IL,)) by Theo-
rem B.2.4 By Theorem B.2.3] we know that trop(V (Ir,)) is the closure of

the valuations of points in X (L;) for each i, so these sets also agree.

At the end of Section 2.6, we introduced the tropicalization trop(¢) of a
monomial map ¢. In this section we studied three equivalent characteriza-
tions of the tropicalization trop(X) of an algebraic variety X in a torus. The
next corollary states that these two notions of tropicalization are compatible.

Corollary 3.2.13. Let ¢ : T" — T™ be a monomial map. Consider any
subvariety X of T™ and the Zariski closure ¢(X) of its image in T™. Then

(3.2.2) trop(¢(X)) = trop(e)(trop(X)).
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Proof. If I is the ideal of X, then I’ = (¢*)~!(I) is the ideal of ¢(X). By

Lemma 2.6.T0 if inw (1) # (1), then ingopp)w) (') # (1), which shows that
trop(¢)(trop(X)) C trop(¢(X)). For the converse we use the Fundamental
Theorem. By part (B]) of Theorem BZ3, trop(¢(X)) is the closure of the set
{val(z): z € $(X)}. Since trop(¢)(trop(X)) is a closed subset of R™, it thus
suffices to show that every w € I'?) N trop(¢(X)) lies in trop(¢)(trop(X)).
By Theorem B.2.3] the set of z € ¢(X) for which val(z) = w is Zariski dense
in ¢(X), so there is z = ¢(y) for some y € X with val(z) = w. Since

val(¢(y)) = trop(¢)(val(y)), this shows that w € trop(¢)(trop(X)). O

Remark 3.2.14. Corollary says that tropicalization commutes with
morphisms of tori. This statement is not true if the morphism ¢ is replaced
by a rational map of tori, with trop(¢) defined in each coordinate by the
corresponding tropical polynomial as in (ZZT]).

For a simple example consider the map ¢ — (¢, —1—t) from the affine line
to the affine plane. This defines a rational map of tori ¢: X = T --» T2,
which is undefined at t = —1. Its image is ¢(X) = V(z +y + 1) C T?, and
hence trop(¢(X)) is the standard tropical line seen in Figure BIIl On the
other hand, the tropicalization of ¢ is the piecewise-linear map

trop(¢) : trop(X) =R — R*, w ~ (w, min(w, 0)).
The image of this is the union of two of the three rays of the tropical line,

trop(¢)(trop(X)) = {(a,a):a <0} U {(a,0):a > 0}.

In this little example, the following inclusion holds and is strict:

(3.2.3) trop(M) D trop(¢)(trop(X)).

The inclusion [B2Z3) holds for every rational map ¢ of tori, but the inclu-
sion is generally strict unless ¢ is a monomial map. How to fill the gap is
of central importance in tropical implicitization, which aims to compute the
tropicalization of a rational variety directly from a parametric representa-
tion ¢. In other words, one first computes trop(V (7)), and then one uses
that balanced polyhedral complex in deriving generators for I. For more

information see Theorems [5.5.1] and [6.5.10] as well as [STYO07, [SY0S].

3.3. The Structure Theorem

We next explore the question of which polyhedral complexes are tropical
varieties. The main result in this section is the Structure Theorem
which says that if X is an irreducible subvariety of T™ of dimension d,
then trop(X) is the support of a pure d-dimensional weighted balanced I'y,-
rational polyhedral complex that is connected through codimension 1.
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Figure 3.3.1. A balanced rational fan in R2.

We begin by defining these concepts, starting with the notion of a
weighted balanced polyhedral complex. Let % C R” be a one-dimensional
rational fan with s rays. Let v; be the first lattice point on the ith ray of
3. We give X the structure of a weighted fan by assigning a positive integer
weight m; € N to the ith ray of ¥. We say that the fan ¥ is balanced if

Z m;v; = 0.

This is sometimes called the zero-tension condition: a tug-of-war game with
ropes in the directions v; and participants of strength m; would have no
winner. See Figure B3] for an example, where the weights are 1,1, 3, and
4. We now extend this concept to arbitrary weighted polyhedral complexes.

Definition 3.3.1. Let 3 be a rational fan in R™, pure of dimension d. Fix
weights m(o) € N for all cones o of dimension d. Given a cone 7 € X of
dimension d — 1, let L be the linear space parallel to 7. Thus L is a (d — 1)-
dimensional subspace of R™. Since 7 is a rational cone, the abelian group
Lz = LNZ" is free of rank d — 1, with N(7) = Z"/Ly = Z"~%*1. For each
o € X with 7 C o, the set (0 +L)/L is a one-dimensional cone in N(7)®zR.
Let v, be the first lattice point on this ray. The fan ¥ is balanced at 7 if

(3.3.1) > m(o)v, = 0.

The fan 3 is balanced if it is balanced at all 7 € ¥ with dim(7) = d — 1.
If ¥ is a pure I'y,-rational polyhedral complex of dimension d with weights
m(o) € N on each d-dimensional cell in ¥, then for each 7 € ¥ the fan
stary () inherits a weighting function m. The complex ¥ is balanced if the
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fan stary(7) is balanced for all 7 € ¥ with dim(7) = d — 1. This condition
is vacuous for zero-dimensional polyhedral complexes, so all are balanced.

We next explain the combinatorial meaning of the balancing condition
for fans and complexes of codimension 1. Let P be a lattice polytope in R"”
with normal fan Np, and let ¥ denote the (n — 1)-skeleton of Np. Accord-
ing to Proposition B.T.10] the fan ¥ is the tropical hypersurface trop(V(f))
of any constant-coefficient polynomial f with Newton polytope P. Equiva-
lently, ¥ = V(F'), where F is a tropical polynomial for which the coefficients
are all 0 and the exponents of the monomials have convex hull P.

We can turn ¥ into a weighted fan as follows. Each maximal cone o € ¥
is the inner normal cone of an edge e(o) of the polytope P. We define m(o)
to be the lattice length of the edge e(o). This is one less than the number
of lattice points in e(o). Proposition B.3.2 below says that X is balanced.

For general tropical hypersurfaces we generalize from a lattice polytope
P to regular subdivisions A of P. We can also define multiplicities from
edge lengths in this case. Following Definition 3.8, A is given by a weight
vector ¢ with one entry ¢, for each lattice point u in P. We construct from
this a tropical polynomial F' = minyep(cy + x - u). The subdivision A is
dual to the polyhedral complex ¥ . The tropical hypersurface V(F) is the
(n — 1)-skeleton of ¥ by Remark B.I.7 Every facet o of ¥ corresponds to
an edge e(o) of A, and we define m(o) to be the lattice length of e(o).

Proposition 3.3.2. The (n—1)-dimensional polyhedral complex V (F') given
by a tropical polynomial F' in n unknowns is balanced for the weights m(o)
defined above.

Proof. This statement is trivial for n = 1. If n = dim(P) = 2, then
d = 1 in Definition B3} We claim that stary)(o) is balanced for all zero-
dimensional cells o. Such a cell is dual to a two-dimensional convex polygon
@ in the regular subdivision A. The vectors u, in (B3] are the primitive
lattice vectors perpendicular to the edges of @, and the vectors m(o)u, are
precisely the edges of @ rotated by 90 degrees. The equation (B3] holds
because the edge vectors of any convex polygon ) sum to zero. For d > 3
we reduce to the case d = 2 by working modulo L as in Definition B3l
Here, L is the linear space parallel to o. This is the lineality space of
stary (p)(0). Hence L is perpendicular to the polygon @ dual to o in the
regular subdivision A induced by F. Again, the edges of ) sum to zero. [
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Example 3.3.3. Let P be the Newton polytope of the discriminant of a
univariate quartic az? 4+ ba® + cx? 4+ dx + e. That discriminant equals

256a°¢® — 192a2bde? — 128a2c%e? + 144a’cd?e + 144ab?ce?
— 80abc’de — 6ab’d%e — 27ad* + 18abed® + 16ac’e
—4ac3d® — 27b%e% + 18b3cde — 4b3d> — 4b%c3e + b2Pd2.

Its Newton polytope P is a three-dimensional cube that lives in R®. The
eight vertices of P correspond to the underlined monomials. Here X is a
fan with 12 cones o of dimension 4, six cones 7 of dimension 3, and one
cone of dimension 2 (the lineality space). Eleven of the edges of P have
lattice length 1, so m(o) = 1 for these 0. However, the edge corresponding
to 256a3e® + 16acte = 16ae(4ae + ic®)(4ae — ic?) has lattice length 2, so
m(o) = 2 for that maximal cone o of . To check that the fan ¥ is balanced,
we must examine the cones 7 normal to the six square facets of P. The
fan stary(7) is the normal fan of such a square, and ([B:3.1]) holds because
the four edges of the square form a closed loop. The Newton polygon of
the discriminant specialized with b = 0 is one of the two facets of P that
contain the special edge above. For more information on such discriminants
see Section B0l O

Every tropical polynomial F' with coefficients in 'y, has the form F =
trop(f) for some classical polynomial f € K[z, ..., z;5!]. Proposition3.1.0]
says that the tropical hypersurface trop(V(f)) is the balanced polyhedral
complex Y. We shall see in Lemma B.4.0] that the combinatorial definition
of multiplicity, where m(o) is the length of the edge in the subdivision A, is
consistent with the general definition of multiplicities for tropical varieties.
In Proposition B3 I0we prove a combinatorial converse to Proposition[3.3.21

We next define what it means to be connected through codimension 1.

Definition 3.3.4. Let ¥ be a pure d-dimensional polyhedral complex in
R"™. Then X is connected through codimension 1 if for any two d-dimensional
cells P,P" € ¥ there is a chain P = Py, P,,...,P; = P’ for which P; and
P;11 share a common facet F; for 1 <¢ < s — 1. Since the P; are facets of
Y and the F; are ridges, we call this a facet-ridge path connecting P and P’.

Every zero-dimensional polyhedral complex is connected through codi-
mension 1. A pure one-dimensional polyhedral complex is connected through
codimension 1 if and only if it is connected. An example of a connected two-
dimensional polyhedral complex that is not connected through codimension
1 is shown in Figure B.3.21

This lets us state the second main theorem of this chapter. Its proof will
straddle three sections.
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Figure 3.3.2. This complex is not connected through codimension 1.

Theorem 3.3.5 (Structure Theorem for Tropical Varieties). Let X be an
irreducible d-dimensional subvariety of T™. Then trop(X) is the support of
a balanced weighted 1y, -rational polyhedral complex pure of dimension d.
Moreover, that polyhedral complex is connected through codimension 1.

Proof. That trop(X) is a pure I'yy-rational d-dimensional polyhedral com-
plex is Theorem B.3.8 That it is balanced is Theorem B.4.141 Theorem B.5.1]
shows that trop(X) is connected through codimension 1. O

In the remainder of this section we prove the dimension part of the
Structure Theorem. This will be stated separately in Theorem B.3.8 Its
proof will use the following lemma, which says that the star of any cell in a
polyhedral complex with support trop(X) is itself a tropical variety.

Lemma 3.3.6. Let X = V(I) C T where I C K[zf,...,x}], and let ¥ be
a polyhedral complex with support trop(X) = {w € R" 1 inw([) # (1)} C R™.
Fizw e Y. If 0 € XX has w in its relative interior, then

stary;(0) = {v € R" : iny(inw (1)) # (1) }.
Thus trop(V (inw (1)) = starop(x) (o).

Proof. We have

{veR" iny(inw(I)) # (1)}
= {v e R" ! iny4e (1) # (1) for sufficiently small € > 0}
= {veR":w+eve X for sufficiently small € > 0}

= stary(o),
where the first equality follows from Lemma[2.4.6 and Proposition 2Z.6.1] and
the third equality follows from Exercise 27(13). O

Example 3.3.7. Let I = (tz? + 2 +y + zy + t) in C{t}[z*, y'] and
X = V(I). The tropical curve trop(X) is shown in Figure[3.3.3] The tropical
curve of the initial ideal in(; 1)(/) = (z +y+1) is the tropical line, with rays
(1,0),(0,1), and (—1,—1). This is the star of the vertex (1,1). It is also the
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Figure 3.3.3. The tropical curve discussed in Example B.3.7

star of the vertex (—1,0), since in(_1 )(I) = (z* +z+zy) = (x+14y). At
the vertex (0,0), the star has rays (1,1), (—=1,0), and (0,—1). This is the
tropicalization of V'(in(g)(1)) = V((z + y + zy)). %

Theorem 3.3.8. Let X be an irreducible subvariety of dimension d in the
algebraic torus T™ over the field K. The tropical variety trop(X) is the
support of a pure d-dimensional Iy, -rational polyhedral complex in R™.

Proof. Let I be the ideal of X. By part () of Theorem B.23] the tropi-
cal variety trop(X) is the support of a I'yy-rational polyhedral complex 3.
Lemma shows that the dimension of each cell in ¥ is at most d. It
thus remains to show that each maximal cell in ¥ has dimension at least d.

Let o be a maximal cell in ¥, and fix w € relint(o). Suppose that
dim(o) = k. By Lemma 336, we have trop(V (inw([))) = |stars(o)|. This
is the linear space parallel to o, and thus a subspace L of R™ of dimen-
sion k. After a change of coordinates, we may assume that L is spanned by
el,..., e Since iny(ing (/) = inwtev(l) = inw(I) for all v € L and small
e > 0, the ideal iny (/) is homogeneous with respect to the grading given
by deg(z;) = e; for 1 < i < k and deg(x;) = 0 for ¢ > k. Hence, iny (/) is
generated by Laurent polynomials which use only the variables xpy1,..., 2.

Let J = inw(I) N k[xfil, ..,z We claim that trop(V(J)) = {0}.

Indeed, let v/ € trop(V(J)) and v = (0,v’) € R"™ with first k£ coordinates
zero. If v/ # 0, then v € L and iny (iny (1)) = (1), since o is a maximal cell
in ¥. Hence there is f € iny (/) with iny(f) = 1. We may choose f in J, as
we can take it to be homogeneous in the ZF-grading discussed above. This
shows that iny/(J) = (1), so trop(V(J)) C {0}. Since 1 ¢ inw(I), we have
ing(J) = J # (1), and thus trop(V(J)) = {0}. Lemma B.3.9 below then
implies that V'(.J) is finite, and so dim(iny (1)) < k. From Lemma B.2.0 we
know that dim(inw(/)) = d, and hence k = dim(o) > d as required. O
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To complete the proof of Theorem B.3.8] it now remains to show

Lemma 3.3.9. Let X be a subvariety of T™. If the tropical variety trop(X)
is a finite set of points in R™, then X is a finite set of points in T".

Proof. The proof is by induction on n. For n = 1, all nontrivial subvarieties
are finite, and trop(7T') = R!. Suppose n > 1 and the lemma is true for
all smaller n. If X is a hypersurface, then Proposition implies that
trop(X) is not finite. We thus assume dim(X) < n — 1. Choose a map
7 T" — T" ! with Y := 7(X) = n(X) as guaranteed by Proposition 327l
By changing coordinates, we may assume that 7 is the projection onto the
first n — 1 coordinates. By Corollary B.2.13] we know that trop(Y) is a finite
set of points in R"~!. By the induction hypothesis, the variety Y is finite:
Y ={y1,...,y,} CT" L Since \e, ¢ trop(X) for A > 0, the ideal I of X
contains a polynomial of the form 1+ 37| f;z¢ with f; € K[:Eitl, e mffil]
Each y; € Y has at most s preimages z € X with 7(z) = y;, so X is a finite
set of points in 1. O

According to the Structure Theorem[B.3.0] every tropical variety trop(X)
is the support of a weighted balanced polyhedral complex 3. One may
wonder whether the converse is true: given such a complex ¥, can we always
find a matching variety X with trop(X) = |X|? We shall see in Chapter 4
that the answer is no, even in the context of linear spaces. That is why we
distinguish between tropicalized linear spaces and tropical linear spaces. See
Example for a balanced fan ¥ that is not trop(X) for any X C T™.
We close this section by showing that the answer is yes for hypersurfaces.

Proposition 3.3.10. Let ¥ be a weighted balanced T4 -rational polyhedral
complex in R™ that is pure of dimension n — 1. Then there exists a tropical
polynomial F with coefficients in T'ya such that X = V(F). This ensures
that || = trop(V (f)) for some Laurent polynomial f € K[z, ... o]

n

Proof. We construct a tropical polynomial F' in uy, ..., u,, with coefficients
in I'yay, such that V(F) = {w € R” : the minimum in F is achieved twice}
equals >, and the weights in X are the edge lengths in the corresponding
regular subdivision of the Newton polytope of F. Any Laurent polynomial
f with trop(f) = F will satisfy the conclusion in the last sentence.

Fix an arbitrary generic basepoint ug in R™\X. For any facet o of 3 let
L, be the unique primitive linear polynomial that vanishes on o and satisfies
ly(ug) > 0. Here primitive means that the coefficients of ¢, are relatively
prime integers. We also write m(o) for the multiplicity of o in 3. The linear
forms ¢, determine hyperplanes H,, which need not all be distinct. Let A
be the hyperplane arrangement consisting of all these hyperplanes H,. By
construction we have ¥ C A and uy ¢ A. We may refine the polyhedral
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complex structure on A so that X is a subcomplex of A. For cells o of A
that are not contained in 3, we set m(o) = 0.

The complement R™\ A is the disjoint union of open convex polyhedra
P. For each such polyhedron P we choose a path from ug to P that crosses
each hyperplane in A at most once and does so transversally. We define
lp = > " ap;z; + bp to be the sum of linear forms m(o)l,, where o is
crossed by the path from ug to P. The desired tropical polynomial is then

a a a
F(u) := @ bp ® ulp’1u2p'2 T
P

where P ranges over all connected components of R™\ A.

Since ¥ is balanced, the definition of the linear form £p is independent of
the choice of path from ug to P. Indeed, any two such paths are connected
by moves that cross codimension-2 faces 7 of 3. The balancing condition
implies that ) - _m(o)-/f, = 0 which ensures invariance of /p as 7 is
crossed. This means that the tropical polynomial F'(u) depends only on
the choice of the basepoint ug. If ug moves to a different component of
R™\X, then F(u) is changed by tropical multiplication by a monomial, so
the tropical hypersurface V(F) remains unchanged.

By construction, the support of ¥ is contained in V(F') because F' bends
along each facet o of ¥. This can be seen by choosing ug just off o. We
need to show the reverse inclusion. Consider any region on which F' is
linear. That region corresponds to a vertex in the regular subdivision A
that is dual to V(F') in Proposition By the remark above, we may
assume that this vertex is the zero vector, and hence F' is nonnegative. The
region where F' is zero lies in some connected component of R"\X. By
construction, every nonzero linear function ¢, used in F' is strictly positive
on that connected component. Hence they are equal. Moreover, the linear
function £, is the corresponding edge direction, away from the vertex zero, in
the regular subdivision A. The lattice length of that edge in A equals m(o).
Hence ¥ and V(F') agree as weighted polyhedral complexes in R"™. (I

Remark 3.3.11. In this proof we described an algorithm for reconstructing
a tropical polynomial F' from the tropical hypersurface X it defines. This is
interesting even in the constant coefficient case, when the input is a weighted
balanced fan ¥ of codimension 1, and the output is the corresponding New-
ton polytope P. In fact, that algorithm for computing P from X plays a
central role in applications of tropical geometry, notably in implicitization

[STYO0T, [SYO08]. Note that P is unique only up to translation.



118 3. Tropical Varieties

3.4. Multiplicities and Balancing

In this section we define multiplicities that give a tropical variety the struc-
ture of a weighted balanced polyhedral complex. Another important result
here is the Transverse Intersection Theorem (Theorem B.4.12]), which gives
some control on the tropicalization of an intersection.

Given a subvariety X C T" with ideal I ¢ K[zi',..., 2], Propo-
sition B.2.8] implies that the tropical variety trop(X) is the support of a
polyhedral complex ¥. While |X| = trop( ) is determined by I, the choice
of ¥ is not, as seen in Example 3290 By Proposition ] the polyhedral
complex Y can be chosen so that, for every o € 3, we have iny, (I) constant
for all w € relint(c). In what follows, we fix such a choice of X. Our aim is
to define multiplicities on ¥ that make it a weighted polyhedral complex.

We first recall some concepts from commutative algebra.

Definition 3.4.1. Let S = k[:nl sy x]. Anideal Q C S is primary if
fg € Q implies f € Q or ¢ € @ for some m > 0. If Q) is primary, then
the radical of @) is a prime ideal P. Given an ideal I C S, we can write
I =(N;_, Qi where each Q; is primary with radical P;, no P; is repeated, and
no @; can be removed from the intersection. This primary decomposition
is not unique in general, but the set Ass(I) of primes P; that appear is
determined by I. These are the associated primes. We are most interested
in the minimal (associated) primes of I, i.e., those P; that do not contain
any other P;. We denote this set by Ass™(I) = {Py,..., P;}. The primary
ideal Q; corresponding to a minimal prime P; does not depend on the choice
of a primary decomposition for I. For more information see [Eis95, Chapter

3], [CLOO0T, §4.7], or [Stu02, Chapter 5.

The multiplicity of a minimal prime P; € Ass™"(I) is the positive integer

(3.4.1) mult(P, I) := £((S/Qi)p) = (I : B®)/1)p)-

Here ¢(M) denotes the length of an Sp-module M. This is the length s of
the longest chain of submodules M = My 2 M} 2 --- 2 M.

Example 3.4.2. Let f = a[[;_,(z — X\i)™ with a, \; € k be a univariate
polynomial in factored form. The set of associated primes of the ideal (f) is
{{z = \;) : 1 <i <r}, and the multiplicities are mult({(z — \;), (f)) = m;. O

Definition 3.4.3. Let I be a (not necessarily radical) ideal in K [a:l =)

Let ¥ be a polyhedral complex with support |¥| = trop(V([)) such that
inw(I) is constant for w € relint(o) for all o € 3. For a top-dimensional
cell o € 3 the multiplicity mult(o) is defined by

mult(o) = Z mult (P, iny (1)) for any w € relint(o).
PeAss™ (inyw (1))
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Figure 3.4.1. Multiplicities on the tropical curve in Example [3.4.7]

Remark 3.4.4. If V(I) is irreducible of dimension d and ¢ is a maximal cell
in ¥, then iny () is homogeneous with respect to a Z%grading, so V (iny (1))
has a d-dimensional torus action on it and is thus a union of d-dimensional
torus orbits. The multiplicity mult(o) is the number of such orbits, counted
with multiplicity. See Lemma [B.4.7 below for an algebraic formulation.

Example 3.4.5. Let f = axy? + 4y? + 322y —ay + 8y + 2% — 522 +4 ¢
Clz*!,y*]. Then trop(V(f)) consists of four rays perpendicular to the
edges of the Newton polygon of f. The rays are generated by u; = (1,0),
uy = (0,1), ug = (—2,—-3), and uy = (0, —1); see Figure B:41l The multi-
plicities on the rays of trop(V (f)) are shown in Table B.4.Tl

Table 3.4.1
ray | ing, ((f) | mult(pos(u;))
w <4y +8y+4> = ((y+1)%) 2
up | (z* — 522 +4) = (z— 2> N (z—1) N (z+1) N (x+2) 4
us | (zy? +x > (y? + 23) 1
uy | (2y? +4y?) = (z +4) 1

The variety of the initial ideal for u; is one torus orbit with multiplicity two,
the variety for us consists of four torus orbits, and the varieties for ug and
uy are each a single torus orbit. The tropical curve trop(V (f)) is balanced
with these multiplicities because 2u; + 4us + lug + luy = (0,0). O

Example B.4.5 is a special case of the following fact which holds for all
tropical hypersurfaces and which was already addressed in Proposition[3.3.2)

Lemma 3.4.6. Let f = Y cuz™ € Kzil, ..., 2, let A be the regular
subdivision of Newt(f) induced by (val(cy)), and let ¥ be the polyhedral
complex supported on trop(V (f)) that is dual to A. The multiplicity of a
mazximal cell o of ¥ is the lattice length of the edge e(o) of A dual to o.
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Proof. Pick w in the relative interior of o. The initial ideal iny({f)) is
generated by inw(f) = > yeco) ™ val(cu)c %, The sum here is over those
u € e(o) with val(cy) + w - u = trop(f)(w). Since e(o) is one dimensional,
the vector u—u’ for u,u’ € ¢(o) is unique up to scaling, and there is a choice
v = u — u’ for which this has minimal length. The polynomial iny(f) is
then a monomial in x1,...,x, times a Laurent polynomial g in the variable
y = xV. After multiplying f by a monomial, we may assume that iny(f) is a
(non-Laurent) polynomial in y with nonzero constant term. The degree of g
in y is then the lattice length of the edge e(o). It follows from Example [3.4.2]
that the multiplicity of o is the lattice length of e(o), as required. O

Note that Lemma [3.4.6] and Proposition [3.3.2] together imply that trop-
ical hypersurfaces are balanced with the multiplicities of Definition B.4.3]

We now translate the geometric content of Remark B.4.4] into a precise
algebraic form. After a multiplicative change of variables, we may transport
any cell in ¥ to one with affine span parallel to the span of e1,...,e4. The
following lemma gives one method for computing the multiplicity of o. This
should be compared with the formula for multiplicity in Exercise B7(34).

Lemma 3.4.7. Let X C T" be irreducible of dimension d with ideal
I C K[$1ﬂ,...,xi1], and let ¥ be a polyhedral complex on trop(X) as

n

above. Let o be a mazimal cell in % with affine span parallel to eq, ..., ey,
and let w € relint(o) NT7,. If §' = ﬂ«[mﬁl,...,xfl], then mult(o) =

dimy (S / (inw (1) N ).

Proof. Since w € relint(o), by Corollary and Proposition 2.6.1] we
have inywiee,(I) = iny(I) for all sufficiently small ¢ > 0 and 1 < i < d.
Thus, by part [2)) of Lemma 2.6.2 the initial ideal iny (/) is homogeneous
with respect to the grading deg(z;) = e; for i < d and deg(x;) = 0 for i > d.

Hence iny (1) has a generating set {f1,..., f;} not containing the variables
z1,...,2q. Let ()7_; Qi be a primary decomposition of iny (7). Each Q; is
also generated by polynomials in 441, ..., Ty, as they are also homogeneous

with respect to the Z%-grading, so iny (1) NS = N;_;(Q; NS') is a primary
decomposition of the zero-dimensional ideal iny (1) NS, and mult(P;, Q;) =
mult(P;NS’, Q;NS"). This implies that each P; is a minimal prime of iny ().
Since Q; NS’ is a zero-dimensional ideal in S, its multiplicity is its colength.
Therefore,

mult(o) = Zmult(Pn Qi)
i=1

= dimy §'/(QiN ') = dimy 5"/ (ing (I) N ). O

i=1
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The goal of the rest of this section is to show that the multiplicities in
Definition force the polyhedral complex trop(X) to be balanced. We
will reduce the proof of this to the case of constant coefficient curves. For
this, we need following result about zero-dimensional ideals 1. As before we

write Sk and Sk for the Laurent polynomial rings in variables z1, ...,y
with coefficients in K and k, respectively. We denote by Sk and Sk the
corresponding polynomial rings with n + 1 variables zg, z1,...,Zx.

Proposition 3.4.8. Let I = (1, Qy C Kz, ... zF], where each Qy is

rn
primary to a maximal ideal Py = (1 — Y1,...,Tn — Yn)-

(1) Assume further that all'y € V(I) C T" have the same tropicaliza-
tion val(y) = w, for some fired w € I'”" . Then dimy Si/inw (I) =
>y mult(Py, Qy) = dimg Sk /1.

(2) Without that assumption, for w € trop(V (1)), let

Iw = ﬂ Qy'
y:val(y)=w

The multiplicity of the point w equals dimg Sg /Iy .

Proof. The equation

dimg Sk /T = Y mult(Py,Qy)
yeV(I)
holds for any zero-dimensional ideal I = [, Qy where Py = rad(Qy). The
homogenization I of such an ideal satisfies dimg Sk /I =dim K(§ K/ Iproj)d
for any d > 0. These two facts also hold for ideals in Sy. By Corol-
lary 222.9 we have dimK(gK/IprOj)d = dimk(gK/ ino,w)(Iproj))d; S0 to show
that dimg Sk /I = dimg S/ iny (1) it suffices to show

(in(0,w) (proj))d = (inw (1) proj)a for d > 0.

The inclusion C follows from Proposition 2ZG.1] since J C (J|zy=1)proj for
any homogeneous ideal J C k[zo,...,z,]|. For the reverse inclusion, we first
note that Proposition R.6.1] also implies that ing (I)proj = (in(ow)(proj) :
[T g 5°). Saturating by the irrelevant ideal (zo,...,z,) does not change
(in0,w)(Iproj))a for d > 0, and this saturation has only one-dimensional
associated primes. These associated primes have the form Py, = <y§xl—yix] :
0 <i<j<mn)forsomey = (y5:---:y,) € P". Write (ingw)(lproj) :
(Xoy .oy an)>®) = ﬂy Qy, where @y is primary to Py, Now

(Ney:TT==) =N@y : IT=== N Q-
y’ y' @i &Py
so it suffices to show that x; ¢ Py for all ¢ and all Q.
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Since each primary component ()y of I is P, primary, it contains
(x; — y;)? for some d > 0. The product ]_[y(a:Z — yiwo)? is thus in Toroj
for d > 0, and so since val(y) = w for all y, we have J[ (z; — §iro)? €
in( w)(Iproj), where g; = t=%iy;. This shows that z; ¢ Py for all y’ and
0 < i < n. Indeed, for each ¢ the product Hy(xl — Gizo)? € in(o,w)(fproj),
so for each y’ there is there is §; with x; — ;20 € Py:. 1f z; € Py for some
i, then x; € Py for 0 < j < n, since each g; is nonzero as y; # 0. This
contradicts the fact that y’ € P", so we conclude that the first claim holds.

For Proposition 3.4.8(2), we claim that iny (/) = inw(/w). The inclusion
C is immediate from I C Iy. For the inclusion D, note that for any y with
val(y) # w we have w ¢ trop(Qy), so there is f, € Qy with 1 = iny(f).
Given f € I, we then have g = f [[ iy 2w fy € I With inw(g) = inw(f).
This gives the other inclusion. The result now follows from the first part
using the interpretation of the multiplicity of Lemma 347 O

The concept of transverse intersection is fundamental in algebraic, dif-
ferential, and symplectic geometry. The same holds in tropical geometry.

Definition 3.4.9. Let ¥; and Y5 be two polyhedral complexes in R”, and
let w € X1 NXs. The point w lies in the relative interior of a unique cell o;
in ¥; for ¢ = 1,2. The complexes X1, Yo meet transversely at w € X1 N Yo
if the affine span of o; is w + L; for i = 1,2, and L1 + Lo = R". Two
tropical varieties trop(X) and trop(Y') intersect transversely at some w €
trop(X) N trop(Y) if there is some choice of polyhedral complexes ¥, Yo,
with trop(X) = [¥1| and trop(Y) = |22/, and these meet transversely at w.

We next show, in Theorem B AT2] that if the tropicalizations of two
varieties meet transversely at w € R”, then w lies in the tropicalization of
the intersection of the varieties. This requires the following lemma.

Lemma 3.4.10. Let I, J be homogeneous ideals in K[xo, ..., Tn, Yo, - - Ym),
and firw € R"™ 42 [fing (I) has a generating set only involving xo, . . ., Ty
and ing (J) has a generating set only involving yo, - . ., Ym, then

ing(I+J) = ing(l)+ ing(J).

Proof. Suppose that this is not the case. Then there is some homogeneous
polynomial f + ¢ in I + J of degree d with f € I, g € J; and inw(f +¢g) &

inw (/) + inw(J). Fix a monomial term order < on k[zo,...,yn]. We may
further assume that in.(inw (f + ¢)) € in<(inw (I) + inw(J)). This implies
(3.4.2) ins(inw(f +9)) ¢ inc(inw(l)) + in<(inw(J)).

Let a"yV! and z"2yY2 be the monomials in in(iny(f)) and in<(inw(g)),
respectively, and let aij, g € K be their coefficients in f and ¢g. From (3.4.2))
we conclude that x"yVt = x"2yV2 and val(ag + ag) > val(ay) = val(ag).
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We may assume that this counterexample is maximal in the follow-
ing sense: if f' € I;,g € Jy is any other pair with f +g¢g = '+ ¢/,
then either trop(f')(w) < trop(f)(w) or trop(f’)(w) = trop(f)(w) and
ing (inw (f')) > in<(ing(f)). To see that such a maximal pair exists, note
that if there were no such pair, we could find a sequence f; = f+h; € I,g9; =
g—h; € J with f; + g; = f + ¢ for all i, and trop(f;)(w) strictly increasing.
The strict increase comes from the fact that there are only finitely many
monomials of degree d, so we cannot have trop(fi+1)(w) = trop(f;)(w) and
in. (inw (fi+1)) = in<(inw(f;)) an infinite number of times. By passing to a
subsequence we may assume that the support of each f; is the same.

Since supp(f + h;) = supp(f + hit1), there are o, 3 € K* for which
alf + hi) + B(f + hiy1) = (a+ B)f + (ah; + Bhiy1) has strictly smaller
support. Since f+h; # f+ h;11, we may assume that one of the monomials
removed from supp(f+h;) in this manner has different coefficients in h; and
hi+1, and thus a+ 8 # 0. Note that for any two polynomials p1, ps we have
trop(p1 + p2)(w) > min(trop(p1)(w), trop(pz)(w)). Since fi — f = g —gi €
INJ for all i, the resulting polynomial h; = 1/(« + 5)(ahi+1 + Bh;) is also
in INJ,so f/ = f+ Ak lies in I and has trop(f!)(w) > trop(f;)(w) and
supp(f!) € supp(fi). By passing to another subsequence, we may assume
that the sequence trop(f + h})(w) is again increasing. Continuing to iterate
this procedure would eventually yield the support of the new f; being empty,
which is impossible since iny (f; + ¢i) & inw(J). This shows that the infinite
increasing sequence does not exist, so we may assume that the pair f, g is
maximal in the required sense.

Now f € I implies that z"'y"' € in.(inw([)), so there is f; € [
with inw(f1) € k[zo,...,xs], and ins(ing(f1)) = =" dividing z". We
may assume that the coefficient of z"® in f; is one. We can thus write
[ = ajg™m~"yV1 f; + fo where trop(fa)(w) > trop(f)(w), and if equality
holds, then in(inw(f2)) < ing(inw(f)). Similarly, g = aex™y¥1"V3g; + go
where trop(ga)(w) > trop(g)(w), and if equality holds, then in(iny(g2)) <
int(inw(g)). Since val(a; + a2) > val(aq) = val(az), we can write
ay = a1(—1+ B), where val(3) > 0. Then

f+g = a1x™ By fi + fo + ooz y" Vg + g2
= apr Wy TV (Y f1 — 2% g + B gr) + f2 + g0
= a1z YTV (—(g1—yVE) f1 + (-2 ) g1 + Bx™g1) + fatgo.
Set
fr= @M Ty (— (g1 — y*?) i) + fa,
and

g = oMYV ((fL — %) g1 4 Bag1) + ge.
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Then, by construction f' € I, ¢’ € J, and f'+¢ = f+g. In addition, either
trop(f")(w) > trop(f)(w) or in<(inw(f’)) < ing(inw(f)). This contradicts
our choice of a maximal counterexample, so we conclude that none exists,
and hence iny (I + J) = iny (1) + inw (J). O

Remark 3.4.11. Lemmal[3.4.T0]is a variant of Buchberger’s second criterion
for S-pairs. See, for example, [CLOO0T, §2.9] for details of the standard case.
See [CM13]| for more on this criterion for the Grobner bases studied here.

We now use LemmaB.ZT0to prove the Transverse Intersection Theorem.
This states that when two tropical varieties meet transversely, their inter-
section equals the tropicalization of the intersections. This is a very useful
tool for nontrivial computations. For some generalizations, see [OP13].

Theorem 3.4.12. Let X and Y be subvarieties of Tj. If trop(X) and
trop(Y') meet transversely at w € I', |, then w € trop(X NY'). Therefore

a.

trop(X NY) = trop(X) Ntrop(Y)

if the polyhedral intersection on the right-hand side is transverse everywhere.

Proof. Let 3; and Y9 be polyhedral complexes in R™ with trop(X) = |¥]
and trop(Y) = [So|. Let I,J C K[zi',..., 2] be the ideals of X and Y.
Let 0; € ¥; be the cell containing w in its relative interior for ¢ = 1,2, with

the affine span of o; equal to w+ L;. Our hypothesis says that L+ Ly = R™.

We now reduce to the case that L, contains ey, ...,e,,€.41,...,€s, and
Lo contains ey, ..., e, €s41,...,€e,. By the assumption L; + Ly = R", there
exists a basis ay, ..., a, for R” where ay,...,a, € LiNLo, a,41,...,a5 € L1,
As41,.--,a, € Lo and all a; € Z™. Write these as the rows of an n x n-matrix

A, with A; the ith column of A. Let ¢: T™ — T"™ be the morphism given
by ¢*(z;) = 2, so trop(¢) is given by the matrix A”. The morphism ¢ is
finite but is not an isomorphism if det(A) # +1. Since A has full rank by
construction, however, the linear map trop(¢): R™ — R" is an isomorphism.
Let I' = ¢*(I), X' =V (I'), J' = ¢*(J), and Y/ = V(J'). Then ¢(X') = X
and ¢(Y') =Y. By Corollary we have

trop(X) = trop(¢)(trop(X')),

trop(¥) = trop(6)(trop(¥"),

trop(¢) (trop(X' NY")) = trop(X NY).

By construction
trop(¢)(span(ey,...,e;)) € L1 N Lo,
trop(gi)) (Spa’n(er-‘rh e 7es)) g L17
trop(¢) (Span(esH, o aen)) g L27
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and trop(X’) and trop(Y”) intersect transversely at trop(¢)~!(w). It suffices
to show that trop(¢)~!(w) € trop(X’NY’). By replacing X and Y with X’

and Y/, we may thus assume that L; contains eq,...,e,, €.11,...,€es and
Lo contains ey, ..., €, €541,...,€x.

As in the proof of Theorem [B.3.8 iny, (I) is homogeneous with respect
to a Z‘hm(Ll)—glrading7 and we can find polynomials fi,..., fjin xs41,..., 2y
that generate iny (). Similarly, there is a generating set ¢i,...,gm for
inw(J) only using xy41,...,2s. Let Ino; € Klxzg,...,2n41] be the ideal
obtained by homogenizing I N K[z, ..., x,| using the variable x,;, and

let Joroj be the ideal obtained by homogenizing J N K{z1, ..., z,] using the
variable xg.

For w = (0,w,0) € R""2 the initial ideal inw(ly;) has a generating
set only using si1,...,Zn41, and ing(Jproj) has a generating set only us-
ing xg,Zr41,...,7s. Thus by Lemma we have inw(Iproj + Jproj) =
inw(Lproj) + inw(Jproj). Furthermore, after setting zg = zp41 = 1 as in
Proposition 2X6.1 we obtain

(3.4.3) ing(I +J) = ing(I) + inw(J).

Since inw (/) and iny(J) are proper ideals, by the Nullstellensatz, there
exist y = (Yr41y---,ys) € (k)7 and z = (2541,...,2n) € (k*)"° with
fily) = gj(z) = 0 for all i,j. Now, for any (ti,...,t,) € (k*)", the
vector (t1, ..., tr, Yrtly -y Yss Zst1,- - -5 2n) lies in the variety V(iny (1)) N
V(inw(J)) = V(inw(I) + inw(J)) = V(inw(I + J)). We conclude that

inw (I +J) # (1), and hence w € trop(V (I + J)) = trop(X NY). O

If the two tropical varieties trop(X ) and trop(Y’) do not meet transverse-
ly at the point w, then w may fail to lie in trop(XNY’). For instance, suppose
X is a line and Y is a conic, both in the plane, and their tropicalizations in-

tersect as in Figure[[.3.6] Then trop(X)Ntrop(Y’) contains the line segment
[A, B], while trop(X NY') = {A, B} consists only of the two endpoints.

We next prove that the tropicalizations of constant coefficient curves
are balanced. This is a key step in establishing the balancing property in
Theorem Our proof of Proposition B.4.13] rests on basic commutative
algebra and is self-contained. A shorter argument can be given if one uses
intersection theory on toric varieties. This will be explained in Remark[6.7.8

Proposition 3.4.13. If C is a curve in T} = (k*)", then the one-dimen-
sional fan trop(C) is balanced using the multiplicities of Definition B3

Proof. Let uy,...,us be the first lattice points on the rays of trop(C'), let
m; = mult(pos(u;)), and set u = Y7 | m;u;. We will show that if v € Z" is
primitive, in the sense that ged(vy,...,v,) = 1, then v-u = 0. This implies
v-u=0forall ve Z" and so u = 0. By Lemma22 7 and Corollary 2.6.12]
after a change of coordinates, it suffices to consider the case v = e;.
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Let I C k[zi!, ..., 2] be the ideal of C. Let K’ be the algebraic closure
of k(t). Since k is algebraically closed, K’ has residue field k. We denote
by I' the extension of I to K'[zE!,... 2], and write Cgr C Ty, for the

rr'n

variety of I’. We have trop(C) = trop(Ck+) by Theorem [3.2.4

Consider the ideal J/, = I'+(x1—a) for a« € K'*. There exists L € N and
a finite subset D C K'* such that dimg (Sk+/J!,) = L for all « € K'*\D. To
see this, we apply classical Grébner bases to the homogenization (J},)proj of
J!. The initial ideal is constant for all & outside a finite set D. The number L
equals the Hilbert polynomial of this initial ideal, which is constant because
x1 — « cannot be a zerodivisor on Sk /I’ for infinitely many «.

Choose a1, s € K"\ D with val(ay) = 1 and val(ag) = —1. Let X =
V(I'+ (x1—a1)) C TR, and X~ =V (I' + (x1 — ap)) C Tj. The desired
identity u; = 0 will be obtained by computing L tropically.

Set 1 = t~lay € k* and By = tlag € k*. From ([B.43) in the proof of
Theorem [3.4.12, we conclude

ing(I'+(x1 — 1)) = inw(l’)+ (@1 — 1) # (1) for w € trop(XT),
ing(I' 4+ (x1 —a2)) = inw(I')+ (z1 — F2) # (1) for w € trop(X ).

We now focus on a;. Let H = trop(V(z1 — 1)) = {w € R" : wy = 1}.
We claim that trop(X ™) = trop(C) N H. Indeed, for any w € trop(C) N H
the cone of trop(C') containing w in its relative interior is pos(w), so trop(C)
intersects H transversely at w. Since w was an arbitrary intersection point,
the claim follows from Theorem BZT21 We now decompose I’ + (z1 — ;) =
ﬂy Qy, where @y is Py primary for y € T},. The y appearing here are
precisely the points of Xt. Let X} = {y € Xt : val(y) = w}. Note
that for w € trop(X ™), we have inw(ycx+ Qy) = inw(Nyexy @y)- The
inclusion C is automatic. For the other inclusion, note that for all y €
X\ X, there is fy € Qy with iny(fy) = 1. For any g € Nyexz: Qy, we
set ¢ = gHyeX+\th fy to get iny(g) = inw(g’). Combined with the first
of the above equations, this gives inw (¢ xz Qy) = inw (') + (21 — f1).

At this point, Proposition B.4.8 implies that

dimg: S/ | () Qy | = D mult(Qy, Py)

yeXd yEXT,
= dimy (S /(inw (I') + (z1 — B1)))-
By summing these identities over all w € trop(X ™), we find
L= Y mut(Qy,Py) = > dimg(Sk/(inw(I') + (x1 — B1))).
yeX+ weEtrop(X+)
The same identities hold for X~ and fs.
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Let uy be the first lattice point on the ray pos(w) of trop(C). Then
A = (uw)1 satisfies uyw = Aw because w; = 1. We now claim that

(3.4.4) A -mult(pos(w)) = dimy(Si/(inw(I’) + (z1 — B1))).

That claim implies

L = Z mult(pos(w)) - (uw)1 = Z m; - ()1,

wetrop(X ) i:(u3)1>0

and similarly L = -, .y, <o —mi(ui)1. This completes the proof as follows:

Uy = Z mi(ui)l — Z ml|(uz)1| = L-L = 0.

i:(ui)1>0 i:(ui)1<0

Thus it remains to prove (B.4.4]). To this end, we perform a change of
coordinates that takes z1 to z"w, and thus w to A'e;. Now, our claim
B44) states X - mult(pos(w)) = dimy(Sk/(iny-1e, (I') + (™ — 51))). The
initial ideal iny-1,, (I") has a generating set that does not contain z;. Since
V(I') is a curve, by Corollary 2249, the initial ideal is one dimensional,
so for each 2 < i < n it contains a polynomial in k[x;] with constant
term one. After dividing by z;, we obtain :ci_l — p} € iny-1¢, (I") for some
P, € k[z;]. Now (2w — ;) = <x{‘—61x“/>, where v} = 0 and u, = —(uy,); for
2 < < n. This implies iny-1, (I) + (z% — B1) = iny- lel(I’)+<azf f) for
some f € k[xa, ..., x,]. We next use the fact that dimy k[zi?,... =] /J =
dimy k[z1,. .., xn] / Jaﬁ‘ for any zero-dimensional Laurent ideal J. Fix the lex-
icographic term order x1 > 29 = -+ = x, on ]k[xl, ..., xy]. By Buchberger’s
criterion, the initial ideal of (iny-1¢, (I') + (27 — f))ag is generated by z7 and
the monomial generators of injey((iny- 161( ))aff) The right-hand side of
BZ3) is ) times the k-dimension of k[z3 ", ..., z;5!]/iny 1., (I'). But, that
last k-dimension equals the multiplicity of pos(w) by Lemma B 417 O

Last but not least, here is the main theorem in this section.

Theorem 3.4.14. Let I be an ideal in K[zi",... ot such that all irre-
ducible components of V(I) have the same dimension d. Fiz a polyhedral
complex ¥ with support trop(V (1)) such that ing (I) is constant for w in the
relative interior of each cell in 3. Then X is a weighted balanced polyhedral

complex with the weight function mult of Definition [3.4.3

Proof. Write /T = (| P; where each P; is a d-dimensional prime ideal. By

Theorem B.23], the tropical variety trop(V(I)) is the union |Jtrop(V(F;)).

By Theorem [B:3.8| trop(V(I)) a pure d-dimensional polyhedral complex.
Fix a (d — 1)-dimensional cell 7 € ¥. Lemma [2.2.7 and Corollary

guarantee that, after a multiplicative change of coordinates, the affine span
of 7 is a translate of the span of e, ...,e4_1. Fix w € relint(7). Part ([2)) of
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Lemma [2.6.2] implies that iny (I) is homogeneous with respect to the Z9~!-
grading given by deg(x;) = e; for 1<i<d — 1, and deg(z;) = 0 for i>d. This
means that iny (/) has a generating set in which 1, ..., x4 1 do not appear.

Let J = inw (1) N k[azjl, ...z, By Lemma B3.6] the tropical variety

rrn
of V(inw (1)) C T is the star of 7 in 3, which has lineality space spanned

by eq,...,eq—1. Since inv(inw(I))ﬂk[:nild, .., o] = ing(J), where ¥ is the

projection of v onto the last n —d + 1 coordinates, the fact that trop(V (1))
is pure of dimension d implies that trop(V'(J)) is one dimensional.

Let Pi,..., P, be the minimal associated primes of J. Then V(J) =
ngl V(Pl)’ 50
trop(V(J)) = cl(val(y) : y € V(J))

= U c(val(y) :y e V(R)) = U trop(V (F;)).
i=1 i=1

By Theorem [B:3.8 we thus have dim(P;) < 1 and at least one index i satisfies
dim(P;) = 1. Thus dim(V'(J)) = 1.

Suppose v € Q" satisfies w+ev € o for all sufficiently small € > 0, where
o is a maximal cell of 3 that has 7 as a facet. The equality iny(inw (1)) =
ing(J) and Lemma B4 imply that the multiplicity of the cone pos(V) in
trop(V'(J)) equals the multiplicity of ¢ in trop(X). Thus, showing that X
is balanced at 7 is exactly the same as showing that trop(V(J)) is balanced
at 0. Thus proving the theorem for J suffices, so we may assume that X is
a curve in (k*)™. This is Proposition B.4.13] so the result follows. O

Remark 3.4.15. In the statement of Theorem B:4T4 we do not assume
that I is radical. We have trop(V (I)) = trop(V(v/I)), but the multiplicities
might differ. If I is not radical, then the tropical variety together with its
multiplicities records information about the affine scheme X = Spec(S/I).

3.5. Connectivity and Fans

The polyhedral complex underlying a tropical variety has a strong connect-
edness property, introduced in Definition B.3.41

Theorem 3.5.1. Let X be an irreducible subvariety of T™ of dimension d.
Then trop(X) is the support of a pure d-dimensional polyhedral complex that
is connected through codimension 1.

This result is important for the algorithmic computation of tropical va-
rieties. Given a variety X C 1", we can define a graph whose nodes are
the d-dimensional cells of trop(X) and where two nodes are connected by
an edge if the corresponding cells share a facet. Theorem [3.5.1] states that
this graph is connected. To compute trop(X ), one can start with one node
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and identify all neighbors using the initial ideal techniques of Section
This method is described in and implemented in Gfan [Jen].

The proof of Theorem B.5.1lis by induction on dimension d of X. The
base case d = 1 is surprisingly nontrivial. It is proved in Proposition [6.6.22]

Proposition 3.5.2. Let X be a one-dimensional irreducible subvariety of
the torus T™. Then trop(X) is connected.

Let A be the standard tropical hyperplane trop(V (z1+- - +x,+1)) CR™.
The tropicalization of any hyperplane Hy={x : a1z1 + - - - + apx, + a9 = 0}
C T™ with all a; # 0 equals —v + A, where v; = val(a;) — val(ap).

Proof of Theorem [3.5.1l Theorem states that trop(X) is the sup-
port of a pure d-dimensional polyhedral complex . We need to show
that X is connected through codimension 1. The proof is by induction
on d = dim(X). The base case d = 1 is Proposition Indeed, a one-
dimensional polyhedral complex Y is a graph, and a graph is connected
if and only if it is connected through codimension 1. Next, suppose that
d = dim(X) satisfies 2 < d < n, and that the theorem is true for all smaller
dimensions. After a multiplicative change of coordinates in 7", we may also
assume that no facet o of X lies in a tropical hyperplane —v + A.

Fix facets 0,0’ € ¥. Pick w € relint(c) NT", and w’ € relinto’ NT"

val al*
Choose v € I'?, for which —v + A contains w,w’. To see that thisV is
possible, note that if y,y’ € T™ with val(y) = w, val(y’) = w’ and H, =
V(aix1 + -+ - + anxy + ap) is any hyperplane passing through both y and
y’, then trop(Ha) = —v + A is a tropical hyperplane passing through w
and w’. Since w,w’ lie in the relative interior of d-dimensional cells in X
and these cells are not contained in —v + A, by replacing w, w’ with other
points in the relative interior of their respective cells if necessary, we may

assume that w and w’ lie in top-dimensional cells of —v + A.

By Part 4 of Theorem 6.3 of |[Jou83|, the set U of a € P™ for which
the intersection X N Hj, is irreducible is Zariski open in P"*. We write U =
P"\V(f1,..., fr) as the complement of a subvariety. By Lemma@2.2.12] there
isa=(1:a1:---:a,) €U with val(a;) =v; fori=1,... n.

The intersection trop(X)Ntrop(Ha,) inherits a polyhedral complex struc-
ture X from ¥ and —v + A. Fix w € trop(X) Ntrop(Ha) for which w lies in
the relative interior of a top-dimensional cell o of ¥ and ¢’ of —v + A. By
our assumption on trop(X), the cell o does not lie in —v + A, so trop(X)
and trop(H,) intersect transversely at w. Theorem implies that
trop(X) N trop(Ha) = trop(X N Ha). By construction, ¥ = X N H, is
irreducible, so trop(Y’) is connected through codimension 1 by induction.
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If 7 is a (d—1)-dimensional cell in 3, then & is the intersection of —v+A
with a d-dimensional cell o in 3, by our assumption on trop(X). If @ and @
are adjacent top-dimensional cells in ¥, then either o = ¢’ or ¢ and ¢’ are
adjacent in X. By construction, w and w’ lie in the relative interiors of top-
dimensional cells @ and @ in ¥, so there is a path @ = 71,59,...,0, =& in %
connecting w to w’. Lifting these and removing adjacent duplicates, we find
that o1, ..., 0, is a path of adjacent top-dimensional cells in 3 connecting w
to w’. We conclude that trop(X) is connected through codimension 1. [

Remark 3.5.3. Theorem [3.5.]is stronger than it may seem at first glance,
as the property of being connected through codimension 1 in fact only de-
pends on the underlying set. FEwery polyhedral complex Y with support
|X| = trop(X) is connected through codimension 1. To see this, it suf-
fices to note that a polyhedral complex is connected through codimension
1 if and only if a refinement of it is connected through codimension 1. For
the “if” direction, note that a path of adjacent top-dimensional cells in the
refinement lifts to a path of adjacent or identical top-dimensional cells in
the original complex. For the “only if” direction, it suffices to note that
any subdivision of a cell is connected through codimension 1. Now let Y’
be an arbitrary polyhedral complex with support trop(X), and let ¥ be a
connected-through-codimension-1 polyhedral complex with support trop(X)
whose existence is guaranteed by Theorem 3511 Then the common refine-
ment of ¥ and ¥/ is connected through codimension 1 since X is, and so ¥’
is also connected through codimension 1.

When first entering the field of tropical geometry, a student might get
the impression that every tropical variety trop(X) is the support of a unique
coarsest polyhedral complex Y. This would mean that ¥’ refines ¥ for any
balanced complex ¥’ with |¥| = trop(X). For instance, such a coarsest ¥
exists when X is a hypersurface and also when dim(X) < 2. However, it
does not exist in general. The following is an explicit counterexample.

Example 3.5.4. Fix K = C with the trivial valuation. We present a three-
dimensional variety X C T° for which there is no coarsest fan ¥ in R® with
|¥] = trop(X). Consider the torus 7% with coordinates (z,v,2) and define
X to be the closure of the image of the rational map

T3 -5 T°, (z,y,2) — (2(1 —2),2(1 —y),z(1 — 2),y(1 — 2),2(1 — 2)).

The tropicalization of X is a three-dimensional fan in R®. It is constructed
geometrically as follows. Start with three copies of the standard tropical
line in R?. Consider their direct product. This is a three-dimensional fan in
RS = R? x R? x R2. Tt has nine rays and 27 maximal cones. Then trop(X)
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is the image of this fan under the classical linear map given by the matrix

1100 00
100100
A = (al,ag,...,aG) = 1 0 00 0 1
001001
000011

The following two three-dimensional simplicial cones lie in trop(X):

pos{aj,as,as} and pos{ag, a4, as}.

These two cones intersect in one ray. That ray is spanned by 1=(1,1,1,1, 1),
and it lies in the relative interior of each of the two cones.

To see that there is no coarsest fan structure on trop(X), we note that
trop(X) is the support of the cone over a two-dimensional polyhedral com-
plex II. That complex contains two triangles which meet in one point in
their relative interiors. Any coarsest polyhedral subdivision of |II| would
use that point as a 0-cell. Each triangle must be divided into three polygons
that are either triangles or quadrilaterals. These coarsest subdivisions of a
triangle are not unique. Hence no unique coarsest fan structure exists on

trop(X). O

Our second topic in this section is the role of fans in tropical geometry.
In Proposition B-TL.T0l we saw that the tropicalization of a constant-coefficient
hypersurface is a pure fan of codimension 1. We begin by generalizing this
result to constant-coefficient varieties of arbitrary codimension.

Corollary 3.5.5. Let X C T™ be an irreducible d-dimensional variety where
K is a field with the trivial valuation. Then the tropical variety trop(X) is
the support of a balanced polyhedral fan of dimension d.

Proof. We can choose the Grébner fan structure given by Corollary
The statements about dimension and balancing follow from the Structure
Theorem B30l Alternatively, we can choose a finite tropical basis 7 con-
sisting of Laurent polynomials f whose coefficients have valuation zero. For
each f € T, the tropical hypersurface trop(V(f)) is the support of a fan,
by Proposition By taking the common refinement of these fans, we
obtain a fan structure on the intersection trop(X) = (7 trop(V(f)). O

On the other hand, suppose X C T" is a d-dimensional variety over a
field whose valuation is nontrivial. Then trop(X) is a polyhedral complex
in R™ but usually not a fan. However, there are three different ways of
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associating fans to this complex. We summarize these below.

(1) By Lemma B.3.6, stariqp(x)(0) = trop(inw(/)) supports a fan for
any cell o of trop(X). Its dimension modulo the lineality space is
d — |o|. Every vertex of trop(X) determines a fan of dimension d.

(2) If K =k(t) and X C T, then we can construct the lift X; ¢ 7"
by regarding t as a variable. The tropical variety trop(X;) is a
fan of dimension d + 1 in R"™! whose intersection with the affine
hyperplane w; = 1 is the tropical variety trop(X).

(3) By Theorem B.5.0 below, the recession fan of trop(X) is the tropi-
calization of the same variety X, but with trivial valuation on K.

We need to explain what is meant by the recession fan. Fix a polyhedron
P = {XGR” : Axgb}.
The recession cone of P is
(3.5.1) rec(P) = {xeR": Ax < 0}.

This is the unique cone satisfying P = rec(P) + @ for some polytope Q. In
this decomposition, the polytope @ is not unique, but the recession cone is.
Furthermore, rec(P) is the cone dual to the support of the normal fan Np.

If ¥ is a polyhedral complex in R™, then its recession fan rec(X) is the
union of all cones rec(P) where P runs over . The set rec(X) is the support
of a polyhedral fan. Burgos, Gil, and Sombra [BGS11] identify situations
when the fan structure on 3 is not canonical. In particular, there is generally
no unique coarsest fan structure on ¥. Our usage of the term “recession fan”
simply means that such a fan structure exists, but it does not refer to any
specific fan. With this understanding, the recession fan depends only on the
support X, and we can write rec(|X]) = rec(X).

Every field can be given a trivial valuation, for which val(a) = 0 if a # 0.
For X C T, we write trop(Xi,iv) for the tropicalization of X with respect to
the trivial valuation. This may be different from the tropicalization trop(X)
of X with respect to the original valuation on K, but there is a connection
between the two.

Theorem 3.5.6. Let X be a subvariety of T™. Then the tropical variety
trop(Xiriv) s the recession fan of trop(X) :

(3.5.2) trop(Xtriv) = rec(trop(X)).

Proof. First suppose that X = V(f) is a hypersurface with defining poly-
nomial f € K[z7,...,z']. Then trop(X) is the (n — 1)-skeleton of the
complex Y.,y Each unbounded cell in trop(X) corresponds to a face F'

of dimension > 1 of the Newton polytope Newt(f), and its recession cone is
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the normal cone N'(F'). Moreover, every positive-dimensional face F' occurs.
Hence the right-hand side of ([3.5.2) is the (n — 1)-skeleton of the normal fan
of Newt(f). By Proposition B.I.10, this is also the left-hand side of (B.5.2]).

For the general case, we use the identity
rec(PNP') = rec(P) N rec(P'),

which holds for the recession cones of any two polyhedra P and P’ in R™.
As this extends to finite intersections of polyhedra in R", we derive

tI‘Op(Xtriv) = ﬂ trop(v(f)triv) = ﬂ rec(trop(V(f)))

feT feT

= rec( m trop(V(f))) = rec(trop(X)).

feT
Here, as before, the set 7T is a finite tropical basis for the variety X. O

3.6. Stable Intersection

In this section we introduce the notion of stable intersection. This was
discussed for plane curves in Section[[.3] In general, it gives a combinatorial
way to intersect any pair of weighted balanced polyhedral complexes so that
the result is again a weighted balanced polyhedral complex. If the complexes
are the tropicalizations of classical varieties, then the stable intersection
represents their intersection after a generic multiplicative perturbation:

Theorem 3.6.1. Let X1, Xo be subvarieties of the torus T", and let 31, 39
be weighted balanced T'y1-rational polyhedral complexes whose supports are
trop(X1) and trop(Xa), respectively. There exists a Zariski dense subset
U C T", consisting of elements t = (t1,...,t,) with val(t) = 0, such that

(3.6.1) trop(X1 NtXy) = X1 Ng 2o forall teU.

Here X7 Ng o is the stable intersection of balanced polyhedral com-
plexes. This purely combinatorial notion will be introduced in Definition
The set t X2 on the left-hand side is the translated variety {tx : x €
Xa}. A proof of Theorem B.6.T] will be presented at the end of the section.

We begin by developing the formal theory of stable intersections. This
requires some preliminary material. Let N denote the lattice Z™ of R",
and let N, be the sublattice of N generated by the lattice points in the
linear space parallel to a I'yy-rational polyhedron o. The index [N : N'] of a
sublattice N’ C N of the same rank is the order of the quotient group N/N'.
A refinement Y of a weighted polyhedral complex Y inherits a weighting
from the complex Y: if ¢’ is a maximal dimensional cell in ¥’ with ¢/ C o
for o € X, then we assign to ¢’ the weight of . We first note that if the
complex X is balanced, then so is the refinement .
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Lemma 3.6.2. Let 3 be a pure weighted balanced T'y,1-rational polyhedral
complex in R™, and let X' be a I'ya-rational refinement of .. Then Y/ is
balanced.

Proof. For a codimension-1 cell 7/ in Y/, let 7 be the smallest cell in X
containing 7/. If 7 has codimension 1 in Y, then balancing at 7’ follows
immediately from the balancing condition on ¥, since starsy (7/) = stars(7).
If 7 is top dimensional, then starsy(7’) has two cones that meet along the
affine span of 7/. The generators vy and v for the lattices of these two cones,
modulo the lattice of 7/, satisfy the balancing condition vi = —vg. Since
both cones come from the same cone 7 of 3, they have the same multiplicity
m. Therefore, the weighted sum mvy + mvsy equals zero, as required. O

We now consider how polyhedral complexes behave under projections.
Let ¥ be a pure weighted I'y,-rational polyhedral complex in R™, and let
¢ : N — N' = 7Z™ be a homomorphism of lattices. We suppose that ¢ is
given by an m x n integer matrix A. After refining >, we may assume that
the projected polyhedra {¢(o) : 0 € X} again form a polyhedral complex.

This image complex need not be pure. For example, consider a fan whose
support is the union of the two planes z1 = 25 = 0 and 3 = 24 = 0 in R%.
Let ¢ be the projection onto the first three coordinates. The image of the
fan is the union of the plane 23 = 0 and the line z; = xo = 0 in R3.

Let X/ be the subcomplex of the image containing the projected polyhe-
dra of maximum dimension and all their faces. Then X' inherits a weighting
from ¥. Namely, we assign to a maximal cell ¢’ of ¥ the multiplicity

(3.6.2) mult(e’) = > mult(o) - [N}, : ¢(No)].
oceX,p(o)=0c’

If V' is a matrix whose columns form a basis for N,, then the columns of
the matrix AV form a basis for ¢(N,). The lattice index [N/, : ¢(Ny)] is
the greatest common divisor of the maximal minors of the matrix AV. The
sum of two sublattices of IV is the smallest sublattice containing both.

Lemma 3.6.3. If X is balanced, then the projection X' of ¥ is balanced.

Proof. Let 7/ be a codimension-1 cell in ¥, and let 71, ..., 7. be the codi-
mension-1 cells in ¥ with ¢(7;) = 7/. There may be cells in 3 of both
larger and smaller dimension that map to 7/, but we consider only those
of codimension 1. For each 7; let o41,...,0; be the maximal cells of X
containing 7;. For each 7,7 the quotient Ny, /N, is isomorphic to Z. Let
v;j € N restrict to the generator for Ng,; /N7, pointing in the direction of

oi;j. The balancing condition for ¥ ensures that j mult(o;;)vij lies in N7,.
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Let of,...,0% be the top-dimensional cells of ¥ containing 7/. Fix a
vector v¥ € N’ / C N’ whose image generates N/ / /N’, and points in the
direction of o}. For each o;j, we have either ¢(o;;) = 7" or ¢(045) = o}, for
some k = k(ij). In the former case we set v¥()) = 0. In the latter case the
projection of v;; in IV, (’T / /N, is a multiple of the corresponding vk(i3) by the
factor [N(’j;C : NI, + spang(¢(v;))]. Since

(VG + ¢(No,, )] = [Ny ¢(Nr + spang(vi;))]
= [Ny, : #(N7) + spang,(é(vij))]
= [NG, : Ny + spang (¢(vi;))] [N : ¢(N,)],
this factor is [N‘;Luj): ¢(Noy; )I/INL = ¢(Nr,)].
Thus for each fixed index i € {1,...,7} we have

> mult(oy;) - [NL 2 ¢(Ng,,)] - v
5 k(i)

= [qu_, : ¢(N7'z)] . (Z mult(aij)[N(’T,: N;_, —+ Spanz(¢(vij))]vk(ij))
J

= [N/ ¢(N,)] - ¢(>_ mult(oi;)vs;)
i

Summing this expression over all choices of 7/, we find

> mult(oy) - [N), i (No,)] - v = 0 € N'/NL.
i k(ij)

The coefficient of v* is D i jih(if)=k mult(aij)[N('f;C t ¢(Ng,,)], which is the

multiplicity we assigned to o}, in (8:6.2)). This shows that ¥’ is balanced. [

A key consequence of the balancing condition is the following technical
lemma. This will be used to show that our definition of stable intersec-
tion is well defined. For two polyhedra oy, 09, recall from (Z3.1]) that the
Minkowski sum o1 + o3 is the polyhedron {a+b:a € o1,b € 02}.

Lemma 3.6.4. Let 31 and X9 be pure weighted balanced Ty -rational poly-
hedral complexes in R™. Let o1 € %1, 09 € ¥g be top-dimensional cells with
dim(o1 +02) = n and dim(o; Nog) = dim(oy) +dim(oz) —n. Choose refine-
ments of X1 and X9 so that o1 N oy is a cell in both complexes. For v € R",
consider the following sum over all maximal cones 11 € stary, (o1 N o) and
Ty € stary, (01 Nog) with dim(7y +72) =n and 71 N (v + 72) # 0:

(3.6.3) > " mult(r) mult(m2) [N : Ny, + No).

71,72

This sum is constant for all vectors v in a dense open subset of R™.
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Proof. Let ¥; = stary, (01 N o) for i = 1,2. Consider the product fan
Y1 x Y9 C R2", This has cones 1, X 7 for 7, € stary, (01 Nog) and 79 €
stary, (o1 N og). This fan is balanced with the weight on 7 X 79 given by
mult(71) mult(72). Balancing holds because each codimension-1 cone in this
fan is the product of a maximal cone of one of the factors with a codimension-
1 cone of the other. The balancing equation for this cone comes from the
second factor.

Consider the projection 7 : R?" — R™ given by 7(x,y) = v — y. After
refining $1 x Y, this induces a map of fans: for each pair (71, 72) with
7; € %; for i = 1,2, the Minkowski sum 71 + (—72) is a union of cones in the
image. The condition dim(oy + 02) = n means that the cones 71,72 of the
two stars corresponding to o1 and o9 satisfy dim(a; + (—d2)) = n. Let 7 be
a cone of the image fan. Each cone 71 x 7 of the product fan that projects
to 7 contributes mult(7y) mult(72)[N : N, + N.,| to the multiplicity of 7.
The final multiplicity is obtained by adding up all these contributions. This
image fan is balanced by Lemma B.6.3

Let V' be the interior of a top-dimensional cone of the image fan. Now,
v lies in the projection of a top-dimensional cone 71 X 7o of 31 x 3o if and
only if v € 71 — 79, which occurs if and only if 71 N (v + 72) # (. Thus,
for v € V, the sum ([B.6.3)) is the multiplicity of the top-dimensional cone
of the image fan that contains v. Since that image is an n-dimensional
balanced fan in R"™, the multiplicity does not depend on the choice of cone
(see Exercise B77(24)). The sum thus does not depend on the choice of v, as
long as v lies in the interior of a top-dimensional cone of the image fan. [J

Definition 3.6.5. Let 3; and Yo be pure weighted balanced polyhedral
complexes in R™. The stable intersection 31 Mg 2o is the polyhedral complex

(3.6.4) Y1 Ngt 29 = U o1 MNos.

01€X1,02€%02
dim(01 +0’2):TL

The multiplicity of a top-dimensional cell o1 N o9 in 1 Ng 29 is
(365) multglmstg2 (01 N 0'2) = Z multgl (Tl) multgz (TQ)[N : ]\771 + N7—2],
T1,T2

where the sum is over all 71 € stary, (01 N 02), 72 € stars, (o1 No2) with
71N (v +T72) # 0, for some fixed generic v. This is independent of the choice
of v by Lemma[B.6.4l In equation ([3.6.4), the sum o + o9 is the Minkowski
sum.

Note that the stable intersection of two polyhedral complexes is con-
tained in their set-theoretic intersection. This containment can be strict.

We illustrate the concept of stable intersection with some examples.
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Example 3.6.6. The standard tropical plane is the fan > with rays spanned
by the vectors ¢g = (—1,—1,—1), e = (1,0,0), e2 = (0,1,0), and e =
(0,0,1). The two-dimensional cones Cj; of ¥ are spanned by the pairs
e;,e;. The multiplicity on each of the six cones Cj; is one. Two cones
01,02 of ¥ have dim(o; + 02) = 3 if and only if one is two dimensional
and the other has dimension at least one and is not a ray of the first. For
example, when o; = C1a, then oo can be any cone that contains ey or es.
The intersection o1 N o9 in that case is either {0} or one of the rays of
o1. The latter case occurs when oo = Cj; with ¢ € {1,2} and j € {0,3}.
The stable intersection > Ng X is thus the one-skeleton of the fan . The
multiplicity of each ray is one. To show this, it suffices to consider the case
C12NChz. For v = (1,1,—1) the cones C13 and v + C3 intersect in the ray
(1,1,0) + pos((1,0,0)). The lattice N¢,, is the span of {e1, ez}, while the
lattice N¢,, is the span of {e;,es}, so N¢oy, + Ney, = Z3 = N. The lattice
index [N : N¢,, + N¢,;| equals one.

Next we consider the tropical curves shown in Figure B.G.Il where we
denote the solid curve by ¥; and the dotted curve by 5. The stable in-
tersection X; Ng Yo consists of three points: (—1,2) with multiplicity one,
(1,1) with multiplicity two, and (3, —1) with multiplicity one. We verify the
multiplicity of o = {(1,1)} using the formula [B.6.5]). After refining ¥; and
Yo appropriately, stary, (o) consists of three rays pos{(1,0)}, pos{(0,1)},
and pos{(—1,—1)}. Likewise, stary,(c) consists of two rays pos{(1,—1)}
and pos{(—1,1)}. For v = (1, 1), the fan stary, (¢) intersects v + stars, (o)
in two points, (1,0) and (0,1). The first of these comes from the rays
71 = pos{(1,0)} and 75 = pos{(1,—1)}, while the second comes from the
rays 71 = pos{(0,1)} and 7o = pos{(—1,1)}. Since the weights of all cells in
Y1 and X9 are one, the multiplicity (B.6.0) is two:

(D)(D)[Z? : spang((1, 0), (1, ~1)+()(D[Z? : spang (0, 1), (~1,1)] = L+1.

For v .= (—1,0), the only cones in the respective stars that intersect are
pos{(—1,—1)} and pos{(1,—1)}. The multiplicity ([B.6.5) is now computed
as (1)(1)[Z? : spang{(—1,—1),(1,—1)}] = 2. Note that we get the same
answer for the two different v. O

The stable intersection of two pure weighted balanced polyhedral com-
plexes is again pure and balanced. This requires the following three lemmas.

Lemma 3.6.7. Let ¥ and Yo be pure weighted balanced polyhedral com-
plexes, and let o be a cell of ¥1NgXa. We have the equality of weighted fans

(3.6.6) stars,n,,x,(0) = stary, (o) Ng stary, (o).

Proof. We first show the equality of sets. A vector v is in stary,n_,x,(0)
if and only if there is w € o, a top-dimensional cell 7 € ¥1 Ng Yo, and an
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(_152) g (072)
(1,1)
(-1,0) (0,0)
(07_1)

Figure 3.6.1. The stable intersection of two curves in Example 3.6.0

€ > 0 with w+ev € 7. By the definition of stable intersection, we can write
T=711NT7 for 7 € ¥y, 79 € X9 with dim(7; +72) =n. We have w+ev € 7
for i = 1,2, so v € stary, (o) N stary,(c). Then v is in the cone 7 of
stary, (o), which contains a translate of 7;, for i = 1,2, so dim(7; + 72) = n.
Thus 71 N7y € stary, (o) Ng stars, (o), and this shows “C” in (B.6.0).

For the reverse inclusion, it suffices to show that, for 7 € 31, o € X9,
we have dim(7; + 72) = n if and only if dim(7; 4+ 72) = n. Since the linear
space parallel to the sum of two polyhedra is the sum of the linear spaces
parallel to the summands, it suffices to observe that the linear spaces parallel
to 7; and to 7; are equal. The linear space parallel to 7; is the span of x —y
with x € 7; and y € o, which is contained in the linear space parallel to 7;.
The opposite inclusion comes from the fact that 7; contains a translate of 7.

We now show that the multiplicities on the two fans in (3.6.6) agree. Let
7 be a top-dimensional cone in stars,n,,5,(0). Its multiplicity is that of the
corresponding cell 7 in ¥1 Mg 9. This is the sum, over choices 11 € stary, (o)
and 79 € stary, (o) with 71 N (v+712) # 0 for fixed generic v, of the quantities

multy, (71) - mults, (72) - [V : N, + Np,]|.

The multiplicity on 7 in stary, () Ng stars, (o) is the sum over all choices
Ti € Stalggry, (0)(T) = stars, (1) for i = 1,2 with 7, N (v + 72) # 0 of

multstarzl (0)(77—1) . multstarEQ (O’)(fg) . [N : N7 + N7-—2].

They are equal because multy,, (o)(7;) = multy, (7;), and N, = N7,. O
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In this section we relax the notion of the lineality space of a polyhedral
complex ¥ to mean the largest subspace L for which if x € |X| and v € L,
then x + v € |X|. This notion only depends on the support |¥| of the
complex. For example, the fan in R consisting of the three cones pos(1),
pos(—1), and {0} has lineality space R for this definition.

Lemma 3.6.8. Let X be a pure weighted balanced 1y, -rational polyhedral
complex in R™ of codimension d, and let H be the (classical) hyperplane
{x : 1 = 0}. The stable intersection ¥ Ng H is either empty or a pure
weighted balanced polyhedral complex of codimension d + 1.

Let [ be the dimension of the intersection of the lineality space of ¥ with
H. Ifd+1>mn—1, then the stable intersection is empty.

Proof. If d4+1 > n—1, then there is no pair 7 € ¥ with dim(r7+ H) = n, so
the stable intersection is empty. Indeed, dim(7 + H) = dim(7) + dim(H) —
dim(aff()NH) < (n—d)+ (n—1)—1=2n— (d+ 1 +1) is less than n.

We now assume d +1 < n — 1. Let 7 be a top-dimensional cell of
Y Ng H, so 7 = 0N H, where o is cell of ¥ with dim(¢) = n — d and
dim(oc + H) = n. The image of H modulo the linear space parallel to o
has dimension d, so we can choose a d-dimensional subspace H' of H with
dim(H' + o) = n. The fan stary(7) is balanced with the weights inherited
from Y. By Lemma 363l its image modulo H' is a balanced weighted
(n — d)-dimensional polyhedral fan in R"/H’ ~ R"~%. Its support is all of
R"~4  which means that (stary,(7)+H')NH = (stars(7)NH)+H' is all of H,
and thus stary,(7)NH has dimension at least n—d—1. Since dim(c+H) = n,
we do not have ¢ C H, and so 7 has dimension n — d — 1. This shows that
the stable intersection > Ng H is pure of the expected codimension.

Let o be a codimension-1 cell in ¥ Ng H. To prove balancing at o, we
must show that the fan stargn,, (o) is balanced. By Lemma[B.6.7 it equals
stary, (o) Ng starg (o). Since stable intersection commutes with projections,
we can quotient by the linear space parallel to o. This reduces balancing
to the case where ¥ is a two-dimensional fan, and hence ¥ Ng H is a one-
dimensional fan. For generic small v € R", the intersection ¥ N (v + H)
is transverse, so its relatively open one-dimensional cells lie in the relative
interiors of two-dimensional cones of . Therefore, the stable intersection
¥ Nst (v + H) equals the actual intersection, and the multiplicity of a cone
TN (v + H) is the lattice index [N : N, + Ng| times the multiplicity of
7. Each unbounded ray of ¥ N (v + H) corresponds to a ray of ¥ Ng H
plus the choice of a two-dimensional cone 7 € ¥ with dim(7 + H) = n and
7N (v+ H) # (. The sum of the multiplicities of rays in ¥ N (v + H)
corresponding to a fixed ray o of ¥ Ng H thus equals the multiplicity of o.
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We claim that it suffices to show that ¥ N (v + H) is balanced. In-
deed, when summing the left-hand side of the balancing equation (B3]
over all vertices of the intersection, each bounded edge contributes to two
summands, with direction vectors £u, and the same multiplicity m,. These
contributions cancel. Balancing implies that the sub-sum coming from each
vertex adds to 0, so the entire sum is 0, and this equals the contribution
coming from the unbounded rays, which is the equation ([B31]) for ¥ Ny H.

Let u be a vertex of ¥ N (v + H). Let o be the ray of ¥ containing u,
and let 7, ..., 7s be the two-dimensional cones of ¥ containing o. Write u;
for the element of N, that projects to a generator of N, /N,, and m; for
the multiplicity of 7; in ¥. Since 3 is balanced, we have ), m;u; € N,.

We write u’ for the first lattice point of the ray of staryq(v4 ) (1)
corresponding to 7;. The multiplicity of this cone in ¥ Ng (v + H) is
m;i[N : N;, + Ng]. We have

u' =[N, : Zu' + N,|u; + u,,
where u,; € N,. By the second and third isomorphism theorems,
N/(Npg + Noy) 2 (N/(Ng + Np)) /(N + Np) [ (Nig + Ny))
= (N/(Nu + No))/ (N /((Na O Nz) + Ny)).
Hence [N : Ny + N,] = [N : Ng + N, ][N, : Zu® + N,]. Thus,
Zmi[N : N, + NH]ui
i

- Zmi[N : No, + Ng|([Ny, : Zu' + Ny]u; + U ;)

7

= Z{N : Ny + Ng]miui -+ ZmZ[N : N‘Fi + NH]um-
7 %

€ Ny,NNyg.
Since N, N Ny = 0, we have that ¥ Ng (v + H) is balanced as required. [

Lemma 3.6.9. Let X be a pure weighted balanced T'y,1-rational polyhedral
complex in R™. Let Hy,...,Hy be hyperplanes in R™ whose normal vectors
are linearly independent. Write L for the linear space ﬂgzl H;. We have

YN L = ((XNgt Hy) Ngt Ha) -+ Ngt Hy.

Proof. Without loss of generality we may assume that H; ={x€R":2; =0}.
The proof is by induction on d. The base case d = 1 is a tautology. Let
L'={xeR":2y =+ =x4-1 = 0}. By induction, ¥ Ng L' = ((X Ng
Hy) Ngt Ho) -+ Ngt Hg—1, so we need to show X Ng L = (X Ny L) Ng Hy.
Let o be a maximal cell in X Ng L. Then there is a maximal cell 7 € ¥ with
o = 7NL and dim(7+L) = n, so the projection of stars (o) +L to R" /L = R4
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is d-dimensional. As the projection is balanced by Lemma B.6.3] it must be
all of R"~9 (see Exercise[3.7(24)). This means that there is x € starsg(c)+ L
with 1 = --- =241 = 0 and 24 # 0. We may assume that x € stary(o),
as adding an element of L does not change the first d coordinates. Recall
from Definition [2.3.0] that the cones of stars (o) have the form 7 for 7 D o.
We must have x € 7/ for some cell 7/ of ¥ containing . The cell 7/ has the
property that 7+ L has dimension n, and thus dim(7'+ L) = n. Since x € 7/,
there is x' € 7/ with ) =--- =2/, =0and 2/, #0. Let o/ = 7N L. Since
L c L', we have dim(7 + L') = n, and so ¢/ € ¥ Ng L’. By construction,
o = o' N Hy. Since 2/, # 0, we have ¢’ # o, so dim(¢’ + Hy) = n. Thus
(S (E Mgt L/) Nst Hy.

For the reverse inclusion, note that if o is a maximal cell in
(XNst L') Ngt Hy, then there is a maximal cell o/ € XNy L' with 0 = o’ N Hy
and dim(o’ + Hy) = n. Furthermore, there is a maximal cell 7 € ¥ with
o' =7NL and dim(7 + L") = n. We thus have tNL =7N(L'NHy) =0,
and as before dim(7 + L) = n. This shows the equality as sets.

To see the equality of multiplicities, note that the multiplicities of L, L’,
and Hy are all one, and Ny + Ny, = Np. This means that the multiplicity
in both descriptions of a cell ¢ is the sum over all 7 mentioned above with
TN (v+ L) # 0 for fixed generic v of the quantity multy,(7)[N : N, +L]. O

Theorem 3.6.10. Let 31 and o be pure weighted balanced Ty1-rational
polyhedral complezes in R™ of codimensions d and e, respectively, and let |
be the dimension of the intersection of their lineality spaces. Then the stable
intersection X1 Ng 2o 1S either empty or it is a pure weighted balanced 1y -
rational polyhedral complex of codimension d +e. If d+ e+ 1> n, then the
stable intersection is empty.

Proof. Let A be the diagonal linear subspace {(w,w) : w € R"} C R?",
There is a natural identification of A with Ng. We claim that

YNt Yo = (B xBo)Ngg A € A = Ng.

To see this, consider a cell 7 x 75 of X1 x ¥s. Let A; and As be
matrices whose columns form a basis for N; and N,, respectively. Then

the matrix A2 = (‘%1 £2 §> has columns forming a basis for N7, y7,)4+a, SO

the Minkowski sum (71 x 72) + A has dimension 2n if and only if this matrix
has rank 2n. This is the case if and only if the matrix Ao = ( A —Ay )
has rank n, which occurs if and only if dim(7; + 72) = n. This means that
(7’1 X Tg) NA e (21 X 22) Nst A if and only if 71 N1y € X1 Ng 2o, Also,
(11 X 2) N ((0,—v) 4+ A) # 0 if and only if 7 N (v + 72) # 0. So, to compute
the multiplicity of 71 N7y or (71 X 79) NA we sum over the same pairs (71, 72).
To see that the multiplicity is the same in both cases, it suffices to observe
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that the index of N7, xr,)4a iIn N @ N is the greatest common divisor of the
maximal minors of the matrix A2, while the index [N : N;, + N,,] is the
greatest common divisor of the maximal minors of the matrix A;5. Since
these coincide, the multiplicities coincide, and so the claim follows.

Change coordinates so that A = {x € R*" : g1 = --- = x,, = 0}. Write
H; for the hyperplane {x € R" : z; = 0}, and ¥ = ¥; X ¥9. By Lemma [3.6.0
we have ¥ Ng A = ((X Ng H1) Ngt Ha) -+ - Ngt Hy. The result then follows
from Lemma 6.8 since codim(X; x ¥5) = d + e and codim(A) = n in R?".
Thus, if the stable intersection is nonempty, it has codimension d 4+ e+ n in
R?" and so has codimension d + e in Ng = R". O

Definition 3.6.11. Let X1, s be pure weighted balanced I'y,j-rational poly-
hedral complexes in R™ that meet transversely at a point w that lies in the
relative interior of maximal cells 01 € X1 and oy € 9. Here we use the no-
tion of meeting transversely from Definition The tropical multiplicity
of the intersection at w is the product multy, (o1) mults, (02)[V : Ny, +Ng,].

If 31 and 3 intersect transversely at every point w of their intersection,
then the stable intersection Y1 Ng Yo equals the intersection 1 N X9, and
the multiplicity of the stable intersection at w is the tropical multiplicity.

We now make the link to the construction for curves in Section L3l The
stable intersection can be obtained by translating each >J; by a small amount
so that the intersection is transverse, computing the intersection together
with its tropical multiplicity, and then taking the limit as the translation
becomes smaller and smaller. This definition is made precise as follows.

Recall that the Hausdorff metric on subsets of R" is given by d(A, B) =
max(sup,e 4 infyep ||a — ||, supye g infaca ||a — b||). This lets us speak about
the limit of a sequence of subsets of R™. If the subsets are weighted polyhe-
dral complexes 3J; that converge to a polyhedral complex 3, then the limit
inherits a weighting in the following way. A top-dimensional cell o of the
limit complex ¥ is the limit of top-dimensional cells o; of 3J; if lim; ., 0; = 0.
We consider the set of all such sequences of ¢; limiting to o, where we iden-
tify cofinal sequences. If lim; ,, multy, (0;) exists for all such sequences,
then we define the multiplicity of ¢ to be the sum of all these limits.

We often apply these concepts to finite collections of weighted points. In
this case the multiplicity of a limit point u is the sum of the multiplicities of
all points that tend to u. The following result, however, works in general.

Proposition 3.6.12. Let 31 and Yo be weighted balanced polyhedral com-
plexes that are pure of codimension d and e. For general v € R™, the limit

lim 31 N (ev + X9)
e—0
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exists and it equals 31 Ng; 2o as a weighted polyhedral complex. In particular,
this intersection is independent of the choice of translate v.

Proof. We first give the condition for v to be generic. Consider any pair of
cells 7; € ¥1 and 7; € ¥y with nontrivial intersection. If dim(r; + 7;) < n,
then there is a vector u;; perpendicular to the affine spans of both 7; and 7.
For any v with u;; - v # 0, we have 7, N (v +7;) = (). Choose one such vector
u;; for each pair 7; € 31, 7; € X9 with 7; N 7; # 0 and dim(7; + 75) < n. Let
V' be the open set in R™ consisting of vectors v with v - u;; # 0 for all 4, j.

Fix v € V. Suppose w lies in lim._,¢ X1 N(ev+Xs). For all € > 0 there is
we € X1 N (€'v+X9) with ||we —w]| < e. Here € < e depends on e. Since ¥
is closed, we have w € Xq. Similarly, since w, — €'v € X9, and Xy is closed,
we have w € Y9, so w € X1 NYs. Let o be the smallest cell of 31 containing
w. After refining if necessary, o is also a cell of ¥a. For sufficiently small
€, the point w, lies in a cell 7y of ¥; containing ¢. Similarly, for small e,
the point w, — €’v lies in a cell 7 of X9 which must also have ¢ as a face.
Since v € V, we have €'v € V. Since w, € 71 N (¢'v + 72), we must have
dim(7; + 72) = n, which means that w € X1 Ng Xo.

For the converse, let o be a top-dimensional cell of 31 Ng Yo, and let
w € o. There are 11 € X1, 0 € Yo with 71 N7 = o, dim(m + 72) = n,
and 71 N (v + 72) # 0. Choose w € 71 N (v + 72). For any 0 < ¢ < 1, we
have wo = (1 — € )w + €w' € 7, N (¢'v + 72), since 1 and 75 are convex,
and w — v € 79. Given € > 0 we can choose € < €/||w — w|[. Then
|we —wl| < e. We conclude that w € lim._,0 X1 N (ev + X2).

For the multiplicities, note that the intersection 31 N (ev + X3) is trans-
verse for generic v. A top-dimensional cell is the intersection of unique
maximal cells 71 € 31 and ev + 7 for 7 € 3o with dim(7; + 72) = n. The
multiplicity of such an intersection is multy(71) multy, (72)[V : Ny + Np,|.
Since the multiplicity of a top-dimensional cell ¢ in ¥1 Ng Y9 is the sum of
this quantity over all pairs 71, 72 with 71 N (v + 1) # 0, and such pairs are
exactly those for which lim._,o 71 N (ev+72) = o, this shows the equality. [

Example 3.6.13. Fix K = Q with the 2-adic valuation. Consider first
31 = trop(V (422 + 2y + 12y? + y + 3)) and X9 = trop(V (4 +y +4)) in R2
This is shown in the first picture in Figure B.6.2, with X9 drawn with dotted
lines. The vertical ray of »; has multiplicity 2. The second picture shows
the intersections 31 N ((1,0) + X2) and X; N ((0,1) + X2). Both intersection
points have multiplicity 2. These are these cases ¢ = 1 of the translations
€(1,0)+ X2 and €(0, 1) +X2. As € goes to zero, the intersection point in both
cases approaches the point (—1,1). The multiplicity also does not change,
so the stable intersection ¥; Ng X is the point (—1,1) with multiplicity 2.
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Consider next the tropical line X3 = trop(V (z+8y+1)). This is shown in
the third picture in Figure[8.6.2 The intersection ¥; N33 is not transverse.
The translations (1,1/2) 4+ X3 and (—1/2,0) + X3 are drawn in the last
picture in Figure B.6.2] and these give transverse intersections in two points.
In both cases the tropical multiplicity is one at each point. As € goes to zero,
the limits of X1 N (e(1,1/2) + X3) and ¥ N (e(—1/2,0) + X3) are both the
two points (0,0) and (0, —2). The limiting multiplicity is one in both cases,
so the stable intersection ¥; Ng 29 is these two points with multiplicity one.

(07_2)

Figure 3.6.2. Stable intersections of lines and quadrics in the plane.
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Both Y1 Ny Y9 and X1 Ng X3 are stable intersections of a quadric with a
line. The intersections consist of two points, counted with multiplicity. This
is a preview of the tropical complete intersections studied in Section O

Remark 3.6.14. It can be shown that stable intersection is associative: if
31, 29, 23 are weighted balanced I'y,j-rational polyhedral complexes, then

(367) (21 Mgt 22) Net 23 = 21 Nt (22 Mgt 23).

Thus stable intersection defines a multiplication on the set of weighted bal-
anced I'yy-rational polyhedral complexes, where complexes with the same
support and weight function are identified. We can define an addition on
this set by taking the unions of complexes (appropriately subdivided if nec-
essary). If we also allow arbitrary real weights on maximal cells, then this
makes this set into an R-algebra. The subalgebra where all polyhedral com-
plexes are fans appeared earlier in the work of McMullen as the polytope
algebra. See [JY13| for details on the connection. Versions of this algebra
have also arisen in the work of Allermann and Rau on tropical intersec-
tion theory [AR10] and Fulton and Sturmfels on toric intersection theory

[FS07.

We now come to the derivation of Theorem B.6.1] from the beginning of
this section. We start with the following important special case.

Proposition 3.6.15. Fiz X C T™. There is a finite set B C k for which
for all « € K with val(a) = 0 and @ € B the hyperplane Hy, = V(z1 — o)
satisfies

(3.6.8) trop(X N Hy) = trop(X) Ng trop(Hy).

Proof. This proof is in two parts. We first show ([B.6.8)) set-theoretically
and then check that the multiplicities coincide. Let I be the ideal of X in

KzF!, ... z']. Fix w € R” with w; = 0. We first claim that there is a
finite set B C k for which if « € K with val(a) = 0 and @ ¢ B, then
(3.6.9) ing(I 4+ (x1 — ) = inw(I)+ (xr1 — @).

To do this, we first consider the Gauss valuation on the field K(s). This is
given by setting val(p) = min(val(a;)) for a polynomial p = 3" a;s' € K[s],
and then setting val(p/q) = val(p) — val(q) for p,q € K[s]. The valuation
ring is R(s), and the residue field is k(s). Let Iy = IK(s)[z7",... 2.
Let Js = (Is)proj + (71 — swo) C K(s)[z0,-..,zn]. Note that ingw)(Js) =
in,w)((Is)proj) + (x1 — sz0). The containment 2 is immediate. By Corol-
lary the Hilbert function of (Is)proj and ing w)((Ls)proj) agree. Since
r1 — sz is a nonzerodivisor on both (Is)proj and in(g w)((Is)proj), the Hilbert
functions of Js and in(g w)((Ls)proj)) + (¥1 — s70) also agree, which implies
the equality.
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Let G be a Grobner basis for Js with respect to (0, w). We may assume by
the previous paragraph that G is the union of a Grébner basis G for (I5)proj
and the polynomial x1 — sxg. We may also assume, after multiplying by a
common denominator, that all g € G lie in K[s][xo,...,2,]|. Each g € G’ has
the form Y h; f; for fi € (Is)proj N Ko, ..., zp] and h; € K(s)[zo,. .., xy].
Let S C K[s] be the set of all polynomials occurring in a numerator or
denominator of a coefficient of some h;. The set S only depends on the
initial ideal in (g w)((s)proj), and not on the particular choice of w.

Fix p = Y a;s' € K|s], so p(a) = Y. a;a’ € K for a € K. There is a
finite set B, C k for which valk (p(a)) = valg(s)(p) = min(val(a;)) for any
a € K with val(a) = 0 and @ € By. Let B’ = (J s By. Then for any o with
a ¢ B’ we have inw)(9)ls=a = inw)(gls=a) for all g € G. The equality
(B69) then follows after setting ¢ = 1 and applying Proposition 2.6.1]

The classical hyperplane H = {w : w; = 0} is trop(H,) for all a €
K with val(ar) = 0. Choose a polyhedral complex ¥ with support |X| =
trop(X). We next show the following equivalence holds for a with val(a)) = 0
and @ outside a finite set B”:

w € X Ng H if and only if iny (1) + (z; — @) # (1).

For w € ¥ N H we have w € X Ng H if and only if dim(oc + H) = n for
some cone o of ¥ containing w. This occurs if and only if stary(c’) € H,
where ¢’ is the cone of ¥ containing w in its relative interior. Recall from
Lemma B30 that stary(c’) has support trop(V (ing(7))). Write 7 : T™ —
K* for the projection onto the first coordinate, and ¥ = V(inw (1)) C T}
By Corollary B2.13] the projection 7 satisfies trop(m(Y')) = m(trop(Y)), so
trop(Y) C H if and only if trop(7(Y’)) C {0}, which by elimination theory
[CLOO0T, Theorem 2, §3.2] is equivalent to the existence of a polynomial
f € ing(I)Nk[z{!]. Thus w € XNy H if and only if ing (I) Nk[z{!] = {0}.

If f € iny (I)Nk[z], then f(@) € iny(I)+ (z1 —a). For a given nonzero
polynomial f € k[:vfl], we have f(a) # 0 for all but finitely many @. Thus,
if iny (1) Nk[z'] # {0}, then iny (I)+(z; —a) = (1) for all but finitely many
@. Conversely, if iny (1) Nk[z{!] = {0}, the closure of 7(Y) is k*, so for all
but finitely many @ there is yg € (k*)"~! with (@,yg) € Y. Since (@,yz)
also lies in V (inw (1) + (z1 — @)), we conclude that iny (1) + (x1 — @) # (1).
This gives a finite set B” C k for which if @ € B” we have w € ¥ Ng H if
and only if iny (1) + (z1 — @) # (1). Note that B” only depends on iny (1)
and not on the particular choice of w. Set By, = B’UB”. Since the Grobner
complex of (Is)proj is finite, there are only a finite number of different choices
for in (g w)((Zs)proj), so there are only a finite number of By, as w varies over
YN H. Let B be the union of these finite sets. Thusifa ¢ B, and w € XNH,
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we have w € ¥ Ng H if and only if iny (I + (x1 — a)) # (1), so if and only
if w € trop(X N H,). This completes the first half of the proof.

For the second half of the proof we check that the multiplicities agree on
the two sides of (B.6.8). Fix w in the relative interior of a maximal cell o of
trop(X) Ns: trop(Hy). Since o C {w : w; = 0}, we may change coordinates
while fixing w; so that the affine span of o is span(e,_412,...,€,), where
d = dim(X). Part ([2) of Lemma 2.6.2 implies that iny (/) is generated by
polynomials in the variables z1, ..., z,_g11. Let J = ing(I)NS,_g+1, where

Sn—d+1 = k[mlﬂ, e ﬁidﬂ]. The multiplicity of ¢ in trop(X N H,) equals

(3.6.10) multtrop(XmHa)(U) = dimg(Sp—g+1/(J + (21 — @))),

by 3.6.9) and Lemma 347 We shall finish by showing that this is also the
multiplicity of ¢ in ¥ Ng H. We do this by computing the multiplicity of
the stable intersection using the limit formulation of Proposition B.6.121 By
Lemma [3.6.7] we may pass to the star of o and quotient by the linear space
parallel to o. This means that the stable intersection we need to consider is
that of V(inw(J)) and {w: w; = 0} in R*~¢.

The dimension B.6.10) equals dimgr Sg7 p—g41/(J" + (x1 — @)) where
K' = k((R)) is the field in Example I Sk, gy1 = K'[27, ... ,:Urilidﬂ],
and J' is the ideal in S K’ n—d+1 With the same generators as J. Indeed, this
dimension can be computed using Buchberger’s algorithm, which depends
only on the field of definition of its input. Similar arguments show that
dimgr Skr n—d+1/(J" + (x1 — B)) is a constant D for all but finitely many
B € K'. By Theorem B.2Z4 we have trop(V (J')) = trop(V (J)).

Choose o, € K" with val(ae) = € > 0 that is generic in the sense above.
Proposition implies that dimg/ (Sk7 p—g+1/J" + (1 — ) is the sum
of the multiplicities of the points in the finite set trop(V(J' + (x1 — ax))).
Since the intersection of trop(V(J')) and trop(V(z1 — ae)) = {w : wy =
€} is transverse at all points of their intersection, by Theorem we
have trop(V(J' 4+ (1 — a¢))) = trop(V(J')) N trop(V(z1 — a¢)). Now
trop(V(z1 — a)) = ev + H for any generic v with v; = 1. By Proposi-
tion B.6.12] the multiplicity of the origin in trop(V(J')) Ng H equals the
limit as € — 0 of the sum of the multiplicities of trop(V (J' + (x1 — a)). For
all but finitely many o € K, this is the dimension D of S,,_g+1/(J+{(x1—@))
as required. O

Proof of Theorem B.6.1l Write z1,...,Zn,¥y1,...,yn for coordinates
on R?". By Lemma 6.9, for any balanced weighted complex ¥ € R??,
(X Ngt {w 1 w1=0}) Ngz - - Nz {w : wp=0} = L Ng {W : w1="+--=w,=0}.
Using Proposition B.6.15l and the change of coordinates x; — z;/vi, yi — vi,
this identity implies the following fact. For any variety Z C T2" there exists
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a dense set U C T™ such that val(or) = 0 and

(tI‘Op(Z) Mst trOp(V($1 - alyl))) Mt -+ Nyt trop(V(xn - anyn))
=trop(Z NV (x1 —a1y1,...,Tn — nYn))

for all « € U. The fact that U is dense follows from Lemma [2.2.12

Let I and J be the ideals for X; and X5, respectively, in K[mfl, =
Given t = (t1,...,t,) € T", write J' = t~1J = (f(t;'y;) : f € J) for the
ideal of tY". By the proof of Theorem B6.10, we have trop(X)Ngtrop(tY) =
(trop(X) xtrop(tY))Ng: A, where A = {(x,y) € R?" : 2; = y; for 1 <i <n}
is the diagonal in R?". So, the stable intersection we are interested in equals

(3.6.11) (trop(X) x trop(tY)) Ng trop(V(x; —y; : 1 <i < n)).

The transformation y; = ti_lyi changes none of these tropical varieties when
val(t;) = 0 for all 4, so (B.6.11]) equals

(trop(X) x trop(Y)) Ngt trop((V (z; — tiyl) : 1 < i < n)).

By the first paragraph, there is a dense set U C T™ such that (3.6.11]) equals
trop(X xtY)NV(z; —y;: 1 <i<n)) ~ trop(X NtY) forallt e U. O

We close this section with an application of Theorem B.6.11 Further
applications will be seen in Section .Gl Recall that the degree of a projective
variety X C P" of dimension d is the number of intersection points, counted
with multiplicity, of X with a generic subspace of dimension n—d. Let L,_q4
be the standard tropical linear space of dimension n — d in R"*!/R1; this
consists of all cones pos(e;,,...,e; ,) where 0 <i; < -+ <ip_q <n.

Corollary 3.6.16. Let X C P% be an irreducible projective variety of di-
mension d, and let X = XNT™. Let K have the trivial valuation. The degree
of X is the multiplicity of the origin in the stable intersection of trop(X)
with the tropical linear space L,_g4:

deg(X) = multo(trop(X) Nst Ly_q)-

Proof. We first show that there is an open set U; in the Grassmannian
G(n—d,n+1) parameterizing codimension-d subspaces of K"*! for which if
L € Uy, with L° = (LN(K*)" 1) /K*  (K*)"*1/K* =2 T" then trop(L°) =
L, 4. Indeed, let U; be the open set consisting of those L € G(n —d,n+1)
for which all Pliicker coordinates are nonzero. Such an L has the property
that for any subset J = {ji,...,74} C {0,1,...,n} the ideal I}, of L has
a generating set {1,...,0q with supp(¢;) N J = {z;,}. Any w & L,,_4 has
min(wy, . . ., w,) achieved at at most d indices, so choosing J to contain these
indices, we see that iny (I7) contains a monomial, and so w ¢ trop(L°). This
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shows that trop(L°) C L,_4. As L,_4 has the same dimension as L°, and
no subfan can be balanced, we conclude that trop(L°) = L,_g4. (This is
generalized in Example E2.13]) Since dim(X\X) < dim(X), there is an
open set Us C G(n — d,n + 1) for which if L € Uy, then LN X = LN X.
There is also an open set U3 C G(n — d,n + 1) for which if L € Us, then
deg(X) = |X N L|, where the latter is counted with multiplicity.

Fix L € Uy NnUyNUs. Let Uy C T™ be the open subset consisting of
those t € T™ for which tL € U; NUs NUs. By Theorem B.6.1] there is t € Uy
for which trop(X N tL°) = trop(X) Ng trop(L°) = trop(X) Nst Ly,—q. By
Proposition B4 trop(X NtL°) is the origin with multiplicity equal to the
number of points in X NtL°, counted with multiplicity. Since tL € Uy NUs,
the multiplicity of the origin is thus the degree of X, as required. O

3.7. Exercises

(1) Draw trop(V (f)) for the following f € C{t}}[z*!, y*!]:
(a) f =tz 4 (t+ 362 + 5ty + 2

(2) By ExampleB.I.T1] the tropical hypersurface of the 3 x 3-determin-
ant has 15 maximal cones. These come in two symmetry classes.
Pick two representatives o1 and o9, and find matrices wi and ws in
Q3*3 that satisfy w; € relint(o;) for i = 1,2. Next construct rank
2 matrices M and My in C{{t}}3*3 with val(M;) = w; for i = 1,2.

(3) The Pfaffian of a skew-symmetric 6 x 6-matrix is a polynomial of
degree 3 in 15 variables. Compute its tropical hypersurface.

(4) Verify (as much as possible) the Fundamental Theorem B.2.3] and
the Structure Theorem [B.3.5] for the six curves in Exercise B.7(1).

(5) Draw the recession fan for the six plane curves in Exercise B7|(1).

(6) Let K = Q with the 3-adic valuation. Construct two explicit dis-
tinct quadratic polynomials f,g € Kl[z1,x2,x3,x4] which form a
tropical basis for the Laurent polynomial ideal they generate.

(7) Using your f and g in Exercise.7)(6), compute the elimination ideal
(f,g)NK [azlxg L ToTy L $3J,‘21] . Interpret your result geometrically.
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(8) Let Y = V(xy + 2 + 23+ 24 + 1,20 — 23 + 24) C (C*)*. Compute

trop(Y') and a polyhedral fan ¥ with support trop(Y). Show that
3} is balanced if we put the weight one on each maximal cone.

(9) Give an example to show that the tropicalization of a hypersurface

might be a fan even if some of the coefficients have nonzero valua-
tion. What sort of converse can you give to Proposition B.1.T0

(10) What is the largest multiplicity of any edge in the tropicalization

of any plane curve of degree d? How about surfaces in 3-space?

(11) For f in Example B.T.2(2) and the vertex w = (—1,0) on the right

in Figure BI.T] describe all points y € V(f) with val(y) = w. For
this example, verify that the set of such y is Zariski dense in V'(f).

(12) Let I be the ideal in C[zTY, ..., 2T generated by the five elements

(13)

( )? (23 + 24),

(x1 + x2) (21 + x4)

(z1 + x3)% (21 + 24),

(z1 + x2) (21 + 23) (21 + 24),
(21 + 22)(x1 + 23) (w3 + 24)%

Find all associated primes of I and an explicit primary decomposi-
tion. Compute the tropical variety trop(V (I)) with multiplicities.

Let X and Y be subvarieties of 7™, and let 3 = trop(X) + trop(Y)
be the Minkowski sum of their tropicalizations in R”. Show that X
is a tropical variety. Explain how to construct a subvariety Z C T™
such that ¥ = trop(Z).

Compute generators for the ideal Jpro; in Example 3.2.91 List the
12 maximal cones in the Grobner fan structure on trop(V (Jproj))-

True or false: The transverse intersection of two balanced polyhe-
dral complexes in R is again a balanced polyhedral complex?

(16) Show that the k-skeleton of any nm-dimensional polytope is con-

nected through codimension 1. Get started with k=1 and n=3.

(17) Let f(z,y) be the polynomial in Example[[.5.1] Compute the mul-

tiplicities of all rays in the one-dimensional fan trop(V'(f)).

(18) Describe a method for computing the multiplicity mult(P;, I) de-

fined in (B:41]). Try it on some examples, e.g., using Macaulay?2.

(19) Let P be the prime ideal generated by the 2 x 2-minors of a 3 x 3-

matrix of unknowns. Compute mult(P, P") for n =1,2,3,....
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(20) Fix w = (1, 1) and the polynomials
f=xy—tx —ty + 2,
g=a%— (t? +2)x + 13 + 12,
hi=y" =+ t)y + 7,
hy =% — (4 2t)y + 3 + 12,
Which of the two ideals I;1 = (f,g,h1) and I = (f,g,h2) in
C{t}}[x*!, y*'] satisfies the conclusion of Proposition
(21) Consider the two tropical planes in R? defined by

a1 Or D aOy ®az®z D as
and b1 O ®baOy & b3 ©z B by.
Find necessary and sufficient conditions, in terms of aq, as, ..., by,
for these to meet transversally at every point in their intersection.
(22) Let X C T'2? be the variety of 3x4-matrices of rank at most 2.
Determine a fan structure on trop(X). Verify that it is connected
through codimension 1. Draw the graph on the maximal cones.

(23) Given two polyhedral complexes 3 and ¥’ in R”, show that
rec(XNY) = rec(E) N rec(X),
and explain how to construct a fan structure on this set.

(24) Show that if ¥ is an n-dimensional weighted balanced I'y,}-rational
polyhedral complex in R™, then the support |X| is all of R and the
weight on each n-dimensional polyhedron is the same.

(25) Show that if L is a (classical) linear space contained in the lineality
space of two weighted balanced I'y,-rational polyhedral complexes
31,%9 C R™, then L is contained in the lineality space of the stable
intersection Y1 Ng 3o, and (X1/L) Ng (X2/L) = (31 Ngt Xa)/L.

(26) Let L be a sublattice of rank n in Z™ that is generated by the
columns of an n x r-matrix A. Show that the index [Z" : L] is the
greatest common divisor of the maximal nonzero minors of A.

(27) Let L1 and Ly be tropical linear spaces in R™/R1. Show that their
stable intersection L1 Ny Lo is a tropical linear space. Express the
Pliicker coordinates of L1 Ng Lo in terms of those of Ly and Ls.

(28) According to Example B.I.TT], the tropical 3 x 3-determinant X =
trop(V(f)) is an eight-dimensional fan in RY. Compute the fans
X Ng X and X Ng X Ng X. Realize these two fans as the tropical-
izations of two explicit varieties in the torus of 3 x 3-matrices.

(29) The Grassmannian X = G(2,5) is a variety of dimension 6 in | P.
See Proposition 22210l Use Corollary to compute deg(X).
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(30)

(31)
(32)

Find two tropical surfaces in R? whose stable intersection is empty.
Show that your surfaces arise from projective surfaces in P3. Find
an example where your two projective surfaces have degree 1000.
Compute trop(X) for X = V(rz? + ey? + v/2,((3)zyz + 1) C T2.
Fix K = Q with the p-adic valuation where p = 2 or p = 3.
The discriminant of Example B.33]is a polynomial in K|a,b, ¢, d, €]
whose tropicalization F' now has some nonzero coefficients. For
both primes, compute the polyhedral complex >.r and the tropical
variety V(F'). Find the weights, and explain why V (F') is balanced.
Let X C T° be the variety given by the parameterization in Ex-
ample B.5.4l Find the ideal of X and compute the tropicalization
trop(X).

Let I be a homogeneous ideal in Klz1,...,x,], and let w be in
the relative interior of a maximal cell o of trop(V(I)). Let P be
the toric ideal associated with the lattice {u € Z" : iny(inw (1)) =

inw (1)}, as in [MS05), [Stu96]. Show that the multiplicity of o can
be computed in Macaulay2 by the formula

mult(o) = degree(iny (1)) /degree(P).



Chapter 4

Tropical Rain Forest

Forests are made up of trees. This is also true for the tropical rain for-
est: trees and their parameter spaces are fundamental in tropical geometry.
There is a lot of diversity in the forest we explore in this chapter. We be-
gin with linear spaces, the simplest among classical varieties. Their tropical
counterparts are similarly fundamental, and they are intimately connected
to the study of hyperplane arrangements. On the combinatorial side this
leads us to the theory of matroids. Tropicalized linear spaces are parameter-
ized by the Grassmannian, and arbitrary linear spaces are parameterized by
the Dressian. This mirrors the distinction between realizable and nonrealiz-
able matroids. We focus on the Grassmannian G(2,n), which parameterizes
lines in the projective space P"~!, and we identify its tropicalization with
the space of phylogenetic trees from computational biology. We then inves-
tigate surfaces in three-dimensional space, examining the tropical shadow
of classical phenomena such as the rulings of a quadric surface. Finally, we
study the tropicalization of a complete intersection. Bernstein’s Theorem
states that the expected number of solutions to a system of n Laurent poly-
nomial equations in n unknowns equals the mixed volume of their Newton
polytopes. We give a tropical proof of this result and explore what happens
when the number of equations is less than the number of unknowns.

In this chapter, the theorems of Chapter Blappear in practice. The focus
is on investigating applications rather than on developing abstract theory.

4.1. Hyperplane Arrangements
Let A= {H; : 0 <i < n} be an arrangement of n + 1 hyperplanes in P?.
We are interested in its complement, X = P?\UA. In what follows we
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show that X is naturally a closed subvariety of the torus 7", and it is cut
out by a linear system of equations. This allows us to identify hyperplane
arrangements and linear spaces. Our goal is to derive the tropicalization of
X from the combinatorics of A. Throughout this section we assume that
all coefficients of the defining linear equations live in a subfield of K with
trivial valuation. The general case, where the valuation matters, will be
revisited in Section B4l The particular choice of field plays no role; only the
characteristic matters. To gain a first intuition, it is best to think of K = C.

Write b; € K91 for a normal vector of the hyperplane H;, so H; =
{z € P?:b; -z =0}. We assume that by, ..., b, span K%' Geometrically,
this means that the hyperplanes in A have no common intersection point.

We fix the torus 7™ = (K*)"*1/K* in P". The vectors b; define a map
(4.1.1) X—>T" z—(bp-z:by-z:---:b, 2z).

This map is injective, since the b; span K%t The image is a closed subset
of T™ which we now describe. Write B for the (d+1) x (n+1)-matrix whose
columns are the b;, and let A = (a;;) be an (n — d) x (n + 1)-matrix whose
rows are a basis for the kernel of B. Let I be the ideal in K[z3?, ..., z}]
generated by the linear forms f; = Z?:o a;jxj for 1 <i <n —d. Since I is
homogeneous, its variety in (K*)"*! is fixed by the diagonal action of K*.
Throughout this section we write V (I) for the variety in (K*)" ™1/ K* = T™.

Proposition 4.1.1. The map (@I defines an isomorphism between the
arrangement complement X = P?\UA and the subvariety V (I) of T".

Proof. The image of X = P?\UA under the injective map L) lies in
V(I) because the rows of B are in the kernel of A. Conversely, if x € V(I),
then x lies in the kernel of A, so x = BTz for a unique vector z € K1,
Since each coordinate of x is nonzero, we have z ¢ UA, so z € X. This
inverse map is given by a linear map, so it is a morphism as well. ([l

Example 4.1.2. Let A be the arrangement in P? consisting of the lines
Ho = {20=0}, Hy = {x1=0}, Hy = {22=0}, H3 = {zo=m1}, Hy = {z0=12},
and H; = {z1=xz2}. See Figure LIl The matrix B is then

100 1 1 0
B=l0o10 -1 0 1],
001 0 -1 -1

and we can choose A to be the 3 x 6-matrix
1 -1 0 -1 0 0
A= 1 0 -1 0 -1 0
0 1 -1 0 0 -1
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(0:0:1) 1:1:1)

(1:0:0) 0:1:0)

Figure 4.1.1. The line arrangement of Example [4.1.2]

The ideal defined by the matrix A equals

I = <:1:0—ac1—xg,xo—xg—x4,x1—x2—x5> C K[xoil,...,a%il].

This linear ideal defines a plane in P°, and V(I) is the intersection of that
plane with the torus T°. Proposition BT 1] identifies the linear variety V()
with the complement P?\UA of our arrangement of six lines in the plane. ¢

By reversing the construction in Proposition .11l we see that any ideal
I generated by linear forms arises from some hyperplane arrangement. If the
linear forms are not homogeneous, we can homogenize the ideal. We recover
the tropical variety of X from its homogenization using Proposition 2.6.11

Example 4.1.3. Consider the ideal
J=(x1+x2+x3+ 124+ 1,21 + 229 + 323) C K[:clﬂ,%ﬂ,x?)ﬂ,xf],

which defines a two-dimensional subvariety X of 7¢. The homogenization
of J is the ideal

I:(xo—l—xl+x2+x3—|—x4,x1—|—2x2—|—3x3>.

In this section, the ideal I lives in K[l'gl, $1ﬂ, x%l,xf, ﬁfl]. The variety
X = V(I) is the complement of five lines in the plane P2. O

We now describe the tropical variety of X = V/(I). The support of a
linear form ¢ = > a;x; € I is supp(¢) = {i : a; # 0}. A nonempty subset C
of {0,1,...,n}is a circuit of I if C' = supp(¥) for some nonzero linear form
£ in the ideal I, and C' is inclusion-minimal with this property. Equivalently,
C' is a minimal linearly dependent subset of the columns of the matrix B.
In terms of the hyperplane arrangement A, a set C'is a circuit exactly when
Micc Hi has codimension |C] — 1 and is equal to (;cc,;.; H; for all j € C.
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We record some facts about the circuits of a hyperplane arrangement.

Lemma 4.1.4. Let I be the ideal in K[l'gl, ...,x-1] that is generated by

rr'n

the linear forms associated with a (d+ 1) X (n+ 1)-matriz B of rank d + 1.

(1) Up to scaling, every circuit C C {0,1,...,n} uniquely determines
the linear form Lo that lies in I and satisfies C = supp({¢).

(2) The set of linear forms bc in I that correspond to circuits C of I

is the union of all reduced Grébner bases for I N K|xo, ..., xy].
(3) Each circuit C is determined by a spanning subset of d+1 columns
of B plus one more column. Given such a set L = {i1,...,i442},
d+2
(4.1.2) le = > (1) det(Bry;, )i,
j=1

where Br,;, is the square submatriz of B with column indices L\ij.

(4) The ideal I has at most (ZE) circuits. This bound is achieved for

those matrices B whose (d+ 1) x (d + 1)-minors are all nonzero.

Remark 4.1.5. Part ([2]) of Lemma [.1.4] is essentially the statement that
Buchberger’s algorithm for computing Grébner bases reduces to Gaussian
elimination when the ideal in question is generated by linear forms. In
part ([B]) the support C of the linear form ¢ is a (possibly proper) subset of
L. The point is that C' is uniquely determined by the (d + 2)-element set L.

Proof. If /1, /5 are linear forms with the same support C' and 7 € C, then
there is A € K for which the coefficient of x; in A\; equals the coefficient
of x; in f5. The combination A¢; — ¢» has strictly smaller support. If C
is a circuit, then this smaller support must be empty, which means that
My = L.

For part ([2)), let G be the union of all reduced Grébner bases for J :=
I N Klxg,...,x,], with multiples removed. We first show that if ¢ :=
> icc @ir; € G, then C'is a circuit of I. If not, there would be ), - byx; € I
with some b; = 0, and some b, # 0. Suppose that ¢ is in the reduced
Grobner basis for the term order < and z; = in(¢). This means that a; = 1
and x; € ing(J) for i € C\{l}. The monomials not in in-(J) form a basis
for K[z, ...,xy|/J, so there is no linear form in J with support in C\{l}.
This means that b; # 0. But then £ —1/b; ), - bjz; is a nonzero element of
J and has support contained in C, which is a contradiction.

For the other inclusion, let C' be a circuit of I, fix 7 € C, and let ¢
be the corresponding linear form, scaled so that the coefficient of x; in ¢
is 1. Choose a term order where x; is the largest variable in C, and all z;
for i € C\{j} are smaller than the remaining variables. The linear form ¢
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must appear in the reduced Grobner basis; otherwise, it could be reduced
by another element in the reduced Grobner basis. If subtracting an element
h of the reduced Grobner basis cancels x;, the resulting polynomial lies in 1
but has no term in the initial ideal of I, which is impossible. Thus h must
cancel some z; with i € C'\ {j}, so must have support in C\{j} since the
variables in C'\{j} are the smallest. Such a linear form cannot exist since C'
is a circuit. We conclude that ¢ is in G.

For parts (3) and (4) it follows from the previous paragraphs that every
circuit C' is uniquely determined by giving an initial ideal in4(J) of J and a
choice of generator x; for this. Let L' = {i : 2; ¢ in(J)}. The columns of
B indexed by L’ are a basis of K91, Since there are (Zi;) subsets L'U{x;}
of size d+ 2 in {0,1,...,n}, there are at most that many circuits.

The formula for /¢ in (ZI2) is the determinant of the (d+2) x (d+2)-
matrix whose first row is (z;,,...,%;,,,) and whose other rows are those of
the submatrix By. That linear form is in J (and hence in I) because the
determinant is zero if we replace that first row by any of the rows of By.

The bound on the number of circuits in part () is achieved exactly when
every subset of n — d variables spans an initial ideal for J, which happens
exactly when all (d + 1) x (d + 1)-minors of the matrix B are nonzero. [J

Our first tropical result says that the circuits form a tropical basis for I.

Proposition 4.1.6. Let I C K[:nad, ..., &Y be generated by linear forms
where K has the trivial valuation, and consider the hyperplane arrangement
complement X = V(I). The set of linear polynomials {c in I whose supports
are circuits is a tropical basis for I. Equivalently, a vector w € R" 1 /R1
lies in trop(X) if and only if for any circuit C' of the ideal I the minimum
of the coordinates w;, as i ranges over C, is attained at least twice.

Proof. Every circuit is the support of a linear form ¢ that lies in the ideal
I. Hence the “only-if” direction is immediate from Definition B.2.1] with
X = V/(I). For the “if” direction suppose that w € R"™! is not in trop(X).
Compute the reduced Grobner basis of J = INK]|x, ..., x,] with respect to
a term order that refines w in the usual sense of Grobner bases (see [Stu96,
Corollary 1.9]). By part ([2) of Lemma T4 this consists of linear forms
supported on circuits. The initial ideal iny(J) is generated by the leading
forms of these linear forms, which are themselves linear forms, so this initial
ideal is prime. In addition these leading forms form a Grobner basis for
inw(J). Our hypothesis states that w ¢ trop(X), so iny(J) contains a
monomial. Since iny(.J) is prime, this implies that some variable z; lies in
inw(J). Some element f of the reduced Grébner basis has leading term x;.
In fact, the entire leading form must be x;, as otherwise the remainder on
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division of z; by iny(J) would not be zero. This means that the minimum of
w; for 7 in the corresponding circuit C' = supp(f) is attained only once. [

Example 4.1.7. Let J be as in Example 1.3l The circuits are {1,2,3},
{0,2,3,4},{0,1,3,4}, and {0,1,2,4}. These correspond to the linear poly-
nomials x1+2x9+3x3, xo+2x3—x4—1, x1—23+224+2, and 2x1+xo+324+3.
The circuits do not all have the same size here. By Proposition

trop(X) = trop(V (z1 + 222 4 3z3)) N trop(V(x2 + 223 — x4 — 1))
N trop(V(z1 — x3 + 2x4 4+ 2)) N trop(V (221 + x2 + 324 + 3)).

In fact, trop(X) is the intersection of the first three of these tropical hyper-
planes. Hence the circuits are not always a minimal tropical basis. O

We now give a combinatorial description of the tropicalization trop(X)
of a linear variety X in T™. A key ingredient will be the lattice of flats of X.

Let B = {by,...,b,} C K9 be the columns of the matrix B. While
B depends on the choice of the matrix B, it is determined up to the action
of GL(d + 1, K). A circuit in I(X) is a minimal linear dependence among
the vectors b;. The lattice of flats L(B) of the linear variety X is the set
of subspaces (flats) of K*! that are spanned by subsets of B. We make
L(B) into a poset (partially ordered set) by setting S1 < Sy if S; C Sy for
two subspaces S1, 92 of K%t spanned by subsets of B. The poset £(B) is a
lattice of rank d + 1, so every maximal chain in £(B) has length d+ 1. See,
for example, [Stal2l Chapter 3] for more on lattices.

Example 4.1.8. We continue Example The matrices A and B are
0 —2 1 01
T N F
0O -1 -1 1 1
The set B consists of the vectors by = (0,1,0), by = (=2,-2,—1), by =
(1,1,-1), bg = (0,0,1), and by = (1,0,1). The flats of X are the 15
subspaces of K3 that are spanned by subsets of B = {by, ..., by}. These are
(1) span(0) = {0};
(2) span(b;) for 0 < i < 4;
(3) span(bg, b1), span(bg, bz), span(bg, b3), span(bg, by),
span(by, ba, b3), span(by, bs), span(bz, by), span(bs, by);
(4) span(B) = K3.
A Hasse diagram for the lattice of flats £(B) is shown in Figure O
Associated to any poset is a simplicial complex, called the order complex

of the poset. Its vertices are the elements of the poset, and its simplices are
all proper chains, which are totally ordered subsets of the poset not using
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Figure 4.1.2. The lattice of flats for the linear space of Examples [ 1.3
and

the bottom or top elements ({0} or K+ in our case). The order complex of
the lattice of flats £(B) is pure of dimension d —1. There is a nice geometric
realization of this simplicial complex as a fan, which we now describe.

Definition 4.1.9. Let e; denote the ith standard basis vector for R**!. For
o C{0,...,n}, weset g = > ;. e;. If Vis a subspace of K91 spanned by
some of the b;, we set o(V') = {i : b; € V'}. We map the cone over the order
complex of £(B) into R"*! by sending a subspace V to pos(e,(yy) +R1, and
asimplex {V1,...,Vs} topos(esv;) : 1 <i < s)+R1, wherel = (1,...,1) €
R+, This gives a fan in R"*! with 1 contained in the lineality space. We
write A(B) for the image of this fan in R"*!/R1. The fact that this is a fan
will be proved in a more general setting in Theorem [4.2.6]

Example 4.1.10. We continue Example The fan A(B) C R5/R1 =
R* has 13 rays, corresponding to the five rays spanned by the b; and the
eight planes spanned by them. There is a two-dimensional cone for each of
the 17 inclusions of a ray into a plane. The intersection of this fan with the
3-sphere gives a graph, illustrated in Figure This graph is the order
complex of £(B), which is the one-dimensional simplicial complex given by
the 17 edges connecting the middle two layers in Figure O

We next show that the tropical variety trop(V (1)) is equal to the support
|A(B)| of the fan A(B) associated with the order complex.

Theorem 4.1.11. Let I be a homogeneous linear ideal in K[azF", ... x}].

The tropical variety of X = V(I) NT™ equals the support of the fan A(B).

Proof. A vector v lies in the relative interior of the cone of A(B) indexed
by the chain Fy C --- C F, in £(B) if and only if the following holds for all
k: we have v; = vj when i,j € F\F;_; and v; > v; if i € F}, and j & Fj,.
We first show that trop(X) C |A(B)|. Suppose v & |A(B)|. Let VJ =
{b; :v; > v;}. Let [ = min{j : there exists by € span(V7)\V7}. If no such
| existed, then the subspaces span(V7) would be flats of B, forming a chain
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) C Vit C...C VJs CVistt = B in the lattice £(B). However, this would
imply that v is in the corresponding cone of A(B), by the observation at
the start of the proof. Let F' = span(V!). Pick by € F\V!. Then v}, < v; by
the definition of V. Since V! spans F, we can write by, = Y icyi Aib; with
Ai € K. This means e, — ) Aje; € ker(B). Thus f = xp — > ;o1 Aig s in
I. Now iny(f) = z, so iny () = (1), and hence v ¢ trop(X).

We next prove |A(B)| C trop(X). By Proposition it suffices to
show that |A(B)| C trop(V(¢¢)) for every circuit C of I. Fix a chain of
flats V3 € --- € Vi1 = K%' where dim(V;) = i. A vector w in the
relative interior of the cone corresponding to that chain has w; # wj if
b; € Vi, and b; ¢ V), for some k. Let C be a circuit of I with linear
form lo = . .caiz;. Let k = min{j : b; € Vjforalli € C}, and let
F={i:ieCb; & Vp_1}. If |F| =1 with j € C satisfying b; € V;\Vi_1,
then the equality ), - a;b; = 0 implies that b; is a linear combination of
elements of Vj._1, and thus is itself in Vj_;, which is a contradiction. Hence
|F| > 2. For i,j € F we have w; = w; < w; for all [ € C. Thus iny ({¢)
is not a monomial, so w € trop(V ({¢)). Since trop(V (¢¢)) is closed, this
shows that |A(B)| C trop(V (¢¢)), and so |A(B)| C trop(X). O

Example 4.1.12. Let A, B, and I be as in Example The lattice
of flats has six elements 0,1,2,3,4,5 at the lowest level, and the seven el-
ements 05, 14, 23,013,024, 125, 345 at the next level. The fan A(B) is two-
dimensional and lives in R®/R1. It has 13 rays and 18 two-dimensional
cones. Combinatorially, it is a graph with 13 vertices and 18 edges. This is
the Petersen graph, with three edges subdivided, as in Figure .14l ¢

04

03

Figure 4.1.3. The graph of Example [.T.10
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Figure 4.1.4. The fan over the Petersen graph is a tropicalized linear space.
When T is a linear ideal, every initial ideal iny (I) C k[zZ',... =] is
generated by linear forms, so it is prime, and all the multiplicities are one.
Note that the dimension of A(B) is d by construction, so dim(trop(X)) =
dim(X) as expected. We leave it as an exercise to verify the balancing
condition and the rest of the conditions guaranteed by Theorem In
the more general settings of matroids, this is Exercise [L.7(13). See
for algorithms and software to compute trop(X) from the matrix B.

The title of this section emphasizes the point that X = V/(I) is the
complement of a hyperplane arrangement. In later sections, we shall refer
to X simply as a linear subspace of T™ and to trop(X) as the correspond-
ing tropicalized linear space. The fan structure A(B) on trop(X) defines a
tropical compactification of the open variety X. We saw a first glimpse of
such compactifications in Section [[L8], and we will introduce them formally
in Chapter 6. Thus, the material here can be read as a recipe for finding a
good compactification of the complement of a hyperplane arrangement.

4.2. Matroids

Matroid theory is a branch of discrete mathematics that abstracts linear
algebra. It aims to characterize the combinatorial structure of dependence
relations among vectors in a linear space over a field K. In this section we
will see that the constructions of the previous section are special cases of
constructions for general matroids. This is the first hint of the importance
of matroids in tropical geometry. In matroid theory, one distinguishes be-
tween matroids and realizable matroids, and our extension here will be the
distinction between tropical linear spaces and tropicalized linear spaces.
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Definition 4.2.1. A tropicalized linear space over K is a tropical variety of

the form trop(X) where X is a linear space in T = (K*)"*!/K*. By this
il].

we mean that X is cut out by homogeneous linear forms in K [xa—Ll, T

In this section we restrict ourselves to the constant coefficient case, so
we assume that K is a field with trivial valuation. Our aim is to explain the
distinction between tropicalized and tropical linear spaces. The same dis-
tinction appears and is important when we study the extension to arbitrary
fields K, where the valuation is nontrivial. This will be done in Section .4l

We are now prepared to define matroids. Fix an arbitrary finite set . In
the set-up of Section @], we have E' = {0,1,2,...,n}. This is the ground set
of the matroid M. There are many different but equivalent axiom systems
for matroids. One of them is the following axiom system for circuits.

Definition 4.2.2. A matroidis a pair M = (E,C) where F is a finite set and
C is a collection of nonempty subsets of E, called circuits of M, such that

(C1) No proper subset of a circuit is a circuit.

(C2) If C1, Cy are distinct circuits and e € C; N Cy, then (C7 U Cq)\{e}
contains a circuit.

Let X C T™ be a linear subspace and consider its circuits as in Lemma
AI4 The set C of circuits of the ideal I of X satisfies (C1) and (C2).
Indeed, if #; and ¢5 are linear forms in I with respective supports Cy and
(5, then a suitable linear combination of #; and /5 has zero coordinate in
position e but remains nonzero. This implies that some circuit in I has its
support contained in (C1UC%)\{e}. A matroid M that arises in this manner
from a linear subspace X is said to be realizable over the field K. We shall
see that nonrealizable matroids exist.

Matroids provide a convenient language for linear algebra. Here are some
basic definitions. An independent set of M is a subset of F that contains no
circuit. A basis of M is a maximal independent set. All bases of M have the
same cardinality. That number is called the rank of M. A flat of a matroid
M is a set F such that |[C\F| # 1 for any circuit C. The poset of all flats,
ordered by inclusion, is the geometric lattice of M. Each of these objects
comes with its own axiom system for matroids. For example:

Definition 4.2.3. A matroid is a pair M = (F,p) where E is a finite set
and p is a function 27 — N, called the rank function of M, which satisfies
the following.

(R1) p(A) < |A] for all subsets A of E.
(R2) If A and B are subset of E with A C B, then p(A) < p(B).
(R3) p(AUB)+p(ANB) < p(A) + p(B) for any two subsets A, B of E.
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The rank of the matroid M is defined to be the rank of F, and we write
p(M) := p(E). Starting with the axiom system (R1)-(R3), the other de-
scriptions of matroids are derived as follows. A subset A of E is independent
if p(A) = |A| and is dependent otherwise. As before, a basis is a maximal
independent set, and a circuit is a minimal dependent set. A flat is a sub-
set A C E such that p(4) < p(AU {e}) for all e € E\A. We can also
characterize matroids via their bases, using the basis exchange axiom.

Definition 4.2.4. A matroid is a pair M = (E,B), where E is a finite set
and B is a collection of subsets of F, called the bases of M, that satisfies the
following property: whenever o and o’ are bases and i € o\o’, then there
exists an element j € o’\o such that (o\{i}) U{;j} is a basis as well.

This axiom implies the following stronger property (see [Ox111l, Exercise
11, page 22]): the element j € ¢’\o can be chosen so that (¢/\{j}) U {i} is
also a basis. Full proofs of the equivalence of Definitions f.2.2] [1.2.3] and
24 plus the other axiom systems for matroids can be found in any book

on matroids, such as [OxI11], [Wel76], or [Whi86, (Whi87, (Whi92].

In Proposition we saw that the circuits of X are a tropical basis.
We now turn this result into a definition. This will associate a tropical linear
space trop(M ) with any given matroid M, realizable or not.

Definition 4.2.5. Let M be a matroid on a finite set F/, which we identify
with {0,1,2,...,n}. The tropical linear space trop(M) is the set of vectors
w = (wo, w1, ..., w,) € R" such that, for any circuit C' of M, the min-
imum of the numbers w; is attained at least twice as ¢ ranges over C. If
w € trop(M), then w + A1 € trop(M) for any A € R (“trop(M) is invariant
under tropical scalar multiplication”), so we regard it as a subset of the quo-
tient space R™™!/R1. Thus, by a tropical linear space we mean a subset of
R™*1/R1 of the form trop(M ), where M is a matroid on E = {0,1,2,...,n}.

Definition E2.5 will be further extended in Definition to general-
ize the notion of tropicalized linear spaces to fields with valuations. Note,
however, that our definition of trop(M) does not involve the choice of a field.

We next describe a fan structure on the tropical linear space trop(M)
that is natural from a combinatorial perspective. This generalizes the con-
struction in Definition LT.91of the simplicial fan A(B) from the lattice £(B).

A flat F' of the matroid M is represented by its incidence vector ep =
Y icr €. We regard ep as an element in R+ /R1. For any chain of flats
) c Fy C --- C F. C E, where every inclusion is proper, we consider the
polyhedral cone spanned by their incidence vectors:

o = pos(ep,...,ep) + RL = {Xl+Aiep + -+ Aep 1 A,..., A\ > 0}.
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Since 1,ep,,ep,, ..., ep, are linearly independent, o is an r-dimensional sim-
plicial cone in R"*!/R1, so it is the cone over an (r—1)-dimensional simplex.
The following result generalizes Theorem . I.T1] from realizable matroids to
arbitrary matroids, and it also establishes the fan property.

Theorem 4.2.6. Let M be a matroid on E = {0,1,...,n}. The collection
of cones pos(ep,,...,ep.)+R1, where() C Fy C --- C F, C E runs over all
chains of flats of M, forms a pure simplicial fan of dimension p(M) — 1 in
R /R1. The support of this fan equals the tropical linear space trop(M).

Proof. We first show that o C trop(M) for any o := pos(er,,...,€er,)
coming from a chain of flats with ) C F; C Fi41 € E for all i. Let w =
Aep + -+ Aep, where A\1,..., A\, > 0. Set F,4; = E. Consider any
circuit C' of M, and let i be the largest index such that (F; N C)\F;—1 is
nonempty. We claim that this set has at least two elements. If not, then it
is a singleton, and C' C F;. But then |C\F;_1| = 1, which contradicts the
definition of flat of a matroid. Hence (F; N C)\F;_1 has cardinality at least
two. For j € C\F;_1, we have wj = \j +--- + A,. Thisis zero if i =7+ 1,
while for all other j € C' we have w; = >",_, A\;, where k < i. Thus the
minimum min;ec w; is attained at those j € C' with j &€ F;_1, so is attained
at least twice. Since this holds for any circuit C', we conclude w € trop(M).

We next show that every w € trop(M) lies in the relative interior of
a unique cone ¢ as above. By adding a scalar multiple of 1, we obtain a
nonnegative representative w € R"*! whose support is a proper subset of E.
Then there exists a unique chain F; C F» C --- C F} of proper nonempty
subsets of E such that w lies in the relative interior of pos(er,, er,,...,€ep,).
The F; are defined by the criterion that the function j — w); is constant on
F;\F;_1 and its value strictly decreases as i increases.

We claim that each F; is a flat. Suppose that F; were not a flat. By the
definition of flats in terms of circuits, there would exist a circuit C such that
C\F; = {e} is a singleton. Then w, = min{w; : ¢ € C'}, and that minimum
is uniquely attained. This is a contradiction to our hypothesis that w lies
in the tropical linear space trop(M ). We conclude that the cones o indexed
by all chains of proper nonempty flats form a simplicial fan in R"*!/R1.

Each chain of flats of the matroid M can be extended to a maximal
chain, and each maximal chain of flats involves precisely p(M) — 1 proper
flats. Hence the fan is a pure fan of dimension p(M) — 1, as desired. O

We have shown that trop(M) has the structure of a fan over a simplicial
complex Ajs of dimension p(M) — 2. We will sometimes identify trop(M)
with Ajps. The simplicial complex Ay is the order complex of the geometric
lattice of M. The order complex Aj; has excellent combinatorial and topo-
logical properties. For instance, A is shellable, and hence its homology is
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free abelian and concentrated in the top dimension. The rank of that top
homology group is denoted (M) and is known as the Mdbius number of the
matroid. It coincides with the Euler characteristic of Ay, so u(M) is the
absolute value of the alternating sum of the number of flats of rank ¢ in M.
For more information on these topics see Bjorner’s Chapter 7 in [Whi92].

There is another fan structure on the tropical linear space trop(M),
which is much coarser than the one given by the order complex. That fan
structure is known as the Bergman fan. We shall give a purely combinatorial
description below. When M is realizable by a classical linear space X =
V(I), then the Bergman fan on trop(M) comes from the Grobner fan of T
as in Corollary We ask for a proof of this in Exercise [Z77(7).

Definition 4.2.7. For any w € R"*!, we define the initial matroid My, as
follows. The ground set is E = {0, 1,...,n}, just as for M. The circuits of
M., are the sets {j el :w;= miniec(wi)}, where C runs over all circuits
of M, but we only take sets that are minimal with respect to inclusion.

The reader is asked in Exercise [7(19) to check directly that My, is
again a matroid by showing that this set of circuits obeys axioms (C1) and
(C2) of Definition This also follows from Proposition below.

Example 4.2.8. Let M be the uniform matroid (Example £.2.13)) of rank 3
on £ ={0,1,2,3,4}. The bases of M are the ten subsets of E of size three.
The circuits of M are the five subsets of E of size four. Let w = (0,0,0, 1, 1).
Then M., is the rank 3 matroid on E whose circuits and bases are

¢ = {{0,1},{0,2}, {1,2}} and B = {{0,3,4}, {1,3,4}, {2,3,4}}.

While C' = {0,1,2,3} is a circuit of M, the set {0,1,2} = {j € C : w; =
min;co(w;)} is not minimal with respect to inclusion. An important point
to note is that minimum is used to define the circuits of My, , while the bases
of My, are those of maximum weight wy + w1 + we + w3 + wy = 2. In what
follows we give a polyhedral interpretation of this. O

Definition 4.2.9. Let M be a matroid on E = {0,1,...,n}. The matroid
polytope Py is the convex hull in R™*! of the indicator vectors of all bases:

Py = conv{ep : B is a basis of M} ¢ R"™

For instance, in Example B.2.8 the matroid polytope Py is four-dimen-
sional, and Py, is the two-dimensional face of Ps at which the linear form
given by w is maximized. Here Pj; is a hypersimplex and the face is triangle.

Matroid polytopes give a geometric representation of matroids which
will be important for our study of tropical linear spaces in Section [£.4l The
following proposition characterizes the faces of the matroid polytope Pas.
Here, the outer normal fan of a polytope is the negative of its normal fan.



166 4. Tropical Rain Forest

Proposition 4.2.10. For any w € R"!, the matroid polytope of My is
the face of the matroid polytope Pyr at which w is maximized. Thus My, is
constant on the relative interior of cones in the outer normal fan of Pys.

Proof. The weight of a basis B of the given matroid M is the quantity
Zz‘e g w;. The face of Py; maximizing w is the convex hull of those vectors
ep for which the basis B has maximal weight. We claim that these are
precisely the bases of My,. Since each circuit of My, is a subset of a circuit
of M, each independent set of My, is also independent in M. In particular,
rank(My,) < rank(M). Our argument will also show that equality holds.

Let W be the maximal weight of any basis in M. Fix a basis By of M
that has weight less than W. Choose a basis By of weight W with | B2\ B |
as small as possible. Fix i € B1\By with w; = max;cp,\p, Wi By the
stronger form of the basis exchange axiom given after Definition .24l there
is j € By for which B1\{i}U{j} and B3 = B2\{j}U{i} are both bases of M.
Since |B3\Bi1| < |B2\Bi|, the basis B3 has weight less than W, so w; > w;.
The set By U {j} is not independent, since bases are maximal independent
sets. Hence By U {j} contains some circuit C' of M. Since Bj is a basis,
we must have j € C. The inequality w; > w; = max;ep,\p, w; implies that
{m € C : wy, = minjec w;} € By. This means that By is not a basis of M.

For the other inclusion, let B be a basis of M that has maximal weight
W. We must show that B is independent in My,. Suppose otherwise. Then
B contains some circuit {i € C': w; = minjec wj} of My. We may assume
that C' is a circuit of M such that |C\ B| is minimal with this property.

We claim that |C\B| = 1. Pick » € C\B with w, > minjec w;. Such an
7 exists since C' ¢ B, as B is a basis of M. The set BU{r} contains a circuit
C’ of M, which must in turn contain r. If |C\B| > 1, then C" # C, so by
axiom (C2) there is a circuit C” C (C U C")\{r}. But then C"\B ¢ C\B,
contradicting the minimality of C. Hence C\B = {r}.

Pick i € C' N B with w; minimal. The set B’ = B\{i} U {r} is again
a basis for M. Indeed, if not there would be a circuit C’ contained in B’,
which must contain r, and axiom (C2) applied to C and C’ would imply the
existence of a circuit contained in the basis B. The weight of the basis B’ is
greater than the weight of B. This is a contradiction to the choice of B. We
thus conclude that bases B of M of maximal weight are bases of My,. [

Proposition 2.T0] implies that the tropical linear space trop(M) arises
as a subfan of the outer normal fan of the matroid polytope Pjy.

Corollary 4.2.11. The tropical linear space of a matroid M is the union
of those cones of the outer normal fan of Py for which My has no loops:

trop(M) = {w € R""/R1 : the matroid My, has no loops }.

Here, a loop of a matroid is a circuit C' = {e} of size one.
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Proof. A vector w lies in trop(M) if and only if the minimum min;ec w; is
achieved at least twice for all circuits of M. This occurs if and only if all
circuits of My, have size at least two, which means that M, has no loops. [J

The subfan described in Proposition is the fan structure on
trop(M) specified by the distinct initial matroids My,. This fan is called the
Bergman fan of the matroid M. See [AKO06, [F'S05|] for details. We note
that the Bergman fan is the coarsest possible fan structure on trop(M).
This follows from its representation as a subfan in the normal fan of the
polytope Py;. Write p(M) = d + 1. The d-dimensional Bergman fan is the
fan over a (d — 1)-dimensional subcomplex in the boundary of the polytope
dual to Pys. This polyhedral complex is the Bergman complex of M. It is
triangulated by the order complex Aj;.

The following characterization of the polytopes Py; due to Gel’fand et
al. [GGMSR8T] can be used as yet another axiom system to define matroids.
It will be useful when we revisit tropical linear spaces in Section (.41

Theorem 4.2.12. A polytope P with vertices in {0,1}"*! is a matroid
polytope if and only if every edge of P is parallel to e; — e; for some i, j.

Proof. The “only-if” direction follows from Proposition The point
is that every edge of Pps is itself a matroid polytope. Such an edge is
the convex hull of two vertices, ep and eps, and the basis exchange axiom
(Definition [.2.7]) implies that B and B’ differ in precisely one element.

For the “if” direction, let P be any polytope with vertices in {0,1}"+!
such that each edge is a translate of some e; —e;. Let B be the collection of
subsets o of E = {0, ...,n} such that e, is a vertex of P. We must verify the
basis exchange axiom: given any two distinct vertices e, and e, of P, we
must identify a vertex of the form e\ (;1)uf;) With j € o' for any i € o. Our
hypothesis ensures that o and ¢’ have the same cardinality r, so o’\o # 0.
Define a linear functional ¢ : R"*1 — R by ¢(x) = r Y jeono Tt Djeo Tj-
The polytope @ = {x € P : ¢(x) > r} contains both vertices e, and e,.
Note that for any w, if faceyw (P) C @, then facew (P) = facew(Q). Thus if
v, Vv’ are two vertices of P contained in () that are connected by an edge in
P, then they are also connected by an edge in ). Let v be a vertex of the
face of P maximizing ¢(x), which is contained in @ by construction. There
are paths from both e, and e, to v along edges of P for which ¢ increases,
so these are also edges of (). This follows, for example, from the simplex
algorithm for linear programming. This means that there is a path from e,
to e, along edges of P that lie in ). Suppose the first step of this path goes
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to e(U\{l})U{k}. If & ¢ J/, then ¢(e(a\{l})u{k}) =T — 1, SO e(g\{l})u{k} does
not lie in Q. Hence we must have k € ¢’. This completes the proof.

We finish the section with some examples of linear spaces trop(M).

Example 4.2.13 (Uniform matroids). Suppose that all maximal minors of
the matrices A and B in Section E] are nonzero. This holds for generic
subspaces X. The corresponding matroid is the wniform matroid M =
Ud+1n+1, whose bases are all subsets of {0,1,...,n} of size d + 1. The
circuits of Ugq1 41 are all subsets of size d + 2. The tropical linear space
trop(Ug41n+1) is the union of all orthants spanned by any d of the unit
vectors ey, ...,e, in R"™1/R1. This is the Bergman fan on trop(M). In
the finer fan structure of Theorem F.2.0, each orthant is subdivided. The
new ray in the relative interior of a cone pos(e; : i € 7) is generated by
> icr €. Here 7 C {0,...,n} has size at most d. The Bergman complex is
the (d — 1)-skeleton of the n-simplex, while the order complex of M is the
barycentric subdivision of the Bergman complex. The matroid polytope of
Ugt1,n+1 is the hypersimplex Agi1 n41, which is the convex hull of all vectors
> icr € € R™ as 7 ranges over subsets of {0,...,n} of size d + 1. O

Example 4.2.14 (Graphic matroids). Let G be a connected graph with d
vertices and n+1 edges. We associate to G a graphic matroid Mg as follows.
The ground set E of Mg is the set of edges of G. The circuits of Mg are
the edges appearing in a circuit of G. This is a closed path in GG that does
not revisit vertices. An independent set of M is a collection of edges of G
that do not contain any circuits, so the corresponding subgraph of G is a
forest. A basis of Mg is thus the edges in a spanning tree of G, so the rank
p(Mg) of Mg is d — 1. This is one fewer than the number of vertices of G.

This matroid is realizable for any graph G. Choose an (arbitrary) ori-
entation on each edge of G. The associated (d — 2)-dimensional linear space
X CT" has the parametric representation z;; = t; —t; for all directed edges
(,7). The set B of Section Bl consists of the vectors b;; = e; — e, so the
matrix B is the vertex-edge incidence matrix of G. Note that while this
matrix B has d rows, it has rank d — 1, so trop(X) is a (d — 2)-dimensional
fan in R"*!/R1. The circuits of this linear space are precisely the circuits
of Mg, and these do not depend on the choice of orientation of the edges.

An important special case is when G is the complete graph K;. The
tropical variety trop(Mp,) is a fan in R(2) /R1. The smallest circuits have
size three, and these form a tropical basis for trop(M,). This follows from
the fact that every circuit in K of size [ > 3 can be split, using a chord, into
a circuit of length 3 and one of length [ — 1. The condition that the mini-
mum of the set {w;;, wi,w;,} is achieved at least twice translates into the

requirement that w;; > min{w;, w;;} for all ¢, j, k (including permutations
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4
3
Figure 4.2.1. The lines of the Fano plane.

of the 7, j, k). Up to a global sign change, these are precisely the ultrametrics
on a set with d elements. The cones of the Bergman fan of M, are indexed
by rooted trees with d labeled leaves, and these correspond to unrooted trees
with d + 1 labeled leaves. This identifies the combinatorics of trop(Mg,)
with that of the tropical Grassmannian trop(G(2,d+ 1)) studied in the next
section. See Lemma for the precise connection. O

Example 4.2.15 (The Fano plane). The Fano matroid M is defined by the
projective plane P? over the field Fy. It has p(M) = 3 and E = {0,1,...,6}.
One realization takes the vectors b; € B to be the seven nonzero vectors in
F3, or equivalently the points of IPIQFQ. This matroid M has 14 circuits, seven
of size three and seven of size four. The 3-element circuits of M are labeled

(4.2.1) 012, 036, 045, 135, 146, 234, 256.

The 4-element circuits are the complements of these. See Figure .21

The simplicial complex Aj; is one dimensional: it is a bipartite graph
with 14 vertices and 21 edges. The vertices are the points 0,1,...,6 and
the seven triples in (£21). There is an edge from ¢ to each triple that
contains it. This matroid can be realized over a field K only if the char-
acteristic of K equals 2. Thus, if char(K) # 2, then the tropical linear
space trop(M) is not a tropicalized linear space. There are many other
tropical linear spaces that are not tropicalized linear spaces over any field.
See Exercise [7)(14). O

The tropical linear spaces introduced in this section are fundamental
objects that can be used to prove purely combinatorial results in matroid
theory. One example is the log-concavity theorem in [HK12b].
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4.3. Grassmannians

Moduli spaces are fundamental objects in algebraic geometry. These spaces
parameterize families of varieties. Each point in a moduli space corresponds
to a different algebraic variety in the family of interest. The study of moduli
spaces is also an important research direction in tropical algebraic geometry.

In this section we study a basic case, namely, the family of r-dimensional
subspaces of the vector space K™. This family is parameterized by the
Grassmannian G(r,m), which is a smooth projective variety of dimension
r(m — r). An r-dimensional linear subspace of K™ defines an (r — 1)-
dimensional subspace of IF’?_I. The Grassmannian G(r, m) thus also param-
eterizes (r — 1)-dimensional subspaces of P™~!. This is sometimes denoted
by G(r —1,m — 1), but we stick to the notation G(r, m) in this book. Note
that we made the shift r = d 4+ 1 and m = n + 1 from Sections [.J] and

In Section we realized the Grassmannian G(r,m) as a subvariety of
P(*)=L. Elements of P(*)~! are represented by vectors p in K ~) whose
coordinates pr are indexed by subsets I of [m] = {1,2,...,m} with |I| =r.

The Grassmannian G(r,m) is the variety defined by the prime ideal
Lm = (Pry : LJCm], | =r—1,J|=r+1) C Klpi,

whose generators are the quadratic Pliicker relations

Pra = Y sen(j;1,J) - pioj - po-
jeJ

Here, [J\I| > 3, and sgn(j;I,J) equals (—1), where ¢ is the number of
elements j' € J with j < j/ plus the number of elements ¢ € I with 7 > j.

As always, we focus on the open variety G°(r,m) = G(r,m) N (7)1
that is obtained by removing the coordinate hyperplanes in P(")=1. The

torus (7)1 is the set of points p in p(7)-1 with nonzero coordinates py.

We shall study the tropicalization of G°(r, m) = G(r, m)ﬂT( )=1. Since
dim(G%(r,m)) = dim(G(r,m)) = r(m —r),
Theorem implies that the tropical Grassmannian trop(G°(r,m)) is a

pure r(m — r)-dimensional rational polyhedral fan in R(7)-! = R(7) /R1.
The Pliicker ideal I, ,, is homogeneous with respect to the Z™-grading

deg(pr) = > ;c;€i € Z™. Hence the lift of trop(G°(r,m)) to R(7) has

an m-dimensional lineality space L, namely the image of the linear map

m
T

R™ — R( ), (Upy ooy Up) > (Eie[ ul) (- That image equals

Ie
L = span(Zejzlgigm) C R(T).
Iiel
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This gives an (m — 1)-dimensional lineality space for trop(G°(r,m)), since
1 € L. Geometrically, this lineality space comes from the torus action on
G(r,m) induced from the (m — 1)-dimensional torus action on P!, where
we view G(r,m) as parameterizing (r — 1)-planes in P™~1.

Example 4.3.1. In Example 22TT] we saw that the Grassmannian G(2,4)
is the hypersurface in P° defined by the equation p1op34—pi13p2a+p1apa3. The
tropical Grassmannian trop(G®(2,4)) is the tropical hypersurface in RS /R1
defined by this polynomial. The lineality space of this hypersurface is

L = span(ez +e13+ ey, €12+ €23 + €24, €13 + €23 + €34, €14 + €24 + €34).
The Grassmannian trop(G°(2,4)) has three maximal cones:
L + pos(eija+esa), L + pos(e13+eaq), and L + pos(ezs+ei14).

We can identify R%/L with R? by sending ej2, e34 to (1,0), e13,e24 to (0,1),
and eq4,e23 to (—1,—1). The image of trop(G"(2,4)) in R? is the standard
tropical line of Figure B.111 O

Example 4.3.2. The tropical Grassmannian trop(G°(2,5)) is a fan of di-
mension 6 in R’ /R1. Its image modulo the lineality space L ~ R* is two-
dimensional in R® ~ R!%/L. That fan has 10 rays and 15 two-dimensional
cones. The symmetric group S5 acts naturally on these. Combinatorially,
trop(G°(2,5)) is the Petersen graph, shown in Figures EET.4] and This
coincidence is not an accident, as we shall see in Lemma [£3.9 O

In this section we first focus on the case r = 2. The tropical Grassman-
nian trop(G°(2,m)) has an important connection to evolutionary biology
[PS05] §4]. We then highlight some of the phenomena that make the cases
r > 2 more difficult, and we finish in Theorem E.3.17 by explaining how the
role of the Grassmannian as a moduli space extends to the tropical world.

A phylogenetic tree is a tree with m labeled leaves and no vertices of
degree 2. These arise in biology, where the labels represent different taxa
(e.g., species or DNA sequences), and the tree structure records their evolu-
tionary history. This connection is discussed in detail in §3.5]. See
Figure [£.3.1] for phylogenetic trees with four and seven leaves, respectively.
The m edges adjacent to the leaves of a tree 7 are the pendant edges of 7.
Definition 4.3.3. A tree distance is a vector d = (d;;) € R(%) constructed
as follows. Let 7 be a phylogenetic tree. Assign a length /. € R to each
edge e of 7. Between any two leaves ¢ and j of 7 there is a unique path in
7. We define the distance d;; between leaves 7 and j as the sum of all edge
lengths (. along this path. The resulting vector d = (d;;) € R(%) is called
a tree distance. When all the ¢, are nonnegative, a tree distance specifies
a finite metric on the set [m] = {1,...,m}. Finite metric spaces that arise
from such a metric tree 7 are called tree metrics.
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Figure 4.3.1. Some phylogenetic trees.

Definition 4.3.4. Let A denote the set of all tree distances in R(3). This
set is known as the space of phylogenetic trees.

Adding the vector A juji €ij to a tree distance d corresponds to adding
the constant A to the length of the ith pendant edge of the tree 7. This shows
that d + /\Zj:j#i e; € Aforalld € Aandall 1 <7 < m. We conclude
that the subspace L is contained in the lineality space of A:

(4.3.1) A+L=A.
We thus view A as a subset of R(ZL)/L. Our aim is to prove

Theorem 4.3.5. Up to sign, the tropicalization of the open Grassmannian
GY(2,m) coincides with the space of phylogenetic trees. In symbols,

(4.3.2) trop(G°(2,m)) = —A.

Our proof of Theorem proceeds in three steps. We first prove the
inclusion C in ([A32]). Thereafter, we give two derivations of the inclusion
D. These will illustrate the two views on tropical varieties unified in the
Fundamental Theorem

We begin with the four-point condition which characterizes membership
in tree space A. Its proof uses the notion of a quartet, which for any tree 7
is the smallest subtree containing four leaves ¢, j, k,[. This subtree contains
exactly one internal (nonpendant) edge. We say that i is adjacent to j if
the unique path from ¢ to j in this subtree does not use the internal edge.
We denote the quartet by (ij; kl) if i is adjacent to j and k is adjacent to .

Lemma 4.3.6 (Four-point condition). A metric d on the set [m] is a tree
metric if and only if for any four elements u,v,xz,y € [m] the mazimum of
the three numbers dyy+dgy, dyz+dyy, and dyy+dy, is attained at least twice.
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Figure 4.3.2. The space of phylogenetic trees for m = 5.

Proof. The proof is borrowed from §2.4]. Suppose d equals the
metric d; defined by a tree 7 on [m]. Then for any quartet (uv;zy) of T,

(4.3.3) Ay +dpy < dyp +dpy = duy + dyg.

Hence the “only if” direction in Lemma [4.3.6] holds.

We prove the “if” direction by induction on the number m of leaves.
The result holds trivially for m = 3. Suppose that m > 4 and Lemma [£3.0]
holds for all metric spaces with fewer than m elements. Let d be a metric
on [m] ={1,2,...,m} which satisfies the four-point condition.

Choose a triple 4, j, k that maximizes d;; + d;r — d;j. By the induction
hypothesis there is a tree 7/ on [m]\i that realizes d restricted to [m]\i.
Let A be the length of the edge e of 7/ adjacent to j. We subdivide e by
attaching the leaf ¢ next to the leaf j. The edge adjacent to i is assigned
length \; = (dij + dir, — dji;)/2, the edge adjacent to j is assigned length
Aj = (dij + dji, — d;1)/2, and the remaining part of e is assigned length
A—2Aj. We claim that the resulting tree 7 has nonnegative edge weights, and
it satisfies d = d,. By construction, d and d, agree on all pairs =,y € [m]\i.

Let [ be any leaf of 7/ other than i, j, k. Our choice of the triple i, j, k
implies that di, +d;x —di; > dp+dip, —dy and dig +djp —diy > dy+djr—dj.
The four-point condition in our hypothesis then gives

dij +diy < dig +dji = dy + djg.
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Since d is a metric, we have \; > 0 and A\; > 0. To see that A\ — A; is
nonnegative, we fix a leaf [ # j, k of 7/. Then X = (d; + dj; — d1)/2, so

A=A = (dik—l-djl—dij—dkl)/Q > 0.

Thus our tree 7 has nonnegative edge weights. We have (d,);j = A\i+\; = d;;
and (df)il = (dr)jl — )\j + AN = djl + d;p — djk = dy for l #1. |

Remark 4.3.7. Lemma[Z3.0implies that if d is a tree distance, then d+ A1
is a tree metric for A > 0. Indeed, any tree distance satisfies the four-point
condition, and this is preserved by adding multiples of 1. For A > 0, the
vector d + A1 has all entries positive, and satisfies the triangle inequality, so
is a metric. Lemma 3.0 then implies that d + A1 is a tree metric.

Note that 1 =1/(m—1)(3 1" >_,4; €ij), so from the distances /. giving
the tree metric d + A1 we can recover distances £, giving d by subtracting
A/(m —1) from each pendant edge. We may thus assume that the distances
L. defining a tree distance are nonnegative except on the pendant edges.

The proof above furnishes an algorithm whose input is a metric d sat-
isfying the four-point condition and whose output is the unique metric tree
7 with d; = d. Another method for this is the neighbor-joining algorithm
Algorithm 2.41] from computational biology. The lengths of the in-
terior edges of 7 can be expressed as linear functions of d. For small values
of m, it is instructive to derive the formulas for the edge lengths explicitly.

Example 4.3.8. Let m = 4, and let d € RS be a metric on the set {1,2,3,4}
that satisfies the four-point condition. Then, after relabeling, we have

d13 +doy = doz + d1g > di2 + d3y.
The corresponding tree 7 is depicted in Figure Its edge lengths are
= (di3 + d12 — d23) /2,
= (di2 + d23 — di13)/2,
= (dig+doz — d12 — d34) /2,

= (di13 + d3a — d14)/2,
= (d1g + d3q — d13)/2.

Indeed, this is the unique solution to the system of linear equations

(4.3.4)

a2 ™o

Oé+,8:d12, Oé+")/+(5:d13, Oé+’}’+6:d14,
B+y+06=d, [+7+e=doy, d+€=ds,
modulo the hypothesis dis+dog = dog+di4. We invite the reader to perform

the analogous calculation for the tree on the right in Figure 3.1l What are
the expressions for the 11 edge lengths in terms of the 21 distances d;;? ¢

The four-point condition suffices to prove one inclusion.
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Figure 4.3.3. A trivalent tree with four leaves has five edges.

Proof of C in Theorem 3.5 Fix a point u in trop(G°(2,m)). Set
d = —u. After adding the positive vector A1 € L for A > 0, we may
assume that d is a metric. By the Fundamental Theorem B.2.3] there is
a classical point p € G°(2,m) with u = val(p). Its coordinates satisfy
uij = val(p;j) = —d;j. Consider any quadruple i, j,k,l € [m]. The Pliicker
relation p;;pr—pikpji+papjr = 0 shows that min(wu;; 4w, wik +wji, wig+ujk)
is attained at least twice, so max(d;; 4 dp, dix, + dji, dy + dji) is attained at

least twice. Lemma [4.3.6] implies d € A. Hence u € —A. (I
An ultrametricon [m] = {1,...,m} is a metric d such that the maximum

of d;j, d;i, dji is attained at least twice for any 4, j, k € [m|. Every ultrametric
satisfies the four-point condition and is hence a tree metric. In fact, for an
ultrametric, the corresponding phylogenetic tree is rooted and all leaves have
the same distance to the root. Such trees are also known as equidistant trees.
The matroid My, associated to the complete graph K, in Example [£.2.14]
has ground set £ = {{i,j} : 1 <i < j < m} and a tropical basis given by
the set of triangles in K,,. A vector d € R(2)~! lies in trop(Mk,,) if and
only if min(d,j, di, dji) is attained at least twice for all 1 <i < j <k < m.
This shows that if d € R(%) is an ultrametric, then —d € trop(Mk,, ). We
now see a connection between ultrametrics and tree distances.

Lemma 4.3.9. Fvery tree distance is an ultrametric plus a vector in the
lineality space. Thus, the space of phylogenetic trees has the decomposition

A = —trop(Mkg,,) + L.

Proof. If —d € trop(Mk,, ), then max(d;j, dix, dji) is achieved at least twice
for all ¢, j, k. Thus for A > 0 the vector —d 4+ A1 is an ultrametric, hence a
tree metric, and therefore lies in A. The inclusion D then follows from the
equality A + L = A of (#31]). For the inclusion C, consider an arbitrary
tree distance d = d,. Fix a root p anywhere on the tree 7, and write d;,
for the distance from leaf 7 to p on 7. Fix R > 0 with R > d;, all i. Let
r=>" (R—dip) >, ej € L. The metric r+d is an ultrametric because
every leaf has distance R from the root p. It thus lies in —trop(Mk,,). O
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Toward the end of Section 2.1 we remarked that valued fields K are
ultrametric spaces. We refer to [Hol01] for a delightful introduction to @,
from this perspective. In proving Theorem we may assume that the
field K is algebraically closed, by Theorem B.2.4l so its value group I'y is
dense in R. Any subset of m scalars in K defines an ultrametric on [m] with
coordinates in I'y,;. In our next proof we shall derive the converse.

First proof of O in Theorem [4.3.5l Fix d € A. Our goal is to show
that —d € trop(GY(2,m)). Since the I'yy-valued points are dense in both
polyhedral spaces, we may assume that all coordinates of d lie in I'y,;;. By
Lemma [£.3.9] we may assume that d is an ultrametric. We shall construct
scalars ui, us, ..., uy € K such that d;; = —val(u; — u;) for all 7, 5. We use
induction on m. The base case m = 2 is trivial since dig € I'y,1.

Let R = max;;(d;;). There is a unique partition of [m| such that d;; =
R, when i and j lie in different blocks of that partition, and d;; < R, when i
and j lie in the same block. This follows from the ultrametric property. Sup-
pose there are r blocks. By induction on m, for each block o = {iy,...,ip}
there are scalars b;,,...,b;, € K, one of them zero, such that d;; =
—val(b;, — b;,) < R. We now pick arbitrary scalars aj,as,...,a, € K,
one for each block, such that val(a;) = val(a; — a;) = —R for all distinct
1,7. This is possible because K is algebraically closed, so the residue field
k is infinite. We define v; = a, + b; whenever ¢ € 0. The desired scalars
UL, ..., Uy € K are u; = v; — v1. Indeed, if 4, j live in the same block, then
Val(ui — Uj) = Val(’l}i — ’Uj) = Val(ao +b;, —ay — bj) = val(bi — bj) = —dij. If
i €0,j€od, thenval(u;—u;) = val(v;—v;) = val((ay—a,)+(b;—bj)) = =R
since val(b; — bj) < —R. Now consider the plane spanned by (1,...,1) and
(u1,...,upy) in K™ The corresponding point in the Grassmannian G(2,m)
has Pliicker coordinates u;—u;. Hence d = (d;;) lies in — trop(G°(2,m)). O

The proof above highlights part ([3]) of the Fundamental Theorem [3.2.3]
It explicitly constructs a 2 x m-matrix U = (ul1 u12 o ulm) over K whose
2 x 2-minors have the prescribed valuations. Our second proof will highlight

part (2)) of the Fundamental Theorem [3.2.3

We first describe the combinatorics of the space of phylogenetic trees.
Consider a tree 7 on [m] with e interior edges. Each edge corresponds to
a split {I, ¢} of the leaf set [m] into two nonempty subsets. We write C;
for the cone of all tree metrics on 7, where interior edges have nonnegative
weights, but the weights on the m pendant edges adjacent to leaves are
allowed to be negative. Then we have C; ~ RS, x R™. If we assign weight
1 to one edge and weight 0 to all other edges, then this determines the split

. I’IC _ . . . . .
metric e = ic I.jere €ij- The split metrics are linearly independent, and
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they generate the cone C;. In symbols,
C, = pos(el’: I is a split of 7) x R™.

If 7 is the star tree with exactly one interior node, then Cg. = L is the
lineality space of A. For all other trees 7, we have C. N (—C;) = L.

The tree 7 is trivalent if each interior node has exactly three neighbors.
A trivalent tree on [m] has 2m — 3 edges. Each cone C} is contained in
the (2m — 4)-dimensional cone C; of some trivalent tree 7. The drop in
dimension occurs because C; lives in R(’g) /R1. By induction on m, we can
see that the number of trivalent trees on [m] equals

2m =5 = 2m—=5)2m —7)---(5)(3)(1).
Our combinatorial discussion implies the following result.

Proposition 4.3.10. The space A of phylogenetic trees is the union of the
(2m—5)!! polyhedral cones Cr, each of which is isomorphic to R’go_g x R,

For m = 5, tree space A has 15 maximal cones ]RQZO x R, corresponding
to the edges of the Petersen graph (Figure L.3.2)). Here is our second proof.

Second proof of O in Theorem [4.3.5l Let 7 be any trivalent tree on
[m]. By Proposition L3I0, it suffices to show the inclusion —C, C
trop(G°(2,m)). Since both sets are symmetric under permutation of in-
dices, we may assume that 7 is drawn in the plane with the leaf-vertices
lying on a circle and labeled 1,2, ..., m in circular order. The ideal I3, is
generated by the quadrics

(4.3.5) PikPji — PijPkl — Papjr  for 1 <i<j <k <l<m.

We will show that these (T) quadrics form a Grobner basis for I ,,, with
respect to any weight vector —d with d the relative interior of C.. We first
show that they form a Grobner basis for I5 ,,, with the underlined monomials
as initial forms. These monomials are indexed by crossing diagonals in the
m-gon. Set the weight of p;; to be the Euclidean distance between the leaf-
vertices ¢ and j of 7. By the triangle inequality, the monomials indexed
by the crossing diagonals are the highest weight monomials in the quadrics
(F30) with respect to these weights. Let < be any monomial term order that
refines this weight order. We argue that the S-pair for any two trinomials
(#33) reduces to zero. If the leading monomials are relatively prime, then
this is automatic by Buchberger’s criterion [CLOOT, §2.9]. Otherwise, the
total number of distinct indices is at most six. Hence it suffices to check the
Grobner basis property for m < 6. This is done by a direct computation.
Thus the crossing-diagonal monomials generate an initial ideal of Io .
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Let d be in the relative interior of C;. The initial form of ([A3.5]) with re-
spect to —d is the binomial p;ip;i —pijpri, where {{4,1}, {j, k}} is the split of
the subtree of 7 induced on %, j, k,l. The fact that the underlined monomial
is part of this binomial is a consequence of our choice of 7 being drawn on the
circle. The initial ideal in(in_q(2,y)) thus contains the crossing-diagonal
monomials. It has the same Hilbert function as I, by Corollary [24.9] and
hence these binomials form a Grébner basis of in_q(/2,,). This means that,
in particular, in_q(/2,,) is generated by the binomials p;rp;i — pijpr. The

point (1,...,1) € (]k*)(gl) lies in V (pixpji —pijpr) for all 4, j, k, 1. This means
that in_q(I2,m) # (1), and we conclude —d € trop(G°(2,m)). O

Remark 4.3.11. This second proof also lets us compute the multiplicities
on the maximal cones C; of trop(G°(2,m)). Indeed, we claim that the initial
ideal in_g(/2,m) generated by the binomials p;rpj; — pijpr is prime, so all
multiplicities are one. It is radical because it has a square-free initial ideal.
To see that in_q([2,,) is prime, we write it as the kernel of a monomial
map fr from Kp;; : 1 < i < j < m] to the auxiliary polynomial ring
K|z : e edge of 7]. The map takes p;; to the product of all variables z.
where e runs over all edges on the path from leaf 7 to leaf j. A monomial is
crossing-free if it is not divisible by any underlined p-monomial. The images
of the crossing-free monomials under the map pu, are distinct. This implies
that the binomials p;xpji — pijpr form a Grébner basis for ker(u,), and
hence for in_g(f2,,). See [Stu96l Chapter 4] for details of such arguments.

We summarize our results on the Grassmannian G(2,m) in a corollary:

Corollary 4.3.12. The tropical Grassmannian trop(G°(2,m)) is the sup-
port of a pure (2m — 4)-dimensional fan with (2m — 5)!! maximal cones.
These cones are L — C, where T runs over trivalent trees. All multiplicities
are one. The (T) Pliicker relations ([£3.0) are a tropical basis of I3 p,.

Proof. The first assertion is Theorem and Proposition The
multiplicity of each maximal cone is one by Remark 3111 The four-
point condition (Lemma[L.3.0) ensures that the three-term Pliicker relations
#30) are a tropical basis for the Pliicker ideal I3 . O

Remark 4.3.13. In [BHV01] Billera, Holmes, and Vogtmann analyze the
tree space A from the perspective of metric geometry. They endow A with
an intrinsic metric that differs from the extrinsic metric coming from our
ambient R(2). Tn their metric, neighboring cones C; and C,/ always meet
at right angles. This implies a strong curvature property known as CAT(0).

The tropical Grassmannian trop(G(r,m)) is much more complicated for
r > 2 than it is for » = 2. The following examples will give us a glimpse of
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this. Example 314 shows that trop(GY(3,m)) can depend on the residue
characteristic of K, while Example [£.3.15] shows that there is no canonical
simplicial fan structure on trop(G®(3,m)) that is as nice as Corollary EE3.12]

Example 4.3.14. Let r = 3 and m = 7, and consider the weight vector

W = €124 + €235 + €346 1+ €457 + €156 + €267 1+ €137.

This is the incidence vector for the lines in the Fano plane; see Exam-
ple and (5.3.6). In characteristic zero, the reduced Grobner basis for
the Pliicker ideal I3 7 with respect to the reverse lexicographic refinement of
w consists of 140 quadrics, 52 cubics, and 4 quartics. One of the 52 cubics is

[ = 2p123D467P567 — D367P567P124 — P167P467P235 — P127DP567P346 — P126D367P457
— P237P467P156 T P134D567P267 + D246P567P137 + P136P267P457-

The variables with nonzero weight are underlined. The initial term of f is
inw (f) = 2p123pa67P567. This is a monomial, provided 2 # 0, so the image of
I3 7 in ]k[pli],ﬁ] is the unit ideal. Thus w ¢ trop(G°(3,7)) when char(k) # 2.
When k has characteristic 2, the initial form iny(f) is not a monomial, and,
in fact, the initial ideal iny (/) does not contain any monomial. This can
be checked for k = Fs using a computer algebra system such as Macaulay?2
[M2]; see Exercise 27)(20). Since Grobner algorithms never leave the field
of definition, this shows it for all residue fields of characteristic two.

Now change the weight vector to w = w—ej94 = es35+e345+es57+es56+
egs7 + €137. Then iny/(f) is a monomial if char(K) = 2. In characteristic
zero, iny (1) does not contain a monomial, and we have w’ € trop(G°(3,7))
and w ¢ trop(GY(3,7)). It suffices to check this via computer over Q. In
characteristic two, we have w € trop(G°(3,7)) but w’ & trop(G°(3,7)). ¢

Example 4.3.15. The tropical Grassmannian trop(G(2,m)) is the fan over
a simplicial complex 3, that is a flag complex. This means that the minimal
nonfaces of ¥,, have cardinality two. The vertices of ¥, are the 2™ —m — 1
splits, and the edges are pairs of compatible splits {I, I¢} and {J, J¢}. Here
compatible means INJ =@ or INJ =0 or I°NJ = () or I°NJ° = (). Facets
of 3, are pairwise compatible collections of splits. The simplicial complex
Y.m has dimension m — 4. For instance, for m = 5 it is the Petersen graph.
For m = 6 it has 25 vertices, 105 edges, and 105 triangles. For m = 7 it has
56 vertices, 490 edges, 1260 triangles, and 945 tetrahedra.

No analogous flag simplicial complex exists for » > 3. Consider the
case 1 = 3,m = 6. The tropical Grassmannian trop(G°(3,6)) is a nine-

dimensional fan in R() /R1. It has a unique coarsest fan structure. Mod-
ulo the lineality space, this is the fan over a three-dimensional polyhedral
complex having 65 vertices, 535 edges, 1350 triangles, and 1005 facets. A
classification of the facets is provided in Example Of the facets,
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990 are tetrahedra but 15 are bipyramids. These bipyramids show that
trop(GY(3,6)) does not have a canonical structures as a (flag) simplicial
complex. For more detailed combinatorial information, see Figure [5.4.T] and

Table 5.4.1] in Section [5.41 O

The Grassmannian is the first nontrivial instance of a parameter space or
moduli space in algebraic geometry. Points of G(r,m) are in bijection with
r-dimensional subspaces of K™, or equivalently with (r — 1)-planes in P
This bijection can be expressed as follows in terms of Pliicker coordinates.

Let p € G(r,m). Any index set I = {i1,...,i,41} specifies a linear form

r+1

(4.3.6) D (=1 pp, - @iy

Jj=1

These linear forms were already seen in ([L1.2). We call these the circuits of
p- The subspace corresponding to p is the common zero set of all circuits.
Conversely, given any r-dimensional subspace of K™, represented as the row
space of an 7 X m-matrix B with entries in K and linearly independent rows,
we can recover p up to scaling as the vector of maximal minors of B.

The open subset GY(r, m) parameterizes subspaces whose Pliicker coor-
dinates are all nonzero. We call such a subspace uniform because the cor-
responding rank r matroid on [m] is the uniform matroid (Example .2.13)).
The following lemma underscores the importance of circuits for our study:

Lemma 4.3.16. The circuits (£3.9) of any linear subspace in K™ form a
tropical basis for the ideal of linear forms they generate.

In the special case when the valuation on the field K is trivial, Lemma
was already established in Proposition The proof for arbitrary
valued fields K will be given after Theorem [LZ35 The result of Lemma
will be used for uniform linear spaces in the proof of Theorem 317

The correspondence between linear subspaces and points on the Grass-
mannian is also true in the tropical world. If X is a uniform linear subspace
of T™, then its tropicalization trop(X) is a uniform tropicalized linear space,
or a uniform tropicalized (r — 1)-plane, provided dim(X) = r — 1 as before.

Theorem 4.3.17. The bijection between the Grassmannian G(r,m) and the

set of r-dimensional subspaces of K™ induces a bijection w — Ly, between
m™)—1

trop(G°(r,m)) ﬂF\(,arl) and the set of uniform tropicalized (r — 1)-planes in

R™/R1.

Proof. We begin by describing the map w +— Ly,. We denote by w; the
coordinates on R(T)/Rl, where J is a subset of {1,...,m} of size r. For
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any I C {1,...,m} of size r + 1, we consider the tropical linear form
(4.3.7) Fr(u) = iee?w[\{i} Qu; = riréi}l(wl\{i} + u;).

Let Ly be the intersection of the tropical hyperplanes in R™/R1 defined by
the expressions F7 as I varies over all subsets of {1,...,m} of size r + 1.

We claim that w — Ly, is a bijection between trop(G°(r,m)) and the set
of uniform tropicalized (r — 1)-planes in R™/R1. Indeed, let p € G°(r,m)
with w = val(p), and let X be the linear subspace of 7" defined by p. Since
the circuits form a tropical basis (by Lemmal[L316]), we have Ly = trop(X).
Hence w +— Ly maps onto the set of uniform tropicalized (r — 1)-planes.

It remains to be shown that the map w — Ly, is injective. We do this by
constructing the inverse map. Suppose we are given the tropical plane Ly,
as a subset of R™/R1. We need to reconstruct w as an element of R(7) /R1.
Equivalently, for any (r — 1)-subset J of [m] and any pair k,¢ € [m]\J, we
need to derive the real number wy sy — wyyqpy directly from the set L.
This is equivalent because the graph that has as vertices the subsets of [m] of
size r and an edge connecting J’ and J” if J'NJ” has size r — 1 is connected.

Fix a large positive number C' > 0 that lies in the value group I'y,.
Pick ¢ € K with val(c) = C. Let X C K™ be any classical linear space with
trop(X) = Lw. Note that all Pliicker coordinates pe of X are nonzero.

Consider any J and k, ¢ as above. The linear space X contains a unique
point x = (z1,...,&y) satisfying x; = 1 and z; = ¢ for j € J. From the
circuit ([43.6) for I = J U {k, ¢}, we obtain an identity in K of the form

(4.3.8) T piogry £ Poog + Yt Py = 0.
jeJ
Consider the vector u = val(x) in Ly,. It satisfies u;, = 0 and u; = C for

j € J. Since C' = val(c) is much larger than any of the coordinates of w,
the first two terms of the identity (A3.8]) must have the same valuation:

Wyufey — Wyu{ky = U

This shows that w can be recovered from the point u, as required. O

Remark 4.3.18. A tropicalized linear space Ly, is uniform if and only if its
recession fan (Theorem [3.5.0)) is the Bergman fan trop(U,.,,) of the uniform
matroid (Example 2ZI3). The (,,) special points u we constructed in the

proof above correspond to the (TT ) maximal cones of trop(Uy. ).

1
Theorem [L.3.T7 characterizes a tropical variety in (]R(T) /R1)x(R™/R1).
Its points are the pairs (w,u) where u € Ly,. That tropical variety is the

universal family over the tropical Grassmannian trop(G°(r,m)). A tropical



182 4. Tropical Rain Forest

basis for the universal family of r-planes is given by any tropical basis for
G"(r,m) together with the (,'')) bilinear polynomials in [@36). Indeed,
these circuits yield the tropical circuits Fy in ([{3.7) which cut out Ly,.

Example 4.3.19. Let 7=2, m=4. The universal family over trop(G°(2,4))
is a five-dimensional tropical variety with a three-dimensional lineality space
that lives in the eight-dimensional ambient space (R%/R1) x (R*/R1). It is
cut out by the five tropical polynomials

wi2 © w34 B w1z © wog D wig © was,
woz ®ur P wizg O uz & w2 O ug,
(4.3.9) w4 O up D wig Our O w2 O ug,
w34 ©up B wig ©ug b wiz O ug,
w34 O Uz D woy ®us D woz ® ug.

The fibers over the three maximal cones of trop(G°(2,4)) are balanced trees
in R*/R1 that represent the various lines in P3.. Here are the three cases:

e The tree over {wio+wss = wizt+was < wigt+was} consists of the
segment from Py = (w13 + W14, W13 + W4, W13 + W34, W14 + ’U)34)
to Pa3 = (w13 +waa, wa3 + wag, wa3 + w34, was +wss) together with
the four rays Piq+ Rzoel, Piy+ R20e4, Pys+ Rzoeg, Pys+ Rzoe?).

e The tree over {wia4wss = wigtwaz < wiz+was} consists of the
segment from Pj3 = (w13 + wig, W14 + w3, W13 + W34, W14 + W34)
to Py = (w14 +wa3, wa3 + waa, wa3 + ws4, was +wss) together with
the four rays Pi3+R>pe1, P13+ Rx>pes, Pos +R>pez, Pos+R>peq.

e The tree over {wis+was = wigtwaz < wistwss} consists of the
segment from Pp = (w12 + w14, w12 + wag, w14 + W23, W14 + W24)
to P3y = (w14 + wa3, wag + wa4, wo3 + w34, was +ws4) together with
the four rays Pis +R>peq, P2 +Rx>peq, P3s+R>pes, P3gs+R>peq.

Our universal family is a quotient of the six-dimensional tropical Grass-
mannian trop(G%(2, 5)), which is represented by the Petersen graph in Fig-
ure Combinatorially, the map onto trop(G°(2, 4)) deletes the pendant
edge labeled 5 in each of the 15 trivalent trees on {1,2,...,5}. Algebraically,
this can be seen by replacing u; with w;s. The resulting expressions in (£3.9])
are the tropicalizations of the five Pliicker trinomials that generate Is5. ¢

4.4. Linear Spaces

In this section we finally define tropical linear spaces. To do this, we intro-
duce a new tropical moduli space, the Dressian, which extends the tropical
Grassmannian and whose points correspond to tropical linear spaces. This
construction goes well beyond Theorem 317 in two different directions.
First, we replace the adjective “tropicalized” with the adjective “tropical”.
Second, we remove the adjective “uniform” and allow arbitrary matroids M
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in place of the uniform matroid. Hence the recession fan of a tropical linear
space, as in Remark [.3.18 is now allowed to be trop(M) for any matroid
M. A key role will be played by matroid subdivisions of matroid polytopes.

Let M = (E,B) be a matroid of rank 7 on the set £ = {1,2,...,m}, as
in Definition .24l For any basis 0 € B of M, we introduce a variable p,.
The resulting Laurent polynomial ring over our field K is

K[pg'] := K[pf': o is a basis of M].

We write I, for the ideal in K[pg] which is obtained from the Pliicker ideal
I, by setting all variables not indexing a basis to zero. In symbols,

Iny = (Inm + (po : 0 is not a basis of M )) N K[pi'.

The quadratic Pliicker relations that generate I, are

(441) Z Sgl’l(j;0'7 T) * Pouj 'pT\j7

J
where 0,7 C [m], 0 ¢ 7, |o| = r — 1, o is independent in M, |7| = r + 1,
rank(7) = r in M, and the sum is over j such that both o U j and 7\ j are
bases of M. An easy extension of Corollary [4.3.12] shows that the quadrics
(4] form a tropical basis when r = 2, but this fails dramatically for » > 3.

We write 71811 for the torus (K*)/Bl /K*. The variety Gry := V (Iy) C
TIBI=1 is the realization space of the matroid M. Points in Gry; correspond
to equivalence classes of r X m-matrices B that realize the matroid M. Here
two matrices B and B’ are equivalent if B’ = g - B for some g € GL,(K).
Equivalently, Grjp; is the variety of all r-dimensional linear subspaces of
K™ whose nonzero Pliicker coordinates are precisely the bases of M. In
particular, Gry; = ) if and only if the matroid M is not realizable over the
field K. We note that the realization spaces Grjys can be arbitrary varieties,
due to Mnév’s Universality Theorem. For further reading on this see [BS89].

The tropicalization trop(Gryy) of the realization space is called the trop-
ical Grassmannian of M. If M = U,.,, is the uniform matroid, then Grys =
GY(r,m), and trop(Gryy) is the tropical Grassmannian we studied in Sec-
tion The ambient space for the tropical variety trop(Grys) is RIBI/R1.
This is the tropicalization of the torus T8/=1. Points in R|B|/R1 are written
as w = (wy)scp. We sometimes need to regard w as a vector in R(T); we
then set w, = oo for nonbases o € ([T:})\B of M.

Fix o,7 C [m] with |o| = r — 1, ¢ is independent, |7| =r+1, 0 ¢ T,
and rank(7) = r. The tropicalization of (£41]) is the tropical polynomial

(4.4.2) @ WeUj ® Wr\j,
J
where j runs over indices in 7 such that both cUj and 7\ j are bases of M.
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Definition 4.4.1. The Dressian of the matroid M is the tropical preva-
riety in RI5l /R1 obtained by intersecting the tropical hypersurfaces of the
quadrics in (£42). This prevariety is denoted by Drys. This name refers
to Andreas Dress, who developed the theory of valuated matroids in colla-
boration with Walter Wenzel. The wvaluations on M, introduced in
[DW92], are precisely the points u in Drys. If M is the uniform matroid
Urm, then we write Dr(r,m) = Dry, . While the tropical Grassmannian
trop(G°(r,m)) depends on the residue characteristic of the field K, as
seen in Example E2.T5] the Dressian is a purely combinatorial object and
is independent of K.

By definition, the tropical Grassmannian is contained in the Dressian:

trop(G°(r,m)) C Dr(r,m)

(4.4.3) and trop(Gras) € Dryy for all matroids M.

Equality holds if and only if the quadratic Pliicker relations ({41l are a
tropical basis. The four-point condition (Lemma[L3.0) shows that the trop-
ical basis property holds for r = 2; see Corollary Since every rank-2
matroid becomes uniform after removing loops and parallel elements (cir-
cuits of size one and two), we conclude that trop(GY(2,m)) = Dr(2,m) and
trop(Grys) = Drjy for all matroids M of rank 2. We shall see in Section [5.4]
that the inclusions (£4.3) are usually strict for r > 3.

Remark 4.4.2. The various Dressians Drj;, as M ranges over all matroids
of rank r on [m], fit together to form a polyhedral complex. This lives in the

tropical projective space trop(]P’(T)_l), which will be constructed in Chap-

ter Bl The union of the various Grassmannians trop(Grys), each sitting in-
side Drjy, is the tropicalization of the classical Grassmannian in IP’(ZZ)_I. The
restriction to the torus (7)1 corresponds to the Grassmannian G°(r,m),

and similarly for Dr(r,m) inside trop(]P’(?)_l). Extending Theorem 317,
points in Dr(r,m) parameterize uniform tropical (r — 1)-planes in R™ /R1.

For every point w in Drj;, we now construct a tropical linear space Ly,
as follows. Consider 7 C [m] with |7| = r 4+ 1 and rank(7) = r. Let L (w)
denote the tropical hyperplane in R™/R1 defined by the tropical polynomial

(4.4.4) @wT\j Ouj = mei?(wT\j +uy).

JET J
In the setting of [DW92], these are the circuits of the valuated matroid.
Our linear space is defined as the intersection of these tropical hyperplanes:

Ly = [)Lr(w).
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This definition makes sense for any point w € RIBI /R1. However, this
prevariety behaves like a linear space only if w comes from the Dressian.

Definition 4.4.3. A tropical linear space in R™/R1 is a prevariety of the
form Ly, where w is any point in the Dressian Dry; of a matroid M on [m].

This definition is justified by the next result and the theorem thereafter.

Proposition 4.4.4. If M is a matroid, then trop(M) is a tropical linear
space. Fvery tropicalized linear space over K is a tropical linear space.

Proof. Suppose that w = 0 is the zero vector in }R‘B‘/Rl. This lies in Drj;
for every matroid M. We claim that Ly = trop(M). Indeed, the tropical
linear form (£44) is ;.- u;, where C is the unique circuit in 7. Since
all circuits of M arise in this way, the tropical linear space Lg is the set
described in Definition The second statement follows immediately
from the inclusion (£4.3]) and the characterization of the tropicalized linear
space Ly in equation (3.7) from the proof of Theorem 317 O

For tropicalized linear spaces, the desirable properties in our next the-
orem can be derived from the Fundamental Theorem and the Structure
Theorem. However, these hold more generally for tropical linear spaces:

Theorem 4.4.5. Let M be a matroid of rank r on [m], and let w be a
point in its Dressian Dryr. The tropical linear space Ly is a pure (r — 1)-
dimensional balanced contractible polyhedral complex in R™/R1. The reces-
sion fan of Ly equals trop(M). Moreover, Ly is a tropical cycle of degree
1, which means that, for any generic point p € R™/R1, it intersects the
complementary linear space p + trop(Upm—r+1,m) transversally in precisely
one point.

That the circuits form a tropical basis is now a corollary to this theorem.

Proof of Lemma [4.3.16. Let X be an (r — 1)-dimensional subspace in
P%il with matroid M, and let w € Grys be the tropicalization of its
Pliicker coordinate vector. The tropicalized linear space trop(X N 7™ 1)
is a pure (r — 1)-dimensional tropical cycle of degree 1, by Theorem
and Corollary Since the circuits vanish on X, we have the inclusion
trop(X NT™1) C Ly. Both are tropical cycles of dimension r — 1 and de-
gree 1, and our claim states that they are equal. If not, consider any point
q € Ly \ trop(X N T 1), and choose a uniform (m — r)-dimensional sub-
space P in P71 with trop(PNT™ )N Ly = {q}. By construction, we have
trop(PNT™ 1) Ntrop(X NT™ 1) = (), and this implies PN X NT™ 1 = .
This is a contradiction since the (r — 1)-dimensional subspace X and the
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(m—r)-dimensional subspace P must meet in P!, and if P is chosen gener-
ically among uniform (m — r)-dimensional subspaces whose tropicalization
contains q, this intersection will be in 7™1. O

The proof of Theorem . ZH relies on the notion of matroid subdivisions,
which we now define. A subdivision of the matroid polytope Py is a matroid
subdivision if its edges are translates of e; — e; for some 4, j. By Theorem
212 this is equivalent to saying that every cell of the subdivision is a
matroid polytope. Every vector w € RIBI /R1 induces a regular subdivision
Ay, of the polytope Py, as in Definition If Ay happens to be a
matroid subdivision, then we call Ay, a regular matroid subdivision of Pyy.

Lemma 4.4.6. Let M = ([m], B) be a matroid, and let w € RIBI/R1. Then
w lies in the Dressian Drys if and only if Ay is a matroid subdivision.

Proof. We first prove the “only-if” direction. Every edge of Ay joins two
vertices e, and e, of Py. We call |o\o'| = |o'\o| the length of that edge.
Our claim is that every edge of Ay, has length 1. We shall prove that A,
has no edge of length ¢ > 2. This will be done by induction on £.

We start with the base case £ = 2. Suppose e is an edge of length 2.
Then e = conv(ey;,eyn) for some p € (il”%) and indices 4,j,k,l. The
Pliicker relation ppijpoki — PpikPpji + PpitPpjk implies that the minimum of
{Wpij + Wk, Wpik + Wpji, Wit + Wy} is attained at least twice. Consider

the face of the matroid polytope Pj; minimizing the vector
—(€pij + €pik + €pit + €pjk + €pj1 + €prr).
By the basis exchange property, this is either the octahedron

0= Conv{epij7 €pik, €pil, €pjk, €pjls epkl}7
or a square
S = conv{e,ij, €pik, €pjls €pki } -

The restriction of Ay, to this face is a regular subdivision of O or S. The
tropical Pliicker relation above implies that e is not an edge of that subdi-
vision, and hence e is not an edge of Ay.

Next consider the case ¢ > 3. Suppose that e is an edge of length ¢ in
Ayw. We write e = conv(eyr,€5,7), where TN 7 =0, |7| = |7/| = ¢. Let F
be the face of Pp; at which the linear form ;. @i — > .0, 7; attains
its maximum value |o|. Note that e C F. We do not have F' = e, as that
would imply that e were an edge of Pps, and thus had length 1. There is
thus a two-dimensional cell G of A, such that G C F and e is an edge of
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G. Let ~ denote the unique path from e,; to e, along edges of G other
than e. The linear functional that defines F' ensures that any vertex e, of
F has o C v, and v C 0 UT U 7. Thus no two vertices of F' are more
than distance ¢ apart, so all edges of v have length < /. If v contained an
edge of length ¢, then this edge would have the form conv(es,,€,,/), where
vNvY' = and vUY = 7U7’". Its midpoint would coincide with the midpoint
of e, contradicting the convexity of G. Hence all edges of « have length less
than ¢. By induction, each edge of v has length 1, so is a translate of some
e; — ej. These edge-vectors span a two-dimensional space (the linear space
parallel to G). This is only possible if the number of distinct indices 4, j is
at most four, and G is a triangle or a quadrilateral. In either case, e has
length at most 2, and this returns us to the base case.

For the “if” direction, suppose w is not in the Dressian Drjs, so it
violates one of the tropical Pliicker relations ([L.4.2). As above, the con-
vex hull of the e, occurring in that tropical polynomial is a face of Pay.
The regular subdivision Ay, restricted to that face has an edge of the form
conv{e,uj,er\;}. Since o ¢ 7 holds for every nonzero Pliicker relation
([E42)), that edge has length at least 2, and therefore Ay, is not a matroid
subdivision. O

We now extend Corollary L.2.TT] from trop(M) to arbitrary tropical lin-
ear spaces L. Fix w € Dry; and u € R™. Consider the set of vertices e,
of Py for which w, — ) jeo Uj is minimal. These vertices form a face of
Ayw. Since Ay is a matroid subdivision, by Lemma [£.4.6] that face is the
matroid polytope Pyw associated with some matroid My of rank 7 on [m].

Lemma 4.4.7. The tropical linear space defined by a point w € Drys equals

Lw = {u€R"/R1 : the matroid My has no loops }.

Proof. The set of bases of MY is a subset of the set B of bases of M. Hence
the circuits of M are obtained from the circuits of M by removing elements.
Each circuit of M is the support of a tropical circuit ([{4.4]) indexed by a
subset 7 C [m] with |7] = 7+ 1 and rank(7) = r. It consists of those indices
j for which 7\{j} is a basis of M. The corresponding circuit of M consists
of those indices j for which the minimum in ([@L4.7]) is attained.

Suppose u is in Ly. Then the minimum in (@44 is attained at least
twice. Hence each circuit of MY has at least two elements, so MY has no
loops. Conversely, if u & Ly, then there exists 7 C [m] with || = r+ 1 and
rank(7) = r such that the minimum in ([L47) is attained at a unique index
j. This means that j is a loop of M. O
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Our description of the matroid MY by its circuits implies the identity
MY . = (MY)v.

u-tev

Here u, v are any vectors in R™, ¢ > 0 is sufficiently small, and the right-
hand expression ( --- )y refers to the face construction of Proposition L.2.10]
This identity implies the following fact about the neighborhood of u in L.

Corollary 4.4.8. Let o be any cell of a tropical linear space Ly, and let u
be a point in the relative interior of o. Then

stary, (o) = trop(My ).
We are now prepared to prove our main result in this section.

Proof of Theorem [4.4.5l The recession fan of the tropical hyperplane
L (w) in ([A44) is the constant coefficient hyperplane L,(0) defined by the
unique circuit of M that lies in 7. The recession fan of Ly is Lo = trop(M).
This is the intersection of the codimension-1 fans L, (0) for all 7.

For the first statement we use Theorem[L. 2.0l For every matroid MY, the
tropical linear space trop(MY) is the support of a balanced pure simplicial
fan of dimension r — 1. These fans are all the links of L., by Corollary
A28 so Ly is balanced and pure of dimension 7 — 1. To argue that L
is contractible, we make a forward reference to the material on tropical
convexity in Section Proposition tells us that Ly is tropically
convex, and it is hence contractible by the last statement of Theorem

It remains to be seen that Ly is a cycle of degree 1. By choosing the
point p far away from the origin, all intersections between Ly, and p +
trop(Up—r+1,m) will lie in unbounded cones. These cones are translates of
cones in the recession fan Lo = trop(M), so Ly and its recession fan have
the same degree. So, it suffices to show that trop(M) is a cycle of degree 1.

Pick p = (p1,p2,...,pm) such that p; > py > --- > p,,. We claim that
the matroid M has a unique chain of flats F; C F» C--- C F,_1 whose cone
pos(er,,...,er. ) intersects p+trop(Up—r4+1,m). The following construc-
tion shows that the chain exists and is unique. For 1 <:<r — 1, let s;
denote the smallest index such that {1,2,...,s;} has rank ¢, and let F; be
the flat spanned by {1,2,...,s;}. Consider t€[m]\{s1,s2,...,s,}, and let i
be the index such that t € F;\F;_;. (Here F, =[m].) Let q denote the vector
obtained from p by adding the positive quantity ps, —p: to p;. Then q is
the desired intersection point. The intersection multiplicity is 1 because the
coordinates of q are integer linear combinations of the coordinates of p. [J

Example 4.4.9. We explain the concepts in this section for the simplest
nontrivial case, r = 2 and m = 4. Fix the uniform matroid M = Us 4. Here,
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23

Figure 4.4.1. The hypersimplex A 4 is a regular octahedron. Its ma-
troid subdivisions correspond to tropical lines in 3-space.

the Dressian equals the tropical Grassmannian, by the four-point condition.
Writing A for the space of phylogenetic trees on four taxa, we have

Drys = Gray = Dr(2,4) = trop(Gr¥(2,4)) = A,

As seen in Section 3] this is a four-dimensional fan with three maximal
cones. The cones intersect in the three-dimensional lineality space

4
L = {WER(2)/R1 :w12+w34:w13+w24:w14+w23}.

The matroid polytope Py is the octahedron conv{eis, €13, €14, €23, €24, €34 }.
This is shown in Figure [£.4.1]

First suppose that w € L. There exists v = (v1,v2,v3,v4) € R* such
that w;; = v; +v; for 1 <14 < j < 4. The matroid subdivision Ay, consists
only of the octahedron and its faces, and Ly, = trop(M) is the star tree
consisting of the four rays —v + Rx>ge; for ¢« = 1,2, 3,4. The matroid MY’ is
the original matroid M = Us 4 which has six bases. For any u in the relative
interior of a ray, the matroid MY has only three bases. For instance, if
u € —v + Rypeq, then MY has the bases {1,2}, {1,3}, and {1,4}.

Next suppose w € Grps\L. Up to relabeling, we can assume that w2 +
w34 = Wiz +wog < wig +wso3z. The tropical linear space Ly, is the tree in the
first of the three cases of Example L3191 The matroid subdivision Ay, cuts
the octahedron into two square pyramids, namely conv{eis, €13, €14, €24, €34}
and conv{ejs, €13, €23, €24, €34}. They correspond to the nodes P14 and Po3
of the tree. The matroids Mp,, and Mp,, have these pyramids as matroid
polytopes. They are obtained from M = Us4 by turning one basis (here
{2,3} or {1,4}) into a nonbasis. The bounded segment of L, connects P4
and Pa3. It is dual to the square cell conv{ejs, €13, €24, €34} in Ay, so its
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matroid MY has two nonbases. The matroid on each unbounded ray has
three bases and three nonbases, as before. O

If M is the uniform matroid U, ,,, then the matroid polytope Py is
the hypersimplex A, ,,, as defined in Example £.2.131 The corresponding

Dressian Dr(r, m) lives in R(7) /R1. Its elements w define a regular matroid
subdivision of A, ,,. Note that a subdivision of A, ,, is a matroid subdivision
if and only if every edge in the subdivision is an edge of A, ,,. If r = 2,
then all matroid subdivisions are dual to phylogenetic trees on [m]. These
objects are familiar from Section 4.3l Here is the first really unfamiliar case.

Example 4.4.10. Let » = 3,m = 6, and fix the uniform matroid M = Usg.
The five-dimensional polytope Py = Az has 20 vertices. A computation
reveals that Dr(3,6) = Gr(3,6). Modulo the lineality space, this has the
structure of a four-dimensional fan with 65 rays and 1005 maximal cones.
The rays come in three symmetry classes, named in as follows.

Type E: 20 rays spanned by the coordinate vectors of the form ej3;

Type F: 15 rays of the form fi234 = €123 + €124 + €134 + €234;

Type G: 30 rays of the form g123456 = €123+€124+€345+€346+€156+€256-
We regard Dr(3,6) as three-dimensional polyhedral complex. Example

4.3.15] states that it has 1005 facets. The facets fall into seven symmetry
classes. We label them according to which classes their vertices lie in.

Facet EEEE: 30 tetrahedra such as {ej23, €145, €246, €356 };

Facet EEFF(a): 90 tetrahedra such as {e123, €456, f1234, f3456 };

Facet EEFF(b): 90 tetrahedra such as {ej125, €345, f1256, 3456 };

Facet EFFG: 180 tetrahedra such as {esus, 1256, £3456, 123456 };

Facet EEEG: 180 tetrahedra such as {ej2, €134, €356, 125634 };

Facet EEFG: 180 tetrahedra such as {ea34, €125, f1256, 8125634 };

Facet FFFGG: 15 bipyramids such as {f1234, f1256, 3456, 8123456, 8125634 }-

Suppose w is in the relative interior of one of these seven maximal
cones of Dr(3,6). Then Ay, is a finest matroid subdivision of the hyper-
simplex A3g. In case EEEE that subdivision has five facets: the central
facet is the matroid polytope associated with the matroid with nonbases
{{1,2,3},{1,4,5},{2,4,6},{3,5,6}}. The other four matroids are Uz 4 with
one of the four elements replaced by three parallel elements. The corre-
sponding tropical plane Ly has 27 two-dimensional cells (all unbounded),
22 one-dimensional cells (four bounded), and five vertices. In the other six
cases, the subdivision Ay, has six facets, labeled by various rank 3 matroids
on [6]. The corresponding tropical plane Ly, has 28 two-dimensional cells
(one bounded), 24 one-dimensional cells (six bounded), and six vertices.
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These face numbers are smaller when w lies on a lower-dimensional cell of
Dr(3,6). In the most degenerate case, when w is in the lineality space L,
the tropical plane Ly, is a fan with six rays and 15 two-dimensional cones.
For further information see Figure (.4.1] and Table 5.4l in Section 54l ¢

The construction of matroid subdivisions to represent linear spaces is
an analog to Proposition for hypersurfaces. The role played by the
Newton polytope of a hypersurface is now played by the matroid polytope.
For hypersurfaces and linear spaces over a field K with trivial valuation,
the reader should compare Proposition with Proposition In
both cases, the tropical variety is a subfan to the normal fan of the relevant
polytope. When K has a nontrivial valuation, then the tropical variety is
dual to a regular subdivision of the Newton polytope or matroid polytope.

A common generalization of the Newton polytope and the matroid poly-
tope is the Chow polytope which exists for an arbitrary variety X C T™. The
Chow polytope of X is the weight polytope of the Chow—van der Waerden
form Rx associated to the projective closure X C P of X. The tropical
variety trop(X) is a subcomplex of the dual complex to a regular subdivision
of the Chow polytope of X. We call this the Chow complex. In that sense,
the Chow form plays a role similar to the polynomial ¢ in (2.5.2]) which was
used to define the Grobner complex of X in Section 2 However, Rx and g
are different, and the Chow complex is different from the Grobner complex.

Unlike the cases of hypersurfaces and linear spaces, the tropical variety
trop(X) is in general not determined by the Chow complex. There are vari-
eties X, X’ C T™ with the same Chow complex but trop(X) # trop(X’). We
refer to [KSZ92] or [GKZO08| Chapter 6] for details on the Chow polytope,
and to for connections to tropical geometry. Section 6 of
discusses the Chow complex and contains the above example of X, X’ C T™.

Remark 4.4.11. In this section, we introduced tropical linear spaces as the
balanced contractible complexes Ly, associated with points w in a Dressian
Drjs. We showed that Ly is a cycle of degree 1 and it has recession fan
trop(M). Either of the two latter properties actually characterizes tropical
linear spaces. This was proved in [Finl3, Theorem 7.4].

This means that we could also have used the following as definitions:

e A tropical linear space is a tropical cycle of degree 1.
e A tropical linear space is a balanced polyhedral complex whose

recession fan is (the Bergman fan of) a matroid.

While these definitions are elegant, our approach has the virtue of supplying
the reader with the combinatorial tools necessary to work with linear spaces.
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4.5. Surfaces

In this section we study the tropicalization of surfaces in three-dimensional
space. This allows us to explore tropical shadows of classical theorems for
surfaces, such as the two rulings of lines on a quadric surface and the con-
figuration of 27 lines on a cubic surface. We shall see that these statements
are not easily true in the tropical setting. A combinatorial description of
surfaces of degree d that are tropically smooth appears in Theorem

By a surface in 3- space we mean a variety X = V(f) in the torus T3,
where f = Y cpz® € K[oF 25, 23] is an irreducible Laurent polynomial.
By Proposition B.1.6 its tropicalization trop(X) is a pure two-dimensional
polyhedral complex that is dual to the regular subdivision of Newt(f) in-
duced by the weight vector (val(cy)). In this section, a tropical surface in 3-
space will be any balanced polyhedral complex of this form in R3. By Propo-

sition B3.10 these all arise as trop(V (f)) for some f € K[zt 23", 23]

A very first example of a tropical surface in R? is the tropical plane de-
fined by a linear polynomial f = cyx1+coxo+c3rgz+cy. If all four coefficients
¢; are nonzero, then this fan is a cone over the complete graph Ky. In the
notation of Example L.2.13] the tropical plane equals trop(Us4) but with
the origin (0, 0,0) shifted to the point (val(cs/c1),val(cs/c2),val(ca/cs)). It
is instructive to verify that two tropical planes intersect in a tropical line.

We will be particularly interested in smooth tropical surfaces, which are
those for which the regular subdivision of the Newton polytope Newt(f) is
unimodular, so all tetrahedra have volume 1/6. This name is justified by
Proposition EL5.]], which is true for hypersurfaces in arbitrary dimension.

A classical hypersurface V(f) C T™ is singular at a point y € V(f) if
(0f/0x;)(y) = 0 for 1 < i < n. The hypersurface V(f) is smooth if it has
no singular points. A unimodular triangulation of a lattice polytope in R"
is one for which all simplices have the same minimal volume 1/n!.

Proposition 4.5.1. Fix

f= Zcux € K[zt ...zt

Let Ayuy(e,) be the regular subdivision of the Newton polytope Newt(f) in-
duced by the weights val(cu). If Aya(cy) 8 unimodular, then V(f) C T™ is
a smooth hypersurface.

Proof. After multiplying by a monomial, we may assume f € K|z1,...,z,].
Let d = max,,+0 |u| be the maximum degree of a monomial in f. Let
g = cur'z, d=lul 15 the homogenization of f in Klzg,z1,...,2z,]. A point
y is singular on V'(f) if and only if (1 : y) is singular on V' (g) C P". So, we
must show that V(g) has no singular point z in 7" = (K*)"*!/K*.
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Suppose that z € V(g) is a singular point. Then (dg/0x;)(z) = 0 for
0 <i<mn, soY . yaiz(dg/0x;)(z) = 0 for any ag,...,a, € Z. Here
multiplication of elements of K by integers a; is the Z-module multiplication
(i.e., 3a = a + a + a even if char(K) = 3). For any a € Z""! we set

Wa = {zeT": Zaizi(ﬁg/ﬁxi)(z) =0}

i=0

={zeT": Zn:aizi Zcuuizlkei =0}
i=0 u

= {zeT": ZCu(i aiju;)z" = 0}
u =0

= {zeT": Zcu(a-u)zu =0}.

We thus have

agzZn+1
and hence
(4.5.1) val(z) € trop(V(g)) N ﬂ trop(Wa).
agzZn+1

We will show that V(g) C T" is smooth by showing that this intersection of
tropical hypersurfaces is empty when A, is unimodular. Note that

trop(Wa) = {w : min(val(cy) + val(a-u) +w-u) is achieved at least twice}.

Suppose w is in the right-hand side of ([A5.1]). Let o be the cell in
Ayal(e,) dual to the cell of trop(V(g)) containing w. This means that
min(val(cy) + w - u) is achieved only at lattice points u € o. The as-
sumption that Ac, is unimodular means that o contains dim(o) + 1 lattice
points, which are all vertices.

Choose a € Z"T! with a-u = 0 for all but one of these lattice points,
and a-u’ = 1 for the last vector u’. The existence of such an a is another
consequence of o being a unimodular simplex. Then val(a-u’) = 0. Since
a-u € Z, we have val(a-u) > 0 for all u; indeed val(a - u) = 0 unless
char(K) = 0 and the induced valuation on Q C K is the p-adic valuation.
Thus val(cy(a - u)) > val(cy), so for arbitrary u we have

val(ey) +val(a-u') +w-u' =val(ew) +w-u
<val(cy) +w-u
<val(cy) +val(a-u) +w-u.
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Since the first inequality is an equality only for u € o and u’ is the
only lattice point in ¢ for which the second point is an equality,
min(val(cy) + val(a-u) +w-u) is achieved only at u’. Thus w & trop(Wa,).
As the choice of w was arbitrary, this means that the intersection in (A.5.1])
is empty, and thus V' (g) has no singular points. O

Smooth tropical surfaces in R? are pure two-dimensional balanced poly-
hedral complexes, by Theorem [3.3.5] We now determine their face numbers.

Theorem 4.5.2. Let f € K[x1,x2,23] be a polynomial of degree d whose
Newton polytope is the tetrahedron conv((0,0,0),(d,0,0),(0,d,0),(0,0,d)).
If the tropical surface S = trop(V(f)) is smooth, then it has

d? vertices,

2d%(d — 1) edges (bounded one-dimensional cells),
4d? rays (unbounded one-dimensional cells),
d(d—1)(7d —11)/6 bounded two-dimensional cells, and

6d> unbounded two-dimensional cells.

In particular, the Fuler characteristic of a smooth tropical surface S equals

X(8) = d3—2d2(d—1)+d(d_l)ém_n) _ (d_1)<dg2)(d_3)+1-

Proof. Let Ay, be the unimodular triangulation of the tetrahedron
Newt(f) induced by the coefficients val(cy) of the tropical polynomial
trop(f). Cells of dimension m in the tropical surface S are dual to sim-
plices of Ay, of dimension 3 —m. A cell is unbounded if and only if the
corresponding simplex in Ay,y,) lies on the boundary of Newt(f). Thus
to prove the proposition, we need to count the number of tetrahedra, trian-
gles, and edges in A,(,), While keeping track of those on the boundary of
Newt(f). We denote by i,, the number of m-dimensional simplices in the
interior of Ay,(c,), and by by, the number of m-dimensional simplices on
the boundary.

Every tetrahedron in Ay,.,) has minimal volume 1/6. The big tetra-
hedron Newt(f) has volume d®/6. Hence there are d* tetrahedra in the
triangulation Ay,(,). Each tetrahedron has four triangular faces, which lie
in two tetrahedra if they are internal and one if they are on the boundary,
50 4d® = 2iy + by. There are d? triangles on each of the four triangular faces
of Newt(f), so by = 4d?, and iy = 2d® — 2d?. Each boundary triangle has
three edges, each of which is in two boundary triangles, so by = 3/2by = 6d°.
There are (d;’r?’) = (d+3)(d+2)(d+1)/6 lattice points in the tetrahedron
Newt(f). These are the vertices in the unimodular triangulation Ayuy,)-
Since Newt(f) is homeomorphic to a ball, its Euler characteristic is one.
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The Euler characteristic is the alternating sum of the face numbers, so
1 = —ig + (ig 4+ bz) — (i1 +b1) + (io + bo)
= —(d*) + ((2d* — 2d?) + 4d?) — (i1 +6d*) + (d+3)(d+2)(d +1)/6
=dd-1)(7d—-11)/6 +1 — 4.

This means that i; = d(d —1)(7d — 11)/6. The face count for S now follows
by dualizing. The five numbers are i3, i2, b2, 71, and by, in this order.

Finally, the tropical surface S is homotopic to its subcomplex of bounded
faces. We can ignore the unbounded faces when computing the Euler charac-
teristic. This gives the formula x(S) = i3 —iy+1i; = w +1. O

We next examine these face numbers for tropical surfaces of low degree.

Example 4.5.3. Let S be a smooth surface of degree d as in Theorem [£5.2]

d = 2: Smooth tropical quadrics have eight vertices, eight edges, and one
bounded 2-cell; see Figure There are 16 rays, four in each
coordinate direction, linked by 24 unbounded 2-cells. In each of the
four planes at infinity, we see a tropical quadric as in Figure [[.3.2
An enumeration shows that these are all contractible.

d = 3: Every smooth tropical cubic surface S is also contractible, reflecting
the fact that a classical cubic in P? is rational. It has 27 vertices, 36
edges, and ten bounded 2-cells. The 36 rays, nine in each coordinate
direction, are linked by 54 unbounded 2-cells. This unbounded part
of S represents the four elliptic curves in the planes at infinity.

d = 4: Every smooth tropical quartic surface S is homotopic to the 2-
sphere, which has x(S) = 2. This sphere sits inside S. This reflects
the fact that a quartic in P? is a K3 surface. The tropical quartic
surface S has 64 vertices, 96 edges, and 34 bounded 2-cells. The 64
rays, 16 in each coordinate direction, are linked by 96 unbounded
2-cells. O

When d = 2, the combinatorial types of tropical surfaces of degree 2 are
in bijection with the regular unimodular triangulations of the (ten lattice
points in the) tetrahedron 2A = conv{(0,0,0), (0,0,2), (0,2,0), (2,0,0)}.

Proposition 4.5.4. There are 192 regular unimodular triangulations of 2A,
in 14 symmetry classes. The unique bounded 2-cell of the tropical quadric is

an octagon for one class with 3 triangulations,

a heptagon for one class with 12 triangulations,

a hexagon for three classes with 6 + 12 4+ 24 triangulations,

a pentagon for three classes with 12 + 24 + 24 triangulations,
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e a quadrilateral for five classes with 3 + 12 + 12 4+ 12 + 24 triangu-
lations,

e qa triangle for one class with 12 triangulations.

Proof. Each unimodular triangulation of 2A has exactly one interior edge e.
There are three cases, namely e = conv{(1,0,0),(0,1,1)}, e = conv{(0, 1, 0),
(1,0,1)}, or e = conv{(0,0,1),(1,1,0)}. Suppose we are in the first case. We
must show that the number of these triangulations is precisely 64. This can
be seen by projecting the configuration 2A along e. Explicitly, consider the
projection (i, j, k) — (i+j,i+k). The image is the planar configuration P =
{(3,7) : 0 <i,5 < 2}. That configuration has 64 unimodular triangulations,
all regular, in 14 symmetry classes. The link of the central point (1,1) is
an n-gon for n € {3,4,5,6,7,8}. A triangulation of the square conv(P) is
unimodular if and only if it contains all nine points of P as vertices. One
way to verify the enumeration of triangulations of P is to first construct the
options for the triangles containing (1,1) as a vertex, and then fill in the
rest of the triangulation. The numbers for which the link is an n-gon agree
with the numbers in the proposition divided by 3.

Each of these 64 planar triangulations extends uniquely to a triangula-
tion of the tetrahedron 2A, which is also regular and unimodular. Indeed,
each point in P except (1,1) has a unique preimage in 2ANZ3. Consider the
regular unimodular triangulation of conv(P) that is induced by w € R?, with
coordinates indexed by P. Then we form the weight vector w’ € R'? with
coordinates indexed by lattice points in 2A by setting w@j’k) = W(iyjith)-
The bounded two-dimensional cell of a tropical quadric is dual to the inte-
rior edge of the triangulation of 2A, and the number of its vertices is equal
to the number of neighboring tetrahedra. This is the number of vertices of
the link of (1, 1) in the corresponding triangulation of P. O

"

Figure 4.5.1. Triangulation of the tetrahedron 2A and matching trop-
ical quadric surface. This comes from the left diagram in Figure
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As an example of the technique used in the proof of Proposition [45.4]
the class of four triangulations shown on the left of Figure gives 12
triangulations of 2A. In the resulting tropical quadrics, the bounded 2-cell
is a pentagon. This triangulation and its quadric are shown in Figure 511

In the remainder of this section we examine the tropical analogues of
classical facts about lines on surfaces. We begin with surfaces of degree 2.

Quadric surfaces in P? are ruled surfaces. Through any point x in Q
there exist exactly two lines L and L’ satisfyingx € L C Q and x € L' C Q.
These lines come in two families, each of which covers the entire surface
Q. To see this geometrically, consider the tangent plane of @) at x. The
intersection of that plane with @ is a plane conic that is singular at x. That
conic is a union L U L’ of two lines satisfying L N L' = {x}.

We now derive a tropical version of the classical fact that every point on
a quadric surface @) lies on exactly two lines of Q).

Theorem 4.5.5. Let Q be a tropical quadric surface in R3 that is tropically
smooth. FEvery point u in the relative interior of the unique bounded 2-cell
of the tropical quadric Q lies in two tropical lines that are contained in Q.

Proof. The bounded 2-cell P of Q is dual to one of the three edges e in
the proof of Proposition 5.4l Suppose e = conv{(1,0,0), (0,1,1)} without
loss of generality, so the affine span of P is perpendicular to (1,—1,—1).

Fix u € relint(P). Suppose L is a tropical line in Q containing u. Since
u € relint(P), the line segment or ray of L containing u must lie in the plane
{v1 — v2 —v3 = 0}. Every vertex of L is incident to a ray pointing into one
of the four coordinate directions, which we take to be

(45.2) e =(1,0,0), es=(0,1,0), es=(0,0,1), es = (—1,—1,—1).

Since none of these directions is in the plane {v; — vy —wv3 = 0}, we conclude
the following: no vertex of L lies in relint(P), the intersection PN L is a line
segment, and the direction of that segment is either (1,1,0) or (1,0,1).

We will prove that each of the two segments P N (u+ R(1,1,0)) and
PN (u+R(1,0,1)) extends uniquely to a tropical line L that lies on Q.
An endpoint v of either segment lies on an edge of P. That edge is dual to
a triangle in the triangulation. The two edges of that triangle other than
e connect Ajq = (1,0,0) and Ags = (0,1,1) to a point that lies on either
Byy = conv{(0,2,0),(0,0,0)} or Byz = conv{(2,0,0),(0,0,2)} or Bia =
conv{(2,0,0),(0,2,0)} or Bsy = conv{(0,0,2),(0,0,0)}. The direction of
any such edge is perpendicular to a choice of e, es, e3, or e4 where the ray
v+R>pe; lies on Q. By attaching these four rays to PN(u+R(1,1,0)), we
construct a tropical line that passes through u and lies on Q. This works
because the direction of the edge from A4 to Bsy is perpendicular to es, from
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Assz to Boy is perpendicular to e, from Aq4 to Bi3 is perpendicular to eo, and
from Ags to Bis is perpendicular to e4. It also works for PN (u+R(1,0,1))
because the direction of the edge from A4 to Bjpo is perpendicular to es,
from Aoz to Byo is perpendicular to e4, from A14 to Bsy is perpendicular to
€2, and from Ass to Bsy is perpendicular to eq. O

The proof just presented gives an algorithm for constructing the two
tropical lines on Q through a given point u. Here is a demonstration.

Example 4.5.6. Let Q be the tropical quadric in R*/R1 defined by
20 ® 00 uus ® 00 wuz © 1O uug & 20 u3
B 00Uz B 00 uguy ® 20 U3 & 10 ugug & 30 uj.

This quadric is tropically smooth. We list the eight tetrahedra of the trian-
gulation of 2A with the corresponding vertices on @ C R*/R1:

{urua, wiuz, ugug, upus} — (0,0,0,0),  {urug, u3, ugusz, upus} — (2,0,2,2),
{urug, urus, urug, uoug} — (0,1,1,0),  {uf, wiug, urus, urus} — (0,2,2,1),
{urus, urug, ugug, ugugt — (1,2,1,0),  {uiug, uoug, ugug, ui} — (2,3,2,0),
{urug, ugug, ugua, ugus} — (1,1,0,0), {uius, uous, u3, ugus} — (2,2,0,1).

The bounded polygon P in Q is the convex hull of the four vertices in the
left column. The remaining four bounded edges are the convex hulls of the
rows of the table. This triangulation of 2A is obtained by cutting off the
four vertices and then triangulating the octahedron that remains. It is a

representative of the quadrilateral class of size three from Proposition £5.41

48 118 70 :
109> 109’ 1097 0) in P. The two segments through u are

48 48 48 157 179 70 70 70
COHV{(@,m,o,o),(@,m,l,o)}, COHV{(].,m,ﬁ,o),(o,m,ﬁ,o)}.

The two tropical lines through u on Q are obtained by attaching the coor-
dinate rays to the four endpoints of these two segments. O

Fix the point u = (

Remark 4.5.7. Theorem does not say that every point of Q lies on
exactly two tropical lines in Q. There may be infinitely many lines through
a vertex of the unique bounded 2-cell of ©. An explicit instance will be
given in Example after we derive the general result in Theorem

A gem of nineteenth century algebraic geometry is the theorem that
every smooth cubic surface X C P2 contains exactly 27 lines. This originated
in a correspondence between Salmon and Cayley in the 1840s. Expositions
of this result can be found, for example, in [Rei88| §7] or [Har77, §V.4].
The tropical cubic surface trop(X N 7T3) contains the tropicalization of each
line. These tropical lines need not be distinct, and there may exist tropical
lines that do not come from classical lines. Thus, it is not clear at all whether
a general tropical cubic surface should contain precisely 27 tropical lines.
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As it turns out, this statement is false, in an alarming manner. Smooth
tropical surfaces in R? of arbitrary degree d can contain infinitely many lines.

Theorem 4.5.8. For any d > 2, the scaled tetrahedron dA C R® admits
reqular unimodular triangulations such that all smooth tropical surfaces that
are dual to these triangulations contain infinitely many tropical lines.

Proof. In our big tetrahedron dA =conv{(0,0,0),(d,0,0), (0,d,0), (0,0,d)},
the small tetrahedron 7 = conv{(0,0,0),(0,1,0),(1,d — 1,0),(d — 1,0,1)}
has unit volume. Let 3 be any regular unimodular triangulation of dA that
contains 7 as a simplex. We first prove that X satisfies the conclusion of the
theorem, and later we show that such triangulations Y actually exist.

Let S be any tropical surface of degree d dual to 3. Then § is smooth
since Y is a triangulation. The tetrahedron 7 corresponds to a vertex t on
S. We shall exhibit infinitely many tropical lines on S passing through t.

The key property of the tetrahedron 7 is that five of its six edges lie on
the boundary of dA. The interior edge of 7 is conv{(0,1,0),(d — 1,0,1)}.
This means that five of the six 2-cells of ¥ containing t are unbounded. In
particular, the edge conv{(0,0,0),(0,1,0)} of 7 lies on an edge of dA, and
the corresponding 2-cell in S is the orthant t +R>o{e1, e3}. The 2-cell dual
to the edge conv{(0,0,0),(d —1,0,1)} of 7 has the ray t + R>o{e2}. The
2-cell dual to conv{(1,d —1,0),(d —1,0,1)} has the ray t + R>o{es}. Here
we are using the conventions from ([{5.2)). Consider the tropical line whose
bounded edge equals conv{t,t + A(e;+e3)}, where A > 0. Our construction
shows that, for any A > 0, this line lies on the tropical surface S.

We next construct a regular unimodular triangulation ¥ of dA contain-
ing 7. The tetrahedron 7 lies in the triangular prism dA N {z < 1}. It
suffices to construct such a triangulation ¥/ for dA N {z < 1}. Indeed, any
regular unimodular triangulation of dA N {z > 1} ~ (d — 1)A that agrees
with ¥/ on the triangle dA N {z = 1} will give the desired X.

Let 3, be any regular unimodular triangulation of the big triangle dA N
{# = 0} containing the small triangle conv{(0,0,0),(0,1,0),(1,d — 1,0)}.
Let X be an arbitrary regular unimodular triangulation of dA N {z = 1}.
Fix a lifting vector for X{, with very small positive entries, and fix a lifting
vector for ¥ whose coordinates are very close to the values of a nonconstant
linear function on dA N {z = 1} that attains its minimum at (d — 1,0, 1).
The concatenation of the two lifting vectors induces a regular unimodular
triangulation X' of our prism dAN{z < 1}. By construction, X' restricts to
Y, and X} on the two triangular faces of the prism, and 7 appears in ¥'. [

Most algebraic geometers will find Theorem [4.5.8 disturbing at first
glance, given that a general surface in P3 of degree d > 4 contains no lines
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at all. Here “general” means that the parameter space ]P’(d?)_l of degree
d surfaces, with one coordinate for each coefficient of f, has an open sub-
set for which the corresponding surfaces contain no lines. This open set
is smaller than the open set corresponding to smooth surfaces, but it is

d+3
still dense in IP( 3)-1, This implies that “almost all” tropicalized surfaces
S = trop(V(f) N T?) dual to a triangulation ¥ as in Theorem E5.8 have
infinitely many lines, but none of these lifts to a line on the classical surface.

We close this section with two explicit examples of tropical surfaces that
contain infinitely many lines. More information can be found in [ViglQ].

Example 4.5.9. Let d = 2, so § is a quadric. In the planar representation
{(i,7) : 0 <i,5 < 2} used in the proof of Proposition L5.4] tetrahedra such
as 7 = conv{(0,0,0),(0,1,0),(1,1,0),(1,0,1)} correspond to triangles such
as conv{(0,2),(1,0),(1,1)}. Starting from that triangle, we can create seven
of the 14 combinatorial types of smooth tropical quadrics. The bounded
two-dimensional cell can be a triangle, a quadrilateral, a pentagon, or a
hexagon. For instance, the hexagon class of size 24 has infinitely many lines
on S through the vertex dual to the tetrahedron 7. %

Example 4.5.10. Consider the case d = 3 when § is a tropical cubic. The
following 27 tetrahedra form a regular unimodular triangulation ¥ of 3A:

{000,010,120,201}, {000,010,101,201}, {000,001, 010,101}
{000, 110,120,201},  {000,100,110,201}, {010,020,120,201},
{010, 020,101,201}, {001,010,020,101}, {020,030, 120,201},
{110,120,201,210}, {020,030,101,201}, {001,020,030,101},
{030,101,111,201}, {001,030,101,111}, {001,011,030,111},
{011,021,030,111}, {100,110,201,210}, {100,200, 201,210},
{200, 201,210,300}, {012,101,111,201}, {012,101,102,201},
{001,012,101,111}, {001,012,101,102}, {001,011,012,111},
{011,012,021,111}, {001,002,012,102}, {002,003,012,102}

This regular triangulation is realized by the tropical polynomial

Houwesou?v®00u?w @ 80 u? ® 00 uv?
B50uw & 1ouw & 220 uww? & 206 uw
(4.5.3) ®30ud30vel40v*wdlov?
G260 DI VWH0OVHI8 O wd
©260w 5O wd 0.
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We did this computation using the technique in [Stu96l, Proposition 8.6].
Namely, A is the lexicographic triangulation determined by the ordering

003 > 002 > 102 > 012 > 021 > 011 > 001 > 111 > 101 > 201
> 300 > 200 > 210 > 100 > 110 > 030 > 020 > 120 > 010 > 000.

Since T appears (as the first) among the 27 tetrahedra of ¥, the smooth
tropical cubic surface S has infinitely many tropical lines. O

4.6. Complete Intersections

In this section we study generic complete intersections in the torus 7. This
uses the theory of stable intersections from SectionB.6l Given n equations in
n variables with generic coefficients, there are only finitely many solutions.
Bernstein’s Theorem expresses their number as the mixed volume of the
Newton polytopes of the given equations. We will prove this in our setting.
The main idea is that the tropical variety of the intersection is determined by
the given tropical hypersurfaces when the coefficients are sufficiently general.

We now introduce the mized volume of a collection of lattice polytopes.
Recall from Section that the Minkowski sum of two subsets A, B of R™
is A+ B={a+b:aec Ab e B} CR" If Ais a subset of R” and
A > 0 is a real number, we can scale A to obtain A\A = {Aa:a € A}. The
normalized volume vol(P) of a polytope P in R" is its standard Euclidean
volume multiplied by n!. This is designed so that the smallest volume of an
n-dimensional lattice polytope is 1. Given lattice polytopes Pi, P, ..., P,
in R™ and Aq, A2, ..., A\, € R>q, the polytope AP is the Minkowski sum

AP = P+ XPy+ -+ NP,

The normalized volume of the polytope AP is a homogeneous polynomial in
the parameters Ay, ..., .. This will be seen from the following construction.

Definition 4.6.1. Let Pi,..., P, be lattice polytopes in R", not necessarily
of full dimension n. The Cayley polytope of the given polytopes P; is

C(Py,...,P,) = conv(e; x Pp,...,e, x P,) C R"™.
Note that AP is affinely isomorphic to a section of the Cayley polytope:

(4.6.1) AP ~ C(Pi,...,P)N{z; =N/l :1<i<r}
Here ¢ = 3. \;. We identify the two polytopes in ([@6.1). Any polyhedral
subdivision of the vertex set of C'(P,..., P.) induces a subdivision of AP,

by intersecting each cell with the affine subspace on the right of (L6.1]). A
mixed subdivision of the Minkowski sum P; + - - - + P, is such a subdivision
for A = (1,1,...,1). Given a cell @ in a subdivision of C(Py,..., P,), and
1 <4 < r, we write (); for the face of () consisting of all points whose ith
coordinate is 1. The cell corresponding to @) in the mixed subdivision of
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AP is Q1+ -+ + Q. A mized cell of a mixed subdivision is a cell with
dim(Q;) > 1fori=1,...,r.

Example 4.6.2. Let P; be the square conv{(0,0),(1,0),(0,1),(1,1)}, and
let P, be the triangle conv{(0,0), (1,0), (0,1)}. The Minkowski sum P; + P»
is the pentagon conv{(0,0), (2,0), (0,2),(2,1),(1,2)}. The Cayley polytope
C(Py, P,) is the following three-dimensional polytope in R*:
conv{(1,0,0,0),(1,0,1,0),(1,0,0,1),(1,0,1,1), (0,1,0,0), (0,1,1,0), (0,1,0,1) }.
One subdivision of C(Py, P;) has the maximal cells
conv{(1,0,0,0), (1,0,1,0), (1,0,0,1),(1,0,1,1), (0,1,0,0)},
conv{(1,0,1,1),(0,1,0,0), (0,1,1,0), (0,1,0,1)}
conv{(1,0,0,1),(1,0,1,1),(0,1,0,0),(0,1,0,1)}
conv{(1,0,1,0), (1,0,1,1),(0,1,0,0), (0,1,1,0)}
The resulting mixed subdivision of P; + P, is on the left in Figure .61l
Its maximal cells are conv{(0,0), (1,0), (0,1), (1,1)}, conv{(1,1),(2,1), (1,2)},
conv{(0,1), (1,1),(0,2),(1,2)}, and conv{(1,0),(2,0),(1,1),(2,1)}. The last
two of these are mixed cells. In C(Py, P,), these correspond to tetrahedra

that have two vertices each on the special faces {z; = 1,29 = 0} and {z; =
O, xTro = 1}.

I

Figure 4.6.1. The two mixed subdivisions of P, + P» in Example [4.6.2

Another subdivision of C'(P;, P») has the four maximal cells
conv{(1,0,0,0), (1,0,1,0), (1,0,0,1), (1,0,1,1), (0,1,0, 1)},
conv{(1,0,0,0), (0,1,0,0), (0,1,1,0), (0,1,0,1)}

conv{(1,0,0,0),(1,0,1,0),(0,1,1,0),(0,1,0,1)

( ) ( )

H
conv{(1,0,1,0),(1,0,1,1),(0,1,1,0), (0,1,0,1)}

This gives the mixed subdivision with cells
conv{(0,1),(0,2),(1,1),(1,2)},
conv{(0,0), (1,0), (0,1)},
conv{(1,0),(0,1),(2,0),(1,1)}, and
conv{(1,1),(2,0),(1,2), (2,1)},
shown on the right of Figure L.6.1l The last two are mixed cells. O
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Proposition 4.6.3. Let Py,..., P, be lattice polytopes in R™. The normal-
ized volume of the Minkowski sum AP = A\ Py +---+ A\ P, is a homogeneous
polynomial in Ay, ..., N\, with nonnegative integer coefficients of degree n.

Proof. Let ¥ be a triangulation of C(P4,..., P,) with all vertices at lattice
points. This gives a mixed subdivision of AP ~ C(Py, ..., P,)N{xz; = \;/{}.
If dim(C(Py,...,P.)) = n+r — 1, so the normalized volume is positive,
each maximal simplex o of ¥ has n + r vertices. Let m{ denote the number
of vertices of o with ith coordinate 1. The cell 7 in the mixed subdivision
corresponding to o has normalized volume vol(c) [T/_, (A" - (mg —1)!).
This is a monomial of degree n. Summing these monomials over all maximal
simplices o of ¥, we obtain a homogeneous polynomial of degree n with

nonnegative integer coefficients. This is the normalized volume of AP. [J

Definition 4.6.4. Let P,..., P, be lattice polytopes in R™. Their mized
volume MV (P, ..., P,) is the coefficient of the unique square-free monomial
A1A2 -+ Ay, in the polynomial vol(AP)/n! that gives the Euclidean volume.

Example 4.6.5. Let P, and P, be the square and the triangle in Exam-
ple Using either mixed subdivision in Figure 6.1l we write the Eu-
clidean volume of the Minkowski sum A P+ Ao Py as )\%—I—)\g /24 A A2+ e
Each of the two mixed subdivisions in Figure [.6.1l has two mixed cells, each
of volume 1. Hence the mixed volume of P and P equals 1 4+ 1 = 2. O

We now derive a few general facts about the mixed volume.

Lemma 4.6.6. (1) Given any triangulation 3 of the Cayley polytope
C(P,...,P,), the mized volume MV (P, ..., P,) is the sum of the
volumes of the mized cells of the induced subdivision of Pi+-- -+ P,.

(2) If ¥ is any subdivision of C(Pi,...,P,), then the intersection of
Y with the face {x; = 1} gives a subdivision A; of P;. FEach cell
o of the induced mized subdivision of Py + --- 4+ P, has the form
oc=Q1+ -+ Qn for some cell Q; of A;, and MV (Py,...,P,) is
the sum of the mized volumes MV (Q1, ..., Q) over all cells o.

(3) MV(Pr,...,P,) is positive if and only if each P; has two vertices p;
and q; so that the set {p; — q; : 1 < i < n} is linearly independent
m R™.  This happens if and only if any partial Minkowski sum
P+ + P has dimension at least j for all1 <ip < --- <1i; < n.

Proof. The first part was shown in the proof of Proposition For
the second part, consider a refinement ¥’ of ¥ that is a triangulation. For
each cell in 3, this induces a refining triangulation. Every mixed cell of the
subdivision of P + - - - + P, induced by ¥’ is a mixed cell of the subdivision
of a unique Q1 + - -+ + @,,. Hence the result follows from the first part.
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We now prove the third part. If p;,q; are vertices of the polytope P;,
then {p; — q; : 1<i<n} is linearly independent if and only if the polytope
o = conv{(e;, p:), (e;,q;) : 1<i<n} has dimension 2n — 1, so is a simplex.
Indeed, the 2n x 2n-matrix with rows (e;, p;) and (e;, q;) is row equivalent to

($77a):

where P—() has rows p; —q;. The polytope has dimension 2n—1 if and only
if the matrix has rank 2n if and only if the p; — q; are linearly independent.

Given such a linearly independent collection, choose a triangulation
of the Cayley polytope C(P, ..., P,) that has the above simplex o as a cell.
This happens for a regular triangulation if the vertices in ¢ have weight 0,
and all other vertices have generic positive values. Then o contributes a term
vol(o)A1 ...\, to the polynomial vol(AP), so the mixed volume of the P is
positive. If no linearly independent collection exists, choose a triangulation
Y of the Cayley polytope using only the lattice points (e;, u), for u a vertex
of P;, as vertices. None of the simplices of 3 have the above form with two
vertices in the face {z; = 1} for each 1 < ¢ < r, so the volume polynomial has
no terms of the form a1 --- A,, and the mixed volume is zero. The vectors
{pj —q; : j € J} are parallel to the affine span of P; = ZjeJ P;. Hence if
a linearly independent collection exists then dim(Py) > |J| as required.

For the converse we use Rado’s Theorem on Independent Transversals.
This classical result from states the following: if Ay,..., A, are
subsets of an n-dimensional vector space V' such that dim(span(U,c ; 4;)) >
|J| for all subsets J C {1,...,n}, then V has a basis {a1,...,an} with
a; € A; for all i.

Suppose that our polytopes satisfy dim(P;) > |J| for all J. We may
assume that each P; has 0 as a vertex, so the affine span of P; agrees with
the linear span of P;. We apply Rado’s Theorem to the nonzero vertices
of P, P,,..., P,. These span subspaces of sufficiently large dimensions, so
there exist vertices p; € F;, ¢ = 1,...,n, that are linearly independent. If
we now set q; = 0, then the n vectors p; — q; are linearly independent. [

Remark 4.6.7. The mixed volume is the unique real-valued function on
n-tuples of polytopes in R” satisfying the following three properties:

(1) The mixed volume MV (P, P, ..., P) is the normalized volume of P.
(2) The mixed volume is symmetric in its arguments, e.g.,
MV(Py, Py, Ps,...,Py) = MV(Py, P1, Ps,....Pp).
(3) The mixed volume is multilinear:
MV (aP+bQ, Pa,...,P,) = aMV(P, Py, ..., P,)+bMV(Q, Py, ..., P,).
We refer to [Sch93| Chapter 5] for proofs and more details.
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Our goal in this section is to connect the theory of mixed subdivisions
and mixed volumes to the notion of stable intersection from Section
We begin with the remark that all regular subdivisions of the polytopes
Py, ..., P, can be extended to mixed subdivisions of Py +---+ P.. A regular
subdivision of P; is given by a weight function w;: P; N Z"™ — R. We define
a regular subdivision of the Cayley polytope C(Px,..., P;) by assigning the
weight w;(u) to the vertex (e;,u). This induces the desired mixed subdivi-
sion of P, + -+ + P.. Each cell in that mixed subdivision is a Minkowski
sum o1 + - - - 4+ 0, where o; is a cell of the regular subdivision of P; given
by w;. Mixed subdivisions that arise in this way are regular.

Our first theorem concerns the stable intersection of n constant-coeffi-
cient hypersurfaces in R™. By Proposition B.I.10) such a tropical hyper-
surface ¥; is the (n — 1)-skeleton of the normal fan to a lattice polytope
P; in R™. By Remark B.3.11] the polytope P; is determined by ¥; and its
multiplicities.

Theorem 4.6.8 (Tropical Bernstein). Consider lattice polytopes P, ..., P,
in R™, with associated hypersurfaces X1, ..., %,. Then the stable intersection

(462) E1 Mst E2 Mst -+ Nyt En

is the origin O with multiplicity given by the mized volume MV (Py, ..., P,),
provided that is positive. If MV (Py, ..., P,)=0, then (L6.2) is the empty set.

Proof. We first assume that the stable intersection ({.6.2)) is nonempty. By
Theorem [B6.10 it is a subfan of codimension n in the intersection of the
Y. So it is just the origin {0}. We now compute the multiplicity. By
Proposition B.6.12] applied repeatedly, the stable intersection equals

(4.6.3) li_% (evi+21)N---N(evp + Xy)

for sufficiently general vy,...,v, € R". Since (£.6.2) equals {0}, the inter-
section in (A.6.3)) is a finite collection of points. We just need to show that
this number of points, counted with multiplicity, is the mixed volume.

Let w € ((ev; + %;). Since the v; are generic, the point w lies in a
maximal cone o; of ev; + X; for each i. This means that Q; = facew_cv, (F;)
is an edge for each i. Write q; € Z" for a primitive vector pointing along
the edge @Q; of P;, and u; for the lattice length of the edge. Let ¢; =
(w —ev;) -u for u € @;. Consider the regular subdivision of the Cayley
polytope C (P4, ..., P,) induced by the weight vector that assigns the value
ev; - u to the point (e;,u). The cell of this subdivision that is selected by
the vector (—/1,...,—{y, w) is the convex hull of |J;",(e; x Q;). Hence
Q1+ -+ Qp is a cell of the corresponding mixed subdivision of P; +
<o+ 4+ P,. It is a mixed cell because each ); is one dimensional. Since
the stable intersection ([L.G.3) is a finite set, the intersection of the affine
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spans of the o; is zero dimensional, so the Minkowski sum of the @Q; is n
dimensional. The normalized volume of Q1 + - - - + Q,, is the absolute value
of the determinant of the matrix whose columns are the vectors u;q;. Note
from Lemma that p; is the multiplicity of the cone of ¥; containing
w — ev;. By Definition B.6.11] the multiplicity of the point w in the stable
intersection (L.6.2)) equals the product of the multiplicities p1, ..., u, with
the lattice index

[N: Ny +---+ Ny, | = [Z":Za1 + -+ Zq,] = |det(qi,...,qn)|

Hence that multiplicity equals the volume of the corresponding mixed cell.

Conversely, suppose >, Q; is a mixed cell of the mixed subdivision of
>, P; induced by assigning weight ev; - u to the point (e;, u) that was de-
scribed above. Then conv(e; X Q; : 1<i<n) is a cell of the corresponding
subdivision of the Cayley polytope. This gives @); = facew_ev,(F;), and
hence w € ((ev; + %;). Thus the intersection points are in bijection with
the mixed cells, and the sum of the multiplicities is the mixed volume.

The last paragraph also takes care of the case when the stable intersec-
tion (£6.2) is empty. This happens if and only if MV(Py, ..., P,) = 0, since
any mixed cell gives rise to an intersection point in ([L.6.3). In all cases,
MV(P,...,P,) is the sum of the multiplicities of the intersection points w
in (£63), and this sum is the multiplicity of the origin 0 in (Z.6.2). O

We now present a more general form of Theorem [L.6.8 where we allow
tropical hypersurfaces that are not fans, and their number r is typically less
than n. We fix lattice polytopes Pi,..., P. in R™, and we write A; for the
regular subdivision of P; given by the weight vector w;. Let ¥; denote the
tropical hypersurface in R™ that is dual to the subdivision A;. Recall that
Qi is the cell of A; selected by w if w-u+ w;(u) < w-u’ + w;(u’) for all
u € Q; and u’ € A;, with a strict inequality if u’ € Q;.

Theorem 4.6.9. Let w € R", and denote by Q; the cell of A; selected by w
fori=1,...,r. Then w lies in the stable intersection Y1 Ngt 3o Mg+ Nyt 2y
if and only if dim(>_,c;Q;) = [J| for all J C{1,...,r}. If w lies in the
relative interior of a maximal cell of the stable intersection, then the Q; all
lie in an r-dimensional affine subspace of R™ and the multiplicity of the cell
containing w equals the r-dimensional mized volume MV ,(Q1,...,Qy).

This can be restated informally as saying that the stable intersection is
dual to the collection of mixed faces of the Minkowski sum of the P;.

Proof. Fix w € R". If o is the smallest cell of a polyhedral complex X
that contains w, then we denote by stary(X) the fan stary(c). We set
stary (X) = 0 if w ¢ |X|. By repeated application of Lemma B.6.17 we have
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stary (X1 Ngg+ -+ Mg L) = stary (X1) Nst - - - Nz starw (X2). Thus w lies in the
stable intersection of the ¥; if and only if the stable intersection of the fans
stary (2;) is nonempty.

The fan stary (%;) consists of the codimension-1 cones of the normal
fan of ;. We now show that the stable intersection of the fans stary (%)
is nonempty if and only if the dimension of Q; + ---+ Q;; is at least j
forall 1 < iy < --- < i; < r. If this dimension is less than j for some
choice, then there is an affine space L of dimension at most j — 1 containing
each of Q;,...,Qi;. Write L+ for the orthogonal complement of the linear
space parallel to L. Then dim(L+) > n — j + 1 and L' lies in the lineality
space of Qj,...,Q;;. Thus by Theorem the stable intersection is
empty. Suppose now that the dimension of Q;, +---+@Q;; is at least j for all
1 <ip <---<ij <r. Forr+1 <4 <n choose lattice line segments @); so
that the property that the dimension of Q;, +---+ @, is at least j holds for
all 1 <4y <--- <i; <n. Let A; be the tropical hypersurface determined by
Q; for 1 < i < n. By Theorem [L.6.8, the stable intersection of Aq,..., A, is
the mixed volume of the @;, which is nonzero by part ([B]) of Lemma
Thus the stable intersection of Aq,..., A, is also nonempty. Thus w lies
in the stable intersection if and only if for all 1 < ¢; < --- < 4; < r the
dimension of the Minkowski sum Q;;, +---+ @Q;; is at least j.

When the stable intersection of the 3J; is nonempty, it is a pure polyhe-
dral complex of codimension r, by Theorem If w lies in the relative
interior of a maximal cell, the star of this complex at w is an (n — r)-
dimensional linear space L. It lies in the lineality space of stary (3;) for each
1. Any vector in L is thus orthogonal to the affine span of the cell Q); in the
subdivision A;, and so also orthogonal to the affine span of Q1+ - -+Q,. We
may thus quotient by L to obtain r fans stary(%;)/L in the r-dimensional
vector space R™/L. These are given by the codimension-1 cones of the
normal fans of the @Q;, now viewed as fans in R"/L. Theorem then
implies that the stable intersection is the origin 0 in R™ /L with multiplicity
MV(Q1,...,Q,). Since the mixed volume of these polytopes and the multi-
plicity of the stable intersection are preserved under quotienting by L, the
multiplicity of the cell containing w equals MV(Q1, ..., Q). O

The previous theorem gives a purely combinatorial construction of trop-
ical complete intersections. In what follows we shall apply this to classical
polynomials f = 3" cua™ € K[zt .., 2] defined over a field K. The con-
dition that f has a particular Newton polytope P is equivalent to requiring
that ¢y = 0 for u € P, and ¢, # 0 when u is a vertex of P. Thus the space
of polynomials with Newton polytope P has the form (K*)% x A=, where
a is the number of vertices of P, and b is the number of lattice points in P.
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Proposition 4.6.10. Let X C T} be a variety, where K is a field with the
trivial valuation. Fix a lattice polytope P C R™ with a vertices and b lattice
points. The parameter space (K*)* x A’% for polynomials with Newton
polytope P contains a nonempty open set U such that all f € U satisfy

(4.6.4) trop(X NV (f)) = trop(X) Ng trop(V(f)).

Proof. We first argue that an f satisfying (£.6.4) exists. Fix any polynomial
g with P = Newt(g). By Theorem B.G.I], there is a dense subset U, C T"
such that trop(X NtV (g)) = trop(X) Ny trop(V(g)) for all t € U,. Note
that tV(g) is the variety of f(x) = g(t~'x). Hence f(x) satisfies (L6.4)).

We next claim that there is an open subset U of (K*)® x A~ such that
trop(X NV (f)) is the same fan ¥ for all choices of f in U. We may homo-
genize, so that all defining polynomials of X NV (f) are homogeneous. When
computing Grobner bases, the Buchberger algorithm branches according to
whether a leading coefficient is zero or nonzero. All such coefficients are
polynomials in the coefficients ¢y of f = > cyz". Hence, requiring all
leading coefficients to be nonzero defines an open subset U’ of (K*)% x Ab~¢
such that the Grobner fan is the same for all f € U’.

By Proposition B.2.8] the tropical variety is a subfan of the Grobner fan.
For each cone o in the Grobner fan, let U, denote the set of f € U’ such
that o lies in the tropical variety of X NV (f). If U, is nonempty, we claim
that it is open in (K*)* x A*~®. To see this, we need to check whether the
initial ideal J, = inyw (I + (f)) for w € relint(o) contains a monomial. This
happens if and only if J, + (122 - - - £z — 1) is the unit ideal, where z is a
new variable. This is decided by running the Buchberger algorithm, and we
again define U, by requiring that all leading coefficients occurring during
that computation are nonzero. We obtain the desired Zariski open subset
U C (K*)* x A’ by intersecting all nonempty sets U,.

To complete our proof, we argue that the stable intersection trop(X)Ng
trop(V (f)) agrees with trop(X NV (f)) for f € U. This holds because the
polynomial g in the first paragraph can be chosen arbitrarily in (K*)%xAb=¢,
In particular, we can choose g in U. Then the open set of t for which g(t~'x)
lies in U is nonempty, so it intersects U,. For t in this intersection and
f(x) = g(t7'x), we thus have ¥ = trop(X) Ng trop(V(f)), as desired. O

The technique in this proof relates to work of Rémer and Schmitz [RS12]
who studied the behavior of tropical varieties with respect to (classical)
linear changes of coordinates. See also Exercise [G.8(11).

We now apply Proposition[4.6.10linductively to find the tropicalization of
generic complete intersections. Here we take K to be a field with the trivial
valuation; the general case of valued fields will be treated later. Fix lattice



4.6. Complete Intersections 209

polytopes Py, ..., P. C R" wherer < n, and write 2 for the parameter space
of lists (fi,..., fr) of polynomials with Newt(f;) = P;. For J C {1,...,r}
we write Py for the partial Minkowski sum 3, ; P;.

Corollary 4.6.11. Let K have the trivial valuation. There is a nonempty
open set U C A for which if (f1,..., fr) lies in U, then the tropical variety
trop(V (f1,-.., fr)) equals the stable intersection of the tropical hypersurfaces
corresponding to Py, ..., P.. This is a subfan of the normal fan of Py +
-+ P.. It consists of w € R" satisfying dim(facew (Py)) > |J| for all
J CA{1,...,r}. The multiplicity of a mazimal cone having w in its relative
interior is the r-dimensional mized volume of facew(P1),...,facew(F;).

Proof. For r = 1, we can take U = 2, and the result is Proposition B.T.10l
For r > 2, we are claiming that generic polynomials fi,..., f. satisfy

(4.6.5) trop(V(f1,..., fr)) = trop(V(f1)) Nst - - - Nst trop(V (f)).

This is derived from Proposition [4.6.10] by induction on r. The description
of the stable intersection on the right-hand side is then Theorem [£.6.9 [J

Example 4.6.12. In this example we take K = C with the trivial valuation.
(1) Let n =7 =2, and let P, = P» = conv{(0,0),(2,0),(0,2)} so that

fi = c1x? + coxy + c3y? + cux + sy + ce,
fo = diz? + dowy + dsy® + dax + dsy + de.

A suitable open set U in coefficient space for Corollary EL6.11] is

Cl1 C2 C3 0 Cl1 C4 Cg 0 C3 C5 Cg 0
001 Cy C3 001 C4 Cg 003 C; Cg
di dyds 0 9 ay dids 0| Vs dsds 0 |7
0 di do d3 0 dy ds dg 0 ds ds dg

These are Sylvester resultants (see [CLOOQO7, Chapter 3]). Their
nonvanishing guarantees that all intersection points of the closures
of V(f1) and V(f2) in P? lie in the torus. Bézout’s Theorem en-
sures that V(f1, f2) C T2 consists of four points, counted with
multiplicities and

trop(V(f1, f2)) = {(0,0)} = trop(V(f1)) Nst trop(V (f2))-

Both of the tropical quadrics trop(V(f;)) have three rays, each
with multiplicity 2. Their stable intersection is the origin with
multiplicity 4.

(2) Let P, = --- = P. = conv(0,eq,...,e,) € R™. A polynomial
fi with Newton polytope P; is a linear form. The coefficients of
fiy..o, fr form an r x (n 4+ 1)-matrix. Such a matrix is in the
parameter space 2l if and only if all of its entries are nonzero.

det
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Let U in Corollary LG.11] be the subset of matrices all of whose
r X r-minors are nonzero. In this example, the polytope analysis
in Corollary [4.6.11] agrees with Example The linear space
V(fi,..., fr) realizes the uniform matroid U(n +1—r,n+1). ¢

Remark 4.6.13. The requirement that fi,..., f, be generic is essential for
Corollary 6.1l First, if the tropical variety is the stable intersection of r
tropical hypersurfaces, it has codimension r, so Theorem implies that
X =V(fi1,..., fr) has codimension . This means that X being a complete
intersection is a necessary condition for the tropicalization of X to equal the
stable intersection of the tropical hypersurfaces trop(V(f;)) as in (AG6.5).
However, that condition is not sufficient. For instance, suppose that the
coefficient matrix in part (2 of Example has both zero and nonzero
r X r-minors. Then X is a complete intersection but ([£.6.5) does not hold.

We now apply the tropical Bernstein Theorem to prove the classical
Bernstein Theorem [Ber75|, which determines the size of the variety
V(f1,..., fn) when fi,..., f, are sufficiently generic polynomials with given
Newton polytopes Py, ..., P,. The case when P, = --- = P, is due to Kho-
vanskii and Kusnirenko [Ku§76]. The mixed subdivision approach of Huber
and Sturmfels [HS95] was one of the precursors of tropical geometry.

Theorem 4.6.14 (Bernstein’s Theorem). The number of solutions in (K*)"
to a generic system of m polynomial equations f1 = --- = f, with given
Newton polytopes P, ..., P, is equal to the mized volume MV (P, ..., P,).

Proof. Let I = (f1,..., fn), and let X; = trop(V (f;)) be the codimension-
1-skeleton of the normal fan of P;. By Corollary 611l trop(V (1)) equals
31 Nst - Ngt L. Also, by Theorem 6.8, this is the origin with multiplicity
MV(Py,...,PB,), or is empty if MV(Py,...,P,) = 0. By definition, the
multiplicity of the origin in trop(V (1)) is the sum of the multiplicities of
the minimal primes of ing(I). Since I is zero dimensional and we here take
K with the trivial valuation, this is dimg S/ing(Il) = dimg S/I, where
S = Klzi',..., 2. The latter dimension is the number of solutions to
fi=---= fn =0, counted with multiplicity, so the theorem follows. O

Example 4.6.15. Let fi =z +y + 1 and fo = 3z + 2y + 6 in Q[zT!, y*1],
where @ has the 3-adic valuation. Note that V' (f1, fo) = {(—4,3)}, which
has valuation (0, 1), so f; and fa are generic in the sense of Corollary [.6.11]

It is instructive to revisit Lemma for this example. The given
Newton polytopes are P = P, = conv{(0,0),(1,0),(0,1)}. The Cayley
polytope C(Py, P3) is a triangular prism. The valuations of the coefficients
of fi and f determine the weight vectors wi = (0,0,0) and wy = (1, 1,0).
The regular subdivision of C(P;, P») given by (wi,wsz) has two maximal
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cells, one tetrahedron and one pyramid. The induced mixed subdivision
of Py + P, = conv{(0,0),(2,0),(0,2)} has two cells, one triangle, and one
quadrilateral. The latter is Q1 + Q2 where @1 = conv{(0,0), (1,0),(0,1})
and Q2 = conv{(0,0), (1,0)}. This cell corresponds to the stable intersection
point (0, 1) of the two tropical lines, with multiplicity MV (Q1,Q2) = 1. O

Example 4.6.16. Computing the number of solutions to n generic equa-
tions in n variables arises frequently in applications. One example comes
from economics, where we consider the computation of Nash equilibria for
an n-person game where each player has two mixed strategies [Stu02]
§6.4]. This translates mathematically into considering a system of equations
fi=+--= fn =0, where f; is a polynomial in x1,...,%;—1, Tit1,. .., 2T, that
has Newton polytope P; the ith facet of the standard n-cube, so has 271
terms. The n-cube has normalized volume n!, which is also the number of

permutations of an n-set. The mixed volume MV (Py,..., P,) is the num-
ber of derangements, which are permutations that have no fixed points. For
n = 2,3,4,5,6,..., that number equals 1,2,9,44,265,... . For instance,

the mixed volume of four nonparallel facets of the four-dimensional cube is
equal to 9. This is a tight upper bound for the number of isolated Nash
equilibria of a four-person game where each player has two mixed strategies.
See [Stu02], Corollary 6.9] for more information on this topic. O

The trivial valuation on K is needed in Corollary E.6.11] to ensure that
the tropicalization is constant on an open subset of the space of coefficients.
If the valuation on K is nontrivial, then there is no unique tropicalization for
the generic complete intersections with Newton polytopes Py, ..., P.. Even
when r = 1, there are many different tropical hypersurfaces, arising from
different regular triangulations of the same Newton polytope.

Example 4.6.17. Let f = a+bx+cy+dry € K[zt y™!], where a,b, ¢, d €
K*. The combinatorial type of the tropical curve trop(V(f)) is determined
by the sign of val(a) —val(b) — val(c) +val(d). There are two types of typical
behavior, arising when that quantity is either positive or negative. Indeed,
the Newton polygon P of f is a square, with two regular triangulations.

A less trivial example is featured in Proposition 5.4t the doubled tetra-
hedron P = 2A has 192 regular triangulations, so there are 192 typical types
one encounters when studying tropical quadratic surfaces in R3. %

Now let K be a field with a nontrivial valuation. While there are now
many generic types of intersection, the good news is that for each of the
types, the stable intersection of the tropical hypersurfaces actually coincides
with the set-theoretic intersection. This is the content of the next theorem.

Theorem 4.6.18. Let f1,...,f, € K[:L‘{El, .,z be polynomials with
Newton polytopes Py, ..., P., and suppose the regular subdivision of the Cay-
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ley polytope C(Px, ..., P,) induced by the valuations of their coefficients is a
triangulation. Then {f1,..., fr} is a tropical basis, and the tropical variety

trop(V(f1,..., fr)) = trop(V(f1)) N - Ntrop(V(f;))

can be computed by the combinatorial rule for the stable intersection of the
tropical hypersurfaces trop(V (f;)) given in Theorem LG9

Proof. Let ¥; = trop(V(f;)). We use the notation of Theorem The
subdivision A; of P; is a triangulation, by our assumption that the w; given
by the f; define a regular triangulation of C'(Pi, ..., P.). We need to prove

(4.6.6) YiNYoN - NYe = X1Ng X2 Ngt + - N 2.

The right-hand side is always contained in the left-hand side. We must show
the reverse inclusion. Let w be any point in the left-hand side, let o; be
an (n — 1)-dimensional cell of ¥; containing w, and let @; be the edge of
A; that is dual to o;. By hypothesis, conv(e; x Q; : i = 1,2,...,7) is a
(2r —1)-simplex in the triangulation of the (n+r — 1)-dimensional polytope
C(P,...,P.). Hence, in the corresponding mixed subdivision of P;+- - -+ P,
in R™, the cell Q1 + --- + @, has codimension n — r as well. This implies

T
codim(oyN---Noy) =1 = Z codim(o;).
i=1
We apply Theorem B 4T2]iteratively to conclude that the relative interior of
o1N---No, lies in X1 Ng 29Nyt -+ - Ngt 2. By passing to the closure, so does
w. We conclude that (£6.6) holds, and the combinatorial rule in Theorem
characterizes this tropical variety along with its multiplicities. O

Remark 4.6.19. Theorem should be contrasted with Corollary
[A6.111 For instance, if f and g have the same Newton polytope and their
coefficients have zero valuation, then {f, g} is almost never a tropical basis.
To see this, note that trop(V(f)) = trop(V(g)), so their intersection does
not even have the correct dimension unless f and g share a common factor.

A tropical complete intersection is smooth if the corresponding regular
subdivision of the Cayley polytope C(Pi, ..., P) is a unimodular triangula-
tion. It is then given by Theorem L6.18 The special case of smooth surfaces
(r =1 and n = 3) was studied in Section Generalizing Theorem [5.2]
Steffens and Theobald [ST10] showed that the face numbers of a smooth
tropical complete intersection are determined by the Newton polytopes. In
particular, let P; = d;A = conv(0,d;eq,...,d;e,). Then f; is a dense poly-
nomial of degree d;, and these face numbers depend only on dy,...,d,. We
demonstrate this for the case of space curves (r = 2 and n = 3).
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Proposition 4.6.20. Let f and g be polynomials of degree d and e in
Kx,y, z] with Newton polytopes dA and e\, respectively. We assume that
the tropical curve ¥ = trop(V (f, g)) is smooth. Then ¥ has

d%e + de? vertices,
(3/2)d?e + (3/2)de? — 2de  edges (bounded one-dimensional cells),
4de rays (unbounded one-dimensional cells).

The genus of the graph X equals (1/2)d?e + (1/2)de? — 2de + 1.

Algebraic geometers should note that our formula for the genus agrees
with that in the classical case of a complete intersection curve in P3. The
same holds for the Euler characteristic of a surface in Theorem [4.5.2

Proof of Proposition From Sections B4l and B3 we know that
Y is a balanced connected graph. The genus of such a graph is 1 plus the
number of edges minus the number of vertices, so the last sentence follows
from the others.

The Cayley polytope C(dA,eA) is four dimensional. We claim that its
normalized volume equals d> + d?e 4 de? + 3. Indeed, this is the number of
four-dimensional simplices in any unimodular triangulation of C'(dA,eA).
The number of simplices that use i vertices from dA and 5 — i vertices from
e/ is d"~1e?~?. The corresponding cell in the mixed subdivision of dA + eA
is mixed if and only if i = 2 or ¢ = 3, so the number of maximal mixed cells
is d?e + de?. Applying this for the unimodular triangulation dual to X, we
learn from the sentence after Theorem 6.9 that d?e + de? is the number of
vertices of X. The smooth tropical curve ¥ has de unbounded rays pointing
into each of the four coordinate directions, so the number of rays is 4de.

To count edges, we note that ¥ is a trivalent graph, so every vertex is
incident to three edges or rays. Indeed, the mixed cell dual to such a vertex
is a triangular prism, whose three quadrilateral faces are mixed and whose
two triangle faces are not mixed. The resulting formula 3 - #vertices =
2 - #edges + #rays now implies that the number of edges is as desired. [J

We close this section with a brief case study of elliptic curves in 3-space
that are intersections of two quadratic surfaces, and hence have degree 4.

Example 4.6.21. Let K = Q with the 2-adic valuation, and consider

fi = 102422 4 64xy + S8xz + 22 + Sy + 2yz +y + 22 + 2 + 2,
fo = 2?2+ zy+ 2z + 8z + 2y% + Syz + 64y + 6422 + 10242 + 32768.

Here P, = P, = 2A as in Proposition 5.4l The 2-adic valuations of
the 20 coefficients of (f1, f2) define a regular triangulation of the four-
dimensional polytope C(P;, P»). This is a lexicographic triangulation as in
Example Of the 32 maximal simplices, precisely 16 give mixed cells
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in C(Py, P3), and hence vertices of X = trop(V (f1),V(f2)) = trop(V(f1)) N
trop(V (f2)). The tropical curve X is smooth and has genus 1. It has 16 rays
and 16 bounded edges. Eight of these edges form an 8-cycle, and the other
eight form four 2-chains attached to that cycle. Readers are encouraged to
verify this, and to redo it for their own quadrics fi, fo. %

4.7. Exercises

(1)

(2)

This exercise concerns Cramer’s rule in tropical geometry.

(a) Consider two tropical lines in the plane, given by linear poly-
nomials a1Ox ®b1Oy @ c; and asGx B oy @ co. Find a for-
mula for their intersection point in terms of ay, b, ¢1, as, ba, ca.

(b) Consider three tropical planes in 3-space given by linear poly-
nomials a; ®x & b; Oy ® ¢; ®z ©d; fori=1,2,3. Find a
formula for their intersection point in terms of ay, by, ..., ds.

(c) Consider two tropical planes in 3-space given by linear poly-
nomials a; ®©x ® b; Oy & ¢ ®z D d; for i = 1,2. Find a
formula for their intersection line in terms of aq, b1, ..., ds.

Let d = 3, let n = 6, and let A be the arrangement in P? consist-
ing of the planes spanned by the facets of a regular octahedron.
Write P3\ UA as a linear subvariety V (I) in a torus, and determine
trop(V(I)).

In Section L Ilwe assumed that the hyperplanes in the arrangement
A had no common intersection. Describe how to compute the trop-
icalization of P?\ UA if they do all intersect in some point p € P
Hint: What is the image of the map from P4\ U A in T™?

Compute trop(X) for the following varieties X defined over Q:

(a) X = V(21 + 2 + 23 + 24, 21 + 220 + 423 — 4) C T4

(b) X = V(:):1 +xo4+ T3+ T4+ 25,21 — T2+ 3T3 +4x4+7x5) C T5;
(C) X = V(x1+x2+x3+x4—|—x5,x1+x2+x3+3x4—x5) c T°.
Now redo your calculation by taking Q not with the trivial valuation
but with the 2-adic valuation. Repeat this for the 3-adic valuation.

What happens in part [B) of Lemma T4 if we take an arbitrary
index set L of size d + 27 Does this formula still give a circuit?
When do different choices of L give the same linear form?

Show that the two axiom systems of Definitions and
are equivalent by constructing a rank function for every pair (F,C)
satisfying (C1) and (C2) and a set of circuits for every pair (E, p)
satisfying (R1), (R2), and (R3).



4.7. Exercises 215

(7)

(8)
(9)

(11)

Given a classical constant-coefficient linear space X, prove that the
Bergman fan of its matroid agrees with the Grébner fan structure
on trop(X) that is defined by the homogeneous ideal I(X)proj-

Determine the graphic matroid associated with the Petersen graph.
Describe the circuits, bases, rank function, and the Bergman fan.

Let p1,p2 be points on a line Li in the plane P?. Let A be the
arrangement in P? consisting of five lines: L; together with two lines
Lo, Ly that intersect Ly at pi, and two lines L4, L5 that intersect
Ly in po, with no other triple intersections. Let X = P2\ U A.
Compute the tropical variety trop(X) C R?/R1. Show that the
Bergman fan of X is not simplicial. Compare it with the fan in
Theorem [1.2.0

Let M be a matroid on [n]. A building set for its lattice of flats is a
set G of flats with the property that if F' is any flat and Gy, ..., G,
are the smallest-dimensional flats in G containing F', then F =
i—; Gi. A subset o of G is nested if any subset of ¢ with no pair
contained one in the other has the property that the intersection
of these flats does not lie in G. The nested sets form a simplicial
complex, called the nested set complex. This gives rise to the nested
set fan in R"1/R1 by sending a nested set o to the cone pos(er :
F € 0)+R1 C R""!/R1. Recall that ep = ", p ;.

(a) In Example let

G = {span(b;) : 0<i<4} U {span(by, by, b3)}.

Show that G is a building set and determine the nested set fan.
(b) Show that the support of the nested set fan equals trop(M)
for any choice of building set G.
(c) Show that the set of all flats of the lattice of flats is a building
set. Which fan structure does this give for trop(M)?
(d) Show that every matroid has a unique minimal building set.
(e) Find the minimal building set for the matroid of Exercise
41(9).
(f) What is the nested set fan for the minimal building set of the
matroid of the complete graph K47 The complete graph K,,?
Nested sets originated in the study of compactifications of hyper-
plane arrangements by De Concini and Procesi [DCP95]. See
[Fei05] for a survey and [ES05|] for more on tropical connections.

Different graphs can have the same graphic matroid.

(a) Find two nonisomorphic graphs that have the same matroid.

(b) Despite the previous question, the tropicalization trop(Meg) of
graphic matroid Mg still remembers some information about
the graph G, such as the number of vertices and edges. Can
you recover the set of circuits of a graph G from trop(Mq)?
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(12) The tropical linear space trop(M) of a matroid M is another one of
the many different encodings of matroids. Verify this by describing
how to recover the following information about M from trop(M):

(a) The rank p(M) of M;
(b) The set of circuits of M;
c¢) The set of bases of M;
(d) The set of independent sets of M;
(e) Whether a subset of the ground set is a flat.

(13) Show that for any matroid M the Bergman fan on trop(M) is
balanced when every maximal cone o has weight mult(c) = 1.

(14) The non-Pappus matroid is the rank 3 matroid on {0, 1,...,8} with
circuits 012,046, 057,136, 158, 237, 248, 345 plus every subset of size
four not containing one of these eight. This matroid is not realiz-
able over any field, as Pappus’s Theorem implies that any realiz-
able matroid with these circuits also has the circuit 678. Pappus’s
Theorem means that the points 6, 7, and 8 are always collinear
in Figure 711 Describe the tropical linear space trop(M) C RE.
Show directly that there is no X C T® with trop(X) = trop(M).

Figure 4.7.1. The non-Pappus matroid. Are points 6, 7, 8 collinear?

(15) For the tree on the right in Figure .31l express the four interior
edge lengths in terms of the 21 pairwise distances d;;. In other
words, extend the formula for v in (£34) to a tree with seven
taxa.

(16) The f-vectorof a polyhedral complex A is the vector f = (fo,..., fa)
where f; is the number of cells of A of dimension 7. Find the f-
vector of the space of phylogenetic trees on m leaves for m =7, 8.

(17) Compute the f-vector of the matroid polytope for the Fano ma-
troid.
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(18) Verify directly from the definition of tree metrics that the fan A in
(#37) is balanced when every maximal cone has multiplicity 1.

(19) Verity that My, in Definition 2.7 is again a matroid. Determine
the six initial matroids My, of the uniform matroid M = Us ¢ given
by w = (1,1,1,1,1,2), w = (1,1,1,1,2,2), w = (1,1,1,2,2,2),
w=1(1,1,2,2,2,2), w = (1,2,2,2,2,2), and w = (2,2,2,2,2,2).

(20) Given the arrangement A in Section EI] the vectors b; are only
defined up to scaling, so there are many linear spaces X C T™ that
correspond to the same hyperplane arrangement in P¢. How is that
reflected in the tropicalization of the Grassmannian G°(r,m)?

(21) Verify the computation of maximal cones in trop(G®(3,6)) of Ex-
ample [4.4.700 Pick a point w in the interior of your favorite cone.
List all vertices, edges, and 2-cells of the tropical linear space Ly, .

(22) Extending Example L3.19 determine the universal families over
the tropical Grassmannians trop(G°(3,4)) and trop(G(3,5)).

(23) Compute the Dressian Drj; for the non-Pappus matroid M.

(24) Determine whether the following statements are true or false.

(a) Tropicalizing a smooth surface gives a smooth tropical surface.

(b) A phylogenetic tree can be recovered from its tree metric.

(c) Every tropical linear space of codimension c is the intersection
of ¢ tropical hyperplanes.

(d) Tropical linear spaces are closed under stable intersections.

(e) Every lattice polytope has a unimodular triangulation.

(25) Let f,g € Clz,y, z] with Newton polytope conv{(0,0,0),(2,0,0),
(0,2,0),(0,0,2)). Compute the tropical variety trop(V (f,g)) C R?
when f, g are assumed to have generic coefficients. Compute explic-
itly the locus U C P? x IP° of systems (f, g) for which trop(V (f, g))
equals this fan. What are the other possibilities for trop(V (f, g))?

(26) What should be the definition of a smooth tropical curve in 3-
space? Give an example of a curve that is smooth according to
your definition but is not yet covered by Proposition [4.6.20

(27) Let X be a hypersurface of degree d in P* whose tropicalization is
tropically smooth. What can you say about the number of bounded
and unbounded cells in trop(X) of each dimension?

(28) Fix the 2-adic valuation on Q and the following polynomial in
Q[z,y, 2]:
f=16+42x — 2y — 31z — 162% + 3lay — 2x2 — 16y* + 2yz + 1622

Compute the tropical surface @ = trop(V(f)), show that it is trop-
ically smooth, and determine the two rulings of lines on Q.
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(29) Find a quadratic polynomial f € K[z, y, z] such that Q=trop(V(f))
is in the last class in Proposition[4.5.4l Find a point p in the relative
interior of the triangle and compute the two lines on Q through p.
Determine all lines on Q that pass through a vertex of the triangle.

(30) Find a homogeneous cubic f € Q[zg,x1,z2, 23] such that V(f) is
smooth in P? and its 27 lines are all defined over Q. Compute and
draw the p-adic tropicalizations of your 27 lines for p = 2, 3, 5.

(31) Consider two bivariate polynomials of the form
f = a1zy + asx + asy + ag and g = byzdy + box® + bgy® + by.

Draw the Newton polygons of f and g and determine their mixed
volume. Find precise condition on the eight coefficients under which
the number of solutions in 72 to the system of f = g = 0 equals
the mixed volume.

(32) Three trilinear equations in three variables usually have six com-
mon solutions. Explain and prove this claim using tropical geome-
try. What is the (tropical) solution set for two trilinear equations?

(33) What is the maximum number of vertices of any three-dimensional
polytope that is the Minkowski sum of three triangles in R3?

(34) In classical geometry, an irreducible quartic surface in P? can have
at most 16 singular points. Can this be seen in tropical geometry?

(35) Construct the triangulation promised by Theorem 5.8 for d = 4.
List all 64 tetrahedra. Find an explicit realization as in (Z5.3).

(36) (a) The complex of all bounded faces in a smooth tropical cu-
bic surface S in R? consists of ten polygons, 36 edges and 27
vertices. Draw this complex for the specific cubic in ([@.5.3]).

(b) The unbounded cells of S form a balanced graph (at infinity)
with 36 vertices and 54 edges. This graph is obtained by fusing
four smooth tropical cubic curves, one for each of the four
coordinate planes. Draw this graph for the cubic in ([L.5.3]).

(¢) Connect your two pictures from parts (a) and (b). Use this to
sketch a visualization of the entire cubic surface S=trop(V'(f)).

(37) Classify all possible mixed subdivisions of the pentagon P + P,
where P; and Ps are the square and the triangle in Example [1.6.2)

(38) For the tetrahedron P = conv{(0,0,0),(1,0,0),(0,1,0),(0,0,1)}
and the triangle @) = conv{(2,1,0),(1,2,0),(1,1,1)}, determine
the mixed volumes MV (P, P,Q) and MV (P, Q, Q).

(39) Show that if P and @ are convex lattice polygons in R?, then
MV(P,Q) = vol(P + Q) — vol(P) — vol(Q).
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(40) Explain why the polynomials in Example 6.15 could not have
coefficients in Q with the 2-adic valuation. Find two polynomials
over Q with a 2-adic valuation that are generic in this sense.

(41) Let f1, fo be polynomials in K[xfl,xQﬂ] with Newton polygons
C~ODV((1, 0)7 (07 1)7 (17 1)) and CODV((O, 0)7 (17 0)7 (07 1)7 (17 1)) Let f17
f2 be their homogenizations in K{[zg,x1,x2]. What does Bézout’s
Theorem say about the intersection of the curves V(f1) and V(f2)?
What does Bernstein’s Theorem predict? Explain the difference.

(42) Consider X = V (ax+by+cz+d, ex+ fy+gz+h) C (C*)3. For what
values of a,b,...,h is X a complete intersection? For what values
is trop(X) equal to the stable intersection in Corollary [L.G.TI?

(43) Consider three polytopes in R? whose mixed volume is zero. What
dimensions can these have? How about four polytopes in R*?






Chapter 5

Tropical Garden

After experiencing the diversity, wild beauty, and potential dangers of the
tropical rain forest, we now enter the garden of tropical linear algebra.

In classical linear algebra over a field K, there are many equivalent ways
to represent a d-dimensional subspace V' of an n-dimensional vector space.
For instance, is V' the span of d linearly independent vectors, or it is the
solution set of n — d independent linear equations? These two notions trans-
late to the tropical semiring, but they evolve differently. Images of tropical
linear maps are tropical polytopes, the orchids of tropical convexity. The
solution set of a finite system of tropical linear equations is a linear preva-
riety. In our garden, this remains a wallflower, in spite of its prominence in
applications. We prefer to grow trees that are sturdy and balanced, so we
focus on tropicalized linear spaces and tropical linear spaces. Their taxon-
omy is recorded in the tropical Grassmannian and the Dressian. The former
arise from linear spaces over a field K with a valuation, while the latter are
polyhedral complexes that share the same desirable traits. We encountered
such linear spaces already in Chapter [ and we revisit them in Section 5.4l

In Section Bl we investigate eigenvalues and eigenvectors in tropical
linear algebra. A basic result states that every square matrix has exactly
one eigenvalue. In Section we focus on tropical convexity, which can
be regarded as a shadow of classical convexity over an ordered field with a
valuation. Section (.3l explains different notions of matrix rank and how this
ties in with the tropicalization of determinantal varieties. In Section 5.5 we
study varieties that are parameterized by monomials in linear forms. The
matroid theory of Section makes their tropicalizations blossom.

221
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5.1. Eigenvalues and Eigenvectors

Let A be an n x n-matrix with entries in the tropical semiring (R, ®, ®).
Here, R = RU {o0}. An eigenvalue of A is a real number A such that

(5.1.1) AOVv = A0V

for some v € R™. We say that v is an eigenvector of the tropical matrix A.
The arithmetic operations in the equation (B.IT) are tropical. For instance,
for n = 2 with A = (aj;), the left-hand side of (G.I1]) equals

air a1z o (v) _ (en ©v1®aiz ®v2\ _ (min{ai + v, a1z + vz}
asi  a U2 as © vy B age © vy min{agy + v1, age +v2} /)

The right-hand side of (B.IT]) is equal to

V1 AO v A+ vy
AO <’02> a <)\ © 1)2) a ()\ + '1)2) ’

We represent the matrix A = (a;j) by a weighted directed graph G(A)
with n nodes labeled by [n] = {1,2,...,n}. There is an edge from node i to
node j if and only if a;; < 0o, and we assign the length a;; to each such edge
(i,7). The normalized length of a directed path ig,i1,...,i; in G(A) is the
sum (in classical arithmetic) of the lengths of the edges divided by the length
k of the path. Thus the normalized length is (aiyi, + @iyis + -+ @i i, ) /K-
If i, = ig, then the path is a directed cycle, and we refer to this quantity as

the normalized length of the cycle. Recall that a directed graph is strongly
connected if there is a directed path from any vertex to any other vertex.

Theorem 5.1.1. Let A be a tropical n x n-matriz whose graph G(A) is
strongly connected. Then A has precisely one eigenvalue A(A). That eigen-
value equals the minimum normalized length of a directed cycle in G(A).

Proof. Let A = A(A) be the minimum of the normalized lengths over all
directed cycles in G(A). We first prove that A(A) is the only possibility for
an eigenvalue. Suppose that z € R" is any eigenvector of A, and let v be the
corresponding eigenvalue. For any cycle (i1, 12, ...,i,i1) in G(A) we have

Qirip + Zin 27+ Ziyy Qigiz + Zis 2=V + Ziy,
Qigiy T Zig 2V F Zigy -+ 5 Qigiy + 2iy 27+ Ziy,-

Adding the left-hand sides and the right-hand sides, we find that the normal-
ized length of the cycle is greater than or equal to . In particular, we have
A(A) > . For the reverse inequality, start with any index i;. Since z is an
eigenvector with eigenvalue v, there exists ¢2 such that a;,;, + 2, = v+ 2,
Likewise, there exists i3 such that a;,, + zi; = v + 24,. We continue in this
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manner until we reach an index 7; which was already in the sequence, say,
i = 4; for k < [. By adding the equations along this cycle, we find that

(aikik+1 =+ Zik+1) =+ (aik+1ik+2 + Zik+2) +eee (ailﬂil + Ziz)

= (’Y"‘Zik) + (7+Zik+1) + oo (’V—i_zilﬂ)'

We conclude that the normalized length of the cycle (ik,ikt1, ..., = ig) in
G(A) is equal to . In particular, v > A\(A). This proves that v = A(A).

It remains to prove the existence of an eigenvector. Let B be the matrix
obtained from A by (classically) subtracting A(A) from every entry in A.
All cycles in the weighted graph G(B) have nonnegative length, and there
exists a cycle of length zero. Using tropical matrix operations, we define

BT =BoB’¢B*®---® B™

This matrix is known as the Kleene plus of B. By Exercise 1.9(5), the entry
B;;. in row 7 and column j of the Kleene plus B is the length of a shortest
path from node i to node j in the weighted directed graph G(B). Since this
graph is strongly connected, we have BZ-'; < oo for all ¢ and j.

Fix any node j that lies on a zero-length cycle of G(B). Let x = B.*JT
denote the jth column vector of the matrix B*. We have z; = B;-rj =0,
as there is a path from j to itself of length zero, and there are no negative
weight cycles. This implies BT ® x < B.J]f = x. Next note that (B ® x); =
ming (B + x;) = ming(By + B;]’) > BZT']’. = x;, since lengths of shortest paths
obey the triangle inequality. In vector notation this states B ®x > x. Since
tropical linear maps preserve coordinatewise inequalities among vectors, we
have B2®x > BO®x, and B> ®x > B2 ©x, etc. We conclude BT ® x =
Box®B?’0x®---®@B"Ox = BOx. Thisyields x < BOx = Btox < x.
This means that B ® x = x, so x is an eigenvector of B with eigenvalue 0.
We conclude that x is an eigenvector with eigenvalue A\ of our matrix A:

Aox = AOB)Ox = MO (BOX) = \Ox
This completes the proof of Theorem BTl O
It appears that the computation of the eigenvalue X\ of a tropical nxn-
matrix requires inspecting all cycles in G(A). However, this is not the case.
Karp [Kar78| gave an efficient algorithm, based on linear programming,

for computing A(A) from the matrix A = (a;;). The idea is to set up the
following linear program with n 4 1 decision variables vy, ..., vp, A

1 - : > . <ij<n
(5.1.2)  maximize v subject to a;; +v; >y +wv; forall 1 <i,j<n

Proposition 5.1.2 ([Kar78]). The unique eigenvalue N\(A) of the matriz
A = (a;j) coincides with the optimal value v* of the linear program ([I12).
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Proof. The dual linear program to (5.1.2]) takes the form
minimize ;" , Z;‘zl a;jx;j subject to x;; >0 for 1 <i,j <n,
szzl zi; =1 and Z’;:l Tij =Y p_q & forall 1 <i<n.

Here the x;; are the decision variables. The feasible solutions are the proba-
bility distributions (z;;) on the edges of G(A) that are flows in the directed
graph. The vertices of the polyhedron defined by these constraints are the
uniform probability distributions on the directed cycles in G(A). The ob-
jective function ) a;jz;; of the dual linear program equals the normalized
length of any such cycle. The optimal value is the minimum of these quan-

tities over all directed cycles in G(A). By strong duality, the primal linear
program (5.I1.2)) has the same optimal value v* = A(A). O

We next determine the eigenspace of the matrix A, which is the set
Eig(4) = {xeR":Aox = AA)ox}.

The set Eig(A) is closed under tropical scalar multiplication: if x € Eig(A)
and ¢ € R, then ¢ ® x is also in Eig(A). We can thus identify Eig(A) with
its image in R"/R1 ~ R"~!. Here 1 = (1,1,...,1), as in Chapter [l

Every eigenvector of the matrix A is also an eigenvector of the matrix
B =(—A(A)) ® A and vice versa. Hence the eigenspace Eig(A) is equal to

Eig(B) = {x€R":Box=x}.
Theorem 5.1.3. Let BS‘ be the submatrixz of BT given by the columns whose

diagonal entry B;-“j is zero. The image of this matrixz (with respect to tropical
multiplication of vectors on the right) is equal to the desired eigenspace

Eig(A) = Eig(B) = Image(By).
Before proving Theorem [(.1.3] we present some examples of eigenspaces.

Example 5.1.4. We set n = 4. Each point in R*/R1 is represented by a
vector in R* with last coordinate zero, and we here write “Image” for the
operator that computes the image in R*/R1 of a matrix with four rows.

3145 ~1/3
5242 B o 1/3
If A= 4116 3] then A\(A)=5/3 and Eig(A)=Image 13
2 6 3 6 0
1 4 4 6 -2 1 1
1 11 2 . -2 -2 =2
If A= 4921 3] then \(A)=1 and Eig(A)=1Image 1 —1 -9
6 3 6 4 0 0 0
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453 3 3/4
(35 46 _ o 3/2
If A= 6 15 3l then A\(A)=9/4 and Eig(A)=Image 1/4
5 5 2 5 0
01 11
1 01 1 .
If A= 110 1l then A\(A)=0 and Eig(A)=Image(A).
1 1 1 0

For this last example, we have A = B = BT = Bar , and the eigenspace
Eig(A) is a certain three-dimensional convex polytrope in R*/R1, known as
the standard polytrope. We will discuss such polyt(r)opes in Section O

Proof of Theorem We saw in the proof of Theorem [B.1.1] that ev-
ery column vector x of By satisfies BOx = x. Since tropical linear combina-
tions of eigenvectors are again eigenvectors, we have Image(By ) C Eig(B).
To prove the reverse inclusion, consider any vector z € Eig(B). Then
BT ®z = z. Let z be the vector obtained from z by erasing all coordinates
j such that Bj; > 0. We claim that z = By ® 2. This will show z €
Image(By ). Recall that the directed graph G(B) has minimum cycle length
equal to zero. The minimum length of any path from node 7 to node j in
G(B) is the entry BZT; of the Kleene plus B*. That entry can be negative
if i # j, but it is always nonnegative when i = j. Furthermore, we have
Bt =0 if and only if the node i lies on a cycle of length zero in G(B).
Consider any index i € [n]. We have z = min(B;;. +zj:jen]). If
Zi :B;;+zj and z; :Bﬁ—i-zk, then B;§+Bﬁ+zk =z SB;;—sz. The
triangle inequality Bg + B;?C > B;{ holds for the Kleene plus BT, as B;]r- is
the length of the shortest path in G(B) from i to j. This implies that z; =
B;/,rC +2zk. Continuing in this manner, we eventually revisit an index [. Writing
l=1lp,ly,...,ls =1 for the cycle, we have z; = B;{l —i—BlJlrl2 +”'+Blt,1l+zl-
Thus Bl'lF = B;{l + B;lrlz + o+ Blt,ll = 0, so [ lies on a cycle of length
zero. We then have the equality z; = B;{ + 27, which can be rewritten as
z = ((By) ®2);. This implies z= BJ ® z, and the proof is complete. [

In classical linear algebra, the eigenvalues of a square matrix are the
roots of its characteristic polynomial, and we seek to extend this to tropical
linear algebra. The characteristic polynomial of our nxn-matrix A equals

fa(t) = det(A @ toId),

where “det” denotes the tropical determinant. We have the following result:

Corollary 5.1.5. The eigenvalue A\(A) of a tropical n X n-matriz A is the
smallest root of its characteristic polynomial f4(t).
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Proof. Consider the expansion of the characteristic polynomial:
falt) = " @ Ot" ® ROt @ - @ 1Ot D oy

Each permutation 7 of [n] is a disjoint union of cycles. Hence the constant
term ¢, = det(A) of fa(t) is the minimal length (!, air, of any disjoint
union of cycles that uses all n nodes in G(A). Likewise, the coefficient ¢;
is the minimum over the lengths of all disjoint unions of cycles on exactly ¢
nodes in G(A). The smallest root of the tropical polynomial f4(t) equals

min{ ¢1, c2/2, c3/3, ..., cp/n}.

This minimum is the smallest normalized cycle length A(A). O

Our discussion raises the question of how the tropical eigenvalue problem
is related to the classical eigenvalue problem for a matrix over a field K with
a valuation. Let M be an n xn-matrix with entries in K, and let A = val(M)
be its tropicalization. If the entries in M are general enough, then the
characteristic polynomial f4(t) of A coincides with the tropicalization of
the classical characteristic polynomial of M. Assuming this to be the case,
let us consider an arbitrary solution (u, v) of the eigenvalue equation for M:

M-v =p-v.

This equation does not tropicalize; there will be cancellations of lowest terms
in the matrix-vector product M - v, unless p is an eigenvalue of minimal
valuation A(A). Furthermore, the eigenvector v must satisfy the nontrivial
combinatorial constraint imposed by Theorem [5.1.3 namely, the valuation
of v is in the image of the matrix BS’ . Here is an example to show this.

Example 5.1.6. Let n = 3, let K = C{{t}}, and consider the matrix

t 1t
M = |1 t —t?
t 2t

This matrix has three distinct eigenvalues p in K, and we list each of them
with a generator v for the corresponding one-dimensional eigenspace in K3.

Eigenvalue p Eigenvector v
t (tza _ta 1)T
VIFEZ 4+t (t-VI+2 -T2 - — 1,12 1))
VITE At (B VITE A L2V E A t)"

01 .
! %), and the tropical

=

The tropicalization of the matrix M equals A = (
characteristic polynomial fa(z) = 2> @ 1022 @ 0© 2z @ 1 factors as

fa(z) = 200 (2 1).
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This is an identity of tropical polynomial functions. The tropical roots reflect
the fact that M has two eigenvalues of valuation 0 and one eigenvalue of
valuation 1. By Theorem[E.I1] A(A) = 0 is the only eigenvalue of the matrix
A. The eigenspace Eig(A) is computed using Theorem We have

0
BT = AT = Agp A% A% = |0
1

_ o O

1
1
1

Hence Eig(A) is spanned, over the tropical semiring, by the vector (0,0,1)7.
Equivalently, the eigenspace of A consists of the column vectors (a,a,a+1)"
for all @ € R. Each of these arises as the coordinatewise valuation of an
eigenvector of the classical matrix M over the field K. For instance, the last
two eigenvectors v listed above both have valuation (0,0,1)7. O

In classical linear algebra, the determinant of a square matrix is the
product of its eigenvalues. This is not true in tropical linear algebra, as
there is only one eigenvalue. What remains true however is the geometric
interpretation of the determinant as a coplanarity criterion. That result is
the same both classically and tropically. We now derive the latter version.

We view the determinant of an n x n-matrix as a polynomial of degree
n in n? unknowns having n! terms. The tropical hypersurface defined by
that polynomial was described in Example BTl see also Remark
Matrices which lie on that tropical hypersurface are called tropically singular.

Proposition 5.1.7. Let A be a real n X n-matriz. Then A is tropically
singular if and only if the rows of A lie on a tropical hyperplane in R™/R1.

Proof. Suppose that A = (a;;) is tropically singular. Fix an algebraically
closed field K whose value group I'y, contains all entries of A. By Kapra-
nov’s Theorem B:1.3] applied to f = det, there exists a singular n x n-
matrix U with entries in K* for which val(U) = A. Pick a nonzero vector
in the kernel of U, and consider the classical hyperplane H C K™ perpen-
dicular to that vector. Then the rows of A lie in the tropical hyperplane
trop(H N (K*)™).

For the converse, suppose that the rows ai,...,a, of A lie in a tropical
hyperplane H. Pick a classical vector ¢ = (c1,...,¢,) € (K*)™ such that the
linear form ¢ = cyz1 + - - - + ¢cpxy, satisfies H = trop(V(¢)). By Kapranov’s
Theorem B.I.3] now applied to ¢, we can lift each a; to a vector f; € (K*)"
with ¢(f;) = 0 and val(f;) = a;. Let F' be the n x n-matrix with row vectors
f,...,f,. By construction, we have val(F) = A and F-c’ = 0. This implies
that F' is a classically singular, so val(F') = A is tropically singular. O



228 5. Tropical Garden

The spectral theory of tropical matrices is an active area of research. It
has numerous applications, and offers many interesting directions for com-

binatorialists and geometers. We refer to the books But10].

5.2. Tropical Convexity

We now introduce the notions of convexity and convex polytopes in the
setting of tropical geometry. The main result in this section is Theorem
[E2T9 which states that combinatorial types of tropical polytopes are in
bijection with the regular subdivisions of products of two simplices.

Definition 5.2.1. A subset S of R" is tropically conver if x,y € S and
a,b € Rimplies a®x & bOy € S. The tropical conver hull of a given subset
V' C R" is the smallest tropically convex subset of R” that contains V.

Any tropically convex subset S of R" is closed under tropical scalar
multiplication: R® S C S. In other words, if x € S, then x+ A1 € S for
all A € R. We thus identify the tropically convex set S with its image in the
(n — 1)-dimensional tropical projective torus R"/R1. A tropical polytope is
the tropical convex hull of a finite subset V' in R"/R1.

We shall see in Proposition (.2.6] that the tropical convex hull of V
coincides with the set of all tropical linear combinations

(5.2.1) a1 ©v1 @ -+ ® a, ©V,, where vq,...,v, € V and ay,...,a, € R.
By Theorem [5.1.3] the eigenspace of a square matrix is a tropical polytope.

Remark 5.2.2. The set R is a semimodule over the tropical semiring
(R,®,®). Here R = RU {oc}. Tropically convex sets in R /R1 lift to sub-
semimodules, and tropical polytopes to finitely generated subsemimodules.
In this section we restrict ourselves to tropical polytopes whose points have
coordinates in R. This is done to keep things simple. The theory presented
here extends naturally to points with coordinates in R, where our ambient
space R™/R1 is replaced with the tropical projective space of Chapter Gl

Tropical convexity was developed independently by several authors.

Early references include [CGQS05]. For further reading see [Jos].

We shall see that every tropical polytope is a finite union of convex poly-
topes in the usual sense: the tropical convex hull of V' = {vy,...,v,} CR"
has a natural polyhedral cell decomposition, called the tropical complex gen-
erated by V. There is also a remarkable duality between tropical polytopes
with r vertices in R”/R1 and tropical polytopes with n vertices in R"/R1.

We begin with pictures of tropically convex sets in the tropical plane
R3/R1. A point (z1,z92,73) € R3/R1 is represented by drawing the point
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E (Oa07_2)

(0,-1,-2)

Figure 5.2.1. Tropically convex sets and tropical line segments in R? /R1.

with coordinates (z2—x1,23—21) in the plane R?. The triangle on the left-
hand side in Figure[5.2.T]is tropically convex, but it is not a tropical polytope
because it is not the tropical convex hull of finitely many points. The thick
edges indicate two tropical line segments. The picture on the right-hand side
is a tropical triangle: it is the tropical convex hull of the three points (0,0, 1),
(0,2,0), and (0, —1, —2) in the plane R3/R1. The thick edges represent the
tropical segments connecting any two of these three points.

Tropical convex sets enjoy many of the features of ordinary convex sets:

Theorem 5.2.3. The intersection of tropically convex sets in R™ is trop-
ically conver. The projection of a tropically convex set onto a coordinate
hyperplane is tropically convex. The classical hyperplane {x; — x; =k} is
tropically convex. Projecting from this hyperplane to R"~! by eliminating x;
s a tropical linear map. Tropically convex sets are contractible.

Proof. We prove the statements in the order given. Let S be a collection
of tropically convex subsets of R" and x,y € (gegS. Each S € S contains
the tropical line segment between x and y, and hence so does (Ngeg S.

Suppose S is a tropically convex set in R". We claim that the image

of S under the coordinate projection ¢ : R® — R (z1,29,...,2,)
(w9, ...,m,) is a tropically convex subset of R"~!. If x,y € S, then we have
pcox®doy) = codx) @ dooly).

This means that ¢ is a linear map in tropical arithmetic. Therefore, if S
contains the tropical line segment between x and y, then ¢(S) contains the
tropical segment between ¢(x) and ¢(y) and hence is tropically convex.

Most classical hyperplanes in R™ are not tropically convex, but we claim
that classical hyperplanes of the special form {z; — z; = k } are tropically
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convex. If x and y lie in that hyperplane, then x; —y; = x; — y;, and hence
(cOx®dOy) — (cOx ®dOy); = min(z;+c,y;+d) — min(z;+c, y;+d) = k
for all ¢, d € R. So, the tropical segment between x and y is in {z; —z; = k}.

Consider the restriction of the projection map ¢ to {x; — x; = k}. This
restriction is injective: if two points differ in the x; coordinate, they must
also differ in the z; coordinate. It is surjective because we can recover the
ith coordinate by setting x; = z; + k. Hence it is an isomorphism.

Classical convex sets are contractible because they can be retracted along
line segments to any particular point. Tropically convex sets are contractible
for the same reason, since tropical segments are homeomorphic to [0,1]. O

The relationship between classical polytopes and tropical polytopes is
similar to the relationship between classical varieties and tropical varieties:

Remark 5.2.4. Let K be a real closed field with a nontrivial valuation,
such as the field K = R{{e}} of Puiseux series with real coefficients; see
[BPRO6|, Section 2.6]. Let K be the subset of positive elements in K,
and let P = conv(ay,...,a,) be a classical convex polytope in (Ky)". This
polytope maps to R”/R1 under the coordinatewise valuation map. The
closure of the image of P under this map is the tropical convex hull of
val(ay),...,val(a,). Conversely, every tropical polytope in R"/R1 can be
lifted to a classical polytope P that lies in the positive orthant of K™. We
refer to Section 2] for details on these constructions.

We next give a more precise description of tropical line segments.

Proposition 5.2.5. The tropical line segment between two points X and y
in R"/R1 is the concatenation of at most n—1 ordinary line segments. The
direction of each line segment is a zero-one vector.

Proof. After relabeling coordinates of x=(z1,,...,z,) and y=(y1,...,Yn),
and adding multiples of 1, we may assume 0 = y1 — 21 < yo—zg < -+ <
Yn — Tn. The following points lie in the given order on the tropical segment
between x and y:

X = (p—11)0xdy = (yla y1—w1+x2,y1—$1+$37--~7y1—371+37n)
(yp—22) Ox By = (yh Y2, Y2—T2+T3,. .. ,y2—$2+wn)
(Y3 —73) OX Dy = (yh Y2, Y3, "-7y3_333+33n71ay3_$3+$n)
(Yn-1—Tn-1) OX By = (Y1, ¥2, Y3, - - -+ Yn—1,Yn—1—Tn—1+Tp),
Yy = (h—2)Ox @y = (y1, %2, U3, -+ Un—1, Un)-
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Between any two consecutive points, the tropical line segment equals an or-
dinary line segment of direction (0,0,...,0, 1,1,...,1). Hence the tropical
line segment between x and y is the concatenation of at most n— 1 ordinary
line segments, one for each strict inequality v; — x; < Y41 — Tit1. [l

Proposition £.2.5 shows an important feature of tropical convexity: seg-
ments use a limited set of directions. We next characterize convex hulls.

Proposition 5.2.6. The smallest tropically convexr subset of R"™ containing
a given set V is the set tconv(V') of all tropical linear combinations

apa®Ovy P - P aOv,, wherevy,..., v €V and ay,...,a, € R.

Proof. Let x = @;_, a; ©® v; be the point in (G2ZT). If » < 2, then x is
in the tropical convex hull of V. If » > 2, then we write x = a1 ® vy &
(P;_5 ai © v;). The parenthesized vector lies the tropical convex hull, by
induction on r, and hence so does x. For the converse, consider any two
tropical linear combinations x = €P;_; c; ©v; and y = @;_,d; ®v;. By
the distributive law, a ® x @ b ® y is also a tropical linear combination
of vi,...,v,. € V. Hence the set of all tropical linear combinations of V is
tropically convex, so it contains the tropical convex hull of V. ([

The following basic result from classical convexity holds also tropically.

Proposition 5.2.7 (Tropical Carathéodory’s Theorem). If x is in the
tropical convex hull of a set of r points vi,va,...,v, in R"/R1 with r > n,
then x is in the tropical convex hull of at most n of them.

Proof. Let x = @;_,a; ® v;, and suppose r > n. For each coordinate
J € [n], there exists an index ¢ € {1,...,r} such that z; = a; + v;;. Take a
subset I of {1,...,r} composed of one such i for each j. Then we also have
X = @ig a; ® v;, where I has at most n elements. O

Just as in ordinary geometry, every linear space is a convex set:

Proposition 5.2.8. Tropical linear spaces in R™/R1 are tropically conver.

Proof. Every tropical linear space is an intersection of tropical hyperplanes.
Hence, by the first statement in Theorem (.23 it suffices to show that
tropical hyperplanes H are tropically convex.

Suppose that H is defined by a1 ®z1®--- P a, ® z,, i.e., H consists of
all points x = (x1,...,x,) satisfying

(5.2.2) a;j+x;=a;+x; =min{ay + 2 :k=1,...,n} for some i # j.

Let x and y be in H and consider any linear combination z = cOx ® dQYy.
Let 7 be an index which minimizes a;+ z;. We must show that this minimum
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is attained twice. By definition, z; is equal to either ¢ + x; or d + y;. After

permuting x and y, we may assume z; = c+ x; < d+ y;. Since, for all
k, a; + 2z < ap + 2z and 2z < ¢+ xp, it follows that a; + z; < ap + g
for all k. Hence a; + x; achieves the minimum of {a; + z1,...,a, + x,}.

Since x € H, there exists an index j # i with a; + x; = a; + ;. But now
aj+zj < aj+c+x; = cta;+x; = a;+z. Since a; + 2; is the minimum of all
a; + z;, the two are equal, and this minimum is obtained at least twice. [J

Fix a subset V = {vy,va,...,v,} of R"/R1, with v; = (vi1,...,vin)-
Consider the maz-plus tropical hyperplane with vertex at v;. This is the set
Hy,, = {xe€R"/R1: the mazimum of x1 — vi1,..., Ty — Vi,

is attained at least twice }.
The arrangement of max-plus tropical hyperplanes Hy,, ..., Hy, divides the
ambient space R"/R1 into relatively open classical convex polyhedra. We
label the polyhedron containing a given point x in R"/R1 by a set of n
subsets of {1,...,r} called its type. More formally, the type of x relative to
V is the n-tuple (Si,...,Sy), where
S; = {ie{l,...,r} : the maximum for Hy, is attained at z; — v;;}.
Thus an index ¢ is in S if v; —x; = min(v;; — 1,02 — T2, ..., Vip — Tp).
Equivalently, if we set A\; = min{ A € R : A\®v; ®x = x}, then Sj is the
set of all indices 7 such that \; ® v; and x have the same jth coordinate.
We say that an n-tuple of indices S = (S1,...,S5,) is a type of V if
it arises in the manner above for some x. Note that every type satisfies

S1USyU---US, ={1,2,...,r} because the maximum for H; is attained
by some j.

Example 5.2.9. Let r=n=3, v;=(0,0,2),vy=(0,2,0), and v3=(0, 1, —2).
The max-plus tropical lines Hy,, Hy,, and Hy, divide the plane R?/R1 into
31 cells. There are ten two-dimensional cells (one bounded and nine un-
bounded), 15 edges (six bounded and nine unbounded), and six vertices.
This is shown in Figure The configuration V' = {vj, vy, v3} has 31
types. For instance, the point x = (0,1, —1) has type(x) = ({2}, {1},{3}).
Its cell is a pentagon. The point x' = (0,0,0) has type(x’) = ({1,2}, {1},
{2,3}). TIts cell is a vertex. The point x” = (0,0,—3) has type(x”) =
{{1,2,3},{1},0). Its cell is an unbounded edge. O

Our first application of types is the following separation theorem.
Proposition 5.2.10 (Tropical Farkas Lemma). For all x € R"/R1, ezactly
one of the following is true:

(i) the point x is in the tropical polytope P = tconv(V); or

(i) there exists a tropical hyperplane that separates x from P.
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(0,0,2)

(0,2,0)

4

‘(0,1,—2)

Figure 5.2.2. The polyhedral decomposition of R?/R1 from Example 2.9l

The phrase “separates x from P” is defined as follows. Suppose the
hyperplane is given by the tropical linear form a1 ®z1 & - ® a, ® T, and
k is an index with ay + xx = min(a; + x1,...,a, + x,). Then separation
means that ag + yr > min(a; +y1,...,a, +y,) for all y € P.

Proof. Let x be any point in R"/R1, with type(x) = (S1,...,S,), and let
Ai=min{fA\eR : AOv; &x = x} as before. We define

(5.2.3) Wv(a:) = MOVIPAOVEP - D N OV

Consider two cases: 7y (x) = x or 7y (x) # x. The first case implies Propo-
sition B.2.10(i). It suffices to prove that the second case implies Proposition
B2.10(i1). Suppose that my(x) # x. Since v + A — x> 0 for all k by the
definition of \;, this means that thereis k € {1,...,n} with v;r+X\;—x >0
fori =1,2,...,r. Thus Sy = (. Fixe > 0 that is less than min; (v +\; —x).
We now choose our separating tropical hyperplane (5.2.2]) as follows:

(5.2.4) ap = —xp—¢e and a; = —x; for je{1,...,n}\{k}.

This satisfies ay + zx = min(a; + x1, ..., ay + x,). Now, consider any point
y =@;_, ci ®v; in tconv(V). Pick any index m such that y, = ¢y + V.
By definition of the \;, we have z; < \,, + v, for all [, and there exists
some j with z; = Ay + vyj. We have j # k, as xp < vpmp + Ap. These
equations and inequalities imply

ap +Yp = 0k + Cm + Vmnk = Cm + Uk — Tk — € > Cm — Am

=Cm+Umj —2j 2 yj —x; = aj+y; >min(a1 +y1,..., 00 + Yn).

Hence, the hyperplane defined by (5.2.4]) separates x from P as desired. [
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The construction in (B.23]) defines a map my : R"/R1 — P whose
restriction to the tropical polytope P = tconv(V) is the identity. This map
is the tropical version of the nearest point map onto a closed convex set.

Let Cy denote the polyhedral decomposition of R"/R1 defined by the
various types of x. This is the common refinement of the decompositions
given by the r max-plus hyperplanes centered at the points of V. If § =
(S1,...,8,) and T = (T1,...,T),) are n-tuples of subsets of {1,2,...,r},
then we write S C T if S; C T} for j = 1,...,n. With this notation, the
closed cell Xg of Cy indexed by the type S is
Xs = {xeR"/R1:S C type(x)}

(5.2.5) . .

= {x txp—x; < vi—vi; for 1 <5 k<n and i€ Sj}.
The equality of these two sets is seen by unraveling the definitions of “type”.
The poset structure on the cells of Cy is given by reverse inclusion of types.
The union of the inequalities for Xg and X is the inequalities for SUT, so

XsNXr = Xgur.

Proposition 5.2.11. A cell Xg of Cy is bounded if and only if S; # () for
i=1,...,n. The union of these cells is the tropical polytope P = tconv(V).

Proof. Consider any x € R"/R1, and let S = type(x). We have seen in the
proof of the Tropical Farkas Lemma (Proposition (.2.10]) that x lies in P if
and only if no S; is empty, so it suffices to show that this is equivalent to the
polyhedron Xg being bounded. Suppose S; # 0 for all j = 1,...,n. Then
for every j and k, we can find i € S; and m € S, which by (5.2.3]) yield the
inequalities vy, — Vmj < Tk —2; < vy — ;. This implies that each xp, —x; is
bounded on Xg, and hence Xg is a bounded subset of R"/R1. Conversely,
suppose S; is empty. Then the only inequalities involving x; are of the form
x; — o < v; —vg. Consequently, if x is in S;, so is x — pe; for p > 0, where
e; is the jth basis vector. Therefore, in this case Xg is unbounded. O

The set of bounded cells Xg is called the tropical complex generated by
V. Proposition B.2.1T] states that this is a polyhedral decomposition of the
tropical polytope P = tconv(V'). We therefore denote the tropical complex
by Cp. Equivalently, Cp is the subcomplex of Cy consisting of all bounded
cells. Different sets V may have the same tropical polytope P as their
convex hull, but generate different tropical complexes; the decomposition of
a tropical polytope depends on the chosen V. Thus, Cp still depends on V.

Example 5.2.12. Let V = {(0,0,0),(0,1,4),(0,3,7),(0,4,5)}. The tropi-
cal polytope P = tconv(V) is shown on the left of Figure[0.2.3] together with
its tropical complex. Note that the tropical convex hull does not change if
we add the point (0,3,4) to V, since (0,3,4) € P. However the tropical
complex Cp does change. This is illustrated on the right of Figure .23l ¢



5.2. Tropical Convexity 235

Figure 5.2.3. The two tropical complexes discussed in Example 5.2.12]

The next few results provide additional information about the classical
convex polyhedron Xg in (52.0]). Let Gg denote the undirected graph with
vertices 1,...,n, where {j,k} is an edge if and only if S; NS, # 0. The
polyhedron Xg in the next statement lives in the ambient space R™/R1, so
its dimension d can be any integer between 0 and n — 1.

Proposition 5.2.13. The dimension d of the polyhedron Xg is one less
than the number of connected components of Gg, and Xg is affinely and
tropically isomorphic to some full-dimensional polyhedron Xt in R /R1.

Proof. We use induction on n. Suppose 7 € S; N Si. Then Xg satisfies the
linear equation xj, — x; = ¢ where ¢ = vy, — v;;. Projecting onto R"_I/Rl
by eliminating the variable xj, we find that Xg is isomorphic to X7 where
the type T is defined by Ty = Sy for £ # j and Tj; = S; U Si. The cell X1
exists in the cell complex Cy induced by W = {w,..., w,} with w;; = v;;
for i # j. The graph Gr is obtained from the graph Gg by contracting
the edge {j,k}, and thus has the same number of connected components.
Induction reduces us to the case where all of the S; are pairwise disjoint.
We must show that Xg has dimension n — 1. Suppose not. Then Xg lies in
R™/R1 but has dimension less than n — 1. Therefore, one of the inequalities
in (B2.5)) holds with equality: xj —x; = vy — vy for all x € Xg. Since
xp — x5 < v, — vy was one of the defining equalities, we have ¢ € Sj;, and
v —x; <wvg—wjforalll € {1,...,n}. Thus a; — ), < vy — vy, for all [, and
so i € Si. Hence S; and Sj, are not disjoint, which is a contradiction. [l

Proposition 5.2.14. Any polytope in R™ /R1 that is defined by inequalities
xp —x; < cj is a cell Xg in the complex Cy of some set V = {vi,...,v,}.



236 5. Tropical Garden

Proof. If ¢;; does not appear in the given inequality presentation, then we
get the same polytope by setting it to be a very large positive number. Define
the vectors v; to have coordinates v;; = ¢;; for i # j, and v;; = 0. By (52.3),
the polytope defined by the inequalities x, —x; < ¢j; in R™/R1 is precisely
the cell of type (1,2,...,n) in the tropical convex hull of {vy,...,v,}. O

Lemma 5.2.15. Fvery bounded cell Xg in the tropical complex generated by
V' s itself a tropical polytope, equal to the tropical convexr hull of its vertices.

Proof. By Proposition 5.2.13], if X g has dimension d, it is affinely and trop-
ically isomorphic to a cell in the convex hull of a set of points in R!/R1,
so it suffices to consider the full-dimensional case. The presentation (5.2.5)
shows that Xg is tropically convex for all S. Therefore, it suffices to show
that Xg is contained in the tropical convex hull of its vertices.

All proper faces of Xg are polytopes X of lower dimension, and, by
induction on d, are contained in the tropical convex hull of their vertices.
These vertices are among the vertices of Xg, and so each face is in the
tropical convex hull. Take any point x = (z1,...,2y) in the interior of Xg.
We can travel in any direction from x while remaining in Xg. Let us travel
in the (1,0,...,0) direction, until we hit the boundary, to obtain points
v1 = (x1 + b,xe,...,z,) and y2 = (1 — ¢, x2,...,2,) in the boundary of
Xg. These points are in the tropical convex hull by the induction hypothesis,
which means that x = y; @& ¢ © y2 is also in the tropical convex hull. (I

Each bounded cell Xg is a polytope both in the ordinary sense and in
the tropical sense. Such objects were named polytropes by Joswig and Kulas
[JK10]. By Prop. 19], the number of vertices of a polytrope Xg is
at most (2::12). This bound is tight for all n. For instance, the number of
vertices of a three-dimensional polytrope is at most (244:12) = 20.

Proposition 5.2.16. If P and Q are tropical polytopes in R™/R1, then
PNQ is also a tropical polytope.

Proof. Since P and @ are tropically convex, so is P N Q. We must find
a finite subset of P N @ whose tropical convex hull is P N Q. By Propo-
sition B.2ZI1] P and @ are finite unions of bounded cells {Xg} and {Xp}
respectively, so PN is the finite union of the cells Xg N X7. Consider any
Xs N Xp. Using (23] to obtain the inequality representations of Xg and
X7, we see that this polyhedron has the form in Proposition 214l It is
thus a cell Xy in some tropical complex. By Lemma we can find a
finite set of points whose convex hull is equal to Xy = Xg N Xp. Taking
the union of these sets over all choices of S and T gives the desired finite
subset of PN Q. O
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Proposition 5.2.17. Let P be a tropical polytope in R™/R1. Then there
exists a unique minimal set V' such that P = tconv(V).

Proof. Suppose that P has two minimal generating sets, V = {vi,...,v;,}
and W = {wy,...,w,}. Write each element of W as w; = @;”:1 cij O vj.
We claim that V' C W. Consider vi € V and write

(526) vy = @dl Ow,;, = @ fj Ovj where fj = Hllnz(dl + Cij)-
i=1 j=1

If the term f; ®v does not minimize any coordinate in the right-hand side of
(B2.6)), then vy is a combination of vy, . .., v,,, contradicting the minimality
of V. However, if fi ® vi minimizes any coordinate in this expression, it
must minimize all of them, since (f1 ® v1); = vi; means that fi +vi; = vy,
and so f; = 0. Pick any ¢ for which fi; = d; +¢;1; we claim that w; = ¢;1 ©Ovy.
Indeed, if any other term in w; = @;’;1 cij © v; contributed nontrivially to
w;, that term would also contribute to the expression on the right-hand side
of (B2.6]), which is a contradiction. Consequently, V' C W, which means
V' = W since both sets are minimal by hypothesis. (I

We now come to the connection to the product of simplices A, 1 X A, _1
that was promised at the beginning of this section. Every configuration
V = {vi,...,v,} in R"/R1 specifies a tropical complex Cp, which is a
subdivision of the tropical polytope P = tconv(V'). Each cell in Cp is labeled
by its type, which is an n-tuple of subsets of {1,...,r}. Two configurations
have the same combinatorial type if the types occurring in their tropical
complexes are identical. Since X7 is a face of Xg if and only if S C T', this
implies that the face posets of the tropical complexes are isomorphic.

Let W = R™"/R(1,...,1,—1,...,—1). The coordinates on W are de-
noted (y,z) = (y1,. .-, Yr, 21, -, 2n). Consider the unbounded polyhedron

(5.2.7) Py = {(y,z)eW: yi + 25 < vy forlgigrandlgjgn}.

The connection to products of simplices will arise because the cone over
Ap—1 % Ay is dual to the recession cone of Py, as defined in [B.5.1). We
first show that the tropical complex of V appears in the boundary of Py, .

Lemma 5.2.18. There is a piecewise-linear isomorphism between the tropi-
cal complex generated by V' and the complex of bounded faces of the (r+n—1)-
dimensional polyhedron Py . The image of a cell Xg of Cp under this iso-
morphism is the bounded face {y; + z; = vi; : i € Sj} of Pyv. That bounded
face maps isomorphically to Xg wvia projection onto the z-coordinates.

Proof. Let F' be a bounded face of Py, and define a subset Sj of {1,...,r}
via i € S if y; + z; = v;; is valid on all of F. If some y; or z; appears
in no equality, then we can subtract arbitrary positive multiples of that
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basis vector to obtain elements of F', contradicting the assumption that F'
is bounded. Therefore, each i appears in some S, and each S; is nonempty.

Since every y; appears in some equality, given a specific z in the projec-
tion of F' onto the z-coordinates, there exists a unique y for which (y,z) € F,
so this projection is an affine isomorphism from F' to its image. We need
to show that this image is equal to Xg. Let z be a point in the image of
this projection, coming from a point (y,z) in the relative interior of F. We
claim that z € Xg. Indeed, looking at the jth coordinate of z, we find that
(5.2.8) —yi +vi; > % for‘all i,

—yitvi; = zj for ¢ € S;.
The defining inequalities of Xg are xj, — x; < vy, — v;; with @ € S;. Sub-
tracting the inequality —y; +v;, > 2x from the equality in (B.2.8) yields that
this inequality is valid on z as well. Therefore, z € Xg. Similar reasoning
shows that S = type(z). We note that the relations (.2.8)) can be rewritten
in terms of the tropical product of a row vector and a matrix:
T

(5.2.9) z = (-y)oV = Pl o,

i=1
where V' is the (n X r)-matrix with columns the v;. Conversely, suppose
z € Xg. We define y =V ©® (—z). This means that

(5.2.10) y; = min(v; — 21,02 — 22, -+, Vin — Zn)-

We claim that (y,z) € F. Indeed, we certainly have y; + z; < v;; for all
i and j, so (y,z) € Py. Furthermore, when i € Sj, we know that v;; — z;
achieves the minimum in the right-hand side of (B.2.10), so that v;; —z; = y;
and y; + z; = v;; is satisfied. Consequently, (y,z) € F' as desired.

It follows that the two complexes are isomorphic: if F' is a face corre-
sponding to Xg and G is a face corresponding to X, where S and T are
both types, then Xg is a face of X7 if and only if 7' C S. By the discussion
above, this is equivalent to saying that the equalities satisfied by G are a
subset of the equations satisfied by F. (The former correspond to 7', and
the latter correspond to S.) Equivalently, F' is a face of G. So X is a face
of X7 if and only if F' is a face of GG, which establishes the assertion. O

The boundary complex of the polyhedron Py is dual to the regular
subdivision of the product of simplices A,_1 X A, _1 defined by the weights
v;;. We denote this regular polyhedral subdivision by (0Py)*. Explicitly, a
subset of vertices (e;, e;) of A,_1 x A, forms a cell of (OPy)* if and only
if the equations y; + z; = v;; indexed by these vertices specify a face of the
polyhedron Py. Note that Py is a simple polyhedron if and only if (OPy)*
is a triangulation of A,_1 x A,_1. We return to this generic situation in
Theorem (2221 First, however, we derive the main result of Section
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Theorem 5.2.19. The combinatorial types of tropical complexes generated
by configurations of r points in R™/R1 are in natural bijection with the
reqular polyhedral subdivisions of the product of two simplices A1 X Ap_q.

Proof. The poset of bounded faces of Py is anti-isomorphic to the poset
of interior cells of the subdivision (0Py)* of A,_; x A,_;. Since every
full-dimensional cell of (0Py)* is interior, the subdivision is uniquely de-
termined by its interior cells. Hence, the combinatorial type of Py is deter-
mined by the lists of facets containing each bounded face of Py. These lists
are precisely the types of V in the tropical complex Cp by LemmaBE218 [

Remark 5.2.20. Subdivisions of a product of simplices are related to nu-
merous other topics in geometric combinatorics, and there are many different
ways to represent such subdivisions. For further reading in this area see Sec-

tion 6.2 in the textbook [DRS10], and the research articles [AD09, [San05].

Theorem [5.2.19, which establishes a bijection between the tropical com-
plexes generated by r points in R"/R1 and the regular subdivisions of a
product of simplices A,_1 X A,_1, has some striking consequences. No-
tably, in the tropical world, the row span and the column span of any matriz
are equal. This important fact is made precise in the following theorem.

Theorem 5.2.21. Given any matriz M € R"™ ", the tropical complex gen-
erated by its column vectors is isomorphic to the tropical complex generated
by its row vectors. This isomorphism is obtained by restricting the piecewise
linear maps R" - R", z+— M ©® (—2z) and R" - R", y — (—y) ® M.

Proof. By Theorem £.2.19, the matrix M corresponds via the polyhedron
Par to a regular subdivision of A,_1 x A,_1, and the complex of interior
faces of this regular subdivision is combinatorially isomorphic to both the
tropical complex generated by its row vectors, which are r points in R"/R1,
and the tropical complex generated by its column vectors, which are n points
in R"/R1. Furthermore, Lemmal5:2Z I8 tells us that each bounded face of Pas
is affinely isomorphic to its corresponding cell in both tropical complexes.
Finally, in the proof of Lemma [5.2.18 we showed that any point (y,z) in
a bounded face F' of Py, satisfiesy = M © (—z) and z = (—y) ® M. This
point projects to y and z, and so the piecewise-linear isomorphism mapping
these two complexes to each other is defined by the stated maps. O

Theorem (5.2 2Tl gives a natural bijection between the combinatorial types
of tropical convex hulls of 7 points in (n — 1)-space and those of tropical
convex hulls of n points in (r — 1)-space. We now discuss the generic case
when the subdivision (9Py)* is a regular triangulation of A,_; X A, _;.
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Theorem 5.2.22. For a configuration V' of r points in R"/R1 with r > n
the following three conditions are equivalent.

(1) The regular subdivision (OPy)* is a triangulation of Ap_1 X Ap_1.

(2) No k of the points in V' project into a tropical hyperplane inside a
(k — 1)-dimensional coordinate subspace, for any 2 < k < n.

(3) No k x k-submatriz of the rxn-matriz (vij) is tropically singular,
i.e., is in the tropical hypersurface of the determinant, for 2<k<n.

Proof. The last equivalence follows from Proposition 5. 1.7l We shall prove
that (1) and (3) are equivalent. The tropical determinant of a kx k-matrix M
is the tropical polynomial @, S, (szl My (;y)- The matrix M is tropically
singular if the minimum min,cg, (Zle M;o(;)) is achieved twice.

The subdivision (OPy)* is a triangulation if and only if the polyhedron
Py is simple, i.e., no r+n of the facets y; + z; < v;; meet at a single vertex.
For each vertex v, consider the bipartite graph Gy on {y1,...,yn, 21, .., 2}
with an edge connecting y; and z; if v lies on the corresponding facet. This
graph is connected, since each y; and z; appears in some such inequality, and
thus it will have a cycle if and only if it has at least r+n edges. Consequently,
Py is not simple if and only if there exists some Gy with a cycle.

If there is a cycle, without loss of generality it is y1, 21, y2, 22, - - - , Yk, 2k-
Consider the submatrix M of (v;;) given by 1 <14, j < k. We have y; + 21 =
M1, y2 + 29 = Moo, and so on, and also z1 + yo = Mo, ..., 2 +y1 = M.
Adding up these equalities yields y1 +---+yr + 21 + -+ 2, = M1 +--- +
My = Mis + - -+ + Mpy. Consider any element ¢ in the symmetric group
Sk. Since Mis(iy = Vig(i) = Yi + 2o(i), We have Y My > o1 + - + 2 +
y1 + -+ yi. Consequently, the permutations equal to the identity and to
(12--- k) simultaneously minimize the determinant of the minor M. This
logic is reversible, proving the equivalence of (1) and (3). O

If the r points of V are in general position, the tropical complex they
generate is a generic tropical complexr. Such a tropical complex is dual to
the cocomplex of interior faces in a regular triangulation of A,_1 x Ap,_1.

Corollary 5.2.23. All generic tropical complexes generated by r points in
R™/R1 have the same number of k-dimensional faces. That number equals

r+mn-—k—2 B (r+n—Fk—2)!
r—k—1n—k—-1k) (r—k—-1)!-(n—k—-1! kI

Proof. By Theorem[£.2.22] these objects are in bijection with regular trian-
gulations of P = A,_1 x A,,_1. The polytope P is unimodular, which means
that all simplices formed by vertices of P are unimodular. This property
implies that all triangulations of P have the same f-vector. The number of
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faces of dimension k of the tropical complex generated by given r points is
the number of interior faces of codimension £ in the corresponding triangula-
tion. Since all triangulations of P have the same f-vector, they also have the
same interior f-vector, which is obtained by (alternatingly) subtracting off
the f-vectors of the induced triangulations on the proper faces of P. These
proper faces are products of simplices, so all of these induced triangulations
have their f-vectors independent of the original triangulation as well.

To compute this number, we consider the particular tropical complex
given by v; = (¢,2i,...,ni) for 1 < i < r. By Proposition E2.T1] to count
the faces of dimension k, we enumerate the types with k£ degrees of freedom.
Consider any index i. We claim that for any x in tconv{vy,...,v,}, the
set {j | i € S;} is an interval I;, and that if i < m, the intervals I,,, and
I; meet in at most one point. This point is the largest element of I,, and
the smallest element of I;. Suppose ¢ € S; and m € S; with ¢ < m. Then
vij — x5 < vy — 27 and vy — 27 < Uy — 2. Adding these inequalities yields
Vij + Vi < Vi + U, or i +ml < il +myj. Since i < m, it follows that
we must have [ < j. Therefore, we can never have i € S; and m € S; with
i <m and j < l. The claim follows since the I; cover {1,...,n}.

The number of degrees of freedom of an interval set (I1, ..., I,) is easily
seen to be the number of indices ¢ for which I; and I;1; are disjoint. Given
this, it follows from a combinatorial counting argument that the number of
interval sets with k£ degrees of freedom is the given multinomial coefficient.
Finally, a representative for every interval set is given by z; = xj11 — ¢;,
where if S; and S;4; have an element ¢ in common (they can have at most
one), ¢; = i, and if not, then ¢; = (min(S;) +max(S;+1))/2. Therefore, each
interval set is in fact a valid type, and our enumeration is complete. O

Theorem implies that the number of combinatorially distinct
generic tropical complexes given by 7 points in R™/R1 equals the number
of regular triangulations of A,_1 x A,,_1. The number of symmetry classes
under the natural action of the product of symmetric groups S, x S, on both
spaces is also the same. The symmetries in S, correspond to permuting the
points in a tropical polytope, while those in S,, correspond to permuting the
coordinates. Of course, these two are dual by Theorem (221l The number
of symmetry classes of regular triangulations of the polytope A,_1 x A,
is computable via Jorg Rambau’s TOPCOM [Ram02] for small r and n:
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Figure 5.2.4. The 35 classes of tropical quadrilaterals in the plane.

Example 5.2.24. Let n=3 and r=4. The (3,4) entry of the table above
says that the five-dimensional polytope Asx Ag has 35 symmetry classes of
regular triangulations. These determine 35 combinatorial types of four-point
configurations in R®/R1, or 35 combinatorial types of three-point configura-
tions in R*/R1. These are shown in Figure 5.2 with the Cp they generate.
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Fach generic tropical complex Cp has ten vertices, 12 edges and three poly-
gons. This is consistent with the formula in Corollary 5.2.23lfor £k = 0,1,2. {

We close this section with a “take-home message” from Theorem F.2.211
In tropical geometry, the row span and the column span of any matrix can
be naturally identified. That span is the tropical complex. Example
concerns matrices of format 3 x 4. The three row vectors live in R*/R1. The
four column vectors live in R?/R1. They have the same tropical complex.
Tropical triangles in 3-space are identified with tropical quadrilaterals in the
plane. Figure [(.2.4] exhibits all the combinatorial possibilities.

5.3. The Rank of a Matrix

The rank of a matrix M is one of the most basic notions in linear algebra.
It can be defined in many different ways. In particular, the following three
definitions are equivalent in classical linear algebra over a field:

e The rank of M is the smallest positive integer r for which M can
be written as the sum of r rank 1 matrices. A matrix has rank 1 if
it is the product of a column vector and a row vector.

e The rank of M is the dimension of the column space. This is the
smallest dimension of any linear space containing the columns of M.

e The rank of M is the largest positive integer r such that M has a
nonsingular r X r submatrix.

In this section we examine these familiar definitions in the setting of the
tropical semiring. We work in R? and in the vector space R**™ of real d x n-
matrices, with the operations of addition and matrix multiplication defined
tropically. All three of our definitions of matrix rank still make sense:

Definition 5.3.1. The Barvinok rank of a matrix M € R%™ is the smallest
integer r for which M can be written as the tropical sum of r rank 1 matrices.
Here, we say that a d x n-matrix has rank 1 if it is the tropical matrix product
of a d x 1-matrix and a 1 X n-matrix.

Definition 5.3.2. The Kapranov rank of a matrix M € R4 is the smallest
integer r for which there exists a field K and a linear subspace of K¢ of
dimension r whose tropicalization contains the columns of M. Here K can
be any field with a valuation. The attribution is a pointer to Kapranov’s
Theorem [3.1.3] and hence also to the Fundamental Theorem
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Definition 5.3.3. The tropical rank of a matrix M € R¥*™ is the largest
integer r such that M has a tropically nonsingular r x r submatrix. Recall
from Sections and [0l that a square matrix M = (m;;) € R™*" is tropi-
cally singular if the minimum in the evaluation of the tropical determinant

@ Migy © M2gy O+ O Mype, = Min(Mig, +Mogy + -+ + Myo, : 0 ESy)
O'EST

is attained at least twice. Here S, denotes the symmetric group on
{1,2,...,r}.

The terms Barvinok rank, Kapranov rank, and tropical rank were coined
in [DSS05]. Several other notions of matrix rank are known in the literature
on tropical linear algebra. In this section we limit ourselves to those in
Definitions B.3.1], £.3.2, and These are related as follows:

Theorem 5.3.4. For every matrix M with entries in the tropical semiring,
(5.3.1) tropical rank (M) < Kapranov rank (M) < Barvinok rank(M).

Both of these inequalities can be strict.

The proof of Theorem [5.3.4] consists of Propositions5.3.15 5.3.16] (.3.19,
and Theorem B.3.211 As we go along, several alternative characterizations
of the Barvinok, Kapranov, and tropical ranks will be offered. We shall use
the fact that every d x n-matrix M defines a tropically linear map R™ — R%,
By Section [£.2] the image of M is a tropical polytope in RY/R1. We shall
see that the tropical rank of M is the dimension of this tropical polytope
plus one. The discrepancy among Definitions £.3.1] £.3.2] and reflects
the distinction between tropical polytopes, tropicalized linear spaces, and
tropical linear spaces. A connection to Section arises from the question
whether the (r+1) X (r+1)-minors of a matrix form a tropical basis. That
question was answered by Shitov [Shil3], following earlier work of Chan,
Jensen, and Rubei [CJR11]. This is featured in Theorem [(.3.25]

We start out by examining the Barvinok rank (Definition E3.0]). This
notion of rank arose in the context of combinatorial optimization. Barvinok,
Johnson, Woeginger, and Woodroofe [BITWW9§]|, building on earlier work
of Barvinok, showed that for fixed r the Traveling Salesman Problem can
be solved in polynomial time if the distance matrix is the tropical sum of
r matrices of tropical rank 1 (with @ as “max” instead of “min”). This
motivates the definition and nomenclature of Barvinok rank as the smallest
r for which M € R¥™ is expressible in this fashion. Since matrices of
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tropical rank 1 are of the form X ® Y7, for two column vectors X € R? and
Y € R"”, this is equivalent to saying that M has a representation

(5.3.2) M = X0Y @ X0V @ -9 X, 07 .
For example, here is a 3 x 3-matrix that has Barvinok rank 2:
0 4 2 0 3
(533) M = [2 1 0| = [(2]©(0,4,2) & |0]| ®(2,1,0).
2 4 3 2 3

This matrix also has both tropical rank and Kapranov rank 2. The column
vectors lie on the tropical line in ]R3/]R1 defined by 2021 3022000 x3.

We next present two reformulations of Barvinok rank: in terms of trop-
ical convex hulls, as in Section [5.2] and via tropical matrix multiplication.
Proposition 5.3.5. For a real d x n-matriz M, the following are equivalent:

(a) M has Barvinok rank at most r.

(b) The columns of M lie in the tropical convex hull of r points in
RY/R1.

(c) There are matrices X € R™" and Y € R"™™ such that M = X ®Y .
Equivalently, M lies in the image of tropical matriz multiplication:

(5.3.4) ¢p 1 RT X R 5 R (XY) —» X QY.

Proof. Let Mj,..., M, € R?be the column vectors of M. Let X1,..., X, €
R? be the columns of an unknown matrix X € R*" and Y3,...,Y, € R”
the rows of a matrix Y € R"™". Let Y;; denote the jth coordinate of Y;.
The following three algebraic identities are easily seen to be equivalent:

(a) M = X101 & Xo0Ys® - & X, 0Y,;
(b) M; =Y;0X1 @Yy, 0Xo® - Y,;0X, forallj=1,...,n;
(c) M=X0oY.
Statement (b) says that each column vector of M lies in the tropical convex
hull of X3,...,X,. The entries of the matrix Y are the multipliers in that

tropical convex combination. This shows that the three conditions (a), (b),
and (c) in the statement of the proposition are equivalent. O

We next take a closer look at the polyhedral geometry of the map ¢,.

Proposition 5.3.6. The tropical matrix multiplication map ¢, is piecewise-
linear. Its domains of linearity form a fan in R" x R™™. This fan is the
common refinement of the normal fans of dn simplices of dimension r — 1.

Proof. Let U = (u;;) and V' = (v;) be matrices of indeterminates of size
d x r and r X n, respectively. The entries of the classical matrix product
UV are the dn quadratic polynomials wu; vig + wiovor + - -+ + Uipvpk. The



246 5. Tropical Garden

Newton polytope of each quadric is an (r — 1)-dimensional simplex P;;. The
(i, k)-coordinate of ¢, takes a pair of matrices (X,Y’) to the real number
min(x;1 + Y1k, - - - » Tir + Yrk). This is linear on each cone of the normal fan
of P;,. Hence ¢, is linear on each cone of the common refinement of the
normal fans of the simplices Pj. [l

Corollary 5.3.7. If r = 2, then the map ¢ is piecewise-linear with respect
to the regions in an arrangement of dn hyperplanes in R%*2 x R2X™,

Proof. If r = 2, then each Pj; is a line segment, so its normal fan consists of
two half-spaces separated by a hyperplane. The common refinement of these
dn normal fans is a hyperplane arrangement. It follows from the previous
proof that ¢o is piecewise linear on that hyperplane arrangement. O

Example 5.3.8. Let d =n = 3 and r = 2. Then ¢» is linear on the regions
of an arrangement of nine hyperplanes in R!? = R3*2 x R2*3. A computa-
tion reveals that this arrangement has 230 maximal cones. Matrix multipli-
cation ¢9 maps each of these 230 cones linearly onto an eight-dimensional
cone in R3*3. The image of ¢ is contained in the set of tropically singular
3 x 3-matrices, but the containment is strict. For instance, the matrix Cj
in (£3.3) below is tropically singular but it is not in the image of ¢,. O

By Proposition[5.3.5] the set of matrices of Barvinok rank at most r is the
image of the map ¢,. This set is the support of a polyhedral fan in R¥", as
in Example The discrepancy between Barvinok rank and Kapranov
rank can be explained by the following general fact of tropical algebraic
geometry. For most polynomial maps, the image of the tropicalization is
strictly contained in the tropicalization of the image; see Remark B.2.141

We next demonstrate that the Barvinok rank can be much larger than
the other two notions of rank. The example we consider is the n X n-matrix

100 - 0
010 -+ 0
(5.3.5) ¢, = (001 -0
000 - 1

This looks like the identity matrix (in classical arithmetic) but it is not
the identity matrix in tropical arithmetic. That honor belongs to the nxn-
matrix whose diagonal entries are 0 and whose off-diagonal entries are co.

Proposition 5.3.9. The Barvinok rank of the matriz C,, in (0.3.0) is the
smallest positive integer r such that

" (LJ)
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Proof. Let r be an integer, and assume that n < (Lr;%)' We first show that

Barvinok rank (C),) < r. Let Sy, ..., S, be distinct subsets of {1,...,7} each
having cardinality |r/2]. For each k € {1,...,7}, we define an n x n-matrix

Xk = (a:fj) with entries in {0, 1,2} as follows:

?

The matrix X} has tropical rank 1. To see this, let Vj, € {0,1}" denote the
row vector with ¢th coordinate equal to 1 if k € S; and 0 if & ¢ S;. We have

Xk = VkTQ(l(D(—Vk)).
To prove Barvinok rank (C),) < r, it now suffices to establish the identity
Ch = X10X20- - @ X,

Indeed, all diagonal entries of the matrices on the right-hand side are 1, and
the off-diagonal entries of the right-hand side are min(xilj, a:?j, coxgy) =0,
because S;\S; is nonempty for i # j.

To prove the converse direction, we consider an arbitrary representation
Cp, = YT1eYo® - ®Y,

where the matrices Y, = (yfj) have tropical rank 1. For each k we set
T, = {(,7) : ylk] = 0}. Since C), is nonnegative, the matrices Y} are as
well. As they also have tropical rank 1, each T} is a product I x Jj, where
Ij, and Jj are subsets of {1,...,n}. Moreover, we have I N J, = ) because
the diagonal entries of Y), are not 0. For each i =1,...,n, we set

Si=A{k:iel} < {1,...,r}L

We claim that no two of the sets Si,...,S, are contained in one another.
Sperner’s Theorem [AZO04, Ch. 23] will then imply that n < (LT;2J)' To

prove the claim, observe that if S; C S;, then yfj cannot be 0 for any k.
Indeed, if yfj =0, then j € Ji, so j & I. But this means that k ¢ S, so
k & S;, which contradicts i € I. O
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Example 5.3.10. The matrix (s has Barvinok rank 4. The upper bound
is shown by the following decomposition into matrices of tropical rank 1:

100000 111222 110001
010000 111222 110001
0o0o1o0o0o0| |11122:2 2 2 11 1 2
ooot1o0o0l Jooo1 1 1|Pl2211102
000010 000111 2 2 11 1 2
00000 1 000111 110001
101010 122211
2121 2 1 011100
101010 011100
Plo 1212 1|% o1 1100
101010 122211
2121 2 1 122211

Similarly, Csg has Barvinok rank 8, its 35 x 35 submatrices have Barvinok
rank 7, and its 8 x 8 submatrices have Barvinok rank at most 5. These
claims can be verified by combinatorial computations that are based on
Propositions and 3.7 Proposition also gives the asymptotics

Barvinok rank (C),) ~  logyn.

We will see in Examples (5.3.14] and that the Kapranov rank and
tropical rank of the matrix C,, are both 2. O

Recall from Definition that the Kapranov rank of a matrix M €
R¥" is the smallest dimension of any tropicalized linear space containing
the columns of M. It is not apparent in this definition that the Kapranov
rank of a matrix and its transpose are the same, but this follows from our
next result. Let J, denote the ideal in K [xil] that is generated by all the
(r+1) x (r + 1)-minors of a d x n-matrix of indeterminates (x;;). This is
the prime ideal defining the determinantal variety V' (J,.), which consists of
all d x n-matrices with entries in K* whose (classical) rank is at most r.

Theorem 5.3.11. For any M = (m;;) € R¥™ the following are equivalent.

(a) The Kapranov rank of M is at most r.
(b) The matriz M lies in the tropical determinantal variety trop(V(J,)).

(¢) Thereis a dxn-matriz F = (fij) with nonzero entries in some field
K such that the rank of F' is less than or equal to v and val(f;;) =
mi; for all i and j. We write val(F) = M and call F' o lift of M.

Proof. The equivalence of (b) and (c) is the Fundamental Theorem
applied to the ideal J,. Indeed, a matrix over K has rank at most r if and
only it it lies in the determinantal variety V(J;). To see that (c) implies
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(a), consider the linear subspace V of K ¢ spanned by the columns of F.
The tropicalization of V0 = V N (K*)? is a tropicalized linear space that
contains all columns of M = val(F'). Conversely, suppose that (a) holds.
Let L = trop(V") be a tropicalized linear space of dimension r containing
the columns of M. By applying the Fundamental Theorem to VY, we
see that each column vector of M has a preimage in V° C (K*)? under
the valuation map. Let F' be the d x n-matrix over K whose columns are
these preimages. Then the column space of F is contained in V', which is r
dimensional by Theorem B.3.5] so we have rank(F) <r and val(F)=M. O

Corollary 5.3.12. The Kapranov rank of a matriz M € R™ is the small-
est rank of any lift of M in K4,

Example 5.3.13. The following 3 x 3-matrix has rank 2 over K = C{{t}}:

1 tl t2
F = t2 t 1
A
We have val(F') = M, so F'is a lift of the 3x3-matrix M in (5.3.3)). O

The ideal J; is generated by the 2 x 2-minors w;;xy — xy2; of the
d x n-matrix (x;;). Therefore, a matrix of Kapranov rank 1 must satisfy the
linear equations m;; + my = my + my;. This happens if and only if there
exist real vectors X = (x1,...,24) and Y = (y1,...,yn) with

m;; = x; +yj foralli,j <= m;; =x; Oy, foralli,j <= M = XT®Y

Conversely, if such X and Y exist, we can lift M to a matrix of rank 1 by
substituting t™% for m;;. Therefore, a matrix M has Kapranov rank 1 if
and only if it has Barvinok rank 1. In general, the Kapranov rank can be
much smaller than the Barvinok rank, as the following example shows.

Example 5.3.14. Let n > 3, and consider the matrix C), in (.3.5]). Since
C,, does not have Kapranov rank 1, its Kapranov rank is least 2. Fix K =

C{{t}} and distinct complex numbers a3, aq, ..., a, € C. The matrix
t 1 t+as t+ ay t+ an
1 t 1+ ast 14 ayt 14 apt
t—az 1 t t—as+aq4 --- t—asz+ap
Foo = lt—ay 1 t—as+as t o t—ay+ap
t—a, 1 t—a,+as t—a,+ag --- t

has rank 2 because the ith column (for ¢ > 3) equals the first column plus
a; times the second column. Since val(F,) = C,,, we conclude that C), has
Kapranov rank 2. The tropicalized plane containing the columns of C), is
trop(Us,, ), where Uy, is the uniform matroid as in Example 213 O
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We remark that Corollary [5.3.12] is usually not an effective method for
computing the Kapranov rank of a matrix. Instead, it is preferable to use
Theorem [B.3.TT(b) and test membership in trop(V'(J;-)) using Grébner bases.

The following proposition establishes half of Theorem .34

Proposition 5.3.15. The Kapranov rank of any matriz M € R¥™ is less
than or equal to the Barvinok rank of M, and this inequality can be strict.

Proof. Fix a valued field K with an infinite residue field. Suppose that
M has Barvinok rank r. Write M = My & --- & M,, where each M, has
Barvinok rank 1. Then M; has Kapranov rank 1, so there exists a rank
1 matrix F; over K with val(F;) = M;. By multiplying the matrices F;
by suitable scalars with valuation 0, we can choose F; such that the sum
F = Fy +---+ F, satisfies val(F') = M. This uses the hypothesis that the
residue field of K is infinite. The matrix F' has rank at most . Theorem
(31T implies that M has Kapranov rank at most r. Example [5.3.14] shows
that the inequality can be strict. O

Our next step is to prove the first inequality in Theorem [5.3.41

Proposition 5.3.16. The tropical rank of any matriz M € R is less
than or equal to the Kapranov rank of M.

Proof. If the matrix M has a tropically nonsingular r x r-submatrix, then
any lift of M must have the corresponding r X r-submatrix nonsingular over
the field K. Consequently, no lift of M to the field K can have rank less
than r. By Theorem [5.3.17] the Kapranov rank of M must be at least r. O

We now present a combinatorial formula for the tropical rank of a zero-
one matrix, or any matrix which has only two distinct entries. We define
the support of a vector in tropical space R? as the set of its 0 coordinates.
We define the support poset of a matrix M to be the set of all unions of
supports of column vectors of M. This set is partially ordered by inclusion.

Proposition 5.3.17. The tropical rank of a zero-one matriz M with no
column of all ones equals the maximum length of a chain in its support poset.

Proof. We can assume that every union of supports of columns of M is the
support of a column. Indeed, the tropical sum of a set of columns is a vector
whose support is the union of supports, and appending that vector as a new
column to M does not change the tropical rank. This follows from the fact
that if a square matrix has a column that is a tropical sum of other columns,
then that matrix is tropically singular. Therefore, if there is a chain of length
r in the support poset, we may assume that there is a set of r columns with
supports properly contained in one another. Since there is no column of ones,
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we can extract an rxr-submatrix with zeros on and below the diagonal and
ones above the diagonal. This is tropically nonsingular.

Conversely, suppose there is a tropically nonsingular r x r-submatrix
N. We claim that the support poset of N has a chain of length r, from
which it follows that the support poset of M also has a chain of length 7.
Assume without loss of generality that the unique minimum permutation
sum is obtained in the diagonal. This minimum sum cannot be more than
one, because if n; and nj; are both one, then changing them for n;; and
nj; does not increase the sum. If the minimum is zero, orienting an edge
from ¢ to j if entry ij of N is zero yields an acyclic digraph, which admits
an ordering. Rearranging the rows and columns according to this ordering
yields a matrix with ones above the diagonal and zeros on and below the
diagonal. The tropical sum of the last ¢ columns then produces a vector
with zeros exactly in the last ¢ positions. Hence, there is a proper chain of
supports of length r.

If the minimum permutation sum in N is one, then let n;; be the unique
diagonal entry equal to one. The ith row in N must consist of all ones: if
n;; is zero, then changing n;; and nj; for n; and n;; does not increase the
sum. Changing this row of ones to a row of zeros does not affect the support
poset of NV, and it yields a nonsingular zero-one matrix with minimum sum
zero to which we can apply the argument in the previous paragraph. O

Example 5.3.18. The tropical rank of the matrix C), in Proposition (£.3.9]
equals 2, since all its 3 x 3-submatrix are tropically singular, while the
principal 2 x 2-submatrices are not. The supports of its columns are all
the sets of cardinality n — 1. The support poset consists of these and the
whole set {1,...,n}. The maximal chains in the poset have length 2. [

Matroid theory allows us to construct matrices whose tropical and Kap-
ranov ranks disagree. To explain this approach, we need a definition. The
cocircuit matriz of a matroid M, denoted C(M), has rows indexed by the
elements of the ground set of M and columns indexed by the cocircuits of M,
that is, the circuits of the dual matroid M*. By definition, M™ is the matroid
whose bases are the set complements of the bases of M. The matrix C(M)
has a zero in entry (¢, j) if the ith element is in the jth cocircuit, and a one
otherwise. In other words, C(M) is the zero-one matrix whose columns have
the cocircuits of M as supports. Here, as before, the support of a column
is its set of zeros. As an example, the matrix C), in Proposition is the
cocircuit matrix of the uniform matroid of rank 2 with n elements. Similarly,
the cocircuit matrix of the uniform matroid U, , has size n X (Tfl) and its
columns are all the zero-one vectors with exactly » — 1 ones. The following
result shows that its tropical and Kapranov ranks equal 7.
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Proposition 5.3.19. The tropical rank of the cocircuit matriz C(M) is the
rank of the matroid M .

Proof. The complements of the cocircuits are the hyperplanes of the ma-
troid M. The hyperplanes are the maximal proper flats. The flats of M are
the intersections of hyperplanes, so the complements of flats are unions of
cocircuits. This implies that the support poset of C(M) is anti-isomorphic
to the lattice of flats of M. The rank of M is the length of any maximal
chain of flats. Equivalently, the rank of M is the maximum length of a chain
in the support poset of C(M ). Proposition B3 T7 now implies the claim. [

Example 5.3.20. Let M be the Fano matroid in Figure 2.1l Its cocircuit
matrix is the following 7 x 7-matrix, which has tropical rank 3:

1110000

1001100
1000011
(5.3.6) CM)y=|0101010
0010110
0011001
0100101

Theorem 5.3.21. The Kapranov rank of C(M) is equal to the rank of M
if and only if the matroid M 1is realizable over some field.

Proof. Let M be a matroid of rank r on {1,...,d} which has n cocircuits.
We first prove the “only-if” direction. Suppose that F' € K™ is a rank-r
lift of the cocircuit matrix C(M). For each row f; of F, let v; € k? be
its image in the residue field k. We claim that V' = {vy,...,v4} realizes
M. First note that V has rank at most r since every K-linear relation
among the vectors f; translates into a k-linear relation among the v;. Our
claim says that {i1,...,7,} is a basis of M if and only if {v;,,...,v;. } is
a basis of k?. Suppose that I = {i1,...,i,} is a basis of M. Consider the
r x r-submatrix of C(M) whose rows are indexed by I and whose columns
are indexed by the basic cocircuits for the basis I, i.e., the cocircuits of M
that are disjoint from I'\{i;} for j = 1,2,...,r. We can order the rows and
columns of that r x r-submatrix so that all entries one are strictly above
the diagonal. The lifted submatrix over k is lower-triangular with nonzero
entries along the diagonal. Hence v;,,...,v;, are linearly independent, and,
since rank (V') < r, they must be a basis. We also conclude that rank(V') = r.
If I = {i1,...,i,} is not a basis in M, then there exists a cocircuit disjoint
from I; this means that some column of C(M) has all ones in rows iy, ..., ..
Therefore, f;,,...,f; all have positive valuation in that coordinate, which
means that v;,,...,v; are all zero in that coordinate. Since the cocircuit
is not empty, not all vectors v; have an entry of zero in that coordinate,
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and so {vy,...,v,} cannot be a basis. This shows that V realizes M over
k, which proves the “only-if” direction.

For the “if” direction, we assume that M is realizable over some field
k. We may assume that k is infinite and we fix K = k(¢) with its usual
valuation. Fix a matrix A € k™ such that the rows of A realize M and
the sets of nonzero coordinates along the columns of A are the cocircuits of
M. We may assume that no row of A is zero. Suppose {1,...,r} is a basis
of M, and let A’ be the submatrix of A consisting of the first r rows. Write

_ (I /
)

where I, is the identity matrix and C' € k(@=")*"_ Since k is infinite, there
exists an r x n-matrix A” with entries in k such that all entries of the product

(ICT,) - A" are nonzero scalars in k. We now define

oo () e < e
This matrix has rank r and val(F') = C(M). This completes the proof. [

Corollary 5.3.22. Let M be a matroid that is not realizable over any field.
Then the Kapranov rank of the matriz C(M) exceeds its tropical rank.

This furnishes many examples of matrices whose Kapranov rank exceeds
their tropical rank. For instance, if M is the non-Pappus matroid in Figure
7T then C(M) has tropical rank 3 and Kapranov rank 4. In Example
(320, the Kapranov rank of C(M) is 3 because the Fano matroid M is
realizable over the two-element field. A variant of the Kapranov rank is to
fix the characteristic of the residue field. For example, the Kapranov rank
of C(M) would be 4 if one restricts to only fields of characteristic 0.

One can also get examples where the difference between the two ranks
is arbitrarily large. Indeed, given matrices A and B, we can construct the

matrix
A o0
Mo ( a4 )

where co and oo’ denote matrices of the appropriate dimensions and whose
entries are sufficiently large. Appropriate choices of these large values will
ensure that the tropical and Kapranov ranks of M are the sums of those of
A and of B. For other constructions see [Shil3], and Exercise 5.6(I0).
Recall from Definition that the tropical rank of a matrix is the size
of the largest nonsingular square submatrix. Another characterization is:

Theorem 5.3.23. The tropical rank of a matric M C R equals 1 plus
the dimension of the tropical convex hull in R?/R1 of the n columns of M.
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Proof. Let V = {vy,...,v,} be the set of columns of M and P = tconv(V).
Let r be the tropical rank of M: there exists a tropically nonsingular r x r-
submatrix M’ of M, but all larger square submatrices are tropically singular.
We first show that dim(P) > r — 1. Deleting the rows outside M’ means
projecting P into R"/R1, and deleting the columns outside M’ means pass-
ing to a tropical subpolytope P’ of the image. Both operations can only
decrease the dimension, so it suffices to show dim(P’) > r — 1. Hence, we
can assume that M is itself a tropically nonsingular r x r-matrix. Also,
without loss of generality, we can assume that the minimum over o € S, of

(5.3.7) flo) = D e
=1

is uniquely achieved when o is the identity id. We now claim that the cell
X1}, {ry In P’ has dimension r — 1. The inequalities defining this cell are
xp — x5 < v —vj; for j # k. Suppose that this cell is not full dimensional.
By Farkas’s Lemma, some nonnegative linear combination of the inequalities
xp — xj < vjp — vj; has the form 0 < ¢ for some nonpositive real c. This
implies that some other o € S, has f(o) < f(id), a contradiction.

For the converse, suppose dim(P) > r. Pick a region Xg of dimension r.
By Proposition 5213l the graph Gg has r+ 1 connected components, so we
can pick 7 + 1 elements of {1,...,n} of which no two appear in a common
S;. Assume without loss of generality that this set is {1,...,7 4 1}, so that
i€ S;ifand only if 7 = 7, for 1 < 4,5 <r + 1. We claim that the square
submatrix consisting of the first » + 1 rows and columns of M is tropically
nonsingular. Note that

r—+1 r+1 r+1
flo)—f(d) = Z V(i) — sz’z’ = Z(Ua(i),i - Uu)
i=1 i=1 i=1

Whenever o (i) # i, we have v,y ; — vy > 0 since i € S; and i ¢ S,(;).
Therefore, if o is not the identity, we have f(o) — f(id) > 0, and id is
the unique permutation in S,;; minimizing the expression (0.3.71). So M
has tropical rank at least r» 4+ 1. This is a contradiction. We conclude
dim(P)=r— 1. O

We close this section by discussing the connection with tropical bases.

Corollary 5.3.24. Fiz positive integers d,n,r. The (r+1) x (r+1)-minors
of a d x n-matriz of variables (z;;) are a tropical basis if and only if every
d x n-matriz M of tropical rank at most r has Kapranov rank at most r.

Proof. By Definition (.3.3] the set of matrices of tropical rank at most r is
the intersection of the tropical hypersurfaces given by the (r 4 1) x (r + 1)-
minors. By Theorem [.3.17] the set of matrices of Kapranov rank at most r
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is the tropical variety trop(V(J,)). The former set contains the latter, and
equality holds if and only if the minors form a tropical basis for J,. (I

The following theorem gives a complete characterization of all triples
(d,n,r) for which the condition in Corollary [(5.3.24] is satisfied.

Theorem 5.3.25 (Shitov’s Theorem). The set of (r + 1) x (r + 1)-minors
of a d x n-matriz of indeterminates (x;;) is a tropical basis if and only if

(5.3.8) r<2 or r+1=min{d,n} or (r=3 and min{d,n} <6).

For the first two cases in (0.3.8), the tropical basis property was proved
in [DSS05]. That article also showed it fails when 4 < r < min{d,n} — 3.
Chan, Jensen, and Rubei [CJR11] established the tropical basis property
for r = 3 and min{d,n} = 5. This left only the case min{d,n} = 6,
which was settled in [Shil3]. In that article, Shitov established the tropical
basis property for » = 3, and he gave a counterexample for r = 4. We
named the theorem after Shitov because [Shil3| concluded this topic. In
Exercise 5.6([I0) our readers are invited to verify his r = 4 example.

5.4. Arrangements of Trees

What follows is a continuation of Section 4l Section [5.4] offers an in-depth
study of two-dimensional tropical linear spaces and their parameter spaces.
These tropical planes will be represented by arrangements of trees, just like
classical planes were represented (in Section 1] by arrangements of lines.
This makes sense in the tropical garden. After all, our trees represent lines.

Recall that the tropical Grassmannian trop(Grys) parameterizes trop-
icalized linear spaces supported on a given matroid M, and the Dressian
Drj; parameterizes tropical linear spaces supported on M. The former is a
tropical variety, but the latter is only a prevariety: it even fails to be pure
dimensional (by Theorem [5.4.T]). We have the inclusion trop(Gras) € Dryy.

The tropical Grassmannian trop(Grjs) comes with a Grébner fan struc-
ture, as it is the tropical variety defined by the homogeneous ideal I; in
Section .4l The Dressian Drj; has two natural fan structures. The sec-
ondary fan structure arises from Lemma HE.4.6] with w ~ w’ if and only if
their matroid subdivisions agree: Ay = Ays. In the Plicker fan structure,
w ~ w’ whenever they attain the same minima in the quadrics (A4.2).

In this section, which is based on [HJJS09], we focus on the case when
M is a uniform matroid of rank 3. We wish to understand the inclusion
(5.4.1) trop(G°(3,n)) C Dr(3,n).

This inclusion is an equality when n < 6, but, as we shall see, it is strict
when n > 7. The case n = 6 was covered in Example [1.4.10 Points in
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EEEE:
{123,4,5,6}
(3;4;(1,2,5,6))
{1,246,3,5} {145,2,3,6}
{1,2,356,4}
EEEG: {1,256,3,4} EEFF(a):
[1,2:3,4](56)
3,4:2,56](1)
{1,2,346,5} {125,3,4,6}
[1,2:34,6](5) (12, 5;3,4](6)
[12:4,5,6](3) [1,2:34,5](6)
{12,34,5,6}
{124,3,5,6} {1,2,345,6}
EEFF(b): EEFG: 156 03,4
[1,2;3,4](56)
3,4:1,56](2)
{1,2,346,5} {126,3,4,5}
[1,2:34,6](5) [12,6;3,4](5) {1,2,346,5}
3,4;5,6](12) (1,2:34,6](5)
{12,34,5,6}
{12,34,5,6}
EFFG: FFFGG:
{12,34,5,6} (1,2, 34,56} [1,2;3,4](56)
{126,3,4,5}
(1,2:5,6](34)
(12,6;3,4](5) {12,3,4,56} [1,2;5,6](34)
{1,2,34,56} [3,4;5,6](12) 3,4;5,6](12) {12,34,5,6}

Figure 5.4.1. Seven types of generic tropical planes given by trop(G°(3,6)).
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Dr(3,6) = trop(G°(3,6)) correspond to tropical planes in RS /R1. There are
seven generic combinatorial types, labeled EEEE, EEFF(a), ..., FFFGG.
Figure (.41 visualizes these seven types. Each picture shows the polyhedral
complex of bounded cells in that tropical plane. So, the picture is dual to a
matroid subdivision A, of the hypersimplex A3 . The nodes represent the
maximal cells of Ay, which are matroid polytopes of graphic matroids (of
rank 3 on six elements). The edges indicate their adjacency relations in Ay,.
Our notation for the node labels will be explained later in Figure 547

Let us pause to remind the reader that the hypersimplex As, is an
(n — 1)-dimensional polytope with (g) vertices. We saw in Example
that Ag,, is the matroid polytope of the uniform matroid Us ,. Points in the
Dressian Dr(3,n) determine matroid subdivisions of As, by Lemma

We now consider the smallest case when the inclusion (£4.3) is strict,
namely n = 7. The following theorem was found by an explicit computation,
first reported in [HJJS09]. Subsequently, in [HJS14], also the Dressian
Dr(3,8) was computed. These computations are hard. Our aim here is not
to explain how this was done, but what the output means for the theory.

Theorem 5.4.1. The tropical Grassmannian trop(G°(3,7)) with Grébner
fan structure is the fan over a five-dimensional simplicial complex with
f-vector

(721, 16800, 124180, 386155, 522585, 252000) .

The Dressian Dr(3,7) with Pliicker fan structure is a nonsimplicial fan. The
underlying polyhedral complex is siz dimensional and has the f-vector

(616, 13860, 101185, 315070, 431025, 211365, 30) .

In both cases, the reduced homology is free abelian and concentrated in di-
mension d:
H, (trop(G°(3,7));Z) = Hs(trop(G°(3,7));Z) = Z™7°,
H,.(Dr(3,7);Z) Hs(Dr(3,7); ) = 7740

The statement about trop(G°(3, 7)) requires the underlying field to have
characteristic different from 2. Indeed, the 30 = 7470 — 7440 extra homology
cycles correspond to the 30 relabelings of the Fano matroid (£21]). The
statement about the homology refers to the underlying simplicial complex
(respectively, the polyhedral complex), which is the link of the fan at the
origin. The algebro-geometric meaning of these homology groups will be
discussed at the end of Section 6.7l In that context, the above Betti number
7470 may serve as a nontrivial example to illustrate Hacking’s result in
[Hac08].

The symmetric group S7 acts naturally on trop(G°(3,7)) and on Dr(3, 7),
and it makes sense to count their cells up to this symmetry. The face
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numbers of the underlying polyhedral complexes modulo symmetry are
f(trop(GY(3,7)) mod S7) = (6,37,140,296,300,125) and
f(Dr(3,7) mod S7) = (5,30,107,217,218,94,1) .

The tropical Grassmannian trop(G°(3, 7)) has 125 orbits of five-dimensional
simplices. These are merged to 94 orbits of five-dimensional polytopes in
the Dressian Dr(3,7). One of these cells is not a facet because it lies in the
unique cell of dimension 6 (corresponding to the Fano plane). This means
that Dr(3,7) has 93 + 1 = 94 maximal cells up to the S7-symmetry.

Each point w in Dr(3,n) determines a tropical plane Ly in R"/R1 and
conversely, by Theorem The cells of Dr(3,n) modulo S,, correspond
to combinatorial types of tropical planes in R™/R1. Facets of Dr(3,n) cor-
respond to generic planes, and there is a census of these for small n:

Corollary 5.4.2. The number of combinatorial types of generic planes in
R™/R1 is equal to 1,1,7,94 for n =4,5,6,7, respectively.

Proof. The generic plane in 3-space R*/R1 is the cone over the complete
graph K. Planes in 4-space are parameterized by the Petersen graph
Dr(3,5) = trop(G°(3,5)). The unique generic type is dual to the triva-
lent tree with five leaves. The seven types of generic planes in 5-space were
listed in Example Drawings of their bounded parts are given in Fig-
ure 54Tl Their unbounded cells are represented by the tree arrangements
in Table 5.4.1l The number 94 for n = 7 is derived from Theorem 5.4.1l [

As the number n grows, the Dressian Dr(3,n) becomes much larger than
trop(G°(3,n)). The dimension of that tropical Grassmannian is 3n — 9, so
it grows linearly in n. On the other hand, for the Dressian we have

Theorem 5.4.3. The dimension of the Dressian Dr(3,n) is of order ©(n?).

Proof. For the proof of the upper bound we refer to [HIJSQ9, Theorem
3.6]. In what follows we prove a lower bound that is quadratic in n. This
will be done by identifying cells of sufficiently large dimension in Dr(3,n).

The generalized Fano matroid F, is a matroid of rank 3 on 2" — 1 el-
ements. That matroid is defined as follows. Its bases are the noncollinear
triples of points in the (r — 1)-dimensional projective space over the field
with two elements, denoted }P’gl. Thus the number of bases of F). equals

8, = é(? S )2 2) (2 — 4).

Equivalently, the number of nonbases of F, of size 3 is

vy = (2r;1)—ﬁr = é(2r—1)(2f—2).



5.4. Arrangements of Trees 259

In this manner, the vertices of the hypersimplex A3 or_1 are partitioned into
bases and nonbases of the matroid F,.. We claim that the nonbases form a
stable set (i.e., no two adjacent) in the edge graph of Azor_;. Indeed, the
nonbases are precisely the collinear triples in }P’gl. Two distinct lines in
P%;l share at most one point, and hence the two corresponding vertices of
A3 or_q differ in more than two coordinates, which means that they are not
connected by an edge of Az or_j.

The quadratic lower bound for dim(Dr(3,7)) is now derived as follows.
For any given n, let r be the unique natural number satisfying 2" — 1 <
n < 2't1. Then the generalized Fano matroid F, yields a stable set of
size v, = 1/6(2" — 1)(2" — 2) > n?/24 — n/12 in the edge graph of the
hypersimplex As,,. The latter inequality follows from 2" —1>n/2.

Let o denote the cone of nonnegative vectors in R() whose support is
contained in the above stable set. For w in relint(o), the subdivision Ay, cuts
off certain vertices from Aj,, namely those indexed by the support of w.
Here a vertex being “cut off” means that As,, is divided by the hyperplane
passing through its neighboring vertices. No two such hyperplanes intersect
in the interior of As,. No new edges get created, so the subdivision Ay, is
a matroid subdivision. (This was first shown in [HJ08, Lemma 7.4]). This
means that the cone ¢ is contained in the Dressian Dr(3,n). Since o has
dimension n? /24 —n /12, this number is a lower bound for dim(Dr(3,n)). O

It is instructive to review the above argument for r = 3 and n = 2" —
1 = 7. The matroid F3 is the Fano plane, shown in Figure 211 The
seven bases of F3 define a six-dimensional simplex in the Dressian Dr(3,7)
when regarded as a polyhedral complex as in Theorem [£.4.1l For dimension
reasons, that simplex cannot be in trop(G°(3,7)), so the inclusion (EZ1)
is strict for n = 7. Note that all 30 six-dimensional cells of Dr(3,7) come
from the Fano matroid F3 by relabeling. They form a single orbit under the
S7 action, since the automorphism group GL3(F2) of F3 has order 168 =
5040/30. Each of the 30 Fano simplices of Dr(3,7) intersects trop(G°(3,7))
its boundary. Hence each Fano simplex cancels precisely one homology cycle
of trop(G®(3,7)). This explains the difference 30 in the homology ranks in
Theorem (411

We now come to the title theme of this section, namely arrangements of
trees. In Section 1] we identified d-dimensional linear varieties in a torus
with complements of hyperplane arrangement in P%. If d = 1, then the
arrangement consists of points in P!, and these correspond to the leaves in
the trees of Section L3l We now consider the case of planes (d = 2), where
the arrangement consists of lines in P2. Each line tropicalizes to a tree.
Thus the study of tropical planes leads us naturally to tree arrangements.
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Let n > 4, and consider an n-tuple of metric trees T = (T, T3, ..., T),),
where T; has the set of leaves [n]\{i}. Here we are using the term metric
tree to refer to a phylogenetic tree (a tree with n labeled leaves and no
vertices of degree 2) together with a fixed tree metric on that tree. Thus,
each edge in the metric tree T; has a fixed nonnegative length. We write
3 = ([n\{i}) x ([n]\{i}) — R>¢ for the tree metric defined by T;. We call
the n-tuple T of metric trees a metric tree arrangement if

for all i, j, k € [n] pairwise distinct. The following definition is more subtle.

Definition 5.4.4. Consider T' = (T3, T3, ..., T,,), where T; is a phylogenetic
tree whose set of leaves is [n]\{i}. Thus each Tj is just a combinatorial tree,
without any metric. We say that T is an abstract tree arrangement if either

e n=4;or
e n =15, and T is the set of quartets of a tree with five leaves; or

en > 6, and (T1\i,...,Ti—1\t, Ti+1\i, ..., T, \7) is an abstract tree
arrangement on n — 1 elements for each i € [n].

Here T};\i denotes the tree on [n]\{4, j} obtained from T; by deleting leaf 1.

We wish to emphasize once more that this definition is very subtle. It
will take the reader some time to unravel and digest this recursive definition.

Example 5.4.5. We apply Definition [5.4.4] to construct all arrangements of
trivalent trees for n < 6. There are three trivalent trees on [4], so there are
3% = 243 5-tuples (Ty, Ty, T3, Ty, T5) where T; is a trivalent tree on [5]\{i}.
Of these 243, precisely 15 are abstract tree arrangements. Likewise, there
are 15% = 11390625 tuples (T%,Ts,...,Ts) where T; is a trivalent tree on
[6]\{i}. Precisely 1005 of these pass the test in the recursive step. (Needless
to say, these results are the output of a computer program.) For all other
6-tuples, at least one of the six deletions is not one of the 15 abstract tree ar-
rangements for n = 5, but is instead one of the 228 other 5-tuples. The 1005
abstract tree arrangements we found for n = 6 are listed in Table 4TIl ¢

Proposition 5.4.6. Fach metric tree arrangement gives rise to an abstract
tree arrangement if we simply disregard the edge lengths.

Proof. The statement is trivial for n = 4. For n = 5, the proof goes as fol-
lows. Let T' = (T1,T5,T5,Ty,T5) be a metric tree arrangement. We define a
metric d on [5] = {1,2,3,4,5} by setting dp,, := 6;(j, k) = 0;(k,1) = 9k (4, j)
whenever {i,7,k,l,m} = [5]. Both the triangle inequality and the four
point condition are satisfied for d because d;, d;, 05, are tree metrics. Hence,
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Table 5.4.1. The 1005 abstract trivalent tree arrangements for n = 6
fall into seven symmetry classes. These correspond to the seven types of
tropical planes in 5-space. Each tree is denoted ab cde as in Figure[5.4.2}
and the names for the types match Example [ L.Z.10 and Figure 5411

Type Tree 1 | Tree 2 | Tree 3 | Tree 4 | Tree 5 | Tree 6 | Orbit
EEEE 23645 (13546 | 12456 | 15326 | 1423624135 30
EEEG 26534 16534 | 14256 | 13256 | 12346 | 123 45 240
EEFF(a) | 25634 | 15634 | 12546 | 12536 | 12634 | 125 34 90
EEFF(b) | 25634 | 15634 12645 | 12635 | 12634 | 125 34 90
EEFG 25634 (15634124156 (23156|12634|125 34 360
EFFG 34256 3415612645 (12635|12634|125 34 180
FFFGG | 34256 |34156|12456|12356 (12634125 34 15

Figure 5.4.2. We use the notation abcde for this tree on five labeled leaves.

by Lemma [£3.6, d is a tree metric. This means that there is a met-
ric tree with five leaves with metric d; this is the tree required for the
n = 5 case in Definition £.4.4] For n > 6, the statement holds for the
following reason: whenever T is a metric tree arrangement, then so is

(T\\dy o Timi iy Top1 \ds - - T \d). O

The converse to Proposition B.4.0] is not true: for n > 9, there exist
abstract arrangements of n trees that do not come from any metric tree
arrangement. We will get to this in Example 5.4.12] and Figure £.4.6

The hypersimplex Ay, is the intersection of the cube [0,1]™ with the
hyperplane > z; = d. Its facets correspond to facets of [0,1]". We call
the facet {z; = 0} ~ Ay, the ith deletion facet of A4,, and the facet
{z; =1} ~ Ayg_1,,—1 the ith contraction facet. These names make sense: if
M is any matroid on [n] of rank d, then the intersection of Py; with the ith
deletion (contraction) facet is the matroid polytope of M\i (respectively,

Lemma 5.4.7. Each matroid subdivision X of the hypersimplex Az, de-
fines an abstract arrangement T'(X) of n trees. Moreover, if the matroid
subdivision ¥ is reqular, then T'(X) supports a metric tree arrangement.
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Proof. Each of the n contraction facets of Az, is isomorphic to Ag,_1.
Hence ¥ induces matroid subdivisions on n copies of Ag,_1. By
Theorem 1.3.6] each matroid subdivision is dual to a phylogenetic tree.
Write 7T; for the phylogenetic tree induced by the ith contraction facet.
We claim that T = (T1,...,T,) is an abstract tree arrangement. This is
trivial for n = 4 and formal for n > 6. For n = 5, the subdivision is in-
duced by some vector w € trop(G°(3,5)) = Dr(3,5), so T is a metric tree
arrangement, and we are in the situation discussed next.

Let X be regular with weights w € Dr(3,n). The contractions of w give
weights on each contraction facet Ag,_1. These are tree distances, where
(£4.2) is now the coordinate w;j;j, of w. After adding a multiple of 1 to w, all
n tree distances T; are tree metrics, so 1" is a metric tree arrangement. [

Theorem 5.4.8. Let ¥ and ¥ be matroid subdivisions of A3y, such that X
refines $ and they agree on the boundary of As . Then X and % are equal.

Proof. Suppose that ¥ strictly refines ¥. Then there is a codimension 1
cell F of ¥ which is not a cell in £. Let F' be the unique full-dimensional cell
of ¥ that contains F. In particular, F' is not contained in the boundary of
A3z ,. Then F is a rank 3 matroid polytope F' = Py of codimension 1. By
[F'S05, Proposition 2.4], the matroid M is a disjoint union M = My U My,
where M; is a matroid of rank ¢. Geometrically, we have F' = Py;, X Pyy,.
The affine span H of F is defined by the equation ), ;z; = 1, where I is
the set of elements of M;. These are all parallel in M because rank(M;) = 1.

Since F' is divided by H, there exist vertices v,w of F on either side
of H. Now F is also a matroid polytope of some matroid M containing M
as a submatroid. Up to relabeling, we can assume v = ejo; and w = esys.
Then {1,2,i} and {3,4,5} are bases of M which are not bases of M, where
1,2€ I and i,3,4,5 ¢ 1. If i ¢ {3,4,5}, then we can replace ¢ in the basis
{1,2,i} by some j € {3,4,5} to obtain a new basis of M. We can assume
that i = 5 or j = 5. Hence {1,2,5} and {3,4,5} are bases of M that are
not bases of M. Notice that ej25 and esys are still on different sides of H as
e12; and e are connected by an edge and {1,2,5} is not a basis of M.

As rank(M;) < 2, both M; and M, are realizable as affine point con-
figurations over R. Hence we can draw M as a point configuration (with
multiple points) in the affine plane. By the description given above, the first
five points look like one of the two configurations shown in Figure

Consider the intersection of Ag,, with the affine space defined by =5 =1
and z¢ = x7 = --- = x,, = 0. This gives us an octahedron C' = Ay 4 in the
boundary of Az ,. The intersection S = F'NC is a square; in Figure [[.4.3]it
is the convex hull of the four points ejss, €145, €235, and ea45. In particular,
the square S is a cell of 3. However, since ejs5 and esys are vertices of
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Figure 5.4.3. Two point configurations in the Euclidean plane.

F = Py as discussed above, C is a cell of 3. We conclude that the square S
is a cell of ¥ but not a cell of ¥. By construction S C C is contained in the
boundary of Ag,,. This yields the desired contradiction, as 3 and % induce
the same subdivision on the boundary. (I

Two metric tree arrangements are equivalent if they induce the same
abstract tree arrangement.

Theorem 5.4.9. Equivalence classes of arrangements of n metric trees are
in bijection with reqular matroid subdivisions of the hypersimplex As . The
secondary fan structure on Dr(3,n) equals the Pliicker fan structure.

Proof. Each regular matroid subdivision gives rise to a metric tree arrange-
ment by Lemma [5. 4.7l The harder direction is to construct regular matroid
subdivisions from metric tree arrangements. We shall do this by induction
on n. The hypersimplex Az 4 is a 3-simplex, and Dr(3,4) is a single point
modulo the lineality space (in both fan structures). The hypersimplex Az s
is isomorphic to Ay 5, and Dr(3,5) = trop(GY(3,5)) = trop(G°(2,5)) is the
Petersen graph (Figure[3.2)). In this case, the result can be verified directly.
This establishes the basis of our induction. We now assume n > 6.

Let T be an arrangement of n tree metrics 91,02, ...,0,. In view of the
axiom (5.4.2), the following map 7 : [n]> — R U {oo} is well defined:

{51-(3', k) =6;j(k,i) = 0x(i,j) if 7,7, k are pairwise distinct,
—Tijk =

00 otherwise.

We must show that the minimum of {Whij + Thits Thik + Thils Tha + Whjk}
is attained at least twice, for any pairwise distinct h,i,7,k,l € [n]. Now,
since n > 6, each 5-tuple in [n] is already contained in some deletion, and
hence the desired property is satisfied by induction. We conclude that the
restriction of the map 7 to increasing triples ¢ < j < k is a finite tropical
Pliicker vector, that is, it is an element of Dr(3,n). By Lemma 4.0 the
map 7 defines a matroid subdivision X(7") of the hypersimplex As ,.

Let 77 be an arrangement that is equivalent to 7. The maps 7 and 7’
associated with 7" and 7" lie in the same cone of the Pliicker fan structure
on Dr(3,n). What we must prove is that they are also in the same cone of
the secondary fan structure. Equivalently, we must show X(7") = X(7).
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Suppose the secondary fan structure on Dr(3, n) is strictly finer than the
Pliicker fan structure. Pick a regular matroid subdivision ¥ of Ajz, whose
secondary cone S(X) lies strictly in the corresponding cone P(X) of tropical
Pliicker vectors. Pick a point w in the boundary of S(X) which is in the
interior of P(¥). Then X strictly refines ¥ = Ay. By induction we can
assume that ¥ and ¥ induce the same subdivision on the boundary of Az p.
Theorem now implies ¥ = 3, a contradiction. O

We next introduce some special tree arrangements which can be rep-
resented by pictures as in Figures [5.4.4] or The vertex figure of the
(n — 1)-dimensional polytope As, at any vertex is the (n — 2)-dimensional
polytope As x A, 4. By Theorem [5.2.T9] regular subdivisions of Ay x A, 4
correspond to tropical complexes generated by n — 3 points in the plane.
We claim that each regular subdivision of Ay x A, _4 extends to a unique
regular matroid subdivision of As,. This extension can be constructed as
follows using tree arrangements. Let Li, Ls, ..., L,_3 be the lines dual to
the given points, and let L, L,, L, be three boundary lines at infinity in
the 2-, y-, and z-directions of R3/R1. Each of these n tropical lines trans-
lates into a tree. The tree for L, is obtained by branching off the leaves
{1,2,...,n — 3} on the path between leaves y and z, in the order in which
the L; intersect L,. The trees for L, and L, are analogous. The tree for L;
consists of the three rays, marked by leaves z, y, and z at infinity. Along
each ray, we branch off additional leaves j for each line L; that intersects
the line L; in that ray. This branching takes place in the order in which the
lines L; intersect L;. In this manner, every arrangement of n — 3 tropical
lines in R?/R1 determines n trees, each with n — 1 labeled leaves.

Consider n — 3 copies of the standard triangle Ays. Their Minkowski sum
is the scaled triangle (n—3)Ag, and their Cayley polytope is C(Ag, ..., Ag) =
Ay X A, _y4; see Definition [.6.1l Arbitrary subdivisions of As x A, _4 cor-
respond to mixed subdivisions of (n — 3)As. These need not be regular. If
the mixed subdivision comes from a triangulation of Ay x A, _4, then its
pieces are lozenges and unit upward triangles. A lozenge is a parallelogram
that is the union of one upward triangle and one downward triangle. We
call a mixed cell even if it can be tiled by lozenges only. Those that need an
upward triangle in any tiling are odd. A counting argument now reveals that
each mixed subdivision of (n—3)Ay contains up to n—3 odd polygonal cells.

Proposition 5.4.10. Fach subdivision of Ao X A, _4, or mized subdivision
of the triangle (n — 3)Aq, determines an abstract arrangement of n trees.

Proof. Let ¥ be a triangulation of As x A,,_4. The corresponding mixed
subdivision M (X) of (n — 3)Ay has exactly n — 3 odd cells, all upward
triangles, and the even cells are lozenges. Placing a labeled node into each
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upward triangle defines a tree in the graph dual to M(X). Each of its
three branches uses the edges in M(X) which are in the parallelism class
as one fixed edge of that upward triangle. Two opposite edges in a lozenge
are parallel, and the parallelism we refer to is the transitive closure of this
relation. Each parallelism class extends to the boundary of (n — 3)As.
Doing so for all the upward triangles, the dual graph of M (X) decomposes
into n trees T1,...,T,, where T; has leaves [n]\{i}. We claim that this is
an abstract tree arrangement. This is trivial for n = 4, it holds for n = 5
because all triangulations of As x Ay are regular, and it is formal for n > 6.

Next suppose that ¥ is not a triangulation, so M (X) is a coarser mixed
subdivision of (n —3)Ay. We shall associate a tree arrangement with M (X).
Pick any triangulation ¥’ which refines . The above procedure maps ¥’ to
a tree arrangement T'(X'). Then, as ¥’ refines 3, one can contract edges in
the trees of T'(X). In this way one also arrives at another arrangement of
n trees. Three of them come from the boundary of (n — 3)Ag. The n — 3
nonboundary trees are assigned surjectively to the < n — 3 odd cells. The
resulting 7'(X) might depend on the choice of the triangulation >'. O

Example 5.4.11. Let n = 6 and consider the two mixed subdivisions of 3A,
shown in Figure 5.44l The left-hand one is a lozenge tiling which encodes
a regular triangulation of Ag x Aj. It corresponds to the abstract tree
arrangement FFFGG in Table [5.4.1] The mixed subdivision of 3Ay on the
right in Figure [5.4.4] coarsens the lozenge tiling on the left. It corresponds to

34256, 34156, 12(456), 12(356), 12634, 12534.

The tree ab (cde) is obtained from abcde by contracting the interior edge
between ¢ and de. Odd cells (shaded in Figure [5.4.4]) correspond to trees. ¢

Figure 5.4.4. Mixed subdivisions of 3As and arrangements of six trees.
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Example 5.4.12. The lozenge tiling of 6Ay in Figure encodes a non-
regular matroid subdivision. This picture translates into the abstract ar-
rangement of nine trees in Table The corresponding matroid subdivi-
sion of A3 g is not regular, because the underlying triangulation of Ay x As
is not regular. We conclude that the Dressian Dr(3,9) has no cell for the
abstract tree arrangement in Figure [(.4.6l This example is due to Santos;
he proved its nonregularity in [San05l Proposition 4.1]. See also [ADO09]
where this serves as an example of a tropical oriented matroid that is not
realizable. O

Table 5.4.2. Abstract arrangement of nine caterpillar trees on eight
leaves encoding a nonregular matroid subdivision of Asg; see Fig-
ure [5.4.60 The notation for caterpillar trees is explained in Figure [5.4.5]

Tree 1: C(24,6598,37) Tree 2: C(14,5768,39) Tree 3: C(17,5846,29)
Tree 4: C(12,6579,38) Tree 5: C(26,4198,37) Tree 6: C(14,5729, 38)
Tree 7: C(13,5894,26) Tree 8: C(15,7346,29) Tree 9: C(15,7468,23)

f e

b c

Figure 5.4.5. Caterpillar tree C(ab, cd, ef) and snowflake tree S(ab, cd, ef).

We next answer the question of [HJJS09]: How do we draw a tropical
plane? Tropical planes are contractible polyhedral surfaces dual to regular
matroid subdivisions of A3 ,,. Consider any point w in the Dressian Dr(3, n).
The associated tropical plane Ly, in R™/R1 is defined by the tropical circuits

Wik O X B Wi Ok B Wi OT; B Wik © 5.

The first answer to our question is draw the metric tree arrangement.
The correspondence is given by Theorems and (.29 We may also
disregard the metrics and just draw the abstract tree arrangements. For
instance, consider Table (.41] for n = 6. One translates the seven rows into
seven pictures of tree arrangements. For example, the arrangement of type
FFFGG in Table 541l is the picture on the left-hand side in Figure (4.4

The second answer to our question is draw and label the bounded cells,
as in Figure (.4.Jl Each vertex of a tropical plane Ly is labeled by a con-
nected matroid of rank 3. Its matroid polytope is a maximal cell in the
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Figure 5.4.6. Abstract arrangement of nine caterpillar trees on eight
leaves encoding a matroid subdivision of A3 g which is not regular (Ta-
ble B42). Trees 1, 2, and 3 are the edges of the triangle. The leaves of
each tree are attached at the intersection points with the other eight

trees.

matroid subdivision of Az, given by L,. For n = 6 only three classes of
matroids occur as node labels of generic planes. These matroids are denoted
{A,B,C,D}, [A,B,C,D|(E), or (A;a;(b,c,d,e)). Here capital letters are
nonempty subsets of the set {1,2,3,4,5,6}, and lower-case letters are ele-
ments thereof. All three matroids are graphical. The corresponding graphs
are shown in Figure .47 An edge labeled with a set of [ points should be
considered as [ parallel edges each labeled with one element of the set.

The graph for the matroid (A;b; (c,d, e, f)) is the complete graph Kjy.
The set A is a singleton. This matroid occurs in the unique orbit (of type
EEEE) with no bounded 2-cell. The two-dimensional pictures in Figure[5.4.1]
use only the matroids {A, B,C, D} and [A, B;C, D](FE) for their labels.

The third answer to our question is the synthesis of the previous two:
draw both the bounded complex and the tree arrangement. The two pictures
can be connected, by linking each node of Ly, to the adjacent unbounded
rays and 2-cells. This leads to an accurate diagram of the tropical planes Ly,.
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A A ¢

Figure 5.4.7. The graphic matroids corresponding to the labels
{A, B,C,D}, [A, B;C, D|(E), and (4;b; (c,d, e, f)) used in Figure [5.4.1]

The analogous complete description for n = 7 was given in [HJJS09].
The 211365 + 30 maximal cells of the Dressian Dr(3,7) correspond to ar-
rangements of seven trivalent trees. It was found that for n = 7, there is no
difference between abstract tree arrangements and metric tree arrangements:
nothing like Example exists in this case. To draw the arrangements,
one uses the caterpillar and the snowflake trees, as in Figure Cater-
pillars exist for all n > 5, and are encoded using notation as in Figure

This concludes our combinatorial study of the structure of tropical linear
spaces. The next section will be concerned with tropical varieties that are
obtained by applying a classical linear map to a tropical linear space.

5.5. Monomials in Linear Forms

In this section we present an application of tropical linear spaces to a special
class of algebraic varieties, namely, those that admit a parameterization
by products of linear forms. Varieties in this class include discriminants,
resultants, and some classical moduli spaces. In this section we use the A-
discriminants of [GKZO08| as our primary example. Readers interested in
the connection to moduli spaces can find additional information in [RSS14].

To keep things simple, we now assume that K is a field with the trivial
valuation. In particular, all tropical linear spaces to be encountered here
have the form trop(M) where M is realizable matroid, as in Section [£.1]

Suppose we are given two matrices. The first is an n x d-matrix B = (b;;)
with entries in K. The second is an m x n-matrix C' = (¢;;) with integer

entries. The first matrix B specifies n linear forms in K{z1,...,x4]:
(5.5.1) li(x) = bj1z1 + bigxa + -+ - + bigxy fori=1,2,...,n
The second matrix C' specifies m Laurent monomials in K[y, ..., yF):
(5.5.2) ycﬂycﬂ'--ygj” forj=1,2,...,m

We now substitute y; = ¢;(z) into (5.5.2). Our data specify a rational map
¢ A% -5 A™ with coordinates 1);(x) = €1 ()9 lo(x)92 - - £, ()%
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Let Y denote the closure of the image of ¢. This is an affine variety in
A™. We wish to compute the tropical variety trop(Y N (K*)™) in R™. To
this end, we consider the matroid M on the ground set [n] = {1,2,...,n}
defined by the rows of the matrix B. This matroid has rank at most d, and
the rank is exactly d if the columns of B are linearly independent.

Let trop(M) be the tropical linear space for this matroid, with a fixed
polyhedral fan structure as in Theorem By Exercise 4.7(13]), we have
mult(c) = 1 for all maximal cones o of trop(M). The matrix C defines a
(classical) linear map R™ — R™. We apply this map to trop(M).

Theorem 5.5.1. The tropicalization of the variety Y is the balanced fan
(5.5.3) trop(Y) = C-trop(M).

Proof. The image of the linear map given by the matrix B is a linear sub-
space X of K™. Asin Section ]l we regard X as a hyperplane arrangement
complement, embedded in the torus T". By Theorem [Z.T.11] and Definition
A28 we have trop(X) = trop(M). We now apply Corollary where ¢
is the monomial map defined by the matrix C. Then trop(¢) is the linear
map defined by C, and the desired identity follows directly from (8.2.2). O

Remark 5.5.2. We know from Lemma 363 that C-trop(M) has the struc-
ture of a balanced fan with the multiplicities given by [B.6.2). These multi-
plicities are, in fact, the multiplicities on trop(Y’), up to a factor recording
the degree of the map . This is proved in [STO8|]. Their proof uses the
method of geometric tropicalization, which will appear in Section

In some applications of Theorem (5.1l the rows of the matrix C' have
all the same sum. In that case, the m monomials in (55.2) have the same
degree and we can regard 1 as a rational map between projective spaces:

¢ P Pl

Theorem [R5l remains valid when the valuation on the field K is nontrivial.
In that case, the linear space X is defined over that K and its tropicalization
trop(X) is a tropical linear space as in Sections .4 and [5.4l To keep things
simple, however, we have here restricted to the constant-coefficient case.

Example 5.5.3. Let d = m = 3, let n = 5, and take the same matrix twice:

1 -2 1 00
Bl =c=10 1 -2 1 0
0O 0 1 -2 1

Writing (u,v,w) for the coordinates on the image, the map 1 : A3 —-» A3

is given by the following three Laurent monomials in five linear forms:
x1(x1 — 2w + 23) (x2 — 2x1) (22 — 223) (1 — 229 + x3) 73

u = N v = N w =
(x9 — 271)2 (1 — 2w + x3)? (x9 — 2x3)2
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The image of 1 is the surface Y in A3 that is defined by the polynomial
256ulvtw? — 192003 w? — 128uv*w? + 144uv?w
+ 144uwv*w? — 27uv? — 6uv’w — 27v*w? — S0uvw

+ 18uv + 16uw + 18vw — 4u — 4v — 4w + 1.

The Newton polytope of this polynomial is combinatorially isomorphic to
the three-dimensional cube, with vertices corresponding to the underlined
terms. We now derive the normal fan of this polytope from Theorem [E.5.T]

The linear space X = image(B) is three dimensional in A®. Since all
ten 3 X 3-minors of B are nonzero, the matroid M is the uniform matroid
Us 5. Hence trop(X) = trop(Us ) is the cone over the complete graph K,
by Example Its image under the linear map C : R% — R3 is the
two-dimensional fan formed by the ten cones spanned by any two columns
of C. Five of the rays of trop(Y') are spanned by the columns of C, but
there are more rays since the graph K5 is not planar: any drawing of Kj
on the 2-sphere must have crossing edges. In our situation, exactly one pair
of edges crosses; namely, the cones spanned by the first two and the last
two columns of C' intersect in the ray R>((0,1,0)7. This is the sixth ray
of trop(Y). The resulting graph on the 2-sphere is the edge graph of an
octahedron. The corresponding fan in R? is the normal fan of a 3-cube.

The surface Y is a dehomogenized version of the discriminant in Example

3.3.3l Indeed, consider the monomial substitution that is obtained from C
by labeling the rows and columns by w,v,w and a, b, ¢, d, e, respectively:

_ac _ bd _ce
= b_2 s v = 6_2 N w = ﬁ
Making this substitution in the equation of Y and clearing denominators
yields the discriminant of a binary quartic, displayed in Example B33l ¢

(5.5.4) u

Example(.5.3lis an instance of the construction of tropical discriminants
by Dickenstein et al. [DFS07]. We now explain this result in general. Let

A = (a1,a2,...,a,) be an r x n-matrix with nonnegative integer entries

such that rank(A) = r and all column sums of A are equal. For any vector

of coefficients ¢ = (¢, c2,...,¢,) € K™, we have a homogeneous polynomial
fe = caz® 4 cx® + - + cpa®.

aij 025

Here 2% =z /x5 - - z," . Consider the hypersurface V (fe) defined by this
polynomial in the torus 77~* C P"~!. This hypersurface is smooth for general
c. We are interested in those special ¢ for which V(f.) has a singular point
in 77~1. The closure of the set of such c is a proper irreducible subvariety
in K™. This variety is called the A-discriminant and is denoted A 4.
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Example 5.5.4. Let r = 2, let n = 3, and fix the matrix A = (319). The
polynomial f is the binary quadric ¢iz3 + com12a + c3z3. Its variety V(fe)
is a hypersurface in P!. For general ¢ = (c1, ¢z, c3), this hypersurface is a set
of two distinct points in T given by the quadratic formula we all memorized
in high school. Here, V(f.) having a singular point means that two roots
of f. coincide, so the discriminant of the binary form is zero. We conclude
that the A-discriminant for the given 2 x 3-matrix is Ay = V(4cicg —c3). O

The tropical discriminant trop(A4) lives in R” /R1. Our goal is to com-
pute this tropical variety using Theorem [B.5.11 To this end, we present a
parameterization of A4 via products of linear forms. That parameterization
is known as the Horn uniformization. We learned it from [GKZO08].

Set d = n —r, and let B be an n X d-matrix whose columns span the
kernel of A as a Z-module. The rows of B form a Gale transform of the
columns of A. We set C' = BT as in Example[5.5.3 Also, let v : K™ —-» K¢
denote the monomial map given by the rows of C, as in (B.5.4).

Proposition 5.5.5. With C = BT as above, the A-discriminant A4 is the
inverse image of the variety Y in Theorem 551l under the monomial map .

Proof. Consider the d-dimensional subspace X = image(B) = kernel(A) of
K™. A vector c lies in X precisely when the hypersurface V(f¢) is singular
at the point (1 : 1 :---: 1) in P4!. This implies that V(f.) is singular
at (z7':ayt:--- o) if and only if (cja®, cex®2,. .., e a®) lies in X.
The vectors of this form in (K*)™ are precisely those that are mapped into
Y under the monomial map (K*)" — (K*)? given by C. Hence, the A-
discriminant A4 is the closure of the set of all vectors ¢ € (K*)™ that are
mapped into Y under the map ~. This is precisely what was claimed. [J

Example 5.5.6. We continue with Example 55,4l The kernel of A is the
row span of C' = BT = (1 -2 1). The map 1 : K' --» K is the constant
function that takes t to (¢)-(—2t)72-(t)' = 1/4. The discriminant A 4 is the
inverse image of the point Y = {1/4} under v : K? --» K, ¢+ cic3/c3. O

Corollary 5.5.7. Modulo its lineality space, the tropical A-discriminant is
(5.5.5) trop(A4) = trop(kernel(A)) + row-space(A).

Proof. By Theorem 551} we have trop(Y) = C-trop(row-space(BT)) =
BT - trop(kernel(A)). If follows from Proposition that the tropical A-

discriminant trop(A 4) is the inverse image of trop(Y’) under the linear map
BT. The kernel of that map is the row space of A, so (55.5) follows. O

Example 5.5.8. We continue with Example (.54l The tropicalization of
the kernel of A is the classical line spanned by 1 = (1,1,1) in R3. This
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is contained in the row space of A. Hence the tropical A-discriminant
trop(A4) = trop(V (4cies — ¢3)) C R? coincides with the row-space of A. ¢

The formulas (553) and (B51) allow us to compute the tropicaliza-
tions of some interesting nonlinear varieties Y using matroid theory, namely
trop(Y') is the image of trop(M) under the linear map C, where M is the
matroid of B. This was stated with multiplicities in Theorem [B.5.1], and
that works for Corollary (5.7 as well. Here is an example to check this.

Example 5.5.9. Example 3.3.3] concerns the A-discriminant for
012 3 4
A= (4 32 1 0) '

We saw that 11 of the 12 maximal cones o in trop(A 4) have multiplicity 1,
while one has multiplicity 2. We also see this in Example (5.3 via (8.6.2])
and (B5.0). After refining ¥ = trop(Uss), as required for (8.6.2), each of
the 12 maximal cones ¢’ in X’ = trop(A 4) is the image of a unique cone o in
¥, identified by a 3 x 2-submatrix of BT = C. The lattice index [N’ : ¢(N,)]
in (3:6.2)) is the ged of the three 2 x 2-minors of that submatrix. For nine
of the ten pairs of columns of BT, that ged is 1. The exception is the pair

{2, 4}, for which the ged is 2. The resulting image is the unique multiplicity
two cone in Y. O

For most matrices A, the A-discriminant A4 is a hypersurface. It is
a delicate problem to characterize those special cases where this fails. We
can approach this question tropically. The vector 1 = (1,1,...,1) is in the
kernel of the matrix BT, hence BT defines a classically linear map R"/R1 —
R". The tropical linear space trop(kernel(A)) lives in R™/R1 where it has
dimension r — 1 = n — d — 1. Hence the tropical discriminant (5.5.5) is a
balanced fan of dimension at most »—1 in R”. It has dimension exactly r—1
when BT is injective on at least one of the maximal cones of trop(kernel(A)).
Here, for maximal cones, we can use either those in the order complex of
Definition or those in the Bergman fan of Corollary L2111

Suppose now that A4 is a hypersurface. We identify this hypersur-
face with its unique (up to sign) irreducible defining polynomial Ay €
Z[ci,ca, ..., cp]. The balanced weighted fan (B.5.5]) consists of the codimen-
sion-1 cones in the normal fan of the Newton polytope P = Newt(Ajy).
According to Proposition and Remark B3.11] this Newton polytope
can be uniquely recovered from the tropical hypersurface trop(A4):

Corollary 5.5.10. Using the formula (B.5.0), we can test whether Ay is a
hypersurface, and, if yes, we can derive its Newton polytope from the tropical
hypersurface trop(A 4) using the algorithm in the proof of Proposition B3.10L
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See [DFS07], Theorem 1.2] for an explicit combinatorial formula, derived
from this approach, for all extreme monomials of the A-discriminant A 4.

We conclude our discussion of A-discriminants by emphasizing the im-
portance of matroid theory. The material in Sections [Z] and enables us
to compute the right-hand side in the equation (B.5.15) of Corollary (.57

We wish to also point out a connection to Proposition 5.1l Consider
a tropical hypersurface that is tropically smooth. The coefficient vector c
of such a hypersurface is a point in R™\trop(A4), so, by the Fundamental
Theorem B.2] all of its classical lifts V(f.) are smooth hypersurface over K.

One way to interpret the Horn uniformization (Proposition [B.5.5]) is that
A 4 is the Hadamard product of the kernel of A with the toric variety defined
by A. It therefore makes sense to briefly talk about Hadamard products un-
der tropicalization. Let X and Y be subvarieties of the torus 7" over the
valued field K. Their Hadamard product X =Y is the set of all vectors
(1y1, T2Y2, - - ., TnYn) Where (z1,z9,...,2,) € X and (y1,y2,...,yn) € Y.
Equivalently, X * Y is the image of X x Y under the monomial map from
T?" = T" x T™ to T" given by multiplying corresponding coordinates. Its
Zariski closure X Y is a closed subvariety of the torus 7". The tropical-
ization of this subvariety can be computed combinatorially as follows.

Proposition 5.5.11. The tropicalization of the Hadamard product of two
varieties in T is the Minkowski sum of their tropicalizations. In symbols,

(5.5.6) trop(X xY) = trop(X) + trop(Y).

Proof. It is easy to see, using either of the characterizations in Theo-
rem [3.2.3] that tropicalization commutes with direct products of varieties:

(5.5.7) trop(X xY) = trop(X) x trop(Y).

We now apply Corollary B.2.13] where ¢ is the monomial map 72" — T"
given by multiplying corresponding coordinates. Its tropicalization trop(¢)
is the linear map that adds two vectors. This gives the desired conclusion:

trop(¢(X xY)) = trop(¢) (trop(X x Y))
= trop(¢)(trop(X) x trop(Y)) = trop(X) -+ trop(Y).

The equation (5.5.6) holds not just set-theoretically, but also as weighted
balanced fans. To get weights on the Minkowski sum, we use ([8.6.2]) to push
forward the product weights on (5.5.7) to (B.5.0]) under the map trop(¢). O

5.6. Exercises

(1) The eigenspaces of the second and the fourth matrix in Exam-
ple 1.4 are tropical polytopes of dimension 2 and 3, respectively.
Draw these objects and determine their tropical complexes.
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(2) A polytrope is a subset of R"/R1 that is both tropically convex
and classically convex. Show that every polytrope arises as the
eigenspace of a tropical n X n-matrix.

(3) Determine the eigenvalue and all eigenvectors of the tropical matrix

4
A= 11
1

W W

5
2
4

What is the determinant of this matrix? Compute the image of the
tropical linear map R3/R1 — R3/R1 that is defined by A.

(4) Find the image, eigenvalue, and eigenspace of the nxn-matrix
whose diagonal entries are 1 and whose off-diagonal entries are 0.

(5) Prove that the three different definitions of type given in Section[.2]
are equivalent.

(6) Consider the nearest point map R3/R1 — P, defined in (5.2.3)), for
tropical quadrilateral P in Figure 5.2.3l Give an explicit piecewise
linear formula for this map, and show what it does in the picture.

(7) Consider the two point configurations given by a matrix, namely,
by the rows and by the columns. How are their types related?

(8) Verify the duality of tropical complexes in Theorem [B.2.21] for the
configuration in Example £.2.90 Draw both tropical triangles and
describe the corresponding triangulation of Ag x As.

(9) Pick three random 3 x 4-matrices with real entries. For each of
your matrices, locate the combinatorial type of its tropical column
span among the 35 pictures in Figure 524

(10) The following matrix is due to Shitov [Shil3l Example 1.9]:

00 4 4 4 4
00 2 41 4
4 4 0 0 4 4
2400 2 4
4 4 4 400
241400

Show that this 6 x 6-matrix has tropical rank 4 but Kapranov rank 5.

(11) What is the maximal number of vertices of a four-dimensional poly-
trope? Answer this question for both classical and tropical vertices.

(12) Find the maximal Barvinok rank of any 5 x 5-matrix whose entries
are 0 or 1. Do you have a conjecture for n x n-matrices over {0, 1}7
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(13) Consider a general arrangement of k tropical hyperplanes in R".
How many connected components does the complement of such an
arrangement have?

(14) Compute the tropicalization of the row-space over C{t}} of the
matrix F), in Example 5.3.14l Draw a picture of this tropical linear
space. How does your answer depend on the choice of asz, a4, ..., a,7

(15) In classical linear algebra, the rank of a matrix can drop by at
most 1 when deleting one row of the matrix. Is the same true for
Barvinok rank? Is it true for tropical rank? For Kapranov rank?

(16) Describe the hyperplane arrangement referred to in Corollary 537
Find a formula (in terms of d and n) for its number of regions.

(17) The tropical determinantal variety trop(V'(.J;.)) is defined via a field.
Does this polyhedral complex depend on the characteristic? What
does this mean for the three characterizations in Theorem 3T

(18) Classically, a convex polyhedron in standard form is given as the set
of nonnegative points in an affine-linear subspace L of R". Tropical-
ize this definition. What is the set of “positive points” in trop(L)?
(Hint: [AKWO06]). Show that your set is tropically convex.

(19) Write out explicitly the cocircuit matrix C(M) when M is the non-
Pappus matroid in Figure 7.1l Determine the tropical rank of M.

(20) Can tropical polytopes be represented as intersections of tropical
half-spaces? How would you define facets of a tropical polytope?

(21) Draw the seven generic tropical planes in 5-spaces by augmenting
the seven pictures in Figure [5.4.] with the seven “trees at infinity”
given by the seven rows of Table [5.4.1]

(22) Formulate and prove Theorem [E:5.Tlfor the more general case when
the matrix B has entries in a field with nontrivial valuation.

(23) According to Theorem [5.4.1] the Dressian Dr(3, 7) has cells that are
not simplices. Identify such a cell and explain how it gets subdi-
vided in trop(G°(3,7)). Draw the corresponding tree arrangements.
Draw the bounded cells (as in Figure [5.4.7]) of your tropical planes.
(Hint: First better understand the cell FFFGG in Example 4.10))

(24) Given an example of two closed subvarieties X and Y in a torus
T" such that the Hadamard product X Y is not closed.

(25) Tropicalize the variety X of pairs of intersecting lines in 3-space.
This is a subvariety of P5 x P® as the two lines can be given
by their Pliicker vectors p = (p12, P13, P14, P23, P24, p34) and q =

(912, @13, 914, 423, 424, 434).-
(a) Show that X is a complete intersection of codimension 3.
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(b) Compute trop(X) from the prime ideal I'x, e.g., using Gfan.
(c) Show that X can be defined by the parametric representation

pij = iz (yi—yj) and ¢; = zx5(%—2z;) for 1 <i<j <4
(d) Compute trop(X) using Theorem [(.5.1]
(e) Prove: The three generators of Ix are a tropical basis.
(26) Prove Theorem

(27) Let f1, f2, f3,91, g2, g3 be polynomials in one variable, and let X C
T3 be the surface given by the parameterization

= fi(s)g1(t), vy = fas)g2(t), 2= f3(s)g3(t).
Explain how to find trop(X) and how to find the Newton polytope
of X. (Hint: Hadamard product of two curves as in Theorem [[.5.2])
Carry out your algorithm for one example.

(28) Prove that trop(G°(n — 2,n)) = Dr(n — 2,n) for all n > 3.

(29) Show that Dr(4, 6) has 105 maximal cells, in two symmetry classes.
Describe the two corresponding tropical 3-plane Ly, in RS/R1. In
each case, draw the complex of bounded faces of L.

(30) Let X be the variety in matrix space (K*)™*" defined by the pa-
rameterization x;; = a;b;j(c¢; + d;) via monomials in linear forms.
Do you know this variety? How would you compute trop(X)?

(31) Find a 3 x 6-matrix with entries in the Puiseux series field C{{t}}
whose row space has its tropicalization of type FFFGG. This refers
to the notation used in Example L4110, Figure B.4.1] and Ta-
ble 411



Chapter 6

Toric Connections

The theory of toric varieties is one of the main interfaces between combina-
torics and algebraic geometry. In this chapter we will see how the tropical
connection between these fields is intimately connected with the toric one.

A toric variety is a variety with an action of the algebraic torus T
on it that contains a dense copy of T". It decomposes into a union of 7"-
orbits. We shall tropicalize this notion to obtain a tropical toric variety. The
tropicalization of a projective toric variety is homeomorphic to the associated
lattice polytope. If we tropicalize subvarieties of a projective toric variety,
then we obtain compact objects which live inside that polytope.

Tropical geometry answers some (a priori nontropical) toric questions.
Given a subvariety Z of a toric variety, we see in Section[6.3] how its tropical-
ization trop(Z) records the torus orbits of the toric variety that intersect Z.

A normal toric variety is determined by the combinatorial data of a
rational polyhedral fan. For Y C 7", a choice of fan structure on trop(Y)
then determines a toric variety with torus 7™. The closure of Y in this
toric variety is a compactification of Y. This extends the story begun in
Section Conversely, a good choice of compactification of Y C T" leads
to a computation of trop(Y). Degenerations of Y are also controlled by the
tropical variety trop(Y). We study these in Section before turning to
the tropical and toric approaches to intersection theory in the last section.

In this chapter we assume familiarity with modern algebraic geome-
try. In particular, we assume the basics of toric geometry, as in the books

[CLS11], [Ful93], or [Oda88], and just briefly review notation in Section 6.1}

277
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6.1. Toric Background

A normal toric variety is defined by a rational fan 3 in Ng = N®R = R" for
a lattice N = Z". Since Y is rational, each ray has a primitive generator in
N. The lattice dual to N is M = Hom(N, Z). The real vector space dual to
Ngr is Mr = M @ R = R". We will work with toric varieties Xs. over a field
K with a valuation. The torus 7" of Xy is N@ K* = Hom(M, K*) = (K*)".
We denote by ¥(d) the set of d-dimensional cones of the fan X.

Each cone o € X determines a local chart U, = Spec(K[c" N M]), where
oV ={ueM:u-v>0foralv € g} is the dual cone. For the cone
o = {0}, we have 0¥ = Mg, so K[o¥ N M| = K[M]. This is the Laurent
polynomial ring, and U, = T™. Every affine normal toric variety has the
form U, for some cone ¢ C Ngr. The cone o also determines a T"™-orbit
Oy = (K*)*~4m(@) The closure in Xx of the orbit O, is denoted by V(o).

Example 6.1.1. (1) Let 3 be the fan in R™ with n+1 rays spanned by
el,...,e, and g = — ) " | €;, and cones spanned by {e; : i € o}
for any proper subset o C {0,...,n}. The case n = 2 is shown in
Figure[G Il Then X5 =P"™. The orbit indexed by o consists of the
points (g : -+ : x,) €P" with ;=0 for i€ o and z; #0 for ¢ & o.

Figure 6.1.1. The fan of P2

(2) Let ¥ be the fan in R? with rays (1,0),(1,1),(0,1) and maximal
cones pos{(1,0), (1,1)} and pos{(0, 1), (1,1)}. The toric surface X,
is the blow-up of A? at the origin.

The only smooth affine toric varieties are the products A% x T"~¢. These
correspond to d-dimensional cones o C Np generated by part of a basis
for the lattice N. In general, a toric variety Xy is smooth if and only if
every cone o € ¥ is generated by part of a basis for N. We call such ¥ a
smooth fan. Resolution of singularities for toric varieties is a combinatorial
operation, and works in arbitrary characteristic. Specifically, given any fan
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3., there is a smooth fan 3 that refines ., and the refinement of fans induces
a proper birational map 7: X — Xx. See [Ful93| Section 2.2] for details.
Toric varieties also have a global quotient description that generalizes
the construction of projective space P" as the quotient of A"\ {0} by K*.
We recall this here in the case that the fan ¥ is smooth. Number the rays
of ¥ from 1 to s, and let S = K[z1,...,zs] be the polynomial ring with one
generator for each ray. The ring S is graded by the class group of Xy. This
is the group A,,_1(Xy), which can be defined as the cokernel of the following
map. Identify Z° with the group of torus-invariant Weil divisors. This has
basis D1,..., Dg, where D; is the divisor corresponding to the ith ray of X.
We map M to Z* given by taking u € M to >_7 ,(u-v;)D;, where v; is the
first lattice point on the ith ray of ¥, and D; is the torus-invariant divisor
corresponding to that ray. Thus A,_1(Xyx) is given by the exact sequence

(6.1.1) 0 M2zm Yze 98 A, (Xy) -0,

where V' is the s x n-matrix whose ith row is v;. The hypothesis that X
is smooth ensures that A,,_1(Xyx) is torsion-free. We grade S by setting
deg(z;) = [D;] = deg(e;) € Ap—1(Xx). The graded ring S is the Coz
homogeneous coordinate ring Cox(Xy) of the toric variety Xy.

Applying the functor Hom(—, K*) to the exact sequence (.11 gives

(6.1.2)  Hom(M,K*)=T" ¢~ Hom(Z*, K*) = (K*)* «— H « 0.

The group H = Hom(A,—1(Xyx), K*) is also a torus, since A,_1(Xy) is
torsion-free when ¥ is smooth. The sequence ([B.12) is also exact. Here V7
denotes the map (K*)® — T that takes t = (t1,...,ts) to (t(VT)l, . ,t(VT)n),
where t(V1)i = [l5= t;/“ The inclusion of H into (K*)® gives an action of
H on A®. The irrelevant ideal in Cox(Xy) is

(6.1.3) B = <Hmi:062>.
v¢o

Those familiar with combinatorial commutative algebra [MS05], Chapter 6]
will note that this is the Alexander dual of the Stanley—Reisner ideal of the
simplicial complex corresponding to 3. The torus H acts on A®\ V(B), and

(6.1.4) Xy = (A°\V(B))/H.

For any cone o € X, consider the restriction of the action by H to the
coordinate subspace {x € A® : x; = 0 for v; € o} with V(B) removed. The
quotient of that action is the closed orbit V(o) corresponding to o.

The torus orbit O, is the quotient modulo H of the set
{x €A’ :2;=0for v; € 0 and z; # 0 for v; € o }\V(B).
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When Xy is (quasi)projective, the quotient is a geometric invariant theory
(GIT) construction of Xy, as a quotient A® /, H. Here « is a character of
the torus H that is very ample when regarded as an element of A,,_1(Xy).

See Chapter 12] or [CLS11] Chapter 5] for more information about
GIT and toric varieties.

Example 6.1.2. (1) Let X5, = P". The Cox ring is the usual homo-
geneous coordinate ring S = K|[zg,x1,...,zy]. The grading is also
the standard grading deg(z;) =1 € Z = A,,_1(P™). The irrelevant
ideal B is the usual irrelevant ideal m = (zo,...,z,), and V(B) is
the origin in A”*!. This means that the quotient description is the
familiar construction of P as (A"*1\{0})/K*. In this sense the
Cox construction of toric varieties generalizes that of P”.

(2) Let Xy = (P')3. This has fan ¥ C R? with rays through the vectors
+e;, teg, tes, and eight maximal cones pos(ejeq, €22, €3€3), where
(61, €2, 63) S {—1, 1}3. The Cox ring is S = K[xl, Y1,22,Y2,T3, yg],
where z; corresponds to the ray through e;, and y; corresponds to
the ray through —e;. The class group of (P)?3 is isomorphic to Z?3,
and the grading is given by deg(z;) = deg(y;) = e; € Z3. This gives
an action of H = (K*)3 on A® via (t1,to,13)- (21, y1, T2, Y2, T3, y3) =
(t121, t1y1, tawe, taya, tsxs, tsys). The irrelevant ideal is

B = <$1$2$3,$1$2y3,$1y2$3,$1y2y3,y1$2$3,y1$2y3,y1y2$3,y1y2y3>
= (z1,y1) N (z2,92) N (3,Y3).
We have AS\ V(B) = (A%\ (0,0))3, and so (AS\ V(B))/H = (P')3.

Every subvariety Y of a smooth toric variety X arises, under the quo-
tient construction (G.I.4]), from an H-invariant subvariety of A® that is not
contained in V(B). The ideal Iy of such a subvariety lives in Cox(Xy) =
K[x1,...,zs] and is homogeneous with respect to the H-grading. It can be
assumed to be B-saturated: ([Iy : B®) = Iy. Conversely, every radical
ideal in K[z1,...,z4] that has these two properties specifies a subvariety of
Xs. In the next section, this description will be used to compute the tropi-
calization of a subvariety Y in a toric variety Xx. To do this, we compute
the tropical variety in R® from the ideal as in Theorem [E.2ZT5(2), and then
we take the quotient modulo the additive version (G21]) of H.

Example 6.1.3. Consider the plane in 7° defined by the equation z4y+2z =
1, and let Y denote its closure in Xy = (P!)3. The corresponding ideal in
the Cox ring S = K|[x1,x2,y1, Y2, 21, 22| is the principal prime ideal

Iy = (x1y2z2 + Toy122 + T2Y221 — x2y2,22>.

The open surface Y NT2 is the complement of four lines in a plane P2, as
in Proposition LTIl Its boundary Y'\T® consists of six irreducible curves in
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(P1)3. These curves are defined by the six minimal primes of the ideal

(615) (Iy+<$1x2y1y221Z2> : BOO) O

6.2. Tropicalizing Toric Varieties

We saw in Chapter [B] that the tropicalization of a subvariety of a torus T
is a polyhedral complex that lives in R™ = trop(7™). We now extend the
notion of tropicalization from 7™ to an arbitrary toric variety Xy. This will
allow us to tropicalize subvarieties of Xy. We use coordinate-free language
for the theory but translate this into coordinates to calculate examples.
The tropicalization map 7" — Ng sends v®a € N ® K* to v ® val(a).
Equivalently, writing 7" = Hom(M, K*), this map sends ¢: M — K* to
valogp: M — R in Ng. We begin with a few simple motivating examples.

One of the simplest toric varieties is the affine line A'. We consider A}(
where K is an algebraically closed field with a nontrivial valuation val: K —
RU{oo}. Generalizing the characterization in part (B of Theorem B.2.3] we
consider R = RU {oo} = {val(z) : 2 € A'} to be the tropicalization of A'.
This is the union of R = trop(7"), and a point {oo}, which we regard as the
tropicalization of the origin. The toric variety A! has two torus orbits: T
and the origin, and its tropicalization is the union of the two tropicalizations.
More generally, the tropicalization of affine n-space A" is (R)™. Again, this
is the union of the tropicalizations of the 2™ torus orbits on A™.

The tropical affine line R = R U {oo} is a semigroup under the usual
addition (with a + co = oo for all a € R). This is the multiplicative semi-
group structure on R, here regarded as the tropical semiring with operations
minimum and addition. This is sometimes denoted by T in the literature
(often by authors who use the maximum convention). We place a topology
on R that extends the usual topology on R, by taking intervals of the form
(a,b) for a,b € R and (a, 00| for a € R to be a basis for the topology.

We next tropicalize the projective line. There are two natural ways
to do this. The first is to follow the construction of P! as the union of
two copies of A'. This suggests gluing together two copies of R. In the
classical construction the two copies of A! are glued by identifying = and
x~!. Tropically, we identify two copies of R by identifying  and —z for
r € R. Classically, P! is the union of three torus orbits: the torus 7' and
two torus-fixed points. The tropical projective line also has this property; it
is the union of the tropical torus R = trop(T") with two copies of co. This
is illustrated in Figure G211 We give trop(P!) the quotient topology coming
from identifying the two copies of R over the common open set R. Note that

this is homeomorphic to the interval [0, 1] in the standard topology on R.
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Figure 6.2.1. The tropical projective line.

The other approach is to follow the classical construction of P! as the
quotient of A2, with the origin removed, by K*. We interpret 0 here as
the additive identity, so tropically A%\{(0,0)} becomes RQ\{(OO, 00)}. The
diagonal multiplicative action of K* on A2 becomes the action of R on R
given by translation: a- (z,y) = (a®z,a®y) = (a+x,a+y). We can thus
define the tropical projective line to be (@2\{(00, 00)})/R. This is the union
of the quotient vector space R?/R(1,1) and the two points ({oo} x R)/R
and (R x {oc})/R. This coincides with the first description of tropical P*.

The general definition of a tropical toric variety can be also be viewed
in these two ways. We first give the construction of a tropical toric variety
from its fan and then show the equivalence with the quotient construction.
For a cone 7 of a fan we write span(7) for the subspace of Ng spanned by 7.

Definition 6.2.1. Let > be a rational polyhedral fan in Nr. For each
cone o € X, we consider the (n— dim(o))-dimensional vector space N (o) =
Ng/span(o). As a set, the tropical toric variety X5 P is the disjoint union

X5 = [ N(o).

oey

To place a topology on X;mp, we associate to each cone o € Y the space
UZ°P = Hom(c¥ N M, R)

of semigroup homomorphisms from (¢ N M,+) to (R,®). Note that if
$(u) = oo for some ¢ € USP, then ¢p(u+v) = oo for all v e ¢ N M. Also,
if ¢(u + v) = oo, then at least one of ¢(u) and ¢(v) equals co. Thus the
set {u : ¢(u) # oo} equals 0¥ N7+ N M for some face 7 of 0. Here 7+ =
{u€e Mg :u-v=0forallver} The map ¢ induces a group homo-
morphism ¢: M N7+ — R, which in turn induces a group homomorphism
é: M — R with qz(v) =0 for v ¢ 7. Hence ¢ induces an element of N(7),

and all elements of N (7) arise in this way. Thus Uy =[] __N(7).

70
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We place the pointwise-convergence topology on the set US°P. This is
the topology induced from the product topology on products of R, where
we identify USP as a subset of the product space (R)7 "M . Explicitly,
UZ°P is the subset of those maps from the infinite set ¢V N M to R that are
homomorphisms of semigroups. If 7 is a face of a cone o € X, then oV N M is
a subsemigroup of 7N M, and the map Ur™® — Uy™P given by p — ploveu
is injective. This follows from the fact that 7V N M = oV N M + (- N M),
and for all u € 7- N M we can write u = u; — uy with u,us € oV N i
If p: 7' N M — R is a homomorphism, then p(u) + p(uz) = p(uy). So,
if p(ug) # oo, we have p(u) = p(u;) — p(uz). If p(uz) = oo, then since
—uy € 71 we have p(0) = p(uz) + p(—ugz), so p(0) = co. We conclude that
p(u') = oo for all W' € 7V N M, so p is the constant oo function. Thus the
map p is determined by p|,vAps. This means that the restriction is injective.

The image of Ur™ in US°P consists of all maps p with p(u) # oo for
all u € 7+, plus the constant co map. This means that the inclusion 7 — o
identifies U™P with an open subset of US°P. The tropical toric variety X,
is then obtained by gluing the spaces U for o € X along common faces.

For more on this definition, see [KajO8] or [Rab12].

Example 6.2.2. (1) Let 0 = pos(eq,...,e,) C Ng 2 R"™. Then oV =
pos(ey,...,e,) in Mg, and so Uy = Hom(N",R) = R". Since
U, = A™, this agrees with our calculation above.
(2) Let o =pos((0,1),(2,—1)) C Ng=2R?. Then o¥ =pos{(1,0),(1,2)}
in Mg, so 0¥ N M is the semigroup generated by (1,0), (1,1) and
(1,2). Note that any semigroup homomorphism ¢ : ¢V N M — R
must have ¢((1,0)) + ¢((1,2)) = 2¢((1,1)). We can thus identify
US°P = Hom(oV N M, R) with {(a,b,c) € R’ :a+c= 2b}. O

Remark 6.2.3. The semigroup ¢V N M is finitely generated; see, for ex-

ample, [Ful93| p. 12] or [CLS11] Proposition 1.2.17]. Choose m genera-
tors, and consider the linear relations among them. These relations realize

US? = Hom(oV N M, R) as a subset of R”". The induced topology on Us"P
coming from that of R equals the more intrinsic one described above.

Example 6.2.4. Let ¥ be the fan in Ng = R" defining projective space P"
that was described in part () of Example The tropical toric variety
trop(P™) is the union of (";CH) copies of R*™* for 0 < k < n; one copy of
R"* for each k-dimensional cone of ¥. It is obtained by gluing together
n+ 1 copies of R". The case n = 2 is shown in Figure O

Remark 6.2.5. The concept of tropical convexity, introduced in Section
B2 extends naturally from R"/R1 to trop(P"~!). If S is any tropically
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Figure 6.2.2. The tropical projective plane.

convex subset of R" /R1, then its compactification S is convex in trop(P"~1).
In particular, by Proposition B.2.8 every tropical linear space trop(Y) is
tropically convex. Moreover, trop(Y') has the structure of a tropical polytope
in trop(P"~1): it is the convex hull of its cocircuit vectors. This is related
to Proposition (319 and is proved in [JSYO07, Theorem 14]. The cocircuit
vectors arise from orbits O, that intersect Y in a single point. See [JSYO07]

for more on tropical convexity and its connection to affine buildings.

The quotient description of a toric variety also tropicalizes naturally.
Recall from Section that if Xy, is a simplicial toric variety with s rays,
then Xy = (A®\V(B))/H, where B is the irrelevant ideal of (G.I1.3]), and
H = Hom(A,—1(Xyx), K*). The exact sequence ([G.I2]) gives an embedding
of H into the torus T of A®. This tropicalizes to
(6.2.1) trop(H) = Hom(A,_1(Xx),R) = ker(V7T),

where V is the matrix in (G, and V7T is regarded as a map from R® to
R™. The H-action on (K*)® by multiplication tropicalizes to an additive
action of ker(VT) on R®. This action extends to R’ by setting a + oo = oo
for a € R. The quotient description of toric varieties tropicalizes as follows.

Proposition 6.2.6. Let Xx;, be a simplicial toric variety with s rays and
Cox irrelevant ideal B C Klx1,...,xs]. The tropical toric variety equals

trop(Xy) = (trop(A®)\trop(V(B)))/ trop(H).

Proof. Fix 0 € ¥, and let V, = {x € R : 2; # oo for i & o}. We first
claim that V, /trop(H) = Uy°P. By [Ful93, p. 53] and [Cox95], Section 2],

U, = Spec(K[oc¥ N M]) = Hom(c¥ N M, K) = <AS \ V(Hx2>>/H
i¢o
Hence trop(U,) = Hom(c¥ N M,R) = UZP and the claim follows.
Since V; = trop(A®)\ trop(V([[;¢, i), we have V; N trop(V(B)) = 0,
and trop(A®)\ trop(V(B)) = U,ex, Vo As the overlaps induce the appropri-
ate gluing, this proves the desired identity. ([l
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Figure 6.2.3. The fan for the Hirzebruch surface FF,,.

Example 6.2.7. (1) Let Xy be the Hirzebruch surface F,,. The fan ¥

has four rays and four two-dimensional cones, as in Figure
The Cox ring of F,, is K[z1,xa,x3,z4], with irrelevant ideal
B = (x1,73) N (x9,74). This implies trop(A*)\ trop(V(B)) =
{x€@4:(ac1 or 37 00) and (w9 or m47#00)}. The torus H = (K*)?
acts on A% by (tl,tg) . ($1,$2,$3,$4) = (tlxl,tfntzxg,tlxg,tgle),
so trop(H) = span{(1,-n,1,0),(0,1,0,1)} € R* The tropical
Hirzebruch surface trop(F,,) is then the union of nine orbits:
(a) R2 = RY) trop(H);
(b) R = {(c0,xe,x3,24) : T2,23,24 € R}/trop(H) = {(0,0,0,
x4 — x9 —nx3)}, and the three other analogous orbits; and
(c) four points { (oo, 00, x3,24) : 23,24 € R}/H = {(c0,00,0,0)},
{(00,0,0,00)}, {(0,00,00,0)}, and {(0,0,00,00)}.
Let X5, = (P!)3. In part @) of Example[G.1.2 we saw that this toric
threefold is the quotient of A®\V(B) by a three-dimensional torus
H. The tropicalization of H is span{(1,1,0,0,0,0),(0,0,1,1,0,0),
(0,0,0,0,1,1)}. We obtain the tropicalization of (P!)3 as the quo-
tient of {x € R’: (x17£00 or xa#00) and (z3 # 0o or x4 # 00) and
(x5 # 00 or xg # 00)} by trop(H). This has one three-dimensional
orbit R3, and six two-dimensional orbits with representatives of the
form (00,0, x3,0,25,0). There are twelve one-dimensional orbits
with representatives (00,0, 00,0, z5,0), and eight zero-dimensional
orbits of the form (00,0, 00,0, 00, 0). O

If Y is a subvariety of a toric variety Xy, then its tropicalization trop(Y")
lives in trop(Xy). For each torus orbit O, of X, we have trop(O,) = N (o).
Set Y, = Y NO,. Then trop(Y;) is a balanced complex in N(c). When o =
{0}, we have Y, = Y N T, and trop(Y,) C Ng = R" as before. Identifying

[,ex, V(o) with trop(Xx) gives a construction of trop(Y’) inside trop(Xy:).
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This can be carried out in coordinates, starting with Xy, = A% where
trop(Y) is the closure of {(val(xy),...,val(xs)) : (x1,...,25) € Y}. Zero
coordinates go to co € R. We can pass to quotients via Proposition [6.2.6

Example 6.2.8. (1) Let Y = V(z+y+2) C P2 The tropical variety
trop(Y’) is the union of the standard tropical line and three extra
points, one in each of the three copies of R in the boundary of

trop(P?). We draw trop(PP?) as a closed triangle. See Figure (.24l

[ J
Figure 6.2.4. A compactified tropical line.

(2) The curves Y in Example B.1.8 live in 1 the two-dimensional torus
over C{{t}}. We consider their closures Y in the affine plane A% -
Each trop(Y) is obtained from the picture in Figure 3.2 by adding

a point at the end of each ray in northern or eastern direction.

(3) Let B = (z1,y1) N (@2, y2) N (z3,y3) C Clx1,y1, %2, Y2, 23,y3]. The
variety V(B) C AS is a union of three four-dimensional linear
spaces. The tropical variety trop(B) C trop(A%) = R’ is the union
of their tropicalizations: {(oc0, 00, a,b,¢,d) : a,b,c,d € R}, {(a,b, 0o,
00, ¢,d) : a,b,c,d € R}, and {(a,b,c,d,o0,00) : a,b, c,d € R}. O

Example 6.2.9. Let Y C T2 be defined by the equation = +y + z = 1,
with closure Y in (P')? as in Example The tropical toric variety
trop((P')?) = (trop(P'))? is a three-dimensional cube. It contains trop(Y’)
as a compact balanced surface. The subset trop(Y') is a tropical linear space
as in Section it is a two-dimensional fan with four rays and six maximal
cones. The boundary trop(Y)\ trop(Y) consists of nine edges and seven

vertices. It is a subdivision of the graph Kj. In total, trop(Y’) has eight
vertices, thirteen edges, and six two-cells. O

The Fundamental Theorem [3.2.3] generalizes easily to this setting. We
first extend the concept of tropical hypersurfaces from R" to R".
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Definition 6.2.10. Let f = > cya" € Klz1,...,2,]. Here u runs over
N™ but only finitely many ¢, are nonzero. The tropical polynomial trop(f)
is given by trop(f)(w) = min{val(cy) + w-u : u € N"}. We follow the
convention here that if w; = oo, then the term wj;u; equals oo if u; # 0,
and equals 0 if u; = 0. The tropical polynomial trop(f) can be viewed as a
function from R to R. The extended tropical hypersurface of f is then

trop(V(f))={we€R" : the minimum in trop(f) is achieved at least twice}.

We use the same notation for both the tropical hypersurface in R™ and the
extended tropical hypersurface in R to avoid excessive ornamentation. Note
that the intersection of the latter hypersurface with R™ equals the former.

Example 6.2.11. If f =z +y+ 1 € Clz, y], then trop(V(f)) in R’ is the
standard tropical line with the points (co,0) and (0, co) added.

If f = zy, then trop(V(f)) = {00} xR U Rx{occ} consists of the two
boundary lines. Indeed, if f is any monomial, then the minimum in
trop(f)(w) is only achieved twice when w € R" has at least one infinite
coordinate. O

Lemma 6.2.12. The extended tropical hypersurface trop(V(f)) C R" of a
polynomial f € K|y, ...,z is a closed subset of R = trop(A™).

Proof. Let w be an arbitrary point in R" \ trop(V'(f)). There exists a term
cuz™ in f with trop(f)(w) = val(cy) + W - u < co. By comparing that term
with all the other terms of f, we can find € > 0 small enough and L > 0
large enough such that the following set U is disjoint from trop(V'(f)):

U = {VERn: lv; —w;| < e if w; <ooand v; > L if w; = oo}.

Indeed, for w’ € U, we have trop(f)(w’) = val(cy) + W’ - u, and this is the
only term in trop(f) achieving the minimum in trop(f)(w’). The set U is
open. This proves that trop(V (f)) is a closed subset of R". O

We next extend the definition of initial forms and initial ideals in Sec-
tion 24 so as to allow co as a coordinate in w. Write T'ya = I'ya U {00}
for the image of val: K — R U {oco}. We assume that there is a splitting
I'yar = K™ of the valuation map given by w — t. Note that this splitting
extends to a semigroup homomorphism from Iy, to K by sending oo to 0.

Definition 6.2.13. Let w € R" and f = Y cuz" € Klz1,...,2,]. If
trop(f)(w) < oo, then the initial form of f is the polynomial

inw(f) = Z t—vallew) ey € Kk[wy,..., 2.
u:val(cy)+w-u=trop(f)(w)
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As before, k is the residue field of K, and the sum is over u € N" with
cu # 0. If trop(f)(w) = oo, then iny(f) = 0. The initial ideal of an ideal
I C Klxy,...,x,) is the ideal iny (I) = (inw(f) : f € I) in k[z1,..., 2]

Example 6.2.14. Let K = C with the trivial valuation, and f = zy + 3z +
4y — 2 € K[z,y]. For w = (00, 3) we have iny (f) = —2, for w = (00,0) we
have iny (f) =4y — 2, and for w = (00, 00) we have iny (f) = —2. O

Fix o C {1,...,n}. For a vector w in R~/ with coordinates indexed
by {i:i & o}, we write w x 00? for the vector in R™ with ith coordinate w;
if i ¢ o, and oo otherwise. For a subset & of R™ 17l we write ¥ x 0o” for the
set {w x 007 : w € X}. Our next result is the extension of the Fundamental
Theorem from the torus T to the affine space A™:

Theorem 6.2.15 (Extended Fundamental Theorem). Let Y be a subvariety
of A", and let I be its ideal in S = K|x1,...,x,]. Then the following subsets
of R" = trop(A™) coincide:

(1) Nyertrop(V(f));

(2) the set of all vectors w € R for which iny(I) C k[x1,...,x,] does
not contain a monomial; and

(3) the set

U trop(Y N Oy) x o7,
ocC{1,...,n}

where Oy = {x € A" :2; =0 fori o, and x; #0 for j & o}.

Proof. For o C {1,...,n}, we regard Y, = Y N O, as a subvariety of O, =
(K*)"=lol Set I, = (T+(x; : j € o))NK[w; 10 ¢ 0]. For f =3 cqa® € I, we
consider the subsum f, =3 0 )ne—p cu™. Note that Io = (f5 : f € I).
For any polynomial f € S, the tropical hypersurface trop(V(f)) equals
with o = {i : w; = 00}, then trop(f)(w) = min(val(cy)+w-u) is achieved at
a term in f, if f, # 0, in which case trop(f)(w) = trop(f,)(w). Conversely,
for any w € trop(V (f,)) € R*1°l, we have w x 0o” € trop(V(f)), as the
minimum in trop(f)(w x 00?) = trop(f,)(w) is achieved at least twice for
coordinates not in o. This shows that for w € R™ 191, we have iny x oo (f) =
inw(fs). This is a monomial if and only if the minimum in trop(f)(w) is
achieved once, so w x 00? ¢ trop(V (f)). Since iny ([) is generated by iny(f)
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for f € I, this shows the equivalence of () and (). We also have
Neop(V() = () U trop(V(fo)) x oo

fel feloC{l,...,n}

= U ﬂ trop(V(fs)) x o0?

ocC{1,...n} fel

= U (ﬂ trop(V (g))) x oo?

cC{1,...n} g€l,

[oa

= U trop(Yy) x 00”.
ocC{1,...n}

This shows the equivalence of sets () and (B]), so completes the proof. [

Theorem [6.2.15] generalizes to an arbitrary toric variety Xy. Recall
that the torus H = Hom(A4,_1(Xx), K*) acts naturally on the Cox ring
K[x1,...,zs], and that v; is the first lattice point on the ith ray of X.

Corollary 6.2.16. Let Y be a subvariety of a smooth toric variety Xy,
and let I be its homogeneous B-saturated ideal in the Cox ring K[x1,. .., x4
of Xx.. Then the following subsets of R\ trop(V(B)) coincide:

(1) Nyeg trop(V(f)) \ trop(V(B));

(2) the set of all w € R”\trop(V (B)) such that iny (I) does not contain
a monomial.

The quotient of this set by trop(H) equals

trop(Y) = U trop(Y N Oy).
DY

Proof. The equivalence of (l) and (2)) follows immediately from the cor-
responding equivalence in Theorem The second claim is a conse-
quence of the Cox construction of Xy and part ([B) of Theorem as we
now explain. By the Cox construction, we have Xy, = (A*\V(B))/H, and
O ={x€ A*\V(B) :x; =0 when v; € 0 and x; # 0 when v; £ o} /H.
The set [[) = (@) consists of all points w in trop(V(I)) € R’ that
do not lie in trop(V(B)). This is the set of w € trop(V(I)) for which
there exists 0 € ¥ with w; < oo whenever v; ¢ o. For such a w, set
7 = {i : w; = co}. The assumption w ¢ trop(V(B)) means that 75 =
pos(v; : i € T) is a face of o, and thus a cone of 3. Let O7 = {x € A® :
x; =0fori e 7and ; # 0 for i & 7}. Thus w € trop(V (1) N O7) x o0
By part (@) of Theorem we have w + trop(H) € (trop(Y N O,x) C
(R°\ trop(V (B)))/ trop(H). Conversely, given a point y € Y NO, for a cone
o € X, we can choose a lift y’ € A® with y, = 0 when v; € o and y} # 0 when
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v; ¢ o. Then val(y’); = co when v; € o, and val(y’); < oo when v; & o.
Thus w = val(y’) € (trop(O,) x 00?)\ trop(V (B)). Hence, the quotient by
trop(H ) of the subset of ({{l) consisting of those w with w; = oo if and only
if v; € o equals trop(Y N O,). The result now follows. O

Tropicalization commutes with toric morphisms, in the following sense:

Corollary 6.2.17. Let w: X5, — XA be a morphism of toric varieties,
given by a map of fans w: X — A, and let trop(r) : trop(Xs) — trop(Xa)
be the induced map. If Y is a subvariety of Xx, then trop(w(Y)) =

trop(7)(trop(Y)).

Proof. This follows from the Extended Fundamental Theorem [6.2.15] along
with Corollary [6.2.16 and Corollary 3.2.13 O

Our final result in this section says that tropicalization commutes with
taking closures in toric varieties.

Theorem 6.2.18. Let Y C T, and let Y be the closure of Y in a toric

variety Xx,. Then trop(Y') is the closure of trop(Y) C R™ in trop(Xy).

Proof. Since Y C Y, we have trop(Y) C trop(Y). We denote by s the
number of rays of X. Let I be the ideal of Y in Cox(Xy) = K[z1,...,zs).
For f € I, the extended tropical hypersurface trop(V(f)) is a closed subset
of R” by Lemma[B.ZI2 This means rer trop(V(f)) is a closed subset of R’
This makes ([, trop(V'(f)) \ trop(V(B)))/H a closed subset of trop(Xx),
as Proposition shows that the topology on trop(Xsy) is the quotient
topology from the quotient construction. By Corollary this equals

trop(Y'), so trop(Y') is a closed subset of trop(Xsy;) containing trop(Y’).

To show that trop(Y') is the closure of trop(Y'), we again make use of the
Cox construction. Note that the ideal I’ = IK[zi!, ..., 25 of V(I)N(K*)*
satisfies I = I'NK|[x1,...,xs]. The proof is by induction on s. When s =1,
we either have trop(V (1)) = R or trop(V(I)) is a finite set of points. In the
first case the claim is true, while in the second trop(V (I")) C R is a finite set
of points, so V(I') is a finite set of points by Lemma [3.3.90 This means that
the closure V(I) € A! does not add any points, so in particular 0 ¢ V (I),

and thus trop(V (I)) = trop(V (I’)) is the closure as required.

Suppose the claim is true for s — 1. Given w € trop(V (I))\ trop(V (I")),
we must show that every open set in R” containing w intersects trop(V (I’)).
We may assume that w € I'y,;. By Theorem E.ZI5, we have w = val(y) for
somey € V(I). Let 0 = {i : w; = oo} = {i : y; = 0}. It suffices to show
that for all m > 0 there is w' € trop(V(I')) C R® with w] = w; for i & o,
and w, > m for i € 0. Without loss of generality we may assume that s € o.
We first note that for all m > 0 there is w,,, € trop(V (I")) with (w,,)s > m.
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Indeed, if not, by Corollary the projection of trop(V(I)) to the last
coordinate is a finite set, so the projection of trop(V(I’)) is also finite, and
hence, by Lemma B39, the projection of V(I') to the last coordinate is
finite. Since the projection of V(I) is the closure of the projection of V (I'),
there would be no point in V(1) with last coordinate zero, and thus, by the
Extended Fundamental Theorem 6.2.15] no w € trop(V(I)) with ws = oo.
Choose y € V(I) C (K*)® with val(y) = wy,. Let I, = I]s,—y, C
Klzy,...,z5s-1], and write 7y : R° = R for the projection onto the
first s — 1 coordinates. By Theorems and [6.2.15 we know that
trop(V (1)) C R equals 7s(trop(V (1)) N {w' : w, = (wp,)s}). Thus,
in particular, ms(w) € trop(V(l,,)). By induction this means that there is
w’ € trop(V (I,)) "R~ with w] > m for i € o\{s} and w = w; for i € o,
and so there is also W € trop(V (I)) € R® with m,(W) = w’ and @ = (W) s.
By construction, we have w; = w; for i € o, and w; > m for i € o, so the
claim follows. ]

6.3. Orbits

Let T™ = (K*)", and let Y be a subvariety of T". Fix a toric variety Xy,
and let Y be the closure of Y in Xy. We emphasize that we do not assume
that Xy, is a complete toric variety, so the support |X| of ¥ need not be all
of R™. The following is a natural question in the context of toric geometry:

Question 6.3.1. Which T™-orbits of Xy, does Y intersect?

We illustrate this for a line in the plane, and for a plane in 3-space.
Example 6.3.2. Let Y = V(z +y+1) C (K*)%

(1) Let Xy = P?, with torus 7?2 = {(z : y : 1) : 2,y € K*} and
homogeneous coordinates (z : y : z). Then Y = V(z +y + 2) =
YU{(1:-1:0),(1:0:~-1),(0:1:—1)}. The closure Y thus
intersects all T-orbits of P? except for the three T-fixed points.

(2) Let Xy = (PY)2, with torus 72 = {((z:1), (y:1)) : =,y € K*} and
homogeneous coordinates ((z1:z2), (y1:92)). Then Y is the sub-
variety of (P!)? defined by the equation x1ys + xoy; + Ty =
0. Thus Y = Y U {((—1:1),(0:1)), ((0:1), (=1:1)), ((1:0), (1:0)) }.
The closure Y intersects four of the nine torus orbits of (P!)2,
namely 72, {((a:1),(1:0)) : a € K*},{((1:0), (a:1)) : @ € K*}, and
((1:0), (1:0)). The corresponding cones are shown in Figure

Example 6.3.3. Let Y = V(z +y+ 2+ 1) C (K*)? and Xy = (P')3,
as in Examples [0.1.3] and [6.2.91 The compact surface Y intersects three of
the six two-dimensional orbits, six of the twelve one-dimensional orbits, and
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Figure 6.3.1. Torus orbits intersecting the curve Y in Example [6.3.2)

four of the eight zero-dimensional orbits on Xy. This can be verified by
computations in S = Cox(Xy) using the description of Example 6.3l ¢

Let trop(Yiriv) denote the tropicalization of Y with respect to the trivial
valuation on K. Tropical geometry answers Question [6.3.1] as follows:

Theorem 6.3.4. Fiz a toric variety Xx, with torus T". Let Y be a sub-
variety of T, and let Y be its closure in Xx. For any o € X, we have
Y NO, # 0 if and only if trop(Yiiv) intersects the relative interior of the
cone o.

We first consider the case where the toric variety Xy is affine space A™.
Here, we give two proofs of the result: one using the tropical toric varieties
of the previous section and also a direct one based on commutative algebra.

Proposition 6.3.5. Let Y C T™ be a subvariety, and let Y be the closure
of Y in A". Then 0 €Y if and only if trop(Yiriv) NRZy # 0.

First proof. By TheoremsB.4Z12and G218 the tropical variety trop(Y riv)
is the closure of trop(Yiiy) € R” in trop(A”) = R”. Thus (oo,...,00) €
trop(Yiy) if and only if for all m > 0 there is w € trop(Yiriy) with w; > m
for all 4. Since the tropicalization is with respect to the trivial valuation,
trop(Yiriv) is a fan, so this occurs if and only if trop(Yirv) NRZy # 0. O
Second proof. Let I = Iy C K[z7i',... 2. The ideal of Y in S =
Klxy,...,z,] is Lig = I NS. Suppose first that 0 ¢ Y. Then there is
f € Lg of the form f =1+ g, with g € (x1,...,2,). But then for w € R"
with w; > 0 for 1 <i < n, we have iny(f) = 1. Since f € I when viewed as
a Laurent polynomial, this means iny (/) = (1), so w & trop(Y).
Conversely, suppose that 0 € Y. This implies dim(Y) > 0 as if dim(Y) =
0, then Y = Y C (K*)". We now proceed by induction on dim(Y). If
Y = |J; Vi is an irreducible decomposition of Y, then Y = J, V;, and thus
0 lies in the closure of one of the irreducible components V; of Y. Since we
also have trop(Y) = |J, trop(V;), we may assume that Y is irreducible. If

dim(Y) > 1, we choose a polynomial h € S with h & /IL.g + (z;) for any
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i. This means that Y N V(h) does not contain the intersection of Y with
any coordinate hyperplane, and every irreducible component of Y NV (h)
intersects 1. We again restrict to an irreducible component containing 0.
Let I’ be its ideal, and let Y’ = V(I') C T™, where we view I’ as an ideal
in K[z£',..., 2. Then 0 € Y7, and dim(Y”) < dim(Y), so by induction
trop(Y’) NRZ, # (. Since trop(Y”) C trop(Y’) the result follows.

This reduces the proof to the base case of the induction: dim(Y) =
dim(I) = 1. We again assume that Y, and thus Y, is irreducible. Let
J be the integral closure of I, and consider the ideal J, C S, where
m = (x1,...,2,). Note that J does not contain any variable x;; otherwise
x; would satisfy a monic polynomial for which all but the leading coefficient
lie in I, which would imply x; € I,g. Since J is a prime of dimension 1, m
is a codimension-1 ideal in Sy /Jm. Thus by Serre’s condition R1, the ring
R = Sm/Jn is a discrete valuation ring (see [Eis95, Theorem 11.5]) with
maximal ideal m. The completion R of R at m is then a complete regular
local ring. There is thus an isomorphism 7: R — K[[t]] for some parameter
t (see [Eis95| Proposition 10.16]). Let p; = m(x;) € K[[t]] for 1 < j < n.

The map S — S/J induces a map K|[[z1,...,x,]] — R, which does not
send any variable z; to 0 and contains in its kernel all f € I, when the
polynomial f is viewed as a power series. This means that f(p1,...,p,) =0
for f € I.g, and p; # 0 for all . Let L be the field of generalized power
series with coefficients in L (see Example 21.7). We thus have (p1,...,p,) €
V(la.g) C 17, and therefore (val(p1),...,val(p,)) € trop(V(I)). Since the
isomorphism 7: R — K[[t]] must take the maximal ideal to the maximal
ideal, each p; lies in (t), so val(p;) > 0, and thus trop(V(I)) NRZ, # 0. O

Remark 6.3.6. The closure of Y in A™ depends on how T™ is embedded
into A”. For example, consider Y = V/(t; +t3 + 1) C T?. For the standard
embedding i : T? — A? given by i(t1,t2) = (z,y), we have Y = V(z+y+1).
But, if i : T2 — A? is given by i(t1,t2) = (t2/t1,t1), then Y = V(y+zy+1).

Proof of Theorem [6.3.4. The special case Xy, = A™ is Proposition [6.3.5]
Next suppose that X is a cone o generated by d elements in a basis for
N ~ 7", so

Xy =U, 2 A% x 7774,

Let I C K[zi!, ..., 2;!] be the ideal of Y C T". We identify T"~¢ = {t €

rrn

Tn2t1:~-':td:1}. Let
Y={t-y:teT" %andyeV},
and [ = Ink[z', ..., 25", Then Y /T4 = V(I) C T% Similarly,

Y =V({Inklzy,... ,xd,xfil,...,xil]).

n
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Let Y ={ty:tcT" %andy € Y}. ThenY'/T" ¢ =V (INK|x1,...,24)).
Then Y N O, # 0 if and only if 0 € Y//T"~9, and trop(Yiyiy) intersects the

relative interior of o if and only if trop((Y /7™ %)y ) intersects the interior

of the positive orthant in R?. The theorem in this case thus follows from

Proposition

We now consider the general case of an arbitrary toric variety Xy.
Choose a toric resolution of singularities 7 : X5 — X, where ¥ is a smooth

fan that refines . We also denote by 7 the map of fans 7: DS 3]
Let Y be the closure of Y in X5. This is the strict transform of Y.

Suppose first that Y intersects an orbit O, of X,. Then there is some o’ € 5
with 7 (relint(0”)) C relint(c), and Y NO,s # 0. This means that the closure
Y, of Y in U, intersects Oy Since U,s = A?xT"~ 9, the previous paragraph
implies that trop(Yiiv) Nrelint(o’) # (0, and thus trop(Yiyiy) Nrelint(o) # 0.
Conversely, suppose that trop(Yiiy) Nrelint(o) # () for some cone o € X.
Then there is 0/ € & with trop(Yisy) N relint(o’) # 0, so the closure Y, of
Y in U, intersects O, by the argument at the start of the proof, and thus
Y intersects O,. This implies that Y intersects O,, as required. [l

Theorem has the following interpretation: Given a subvariety Y
of a torus T" = (K™*)", its tropicalization trop(Y) gives us information
about the closure of Y in any toric compactification of 7. In particular, it
suggests that we use a fan structure on trop(Y) itself as an economical way
of compactifying Y. We saw a first glimpse of this in Section [[8, and we
shall develop such compactifications systematically in the next section.

In the remainder of this section we present a detailed example that illus-
trates various concepts introduced so far in Chapter [6l We shall highlight
relations to some of the constructions seen earlier in this book.

Example 6.3.7. We fix the four-dimensional projective space Xy, = P* over
the field of rational numbers K = Q with the 2-adic valuation. The fan X
consists of 31 =1+ 5+ 10+ 10 + 5 cones in R?/R1 ~ R%. Let Y ~ P? be
the projective plane inside P* that consists of all vectors in the kernel of

o
N
[Nl )
—
— oo
| IS

(6.3.1) {

For a cone o in ¥, we have Y N O, # () if and only if dim(c) < 2. For each
two-dimensional cone o, the intersection consists of a unique point. Namely,
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identifying o = pos{e;, e;} with {i,}, these ten special points on Y are

o Y NO, trop(Y N O,)
{0,1} (0:0:2:-7:3) (00:00:1:0:0)
{0,2}  (0:4:0:-31:15) (00:2:00:0:0)
{0,3}  (0:14:-31:0:6) (c0:1:0:00:1)
{0,4} (0:2:-5:2:0) (c0:1:0:1:00)
{1,2}  (4:0:0:-63:31) (2:00:00:0:0)
{1,3} (2:0:-9:0:2) (l:00:0:00:1)
{1,4} (6:0:-31:14:0) (1:00:0:1:00)
{2,3} (31:—63:0:0:4) (0:0:00:00:2)
{2,4} (15:-31:0:4:0) (0:0:00:2:00)
{3,4} (3:-7:2:0:0) (0:0:1:00:00)

The projective space trop(P*) can be thought of as a four-dimensional sim-
plex. The tropical plane trop(Y) is a balanced polyhedral complex that
intersects the faces of dimension at least 2 of that simplex. The ten two-
dimensional faces intersect trop(Y’) in the ten points (given by representa-
tives in R‘%) that are listed in the third column above.

Consider next the five facets of the simplex trop(P*). These correspond
to codimension-1 orbits O3 on P4, The intersection Y N Ofe;y 1s a line
in P? with four points removed. Its tropicalization is a trivalent tree with
four leaves. We can record such a tree by giving the partition {{4, j}, {k,(}},
also called a split, induced on the leaves of the tree by removing the unique
internal edge. The five trees in the boundary of trop(P*) are found to be:

e in the facet dual to o = {e(}, the tree has the split [{1,2}, {3,4}];
e in the facet dual to o = {e;}, the tree has the split [{0,2}, {3, 4}];
e in the facet dual to o = {ea}, the tree has the split [{0,1}, {3,4}];
e in the facet dual to o = {es}, the tree has the split [{0, 1}, {2,4}];
e in the facet dual to o = {e4}, the tree has the split [{0, 1}, {2, 3}].
This is an abstract tree arrangement with n = 5 as in Definition (.44l By
Theorem [.4.9] this data determines a coarsest matroid subdivision of the

four-dimensional hypersimplex Ag . It has three maximal cells, which are
all matroid polytopes. In the notation of Figure[5.4.7 these are the matroids

(6.3.2) {{0,1},2,3,4} and [0,1:3,4](2) and {0,1,2,{3,4}}.

The very affine surface Y = Y NT* is P2 minus five lines. Its tropicaliza-
tion trop(Y’) is a uniform tropicalized two-dimensional plane L., C R®/R1
as in Theorem EE3.T7 Its tropical Pliicker vector w € trop(GY(3,5)) is read
off from the ten 2x2-minors of (631]) by dualizing and taking the 2-adic
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valuation:

woiz =2, weiz =1, woia =1, w3 =0, wpos =0,
woza =1, wiaz =0, wiza =0, wiza =1, wazs =2.

The plane Ly, consists of 15 unbounded polygons, ten unbounded edges, and
two bounded edges. It has three vertices, labeled by the matroids in (6:3.2]).

We can also construct L. = trop(Y’) as a complete intersection of two
tropical hyperplanes in R?/R1. The rows (6.3.0)) satisfy the hypotheses
of Theorem EG.I8, with » = 2,n = 4, and P, = P, the standard four-
dimensional simplex. Hence trop(Y’) is the fan derived in Theorem 6.9
We use the notation [@Q1, Q2] to denote simplices in the triangulation of the
five-dimensional Cayley polytope C(Pi, P»). Here @Q; is face of P;. The
triangulation has five five-dimensional simplices. Three of these are mixed:

[{0,1},{1,2,3,4}] and [{0,1,2},{2,3,4}] and [{0,1,2,3},{3,4}].
These correspond to the vertices of trop(Y), in the order given in (G.3.2):
(0:0:1:2:2) and (1:1:0:1:1) and (2:2:1:0:0).

The triangulation of C(Py, P») has twelve mixed four-dimensional simplices.
Two are dual to the bounded edges of trop(Y): they are [{0,1},{2,3,4}]
and [{0,1,2},{3,4}]. The other ten mixed four-dimensional simplices corre-
spond to the nodes in the five trees: [{1,2,3},{3,4}],...,[{0,1},{1,2,3}].
Further, the triangulation has ten mixed tetrahedra corresponding to the
two-dimensional cells of trop(Y’). They are labeled [{,j}, {k,(}]. The list is

o mixed cell o mixed cell
{01} [{2,3}.{3.4}] {0,2} [{1,3},{3.4}]
{0,3} [{1,2},{2,4}] {04} [{1,2},{2,3}]
{1,2} %{0,3},{3,4}} {1,3} {{0,2},{2,4}}

[ ] [ ]

{1,4} [{0,2},{2,3} {2,3} [{0,1},{1,4}

{2,4} [{0,1},{1,3} {3,4} [{0,1},{1,2}
In Remark we noted that a tropical linear space is the tropical
convex hull of its cocircuit vectors. Hence our tropical plane in trop(P*) is
a tropical polygon with ten vertices, labeled by o = {0,1}, {0,2},...,{3,4}:

Lw = trop(Y) = teonv{(00:00:1:0:0), (00:2:00:0:0), ..., (0:0:1:00:00) }.

In summary, trop(Y’) is a compact contractible balanced polyhedral complex
in trop(P*). It is the union of the pieces trop(Y N0, ). Here o runs over the
16 = 145+ 10 cones of dimension 0, 1, and 2 in X. We obtain a polyhedral
complex structure on trop(Y') by taking the union over these various orbits.
That complex has 23 =3+5-2+ 101 vertices, 47 =12+ 5 (5 + 2) edges,

and 25 polygons (20 triangles, four quadrilaterals, and one pentagon). ¢
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6.4. Tropical Compactifications

Throughout this book we studied varieties Y embedded in a torus 7". Sec-
tion was about the closure Y inside a toric variety Xy with torus 7. In
this section we focus on special choices of ¥ and the resulting properties of
Y. We begin by explaining how to speak of the tropicalization of Y without
reference to the embedding. This relies on the existence of an intrinsic torus
into which Y embeds. We shall use the following result of Samuel [Sam66].

Lemma 6.4.1. Let R be a finitely generated K-algebra that is an integral
domain, and let R* be the multiplicative group of units of R. Then the
quotient group R*/K* is free abelian and finitely generated.

Proof. Fix an embedding of Y = Spec(R) into some affine space A™, and
let Y be the closure of Y in P™. We first consider the case that Y is normal.
Consider the group homomorphism from R* to the group DivY of Weil
divisors on Y given by sending f € R* to the divisor div(f) it determines.
Its kernel is K*, as any other unit defines a nontrivial divisor on Y. Since
f € R*, the divisor div(f) is supported on the boundary Y\Y. This means
that the image of this group homomorphism is contained in the free abelian
group generated by the finitely many divisorial components of Y'\Y. Since
every subgroup of a finitely generated free abelian group is finitely generated
and free abelian, the group R* /K™ is finitely generated and free abelian.

If Y is not normal, we consider the normalization map ¢: Y Y. We
have ¢~1(Y) = Spec(R), where R is the integral closure of R. This is an
extension of R, so R*/K* is a subgroup of R*/K*. We know that R*/K* is
finitely generated and free abelian. Hence so is its subgroup R*/K*. O

Definition 6.4.2. Let Y be a subvariety of a torus 7". We call Y a very
affine variety. By Lemmal6 4] the group K[Y]*/K* is isomorphic to Z™ for
some m. The intrinsic torus of Y is the torus Ti, := Hom(K[Y]*/K*, K*).

Every very affine variety Y embeds into its intrinsic torus 73,. This em-
bedding is not canonical, but depends on a small choice. We now explain
this. Let f1,..., fin be Laurent polynomials in n variables whose images gen-
erate the group K[Y|*/K* ~7Z™, so Ti, ~ (K*)™. An embedding Y < Tj,
is given by y — (f1(y), ..., fm(y)). This embedding is not unique because

we can replace fi,..., f,, by another sequence that generates K[Y|*/K*.
For example, we can multiply each f; by a different scalar from K*.
Example 6.4.3. (1) Let Y = V(z +y + 1) C (K*)2. The units of

K[Y] =2 K[z*!, 4™ /(x 4+ y + 1) have the form az"y’ for a € K*
and u,v € Z. Hence K[Y]*/K* = Z? under the isomorphism that

takes az"y’ to (u,v). The intrinsic torus 7}, equals Hom(Z?, K*) =
(K*)2, and the embedding of Y into T}, is the original embedding.



298 6. Toric Connections

(2) Fix the surface Y = V(w123 — 23, vow4 — 23, 11204 — 2273) C (K4,
We have K[Y] = K[y, y5!] under the map

2 3
T1 = Y1, T2 =2 Y1Y2, T3 > Y1Y3, T4 = Y1Y3.

Thus Y = (K*)% so Y is its own intrinsic torus. The tropicalization
is trop(Y) = {w € R* : wy + w3 = 2wy and wa + wy = 2ws3}. Note
that this is isomorphic to R? = trop((K*)?).

(3) Let Hy, ..., H, be hyperplanes in P¢, with linear forms £, ..., ¢, €
Klxg,...,z4). Let Y be the arrangement complement as in Sec-
tion@Il The map (LI that takes Y into (K*)"*1/K* = (K*)" is
the embedding of Y into its intrinsic torus 7j,. Indeed, setting ¢y =
xg, so that Y C A", we have K[Y]| = Klz1,... ,xd][f’l_l, . ,E;l_l],
where 0 = lj|z,=1. The group Ti, = K[Y]*/K* is generated by

..., 0, and the embedding Y < T}, coincides with ({I.T]).

N
(4) Let Y = V(23 +y® —22%y — 22 +1) C (C*)2. The tropicalization of
Y is the standard tropical line, with multiplicities changed from 1
to 3. This is not the embedding of Y into Tji,. The units of C[Y] =
Clz*!, y*']/(2® +y3 — 222y — 22+ 1) include 1 —z+y in addition to
randy: (1—z+y)(z "ty {(1—o2—y—22+2y+y?)) = 1in C[Y]. We
use this to re-embed Y into a larger torus, by setting z =1 —x +y.
This gives Y = V(23 + 9% — 222y —2x + 1,z +x —y — 1) C (C*)3.

The next proposition shows that the scenarios in Example are
representative of the general case. We say that ¢ : T™ — T™ is a monomial
map if ¢(t1,...,tm) = (c1t®, ... c,t?) for some ay,...,a, € Z™ and ¢ =
(c1,...,¢q) € (K*)". The map ¢ is a morphism of affine varieties. If ¢; =

- = ¢, = 1, then ¢ is a morphism of tori, and ¢ = ¢4 where A is the
m X n matrix with ith column a; as in Corollary

Proposition 6.4.4. Let j: Y — T" be a closed embedding, and let 1 :Y —
T™ be the embedding of Y into its intrinsic torus. Then there is a monomial
map ¢: T — T" as above for which the following diagram commutes.

Yy —1m
X }é
TTL
Write trop(¢): R™ — R™ for the affine map given by x — ATx + val(c).

The tropicalization of Y C T"™ is the image under the affine map trop(¢) of
the tropicalization of the embedding of Y into its intrinsic torus.

Proof. The embedding j expresses the coordinate ring of YV as K[Y]| =

Kz ... x/T for some ideal I. Choose Laurent polynomials f1, ..., fm
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in K [xfl, ..., o] whose images in K[Y] freely generate the group K[Y]*/K*.
Since the z; are units themselves, we can find an integer matrix A = (a;;)
and scalars ¢; € K* such that z; = ¢; f{"* -+ f%m modulo [ fori=1,...,n.
The corresponding monomial map ¢ satisfies j = ¢oi. The last sentence fol-

lows from Corollary B.2.T3 and the discussion at the end of Section O

Remark 6.4.5. Given any very affine variety Y, we may now speak of the
tropicalization of Y when referring to trop(Y < Ti,). Proposition [6.4.4 tells
us that any other embedding of Y into a torus can be recovered from the
intrinsic one, and so by Corollary B:22.T3] the tropicalization of any embedding
Y C T"™ can be recovered from the tropicalization of ¥ C Tj,. Also note
that if a group G acts on Y, then the action extends to K[Y]*, and so to
the intrinsic torus. This means that a shadow of G (which may be trivial)
acts on the tropicalization of Y. See Exercise 6.8(2).

We now discuss how tropical geometry can be used to compactify sub-
varieties of tori. This will complete the journey we began in Section [
For the rest of the section we assume that the valuation on K is trivial.

Definition 6.4.6. A variety Y defined over K is complete if it is universally
closed, so the projection map p: Y x Z — Z is closed for every variety Z.
This notion plays the role for algebraic geometry of compactness in topology.

A variety being complete is a synonym for it being “proper over Spec(K)”,
or simply “proper” if the context is clear. The definition of a proper mor-
phism includes the criteria that it be separated and of finite type; these are
automatic for varieties over K. Recall from [CLS11l Theorem 3.4.6] that a
toric variety Xy is complete if and only if the fan ¥ is complete, so |X| = R™.
We shall use the following consequences of the definition of completeness in
the situation when Y is a subvariety of T":

(a) If Xy is a complete toric variety with torus 7", then the closure Y’
of Y in Xy is complete.

(b) In this case, the intersection of Y with any torus orbit closure V(o)
is again complete.

(¢) Let X5 be a toric variety with torus 77, and assume that the closure
Y of Y in Xy is complete. Let ¥ C R™ be a fan that contains X
as a subfan. Then the closure of Y in Xy equals Y.

Propos_ition 6.4.7. Let Y be a d-dimensional irreducible subvariety of T,
and let'Y be its closure in a toric variety Xx.. Fix the trivial valuation on K.
(1) The variety Y is complete if and only if trop(Y) C |3
(2) Suppose the equivalent conditions in () hold. Then trop(Y) = [X|
if and only if Y NO, is nonempty and pure of dimension d—dim(o)
for all o € X.
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Proof. For the “only-if” direction in (Il), suppose Y is complete, but
trop(Y) ¢ [¥|. Choose a complete fan X' that contains ¥ as a subfan.
This exists by [Ewa96, Theorem III.2.8]. Fix a cone o of ¥\X that has
a point of trop(Y) in its relative interior. Since Y is complete, by fact (c)
above, the closure Y of Vin X sv equals Y. By Theorem [6.3.4l we know that
Y intersects the torus orbit O, of Xss. However, this contradicts Y C Xy,
since O, N Xy, = 0.

For the “if” direction in (I), suppose trop(Y) C |¥|, and fix a complete
fan ¥’ as above. By Theorem [6.3.4] the closure 7’ of Y in Xy does not
intersect any orbit O, with o € ¥'\X. Hence Y’ is contained in XZ, and
thus equals the closure Y of Y in Xy. Since Xy is complete, so is Y =Y.

For the “only if” direction in (2)), suppose trop(Y) = |X|, and consider
o € X. Let Y be the closure of Y in Xy, let Z be an irreducible component
of Y N O, with the reduced scheme structure, and let Z be the closure of
Z in V(o). By part (M), Y is complete, and hence Y N V(o) is complete,
by fact (b). As Z is the closure of Z in Y NV(0), it is also complete. The
tropical variety of Z C O, is contained in the fan of V(o) in the quotient
space N (o) = Nr/span(c). This fan is pure of dimension d — dim(o), since
trop(Y) = |X|, so dim(Z) < d — dim(c). Since toric varieties are Cohen—
Macaulay (see [CLS11) 9.2.9]), O, is locally set-theoretically cut out by
dim(o) equations. This means that Y N O,, and thus Z, has codimension
at most dim(o). We conclude that dim(Z) = d — dim(o), as required.

For the “if” direction, suppose that Y N O, is nonempty and pure of
dimension d — dim(co) for all o € ¥. We have trop(Y) C |X|, by assump-
tion (). Since Y has dimension d, we have dim(c) < d for all 0 € X.
Theorem implies that trop(Y’) intersects the relative interior of every
o € 3. By the Structure Theorem B35 trop(Y') is the support of a pure
d-dimensional fan. Hence the fan X is also pure of dimension d. Suppose
there is ¢ € ¥ with dim(o) = d and o € trop(Y). Then trop(Y) No is
properly contained in o, and is the support of a pure d-dimensional fan ¥, .
Thus there must be a (d — 1)-dimensional cone 7 of ¥, that lives in only
one d-dimensional cone of ¥,. This contradicts the balancing condition, so
we conclude |X| = trop(Y). O

Remark 6.4.8. We do not require Xx, to be complete here; it is possi-
ble for the closure Y of Y in Xy, to be proper even though Xy is not.
A simple example is given by considering the noncomplete toric variety
P2\ {(1:0:0), (0:1:0), (0:0:1)}, and ¥ = V(z + y + 1) C T%. Then Y is iso-
morphic to P! with three points removed, and Y =2 P!, which is complete.

Remark 6.4.9. One consequence of Proposition [6.4.7]is that if Y is a sub-
variety of 7™ and ¥ is a fan with trop(Y) = |X|, then the boundary Y\Y
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added in the compactification Y of Y in the toric variety Xy is divisorial.
This means that every irreducible component has codimension 1 in Y. In
addition, these boundary components have combinatorial normal crossings:
any nonempty intersection of I components has codimension / in Y. These
facts will be used to compute the tropical variety in Section

Let Y C T™ be a subvariety. A tropical compactification of Y is its
closure Y in a toric variety Xs, with |X| = trop(Y'), as in Proposition [6.4.7
Returning to Example [L81] we now show how this works for plane curves.

Example 6.4.10. Let Y = V(1 + 2z — 3y + 5zy) C T?. The tropical curve
trop(Y) consists of the four coordinate rays, each with multiplicity 1.

Consider first the closure Y| = V(22 + 222 — 3yz + 5xy) of Y in P2
This projective curve intersects the line x = 0 in two points: (0:1:0) and
(0 :1:3); it intersects the line y = 0 in two points: (1:0:0) and (1:0: 2);
and intersects the line z = 0in (1:0:0) and (0: 1:0). Now let Xy, be P?
with the three torus-invariant points removed. The closure Y of Y in Xy is
thus Y| with two points removed, which is not complete. This is as expected,
as trop(Y’) is not contained in |X| = pos{(1,0) }Upos{(0, 1) }Upos{(—1, —1)}.

Consider next the closure Y3 of Y in P! x P'. This is the curve defined by
the bihomogeneous polynomial xgyo+221yo—3zoy1 +5x1y1. The intersection
of Y3 with the torus-invariant divisor {z = 0} is the point (0 : 1) x (5 : —2);
the intersection with {x; = 0} is the point (1 :0) x (3 : 1); the intersection
with {yo = 0} is the point (5 : 3) x (0 : 1); and the intersection with {y; = 0}
is the point (2 : —1) x (1:0). Let Xx. be P! x P! with the four torus-fixed
points removed. Since Y3 does not contain any of the torus-fixed points of
P! x P!, the closure Y, of Y in Xy equals Y3, which is complete. This is
again as expected, as trop(Y’) equals |X|, the union of the coordinate rays.

The toric surface Xy, is the union of five torus orbits; the dense orbit,
and four one-dimensional orbits. The intersection of Y4 with the dense
orbit is Y, which is codimension zero in Y,. The intersection of Y, with
each one-dimensional orbit is a point, which is codimension 1 in Y 4. %

Example 6.4.11. Let f = 3x1x3+bxox3—x1+200—23+7 € C[:z:lﬂ, :Ezil, :cgtl],

and Y = V(f) c T3 The Newton polytope of f is a triangular prism, so
trop(Y) is the fan over the edge graph of a bipyramid. The closure Y of
Y in P? is the quadric V (3123 + braxs — zox1 + 2mox — xox3 + 723). The
intersection of Y| with the orbit closure {zg = x3 = 0} in P? is that entire
orbit closure, so has codimension 1 in Y, rather than the expected codi-
mension of 2. Indeed, the smallest toric subvariety of P? containing Y is
P3\{(1:0:0:0)}, and trop(Y") does not equal the support of the fan of this
toric variety. On the other hand, let Xy, be the toric variety obtained by
removing the torus-fixed points from P? x P'. That toric threefold has Cox
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ring K[xo, 21, %2, %0,%1], where y; = x3. The closure Yo of Y in Xy is de-
fined by the homogeneous ideal (3x1y1 +5xay1 —z1y0+222Y0 — y1T0+ TToYo)-
We see that Y5 does not contain any of the torus-fixed points of P? x P!,
but it does intersect every other torus orbit. This is consistent with the fact
that trop(Y’) is precisely the union of all two-dimensional cones in X. O

An interesting example of a tropical compactification is the moduli space
Mo,n of stable genus zero curves with n marked points. This is the Deligne—
Mumford compactification of the moduli space My, which parameterizes
ways to arrange n distinct labeled points on P!. We first recall these spaces.

By elementary projective geometry, any three distinct points in P! can
be mapped to any other three distinct points via a unique automorphism of
P, Given a collection of n distinct labeled points, we may thus assume that
points 1,2, and 3 are 00,0, and 1. More formally, they are (1 :0),(0 : 1),
and (1 : 1). This means that My is a point and M4 is P1\{0,1,00}. In
general, Mo, is (P*\{0,1,00})"~3 with the diagonals {z; = x;} removed:

Mo, = (P"\{0,1,00})"3 \ diagonals
= (C*\{1})" 3\ diagonals
= P" 3\ {2;=0,2,=2;:0<4,j <n-—3}

We have realized My, as the complement of (”;1) =n-—2+ ("52) hyper-
planes in P"~3. Following Section B Il this defines a closed embedding of
My, into T’ ("2)-1 where the defining equations are linear. Explicitly, the
morphism Mo, — 7("2)-1 from @I is given by x +— BTz, where B is
the (n —2) x (";1)—matrix with first n — 2 columns an identity matrix and
the remaining ("52)—columns of the form e; —e; with 0 <7 < j < n — 3.
For example, for n = 5, we have the 3 x 6-matrix B of Example The
kernel of B does not change if we add a last row with first n — 2 entries —1
and all other entries 0. The columns of this new matrix B’ are then precisely
the simple roots {e; —e; : 0 < i < j < n — 2} of the root system A,_s.
By Example 2,141 the associated matroid is the matroid of the complete
graph K, 1. By Section [£3] the corresponding tropical variety is the space
A of phylogenetic trees. The toric variety XA has dimension ("51) — 1.
The closure of My, C T(ngl)_l in XA is the Deligne-Mumford moduli
space Mg ,,. See [Tev07, Theorem 5.5] or [GIM10, Theorem 5.7]. This is the
moduli space of stable genus zero curves with n distinct marked points. A
stable genus zero curve is a tree of P's intersecting in nodes for which every
copy of P! contains at least three nodes or marked points. See Figure [6.4.1]
for an example. Such diagrams are dual to pictures of trees as in Figure[d.311

We summarize this example in the following theorem.
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Figure 6.4.1. A stable genus 0 curve with seven marked points.

Theorem 6.4.12. The moduli space My, is the wvariety in the torus
(") C p("2)-1 defined by the homogeneous linear ideal

(641) IO,n = <zij — 215+ 215 2<1<j< n—1> C K[ZU : 1§z<y§n—1]

n—1
Its tropicalization trop(My ) C R("2)1 s the space A of phylogenetic
trees on n leaves from Section @3l The closure of My, in the corresponding
toric variety Xa equals the Deligne—Mumford compactification M.y,

This tropical compactification is a special case of the setup in Section 1]
If A is any arrangement of n+1 hyperplanes in P?, then the complement Y =
P9\ A is a very affine variety. By part (@) of Example5.4.3, the embedding of
Y into the torus T is the embedding into the intrinsic torus. As discussed
in Chapter [ there are several different fan structures on trop(Y) C R". A
choice of building set G (see Exercise 4.7([[0]) of Chapter [) for the lattice of
flats of A determines a fan structure 3 with associated simplicial complex
the nested set complex. The tropical compactification of Y using this fan
structure is the wonderful compactification of Y due to De Concini and
Procesi. For a proof and more details we refer to [Tev07, §4] and [ES05].

It is sometimes useful to refine a given fan structure on a tropical variety.
Recall that a morphism 1 : X =Y is flat if for every point p € X the local
ring Oy is a flat Oy, p)-module. If X and Y are affine with X =Spec(A)
and Y =Spec(B), then 1 is flat if and only if the map ¢*: B— A makes A into
a flat B-module. This means that the right exact functor — ® g A is exact.

Flatness is a niceness property that guarantees that the fibers of 1) share
many numerical invariants. See [Vak13| Chapter 24] for a summary of such
properties. A morphism v is faithfully flat if 1 is flat and surjective.



304 6. Toric Connections

Definition 6.4.13. Fix a subvariety Y C 7™ and a fan ¥ with |X| = trop(Y)
in R™. The closure Y of Y in Xy is flat tropical if Y is complete and the
multiplication map ¢ : T x Y — Xy, given by (t,x) — tx is faithfully flat.

The notion of a compactification being flat tropical is due to Tevelev.
His original paper [Tev07] does not use the prefix “flat”; we add it here to
distinguish from tropical compactifications for which |X| = trop(Y’) is the
only condition. The requirement in Definition B.4.13 that Y is complete im-
plies trop(Y) C |X|, by Proposition .47l The condition that v is surjective
is equivalent to requiring that Y intersects every torus orbit of Xy and so,
by Theorem [6.3.4] to requiring that trop(Y’) intersects the relative interior
of every cone of ¥. We now show that if this holds, then |X| = trop(Y’) and
that any refinement of ¥ also induces a flat tropical compactification:

Proposition 6.4.14. Let Y C T™ be a subvariety, and let > C R"™ be a
fan for which the closure Y in X is a flat tropical compactification. Any
refinement X' of 3 also has this property. In addition, the support |3| equals
trop(Y') when K is given the trivial valuation.

Proof. Let m: Xsv — Xy be the toric morphism induced by the refinement
Y/ of 3. Since the support || equals |X|, and the latter contains trop(Y),
the closure Y is complete by part () of Proposition To show that
Y is a flat tropical compactification, we thus only need to show that the
multiplication morphism )’: Y ' xT — Xy is faithfully flat. The pullback
of a faithfully flat morphism is faithfully flat (see, for example [Vak13|
§24.5.1]). Hence it suffices to show that ¢’ is the pullback 7*(1)) of the
multiplication map on X, so Y xT = (Y xT) x x. Xsv, as in the following
diagram.

?/ % T 1/) = (w) _XE/

YxT —— X5

Since 7 is the identity on 7, the restriction of 7*(¢) to Y x T equals
/. Tt thus suffices to show that Z := (Y x T) x x,, Xsv is reduced and ir-
reducible. Consider the map 7*(¢): Z — Xy, which is flat as noted above.
The preimage of T™ C Xyy is Y x T™, so is in particular reduced and irre-
ducible. Restricting to an affine open set, we need to show the following;:
if ¢ : Spec(A) — Spec(B) is flat and surjective, Spec(B) is reduced and
irreducible, and the preimage in Spec(A) of some open set U C Spec(B)
is reduced and irreducible, then Spec(A) is reduced and irreducible. Alge-
braically, this means showing that if ¢*: B — A is a injection that makes A
into a flat B-module, B is a domain, and there is f € B for which A; is a
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domain, then A is a domain. This follows from applying the exact functor
— ®@p A to the sequence 0 — B — By. It shows that A includes into the
domain Ay, so is itself a domain.

We now show that the support || of ¥ equals trop(Y). Since Y is
complete, we know that trop(Y) C |X|. Suppose there exists a vector v €
(12| n@Q™)\ trop(Y'). By assumption, trop(Y’) intersects the relative interior
of every cone of X, so v does not lie on a ray of . Form the stellar subdivision
Y of 3 using the ray v. See, for example, [CLS11] §1.1], where this is called
the star subdivision of ¥ at v. The fan X’ refines X, so by above the closure
Y of Y in Xsv is a flat tropical compactification. But this means that
trop(Y') intersects the relative interior of every cone of ¥’, so contains the
ray through v, which is a contradiction. Thus trop(Y) = |X|. O

We next discuss some consequences of a compactification being flat trop-
ical that will be useful in Section[6.71 Recall that a local ring (R, m) of Krull
dimension d is Cohen—Macaulay if there is a regular sequence 71,...,74 in
m. This means that (r1,...,r4) # R, the element r; is a nonzerodivisor on
R, and r; is a nonzerodivisor on R/(ry,...,r;—1) for all ¢ > 1. A variety
X is Cohen-Macaulay at a point p € X if the local ring Oxp of X at p
is Cohen—-Macaulay. If X = V/(I) is affine, where I C S := Klz1,..., ],
then the local ring Ox p is the localization (S/I),, where p = I(p) C S.
The condition that X is Cohen—Macaulay at a point p is weaker than the
requirement that X be smooth at p, or locally a complete intersection, but
still places some strong conditions on X. In particular, the aspect that we
will use in Section is that it simplifies the intersection theory of X.

Proposition 6.4.15. Let Y C X be a flat tropical compactification of a d-
dimensional variety Y C T", with Xy, smooth. Let o € X with dim(o) = d,
and fix a point p € Y NOy. ThenY is Cohen—Macaulay at p.

Proof. Consider the restriction (Y NU,) x T™ — U, of the multiplication
map 9 to the affine chart U,. Write Y NU, = Spec(R), so R = K[oVNM]/I
for some ideal I. Since Xy is smooth, the orbit closure V(o) C U, (which
equals O,) is defined by a regular sequence fi,..., fq € K[oV N M]. Since
the multiplication map v is flat, R® K[M] is a flat K[o0Y N M]-module. This
implies that the images g; = ¥*(f;) form a regular sequence in R ® K[M].
Indeed, the fact that f; 11 is a nonzerodivisor on A = K[oVNM]/{f1,..., fi)
means that 0 — A — Ay is exact. Since tensoring with R ® K[M]
is an exact functor, the natural map from (R ® K[M])/{(g1,...,g:) to
((R® K[M])/{g1,---19i))gi,, is an injection, and so g;11 is a nonzerodi-
visor on (R ® K[M])/{g1,-..,g:i). Thus the g; form a regular sequence.

The support of the subscheme defined by (g1, ...,g4) is a union of sets
of the form {q} x T™ for finitely many points q, one of which equals p. This
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follows from part (2)) of Proposition Choose t = (t1,...,t,) € T" for
which (p, t) lies outside any embedded component of the scheme defined by
(g91,-..,94) € R® K[M], and let x1,...,z, be the coordinates on K[M].
Then g1,...,94, 1 —1t1,...,Tn— 1y is a regular sequence on R® K [M]. After
localizing at the ideal p’ in R® K [M] of the point (p, t), we may permute the
order of this regular sequence to obtain that g1, ..., gq is a regular sequence
on (R® K[M])y/{x1 —t1,...,2n — ty) = Ry, where p is the ideal of the
point p. Since d = dim(o) = dim(Y’) = dim(R), we conclude that R, is
Cohen-Macaulay, and thus that Y is Cohen-Macaulay at p. O

If the given variety Y admits a flat tropical compactification, then we can
find one with the toric variety X smooth. This is done by toric resolution
of singularities. A consequence of Proposition 6417 is that not every fan 3
with support |X| = trop(Y') is flat tropical, as the following example shows.

Example 6.4.16. Let Y C P" be an irreducible d-dimensional projective
variety that is not Cohen-Macaulay at a point p = (pg : -+ : pp) € Y.
Choose coordinates on P" so that pg = -+ = pg_1 = 0, p; # 0 for ¢ > d,
and no point of Y has more than d coordinates equal to zero. This can be
achieved by choosing d general hyperplanes passing through p, and n+1—d
general hyperplanes that do not pass through p, and changing coordinates
so that these are the coordinate hyperplanes. See Exercise 6.8(I1]). Let
Y =Y NT". We claim that trop(Y’) has the same support as the d-skeleton
of the fan of P, i.e., the fan whose maximal cones are spanned by d-tuples
{ei,,...,e;,} of coordinate rays. Indeed, by Theorem [6.3.4} since Y does not
intersect torus orbits of P with more than d zero coordinates, trop(Y’) is
contained in the d-skeleton. However, the d-dimensional variety Y intersects
all torus orbits with fewer than d zero coordinates. Hence, again by The-
orem [6.3.4] trop(Y) intersects the relative interior of every d-dimensional
cone in the fan of P”. The toric variety defined by the d-skeleton is P” with
every torus orbit of codimension larger than d removed, so it is smooth.
By construction, the point p lies in Y N O,, where ¢ is a d-dimensional
cone. If Y were a flat tropical compactification, Proposition would
imply that Y were Cohen-Macaulay at p. Hence Y is not a flat tropical
compactification. O

Whether a compactification is flat tropical depends on the variety itself
and not just on the tropical variety as a set. Indeed, any generic complete
intersection of n — d-hypersurfaces in P" has the same tropicalization as
trop(Y') in Example By choosing all but one of the hypersurfaces to
be hyperplanes, we may ensure that the degree of the complete intersection
equals the degree of Y, and thus that the multiplicities also coincide.
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We next show that every subvariety Y C T" has a flat tropical com-
pactification Y. We give the field K the trivial valuation, so trop(Y’) can be
given the structure of a polyhedral fan. The key idea is to choose the fan
Y on trop(Y) to come from the Grobner fan of the homogenization of the
ideal of Y7; this is a fan by Corollary

Proposition 6.4.17. Let Y be a subvariety of T™ with ideal I = I(Y') C
K[z:lﬂ, ...,xtl]. We assume that Y is not fized by any subtorus of T™. Let
Ipyroj be the ideal of the closure of Y in P", and let ¥ be the Grobner fan of
Ioroj, Tegarded as a fan in R"/R1. LetY be the closure of Y in Xx. Then

Y s a flat tropical compactification of Y .

Proof. Let P be the Hilbert polynomial of Ip..;. The Hilbert scheme
Hilbp(P™) parameterizes subschemes of P with Hilbert polynomial P or,
equivalently, homogeneous ideals in K|zg,...,z,] with Hilbert polynomial
P that are saturated with respect to the irrelevant ideal m = (zo, ..., xy).
The torus T" = (K*)"t1/K* of P" acts on Hilbp(P") by setting A - I =
(f(Aoxo, ..., Anxy) @ f € I). The Hilbert scheme has a universal family
U C Hilbp(P™) x P™. The projection 7: U — Hilbp(P") is flat, and the fiber
over the point corresponding to a subscheme of P™ is that subscheme.

Let Z be the closure of the T"-orbit of the point Y in Hilbp(P") cor-
responding to I,r0j. The assumption that Y is not fixed by any subtorus
of T™ means that the orbit of I, is isomorphic to 7". The normalization
Z of Z is thus a normal toric variety with torus 7". The limit of a one-
parameter subtorus of 7" labeled by w € N 2 Z" is the point of Hilbp(P")
corresponding to the subscheme of P" defined by the initial ideal iny (Iproj)-
This means that the Grobner fan X refines the fan of Z. Let ¥ be the
subfan of the fan of Z consisting of all cones such that the initial ideal of
Iroj contains no monomial. By Proposition it thus suffices to show
that the closure Y’ of Y in Z = Xy is a flat tropical compactification.

By Corollaries and 3505 the support |¥'| equals trop(Y), so we
need only prove that the multiplication map is flat. The composition of the
normalization map and the embedding gives a morphism Xy — Hilbp(P™).
Let U' C Xy xP™ be the pullback of the universal family & C Hilbp(P™)xP"
over Hilbp(P") via this morphism. Let U be the intersection of U’ with
Xsy x T™. This gives a flat morphism U — Xsy. To finish the proof, we
show that U 2 Y’ x T " and the map U — Xy is the multiplication map.

We denote by [W] the point in Hilbp(P") corresponding to a subscheme
W C P". By construction U = {([W],w) € X5y xT" : [W] € Xy, w €
W NT™}. This is isomorphic to {(w™[W],w) : [W] € X5y, w € WNT"}.
Note that w=[W] = [w™ W], and (1 : --- : 1) € w 'W. So it suffices
to show that ¥ = {[W] € Xy : (1 :---:1) € W}. The containment C
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follows from the observation that (1:---:1) € y~'Y for any y € Y, since
the right-hand set is closed. This means that Y is an irreducible component
of this set. It remains to see that this set is irreducible, so equals Y. In
Proposition we showed that if the preimage of an open set under a
flat surjective morphism is irreducible, then the source of the morphism is
irreducible. Applying this to the torus 7" the claim follows. O

Remark 6.4.18. If Y is fixed by a subtorus 7" of T, then the proof of
Proposition [6.417 actually constructs a flat tropical compactification of the
quotient Y/T". To get a flat tropical compactification of Y, we combine this
with a compactification of the subtorus factor.

The Grobner fan may be finer than the fan of Z constructed in the proof
of Proposition This is because two distinct initial ideals may have
the same saturation with respect to the irrelevant ideal (x,...,z,), and so
describe the same subscheme of P". One can also replace the Hilbert scheme
Hilbp(P") by the multigraded Hilbert scheme [HS04] that parameterizes
ideals with a fixed Hilbert function. In that case the fan constructed would
be precisely the Grobner fan.

In this setting, we can use initial ideals to identify the piece Y N Oy
added in the compactification for any o € . Let T, = N, ® K* C T". Note
that O, =2 T"/T,. Fix w € relint(c). The subscheme Y7 of T™ defined
by inw(ly) has an action of T,, as the initial ideal is homogeneous with
respect to the grading induced by N,. We use here that the valuation on K
is trivial, so K = k. The subscheme Y N O, is then Y° /Ty.

The compactification Y used in Proposition[6.4.17 depends on the choice
of embedding of T™ into P", which is induced from the choice of coordinates
on T™. This is shown in Example In that example, the fan ¥ that
works for Proposition [6.4.17is the coarsest fan structure on the set trop(Y).
However no such coarsest fan may exist, as seen in Example B54l To
compute the fan ¥ for any given Y, one can use the software Gfan [Jen].

We finish this section with one further niceness condition.

Definition 6.4.19. Let Y C T™ be a subvariety, and let Y be a tropical
compactification obtained by taking the closure of Y in a toric variety Xs..
The compactification Y is schon if Y NO, is smooth for every torus orbit O,
n Xy.

The case when Y = V/(f) is a hypersurface in 7™ has been well studied
for decades. Here ¥ is the normal fan of the Newton polytope of the Laurent
polynomial f. The compactification of Y is schon precisely when Y is nonde-
generate with respect to its Newton boundary. Much of the geometry of such
hypersurfaces is determined by the geometry of the toric variety Xs. Exam-
ples include the relationship between the Milnor number of a hypersurface
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singularity and its Newton polytope given by Kushnirenko [Kou76] and the
computation of the Hodge numbers by Danilov and Khovanskii [DK86].

The following theorem, whose proof we omit, summarizes further prop-
erties that come from requiring a tropical compactification Y to be schdn.

Theorem 6.4.20. (1) If Y € T™ has a schon compactification, then
any tropical compactification of Y is schon.

(2) A schén compactification of Y is regqularly embedded, normal, and
has toroidal singularities.

(3) If the field K has characteristic zero, then any projective variety Z
contains a Zariski open subset Y with a schon compactification Y .

The construction of Y and Y in part (3) requires that a resolution of
singularities exists for Z. This is the only reason for the characteristic zero

requirement. For proofs of these results see [Tev0T], [Tevid], and [LQIT].

6.5. Geometric Tropicalization

We saw in Section how, given a subvariety Y C 1™, the tropical va-
riety determines a good choice of compactification of Y. We now explore
the converse, and see how a nice compactification of Y determines trop(Y).
Throughout this section we assume that the field K has the trivial valuation,
and all varieties are taken to be irreducible. A key idea is the characteriza-
tion of trop(Y) in terms of divisorial valuations, given in Proposition [6.5.4]
This can be thought of as a fourth part of the Fundamental Theorem B.2.3]

Fix a subvariety Y C T™. Its function field K (Y") is the field of fractions
of the coordinate ring K[Y]. Let Y’ be a variety birational to Y. This means
that Y and Y’ contain open sets on which they are isomorphic. Examples
of such Y’ are compactifications of Y. In what follows we assume that Y’
is normal and Q-factorial. The second of these conditions means that a
multiple of every Weil divisor is a Cartier divisor, so every codimension-1
subvariety of Y is locally defined by a single equation. The assumption that
Y’ is birational to Y means that K(Y”) is isomorphic to K(Y). This is also
the field of fractions of the coordinate ring K[Z] of any affine chart Z of Y.

Every irreducible divisor D on Y’ determines a valuation on K (Y), as we
now recall. Since Y’ is normal, the coordinate ring K[Z] of any affine chart
Z is normal. Choose a chart Z that intersects D, and let P C K[Z] be the
prime ideal defining D N Z. By Serre’s condition R1 (see [Eis95, Theorem
11.5]), since D has codimension 1 and K[Z] is normal, the localization K[Z]p
is a DVR. Write valp : K(Y) — Z for the associated discrete valuation
on the quotient field K(Y) of K[Z]p. We call such valuations divisorial
valuations on K(Y). Note that the valuation valp is trivial on the field K.
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Example 6.5.1. Let Y = V(zo+x1+22+23) C P3, and Y = Y N (K*)3.
Then K(Y) = K(Y) is the field of rational functions in two variables. The
difference Y\ Y consists of four lines, Lo, L1, L2, L3, where L; = YN {x; = 0}.
To compute the divisorial valuation on Y corresponding to L;, we consider
the affine chart Z = {xo 7& O} with K[Z] = K[yl,yQ,yg]/<1—|—y1—|—y2—|—y3>
given by y; = x;/x¢ for i = 1,2,3. On the chart Z, the divisor L; has the
equation y; = 0. The valuation valy, is computed on a rational function f
in the quotient field of K[Z] by writing f = y]"f’ where m € Z and f’ has
neither numerator nor denominator divisible by y;. With this, valz, (f) =
m. To see this explicitly, note that the localization K[Z],, is a regular
local ring of dimension 1, so it is a discrete valuation ring. The maximal
ideal is generated by y1, so the valuation has the desired property. For the
line Ly we need to choose a different affine chart to compute the divisorial
valuation. For example, we may take Z' = {x; # 0}, which has coordinate
ring K[yg, vs, y5]/(yo + 1+ vh + y5), where y; = z;/x1. The valuation valy,
is given by the exponent of the largest power of y(, dividing the function. ¢

Definition 6.5.2. Let Y be a normal Q-factorial compactification of ¥ C
T™. Recall that an element m € M induces an element of Hom (7™, K*), and
thus an element of K(Y). A divisorial valuation valp on K(Y) determines
an element [valp] € N®R = Hom(M,R) by setting [valp](m) = valp(m) for
m € M. When we choose coordinates for T, so K[T"] = K[z, ...z,
we get an integer vector [valp] = (valp(zy),...,valp(x,)) in R™.

Example 6.5.3. We continue Example We take y1,y2,y3 as genera-
tors for the group of units K[Y]*/K* = Z3. Then [valy,] = (1,0,0) € R3.
By the same argument, [valz,] = (0,1,0) and [valz,] = (0,0,1). Note that
y1 = 1/y5, y2 = y5/yo, and y3 = y5/yj. Hence [valr,] = (-1,-1,-1). ¢

Proposition 6.5.4. Let Y be a subvariety of T™. The tropical variety
trop(Y') is the closure of the following subset in Ny = R™:

(6.5.1) {[cvalp]: c € Q¢ and valp is a divisorial valuation on K(Y)}.

Proof. Let I C K[z!,... '] be the ideal of Y, so K(Y) is the quo-

rrn

tient field of K[z, .., 2;-']/I. Let valp be a divisorial valuation on K (Y),
and write [valp] = w = (w1,...,w,) € R” where w; = valp(z;). We first
show that w € trop(Y). For f = > cyz™ € I, the image of f in K(Y) is
zero. Hence valp(}_ cyz™) > ming(valp(cyz™)) = ming (>, u; valp(z;)) =
miny(w - u) = trop(f)(w), since K has the trivial valuation. Since
val(a 4+ b) = min(val(a), val(b)) if val(a) # val(b), this means that the mini-
mum in trop(f)(w) must be achieved at least twice. As f is arbitrary, this
implies w = [valp| € trop(Y’). The equality [cvalp] = c[valp] then implies
that trop(Y’) contains the closure of (G.5J]).
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We now show the opposite inclusion. Since trop(Y) is the support of a
rational polyhedral fan, trop(Y) N Q™ is dense in trop(Y’). It thus suffices
to show that every w € trop(Y) N Q" has the form [cvalp] where valp :
K(Y) — R is the divisorial valuation corresponding to a Cartier divisor D
on some normal variety birational to Y. After scaling, we may assume that
w € Z" with ged(w;) = 1. After a change of coordinates on 7" we may then
assume w = e1. Let 3 be the fan in Ny consisting of just the ray spanned
by e1, so X5, = A x 7?71, Let Y be the closure of Y in the toric variety
Xy. We denote by D the torus-invariant divisor defined by z1 = 0 on Xy.
By Theorem [6.:3.4], since e; € trop(Y'), the variety Y intersects Dq. As Y is
irreducible, the intersection Y N Dy =Y N {z1 = 0} is a hypersurface in Y.

Let v: Y' — Y be the normalization of Y. This is a birational morphism,
so a Cartier divisor on Y gives rise to a divisorial valuation on K(Y). Let
D’ be an irreducible component of v~1(YND;). We claim that e; = [cvalp/]
for some ¢ > 0. Indeed, for 2 < i < n the coordinate function x; is invertible
on A! x T"! 5o its restriction to Y is also invertible. The same holds
for the pullback v*(x;) on Y’. This means that valp/ (v*(z;)) = 0. The
coordinate x1 vanishes on Dy, so the pullback v*(z1) vanishes on D’, and
thus A\ := valp/(v*(x1)) > 0. Using the coordinates x1,...,x, for T", we
get [valp/] = Aej. Setting ¢ = 1/A, we thus have w = e; = [cvalp/]. O

Remark 6.5.5. The result of Proposition[6.5.4that every w € trop(Y)NQ"
has the form [cvalp] for a divisorial valuation on K (Y) is also a consequence
of the fact that the tropicalization map trop: ¥ — Nr extends to a map
from the Berkovich analytification Y *" to Ng. Berkovich spaces are beyond
the scope of this book, but have many important connections to tropical
geometry. Baker’s article is an excellent first introduction. For
the extension of tropicalization to analytic spaces, see [Pay09al].

We will use the characterization of trop(Y’) of Proposition [6.5.4] to show
how a sufficiently nice compactification of ¥ determines trop(Y’). The con-
nection is via a simplicial complex that comes from the compactification.

Definition 6.5.6. Let Y C T™ be a variety, and let Y be a compactification
of Y, so Y is a complete variety containing Y. The boundary of Y is the
set 9Y = Y'\Y. Throughout this section we shall assume that the boundary
JY is divisorial, meaning that it is a union of codimension-1 subvarieties of
Y. Let Dy,...,D; be the irreducible components of 9Y .

The boundary Y is a combinatorial normal crossings divisor if, for any
subset o C {1,...,1}, the intersection (;., D; has codimension |o| in Y.
The pair (Y,9Y) is then called a combinatorial normal crossings (cnc)
pair. If, in addition, this intersection is transverse, the boundary is simple
normal crossings, and the pair is a simple normal crossings (snc) pair.
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with one vertex v; for each divisor D;. A subset o = {v;,..

Figure 6.5.1. A compactification and its boundary complex.

The boundary complex A(OY) of the pair (Y, dY) is a simplicial complex

v} is a

simplex in A(9Y) whenever the intersection D;, M-+ - N D;; is nonempty.

Example 6.5.7.

(1) Let Y = V(zo+x1+x2+23) C P3 be a copy of P>
inside P? as in Examples and 653, and let Y =Y N7T™. The
boundary 9Y consists of the four lines L; = V (xg+x1+z2+23, ;).
Any two of these lines intersect in one point, but the intersection
of any three is empty. The boundary complex A has four vertices,
and one edge for any pair of vertices, so is the complete graph Kjy.
For i = 0,1,2, let L; be the coordinate line {x € P2 : z; = 0},
and let C be a general conic in P? with equation f € K|xg, 1, 2]
of degree 2. Here “general” means that C' does not contain any
of the three torus fixed points of P2. Let Y = P2\(Lo U Ly U
LyUC) = (K*)?\ C. Then Y can be embedded into T° via the
map (zo : 1 : x2) — (@1/x0,22/70, f(T0, 71, 22)/23). For the
compactification Y = P? of Y, the boundary complex has four
vertices vg, v1,v2, vo. There is an edge between each pair of these
vertices. The boundary complex A(JY) is again K4, as shown on
the top right of Figure O

Remark 6.5.8. The notion of snc pairs is ubiquitous in the algebraic ge-
ometry literature, while the notion of combinatorial normal crossings was
developed by Tevelev in [Tev07]. The fact that cnc suffices for many “nice-
ness” properties is an important feature of the toric-tropical interplay.
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Many authors prefer a more refined version of the boundary complex,
where the simplicial complex is replaced by a Delta-complex. Following
[Hat02, Chapter 2], in a Delta-complex different faces of a simplex are
allowed to coincide, and there can be multiple simplices with the same set
of vertices. The Delta-complex associated to the pair (Y, dY) has one vertex
for each component D; in the boundary, and a simplex o = {i1,...,4;} for
each irreducible component of D; N ---N D;; whenever this is nonempty.
This is shown in the lower-right diagram of Figure for part () of
Example 657 We place the additional genericity assumption here that the
conic C' is not tangent to any of the coordinate lines. The Delta-complex is
a graph with four vertices and nine edges, while our A(9Y) is a graph with
four vertices and six edges. The edges representing the intersections of the
lines with the conic have been split into two edges each, corresponding to
the two intersection points of C' with each line.

The Delta-complex remembers more information about the compactifi-

cation than the simplicial complex. See [HacO8] or [Pay13] for some ex-
amples. We here use the simpler version as that suffices for Theorem [6.5. 111

Our next goal is to explain how the boundary complex of a nice com-
pactification Y of Y determines trop(Y’). We first explain how to construct
a fan containing trop(Y) from any pair (Y,9Y) with divisorial boundary.
Recall that for a set B C R™ the cone over B is the set {A\b: b € B, A > 0}.

Proposition 6.5.9. Let Y be a complete variety containing a very affine
subvariety Y with divisorial boundary 0Y . Let ©: A(QY) — Ng be the map
defined by sending v; to [valp,] and extending linearly on every simplex.
Then the cone over the image of w contains the tropical variety trop(Y).

Proof. By Proposition [6.5.4] we must show that if valp is a divisorial val-
uation on L = K(Y'), then [valp] lies in the cone over the image of 7. Let
Ry, be the valuation ring of L with respect to valp. Since the valuation
on K is trivial, we have K C Ry, so there is a morphism Spec(Rp) —
Spec(K). By the valuative criterion for properness, there is a unique mor-
phism ¢: Spec(Rz) — Y that makes the following diagram commute.

Spec(K(Y)) ——— Y

| |

Spec(Ry) — Spec(K)

The valuation ring Ry, has exactly two prime ideals, namely 0 and my, = {a €
Ry :valp(a) > 0}. Let s be the closed point of Spec(Rp), corresponding to
my,. Let Dq,...,D; be the components of 9Y, and let o = {i : ¢(s) € D;}.
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We now show that [valp] lies in the cone spanned by the [valp ] with
J € o. If not, since pos([valp,] : j € o) is a rational polyhedral cone,

there would be m = (mq,...,my,) € Z" with > , m;valp(z;) < 0 and
Yoimimivalp,(z;) > 0 for all j € 0. Let u = [, 7" € K(Y). Since

the z; are units in K[Y], we have u € K[Y|*. The choice of m means that
valp(u) < 0 and valp, (u) > 0 for j € 0. Let B CY be the locus where the
rational function u has poles, so u is regular on Y\ B. Since u is a unit on
Y, we have B C 9Y. Since valp, (u) > 0 for j € o, we have BN D; = {) for
j € o, so the image of the function ¢: Spec(Ry) — Y lies in Y\B. Thus
the pullback ¢*(u) of the regular function u on Y\ B is regular on Spec(Ry).
This means that v € Ry, so valp(u) > 0, contradicting our assumption. We
conclude that [valp] lies in the cone spanned by the [valp,]. O

Example 6.5.10. Let Y be the complement in P? of the three coordi-
nate lines and an irreducible conic C' with equation f € K[xg,x1,z2].
Then Y is the subvariety of (K*)? defined by the equation y — f/23 €
K|x1/x0,22/70, 7], so trop(Y) is a two-dimensional polyhedral fan in R?.

Consider Y = P? as a compactification for Y. The boundary 0Y has
four components: the three coordinate lines Dy, D1, D, and the conic D¢.
The divisorial valuation vectors are formed by applying the four divisorial
valuations to the coordinates x1/zq, 2/, y for (K*)3. This gives [valp,] =
(—1,-1,-2), [valp,] = (1,0,0), [valp,] = (0,1,0), and [valp,.| = (0,0, 1).

The cone over the image of 7 constructed in Proposition depends
on the choice of conic C. Consider first the case that C' passes through
the three coordinate points {(1 : 0 : 0),(0 : 1 : 0),(0 : 0 : 1)} of P2
One such conic is given by f = zgx1 + zgx2 + x122. The boundary com-
plex A(JY) is a subdivision of a triangle; there is a simplex for each col-
lection {D;,Dj, Do} with 0 < i < j < 2. The cone over the image
of 7 is then the union of the three cones pos((1,0,0),(0,1,0),(0,0,1)),
pos((1,0,0),(-1,—-1,-2),(0,0,1)), and pos((0,1,0),(—1,—1,-2),(0,0,1)).
This is not two dimensional, so it never equals trop(Y’). For the conic f
above, the tropical surface trop(Y) is the fan with rays (1,1, 1), (—1,0,—1),
(0,—1,-1), and (0,0,1). It has a two-dimensional cone spanned by any two
of these rays. This is properly contained in the cone over the image of .

Suppose now that C' is a general conic that does not pass through any
of the three coordinate points. One such conic is f = 23 + 23 + 23. The
boundary complex is the complete graph K4 as in Example The
cone over the image of 7 is the union of the six cones spanned by any two
of the rays (—1,—-1,-2),(1,0,0),(0,0,1),(0,0,1). As this has the correct
dimension and no proper subfan is balanced, we conclude that the support
of this fan is trop(Y’). This can be verified using Proposition ¢
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We now explain how assuming that the compactification has simple nor-
mal crossings guarantees that the inclusion of Proposition [6.5.9]is an equal-
ity. This means that the compactification Y actually computes trop(Y’).

Theorem 6.5.11. Let (Y,0Y) be a smooth snc pair compactifying a d-
dimensional variety Y C T". Let m : A(OY) — Ng be the map defined by
sending v; to [valp,| and extending linearly on every simplex. Then the cone
over the image of w is equal to the tropical variety trop(Y).

Proof. Each component D; of the boundary 9Y gives rise to a divisorial
valuation valp, on K(Y), and thus to a vector [valp,] € Ng. Since Y is
a smooth variety birational to Y, Proposition implies that the point
[valp,] lies in trop(Y). For o € A(dY) with |o| = d and positive integers
n; for i € o, we consider the weighted blow-up of Y at the intersection Z =
Nico Di with the weight n; on D;. Since JY has simple normal crossings,
locally this is blowing up the monomial ideal (JT,., ;") in A,

The exceptional divisor F of this blow-up gives a divisorial valuation on
K(Y'). This valuation satisfies valp =}, n; valp,. Thus any nonnegative
rational combination of the [valp,] with ¢ € o lies in trop(Y). Since trop(Y)
is closed, the cone pos([valp,] : i € o) lies in trop(Y’). This shows that the
cone over the image of the map 7 is contained in trop(Y’). As the other
inclusion follows from Proposition [.5.9] we have the required equality. [

Remark 6.5.12. For general w € trop(Y') (those not in the cone over the
image of the (d—1)-skeleton of A(9Y")) the multiplicity of the cell of trop(Y’)
containing w can also be determined from the pair (Y,0Y). It equals

mult(w) = » (Dj, -...  Di,)[Roe N M : Zo],

g

where the sum is over all simplices o = {v;,,...,v;,} in the boundary com-
plex A(9Y) with w € relint(r(c)), the symbols Ro and Zo denote linear
and integer spans of the set {[valpl.j] :1<j<d},and D;, -...- D;, is the

intersection number of these divisors on Y. For a proof, see [Cuell].

Example 6.5.13. We continue Example By part () of Exam-
ple 657 the boundary complex of (Y,dY) is the graph Ky, so the im-
age of 7 consists of the six line segments joining any two of the points
(1,0,0),(0,1,0),(0,0,1), and (—1,—1,—1). The cone over this is the 2-
skeleton of the fan of P3. O

A particularly nice example illustrating Theorem is the Deligne—
Mumford compactification Mg, of the moduli space My,. Recall from
Section that My, is the moduli space of n points on P! and Mo,n
is the moduli space of stable genus zero curves with n marked points.
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By Theorem [6.4.12, M, is a subvariety of the torus 7)1, This de-
scription comes from the realization of My, as the complement of a hy-
perplane arrangement in P"73. For the point of M, corresponding to
(vg: -+ :wp_3) €P" 3 weset p, =(1:0),p1 = (0:1), pp=(1:1), and
pi = (wi—g2 : xg) for 3 <i < mn—1. This differs slightly from the choice made
in Section With this convention, the coordinate z;; of Theorem
equals zj_o —x;_o for2<i<j<n-—1,and z;; =x;_o for 2<i<n—1.

Theorem lets us recover the tropicalization of My, in R(")-1
from the combinatorics of the boundary 8M07n. The boundary 8M07n =
Mo,n\MQn consists of 2"~ — n — 1 irreducible components ¢;. These are
indexed by partitions I U I€ of {1,...,n} into two parts, each of which has
size at least two. The boundary divisor &y is the closure in Mg, of the
locus parameterizing stable curves with two components, one containing the
points labeled by I and the other containing the points labeled by I¢; we
identify 67 and d7e. It contains the limit of any family of points in My,
where the p; with ¢ € I come together. See [KV 07| for more details.

We now calculate the divisorial valuation determined by each ;. For 1 <
i<j<n—1,(i,75) # (1,2), the ratios z;;/z12 give a choice of coordinates on
the torus T("2 )=, We compute [vals,] € R("2")-1 using these coordinates.
Proposition 6.5.14. Fiz a boundary divisor 5 on Mo,n, withn & I. The
divisorial valuation vals, on K(My,) given by the divisor 01 satisfies

1 ifi,j €1 and 1,2 are not both in I,
vals, (zij/z12) = ¢ —1 if1,2€ I and i,j are not both in I,
0 otherwise,

for2<i<ji<n-—1;and

1 ifliel,2¢l,
vals, (z11/z12) = S —1 ifl,2€l,i¢l,

0 otherwise,
for 3 <i<n—1. Thus the vector [val;,] € R("2") -1 = R(ngl)/Rl is

{Z igl €45 if1,2€[,

orj&I

[Valgl] = )
>ijer€j otherwise.

Proof. The cross-ratio (p1, p2; p3, pa) of four distinct points py, p2, p3, p4 on
P! is defined by fixing the unique automorphism ¢: P' — P! that satisfies

d(p1) = (1:0), ¢(p2) =(0:1), and ¢(p3) =(1:1).
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We then have ¢(ps) = (a : 1) for some o € K\{0, 1}, and set (p1, p2; p3,pa) =
a. If p; = (z : 1) for 1 <i <4, then

(21 — 23)(22 — 24)

(22 — 23)(21 — 24)

Note that the cross-ratio (p;i,pj; pk,pi) is a rational function on My p; each

point on My, corresponds to a copy of P! with n marked labeled points,
and this function returns the cross-ratio of the points labeled 4, j, k, and .

(6.5.2) (p1,p2;p3,P4) =

Recall that the boundary divisor §; contains the limit of any family
of points in My, where the p; with ¢ € I come together. The valuation of
the cross-ratio function (p;, p;; pr, pi) with respect to the divisorial valuation
defined by the boundary divisor §5 is

1 1fpl7pk€-[7pj7pl¢17 Orpj7pl€-[7pi7pk ¢I7
vals, (pis pjipesp1) = § =1 if pi,pr € Lpj,pr € I, or pj,px € Ips,py & 1,
0 otherwise.

This follows from the formula in ([@5.2). For example, if p;,pr € I and
pj,p1 € I, then there is a family Py = {pm(t) = (zm(t) : 1) : 1 < m < n} of
points in My, whose limit lies in §; with the limit of z;(¢) equal to the limit
of z;(t) and is distinct from the limits of z;(¢) and z(t).

We next note that z1;/212 = (pn,p1;p2,pi) for 3 < i < n — 1. Indeed,
we have z1;/212 = xi—2/x0 = (Pn.D1:P2,Pi), as p; = (wi—2/x0 : 1). In
addition we have (pn,pj;p1,pi) = (zj_2 — xi—2)/xj_9 for 2 < i < j <
n —1, 80 zj/z12 = (xj_2 — i—2)/20 = (Pn,Pj;P1,Pi)(Pn, P1; P2, ;). Thus
vals, (zij/212) = vals; (pn, pj; p1, i) + vals, (Pn, p1; P2, py) if 2 <i < j <n—1,
and vals, (z1i/z12) = vals, (pn, p1; P2, pi) for 3 <i <n.

By assumption, n ¢ I. For 2 <¢ < j <n — 1, we have

1 ifli,jel,2¢lori,jel,1¢1,
vals, (zij/z12) = ¢ —1 if1,2€l,j¢glTorl,2,jel,igl,

0 otherwise.

This simplifies to the formula in the proposition. For 3 <i <n — 1, we get
the formula for vals, (21;/212) given there. To calculate [vals,], we break into
cases depending on whether 1,2 € 1. If 1,2 € I, then vals, (2;;/212) equals —1
if i and j are not both in I and 0 otherwise, so [vals,] = —>_.crc oy jere €ij-
If at least one of 1 and 2 is in I, then vals, (2;;/212) equals 1 if 4,5 € I, and
0 otherwise, so [vals, (2ij/212)] = >_; ;1 €ij- O

Proposition G.5.14 implies that when n ¢ I, we have [vals, | = 3~, ;; €3
the expressions in the proposition are the result of choosing representatives

n—1

for R("2") /R1 with the coordinate labeled by 12 equal to 0. Thus the ray
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spanned by [val(d;)] € R(":)1isa ray of the tropicalization of the graphic
matroid Mg, , in Example 214 Combinatorially, this is the same as
the space A of phylogenetic trees from Chapter @l The simplicial complex
A(OMy,,) agrees with the complex described in Section This gives
another proof that the tropical variety of M, is the fan A.

We caution that the previous examples were all misleading in the sense
that they embedded the simplicial complex A(QY) into Ng. This is usually
not the case. In general, it will happen that interiors of disjoint simplices in
A(9Y) intersect in Ng. In particular, Theorem does not necessarily
give a fan structure on trop(Y’). We will demonstrate this in Example [6.5.T9]

The condition in Theorem 5.1l that the pair (Y, Y) be snc is unneces-
sarily strong. We now relax this condition to cnc, at the expense of assuming
that the characteristic is zero to allow for resolution of singularities.

Theorem 6.5.15. Let K be a field of characteristic zero. Let (Y,0Y) be
a cnc pair compactifying a smooth variety Y C T". Let © : A(9Y) — Ng
be the map defined by sending v; to [valp,| and extending linearly on every
simplex. Then the cone over the image of m equals trop(Y').

For a proof of Theorem see [Cuell]. The main idea is to check
that resolution of singularities does not change the image of the map from the
boundary complex to the tropical variety; the extra vertices corresponding
to exceptional divisors give a subdivision of the image. This argument turns
Theorem into a corollary of Theorem

We now present an application of geometric tropicalization to the implic-
itization problem in computer algebra, which we met in Section[LHl Consider
n Laurent polynomials

6.5.3 i(t = Cia~ta1~-'tad i:1,2,...,n.
) 1 d
acA;

Here each A; is a finite subset of Z%, and the Cio are generic elements of K.
Our ultimate aim is to compute the prime ideal I C K[xfl, . ,m,iLl] of rela-
tions among fi(t), ..., fn(t), or at least, some information about its variety
V(I). The ideal I is the kernel of the homomorphism K27, ... x5! —
Klt1,...,tq] given by x; — f; for 1 <i < n.

The tropical approach to this problem is based on the following idea.
Rather than computing I by algebraic elimination, we shall compute the
tropical variety trop(I) C R™ by combinatorial means, using Theorem [6.5.11]

Let ¥ : R — R™ be the tropicalization of the map f = (f1,..., fa)
Our notion of generic includes the requirement that all the coefficients cj o
be nonzero, so the Newton polytope of each f; equals P; = conv(A;). The
ith coordinate of ¥ is ¥;(w) = trop(f)(w) = min{w - v : v € P;}.
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The image of ¥ is contained in the tropical variety trop([), but this
containment is usually strict. See the discussion after Remark B2.14l In
other words, the image of the tropicalization of f is usually a proper subset
of the tropicalization of the image of f. The following result characterizes
the difference trop(7)\image(¥). Let {ei,...,e,} be the standard basis in
R"™. For any subset J of [n] = {1,...,n}, we write RZ, for the orthant
R>o{e; : j € J} and Py for the Minkowski sum }_,c; P;.

Theorem 6.5.16. Let f : T¢ — T™ be a rational map given by Laurent poly-
nomials f1,..., fn that are generic relative to their supports A; in (6.5.3)).
Let I be the ideal of the image of f. The following subsets of R" coincide:

(1) the tropical variety trop(V(I));
(2) the union of all sets ¥ (trop((f;:j € J))) + Réo, where J C [n];

(3) the union of all cones U(w) + Réo such that, for all subsets L C J,
the face facew (Pr) of the polytope Pr, has dimension > |L|.

The characterization (3] gives a combinatorial recipe for computing the
tropical variety trop(I) directly from the given Newton polytopes P, ..., P,.
The ideal (f; : j € J) in (@) lives in the Laurent polynomial ring in d
variables. The contribution of the empty set J = () in Theorem [E.5.T6([2) is
precisely the image of the tropicalization ¥ of the given map f, as the ideal
generated by the empty set of polynomials is the zero ideal:

(6.5.4) U(trop(V(0))) + RYy = ¥(RY) = image(¥).

Thus, the contributions of the nonempty subsets J make up the difference
between the tropicalization of the image and the image of the tropicalization.

Example 6.5.17. We illustrate Theorem for the case d = 1,n = 2.
Consider a plane curve parameterized by two Laurent polynomials x; =
fi(t) and xo = fo(t) for f1, fo € K[t,t71]. The Newton polytopes of f; and
fo are line segments

(6.5.5) P =[a,p] and P, = [v,0] in R
The tropicalization of the parameterization f = (fi, f2) is the map

7 (a,y) if 7>0,

ViR - RY: 7o (minfaer, B7) min{y-T,8-7}) = {T-(ﬁ 6) ifT<0

The desired tropical curve in R? is constructed from the contributions of
the four subsets J of {1,2}. The set J = {1,2} contributes the empty set
because the segment Py = [av + 7, f + d] has no face of dimension |J| = 2.
For J = () we get the rays spanned by («,~) and (-3, —9), by ([@54). For
J ={1} and J = {2}, only w = 0 is relevant in Theorem [6.5.16(3), and the
contributions ¥(0) + Rio are the coordinate rays R>pe; and Rx>pes.
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Figure 6.5.2. Tropical plane curves and their Newton polygons.

Assuming that the integers «, 3,7, 6 are all nonzero, we conclude that the
tropical curve consists of four rays and its Newton polygon is a quadrilateral.
This is consistent with Theorem [[.5.21 Figure[6.5.2] shows two cases. %

Proof of Theorem The equivalence of the conditions (2) and (3]
follows from Corollary 6. 1Tl applied to the Laurent polynomials f; for j e J.
To make the connection to condition (1), we use geometric tropicalization.
Let E;={teT: f;(t) =0} and Z = T%\ |J}_, F;. The Laurent polynomials
f1, ..., fn specify a morphism of very affine algebraic varieties

(6.5.6) f:Z=T" zw— (fi(z),..., fa(2).

Our goal is to compute the tropicalization of its image Y = f(Z2).

We first note that we may assume that f is an isomorphism, so a com-
pactification of Z is a compactification of Y. Otherwise, we augment f by
adding some of the coordinate functions z; to (f1,..., fn) and then project
the resulting tropical variety into n-space. None of the coordinate functions
will contribute to a set J in (2] for the augmented function, and by Corol-
lary the projection of the tropicalization equals the tropicalization of
the projection, so it suffices to prove the theorem for the augmented f.

Let X5 be a d-dimensional smooth projective toric variety whose poly-
tope P has the given Newton polytopes P, ..., P, as Minkowski summands.
This means that the normal fan of P refines the normal fan of each P;. The
smooth toric variety X s is a compactification of T' @ and thus of Z. Since Y
is isomorphic to Z, the toric variety X is thus a compactification of Y. For
each i € [n], there is a canonical morphism X5 — Xp, onto the (generally
not smooth) projective toric variety Xp, associated with P;.

We now consider the boundary X z\Z. Here X is playing the role of Y,
and Z plays the role of Y. The irreducible components of the boundary are
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of two types. Firstly, we have toric divisors D1, ..., D; indexed by the facets
of P. The toric boundary D; U---U D; of Y has simple normal crossings
because P is a simple polytope. Secondly, we have divisors E1, ..., E,, which
are the closures in X of the hypersurfaces V(f;) C T By the genericity
assumption on the coefficients, each f; is nondegenerate with respect to its
Newton boundary (see the discussion after Definition [£.4.19]). Together with
Bertini’s Theorem this implies that the E; are smooth and irreducible, and
that the union of all D;’s and all Ej’s has simple normal crossings.

Here we are tacitly assuming that each polytope P, has dimension > 2. If
dim(P;) = 1, then E; is the disjoint union of smooth and irreducible divisors,
and the following argument needs to be slightly modified. If dim(P;) = 0,
then E; is the empty set, and hence so is E;. Such indices i will not appear
in any index set J which contributes to the union in part (2]) of the theorem.

We conclude that Theorem [E.5.11 can be applied to the snc pair (Y, 9Y)
= (Xp, Xp\Z), with the boundary having the irreducible decomposition

Y = D/ UDyU---UD;UE{U---UE,.

The simplicial complex A(9Y) has dimension d—1. It has m = [+n-vertices,
one for each of the divisors D; and F;. Its maximal simplices correspond to
pairs (C, J) where C' = {i1,...,ig—} C[l] and J = {j1,..., 4} C [n] and

(6.5.7) Dy N---NDy  NEjN---NE; # 0.

There are no larger simplices because the boundary has simple normal cross-
ings. For any J C [n], let A; denote the subset of A(JY) consisting of all
simplices with fixed J. Note that Ay is the boundary complex of the sim-
plicial polytope dual to P. Moreover, A; = {}} if |J| = d, and Ay = () if
|J| > d. The vector [valEj] = (valﬁj fry.valg, fn) is the jth basis vector
e; in R™. With this, the image of m in Theorem equals

trop(Y) = |J (R + |J Reoflvalp,] : i€ C}).
JC[TL] CeAy

Hence to prove the remaining equivalence ([{l) = (2)), it suffices to show that

(6.5.8) U(trop((f;:5€ ) = | J Reo{lvalp,] : i€ C}.
CeAy

Let v; € R? be the primitive inner normal vector of the facet of the polytope
P corresponding to the divisor D;. Then valp,(f;) = min(v; - u: u € P;).
Hence [valp,] = ¥(v;) in R", so the right-hand side of (6.5.8]) is the image un-
der U of the subfan of the normal fan of P indexed by A ;. But, by Corollary
G.TTl the support of this subfan coincides with the tropical variety defined
by (fj:j € J). This completes our proof of Theorem [6.5.T6] O
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Remark 6.5.18. Theorem[6.5.16] characterizes the tropical variety of I only
as a set. A formula for the multiplicities on trop(V(I)), in terms of mixed
volumes, was given in [STYO07, Theorem 4.1]. This formula can be derived
from Theorem and proved using Remark

The map 7 of Theorem gives an immersion of A(9Y’) but gener-
ally not an embedding. In Theorem for d > 2, image cones of distinct
simplices of A(JY) may intersect in their relative interiors in R™. In partic-
ular, any fan structure on trop(Y’) usually has more cones than A(9Y) has
simplices. The following example, due to Hyunsuk Moon, illustrates this.

Example 6.5.19. Let d = 2, n = 3 and consider the surface parameterized
by fi = st?(1 +t), fo = s*t3(1 + st), and f3 = s°t(1 + s). The Newton
polytopes of these binomials are the line segments P; = conv{(1,2), (1, 3)},
Py = conv{(2,3),(3,4)}, and P3 = conv{(3,1),(4,1)}. The hexagon P =
P + P» + P3 defines a smooth toric surface Y = X p> namely the blow-up
of P2 at three points, with boundary curves D1, Dq, D3, D4, D5, Dg and
curves F1, By, B3 defined by fi, f2, f3. The boundary complex A(JY) is
the graph that represents the intersections among these nine divisors.

It has the 15 edges

{Dlvl)_2}7 {D27%}7 {D37&}7 {D47%}7 {D57&3}7 {Dﬁagl}v
(D1 Er}. {D2, Ba}, {Dy, Bs}, {Da, Eu}, {Ds. Bz}, { D, s},
{E1, Eo}, {Ev, Es}, {Eq, Es}.

The graph A(JY) is not planar, so it cannot be drawn on the 2-sphere
without self-intersections. It is thus impossible for the map 7 to be an em-
bedding. For our specific choice of fi, fa, f3, the coefficients are generic, and
any triple among the nine vectors [valp,] and [Valfj] is linearly independent

in R3. The map 7 creates three new rays by intersections, so trop(Y) is a
fan with 12 rays and 21 two-dimensional cones. The implicit equation has
74 terms. Its Newton polytope has 11 vertices, 21 edges, and 12 facets. ¢

6.6. Degenerations

The tropical variety of Y C T" also determines degenerations of Y, and
there is a beautiful interplay between the compactifications of the previous
section and these degenerations, which are the topic of this section.

We first describe how a I'y,-rational polyhedral complex gives rise to
a degeneration of a toric variety. For this we need toric varieties over the
valuation ring R of K. In this section we assume that the field K is alge-
braically closed and has a nontrivial valuation. We also assume 1 € I',;. As
with standard toric varieties over a field, we start with the affine case.
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Definition 6.6.1. A I',,;-admissible cone is a polyhedral cone of the form
o = {(w,s) € Ng XxR>p:w-u; +s¢ >0 for i:1,2,...,r}

that does not contain a line, where u; € M and ¢; € 'y, for all i. For
s € R>p, let o4 denote the convex polyhedron {w € Ng : (w,s) € o}. We
define a twisted version of the Laurent polynomial ring as

(6.6.1) K[M]? = { Z cuz" @ sval(cy)+w-u >0 for all (w,s) € 0}.

ucoogvVnNM

This ring contains R (since s > 0) so is an R-algebra.

Example 6.6.2. The orthant 0 = (R>()"” X R>q is I'yy-admissible. Then
cx® € K[M]? implies val(c) > 0, using (w,s) = (0,1), and u; > 0, using
(w,s) = (e;,0). This argument is reversible. Hence K[M]? = R[x1,...,zy].

Consider now n=1 and o = pos{(0,1),(1,1)} C RxR>p. Then oy = {0}
in R, so of = R. A term cz/ lies in K[M] if and only if val(c) > 0 and
val(c) +j > 0. Thus K[M]° = R[x,tx~1] where t € K with val(t) =1. ¢

Definition 6.6.3. For any I'y,-admissible cone o, we set U, =Spec(K[M]7).
We call U, the affine toric scheme over R defined by o.

This definition includes toric varieties over the field K as a special case.
If o C Ng x {0}, then K[M]? = K[oy N M], so Uy is the affine toric variety
Us,. In general, the scheme U, is still well behaved, as the following shows.

Proposition 6.6.4. Suppose 0 C Ng X R>q is not contained in Ng x {0}.
The affine toric scheme U, is integral, normal, of finite type, and flat over
Spec(R).

Proof. We show that K[M]? is an integrally closed domain that is finitely
generated as an R-algebra and flat as an R-module. Since K[M]? is a
subalgebra of the domain K[M], it is also a domain and a torsion-free R-
module. Note that every finitely generated ideal in R is principal, as if
a,b € R with val(a) < val(b), then b/a € R, so b € (a). Thus K[M]? is a
flat R-module; the proof in Corollary 6.3 of [Eis95] that torsion-free is the
same as flat for PIDs only uses that finitely generated ideals are principal.

We next show that K[M]? is finitely generated as an R-algebra. Let

vi,...,Vs be the vertices of the I'y,-rational polyhedron o;. Since K is
algebraically closed, I'yy is divisible, and hence vy,...,v, € I'0 ;. Write
7/ = Ny, (v;) for the inner normal cone to oy at v;. Then 7/ U---U 7/ =

oy holds in Mg. Thus K[M]? is generated as an R-module by the rings
K[M)? N K[r' N M]. It suffices to show that these are all finitely generated.
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The ring K[r;” N M] is the coordinate ring of an affine toric variety. By
Gordan’s lemma [CLS11l Proposition 1.2.17] it is generated by a finite set
{z", ..., 2" }. Choose ci,...,¢, € K with val(cj) + v; - uj = 0. We claim

(6.6.2) KM)"NK[r/ NM] = Rlaiz™,... ca™].
Indeed, let cyz™ be in the left-hand side. Then u = 25:1 Aju; for some

Aj € N. Let ¢ = cu/[[}-; ¢’. We have val(][j_, ;\J) = —v;- (Do Ajuy) =
—v; - u. Since cya" € K[M]", and (v;,1) € o, we have val(cy) > —v; - u.
Thus val(¢) > 0, so ¢ € R. This means that cyz" = cngzl(cja:“j)kf so it
lies in the ring on the right of (6.6.2]).

It remains to be seen that K[M]? is integrally closed. Since o is a
polyhedral cone, we can write o = o + pos{(v1,1),..., (vy, 1)}. With this,
the definition of K[M]? in (6.6.) is equivalent to

K[M]° = KoV N M] ﬂ{Zcz‘ :val(c) + v - u >0},

As above, each coordinate v;; of v; lies in I'y,. The ring K [0V N M] is the
coordinate ring of a normal affine toric variety, so it is integrally closed (see,
for example, [CLS11l, Theorem 1.3.5]). Fix a; € K with val(c;) = v;;. The
ring {> cyx™ : val(cy) + vi - u > 0} is isomorphic to R[M] by the map that
sends z; to ajx; for 1 < j < n. The ring R is integrally closed, since it is
a valuation ring, so R[M] is integrally closed. The intersection of integrally
closed rings with the same field of fractions is again integrally closed. Hence,
K[M] is integrally closed. O

Remark 6.6.5. The ring K[M]7 is in fact finitely presented as an R-module,
as opposed to merely finitely generated. This follows from [RG71l Corol-
lary 3.4.7], as K[M]? is a flat finitely generated R-module. The distinction
between “finitely generated” and “finitely presented” arises from the fact
that R is not Noetherian when I'y,; is divisible; see Remark For a
good treatment of this issue, see [Vak13l §13.6].

We will consider U, as a family over Spec(R). Recall that the valua-
tion ring R has exactly two prime ideals: the zero ideal and the maximal
ideal mg. Hence Spec(R) has only two points, namely the general point,
corresponding to the zero ideal, and the special point, corresponding to mg-.
For our family U, over Spec(R), these give rise to the general fiber, which
is Spec(K[M]? ®r K), and the special fiber, which is Spec(K[M]? @ k).
The next result tells us that the general fiber of U, is an affine toric vari-
ety over Spec(K), and the special fiber is a union of affine toric varieties
over Spec(k). Thus the family U, encodes a degeneration of an affine toric
variety.
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Proposition 6.6.6. Let o be a I'yy-admissible cone in Nr x R>q not con-
tained in Ng X R>o. The translation action of T = Spec(K[M]) on itself
extends to an algebraic action of Spec(R[M]) on U,. The general fiber of the
family U, over Spec(R) is the affine toric variety Uy,. The special fiber of
Uy is a union of affine toric varieties over Spec(k) with one irreducible com-
ponent for each vertex v; of o1. The component corresponding to the vertex
v; 1s the toric variety over k defined by the cone 1; spanned by o1 — v;.

Proof. To prove that the general fiber Spec(K[M]? @ K) is the affine toric
variety Uy, we must show that K[M]|” ®p K = Koy N M]. The R-algebra
K[M]° ®@p K is generated as an R-module by elements of the form cz" ® a,
where u € o "M and sval(c)+w-u > 0 for all (w, s) € 0, a € K. The map
K[M]? x K — K[og N M] given by sending (cz", a) to acz™ and extending
linearly is multilinear and compatible with the R-module action, so extends
to a homomorphism ¢: K[M]” @z K — Koy N M]. To see that ¢ is
surjective, we argue that for any u € o there is ¢ € K* with ca™ € K[M]°.
Indeed, we can take ¢ with val(c) > —(1/s)w-u for all generators (w, s) of .
Then for any az™ € K[og N M|, we have az™ = ¢(ca™ ® a/c). To see that ¢
is injective, suppose ¢(> piciz™ ® a;) = > pic;a;z™ = 0. We may restrict
to the case u; = u for all 7, so > pic;a; = 0. Without loss of generality
val(pier) < val(pie;) for all i, so pic;/picr € R for all i. Now piciz® ® a; =
11z @ (pici/ pict)ai, so 3o picia® @a; = ez @ (1/prer ) (3 picia;) = 0.
The special fiber of the family U, is isomorphic to the quotient of the R-
algebra K[M]? by the ideal m, generated by those ca™ € K[M]? for which
sval(c) + w-u > 0 for all (w,s) € . We claim that this ideal equals

(6.6.3) m, = h (ca™ € K[M]7 : val(c) +v; -u>0),
i=1

where the intersection is over the vertices v; of the slice o;. The inclusion
C is immediate since (v;,1) € o for all i. For the other inclusion, note
that every vector (w,s) € o has the form >, p;(vi, 1) 4+ (w’,0), for some
i > 0 and w' € 0g. Thus if cx" is in each of the r ideals on the right, then
sval(c) +w-u=>"_, pui(val(c) +v;-u)+w -u>0,so cz® € m,.

We next show that each ideal on the right in ([6.6.3) is prime, and the
quotient of K[M]” modulo that ideal has the desired form. We reduce to
the case that the vertex v; is 0. Since the polyhedron oy is I'y,-rational,
the coordinates v;; of v; lie in I'y,. Fix o € K with val(e;) = vj5, and
apply the change of coordinates ¢: x; — ajx;. This takes cz" to ca'z", so
the condition val(c) + v; - u > 0 becomes val(c) > 0. We have ¢(K[M]7) =
K[M]?" @) where ¢*: Ng x R>g — Ng X Rsg is given by ¢*((w,s)) =
(w — sv;, s). The cone 7; of 01 at v; is preserved by this map.



326 6. Toric Connections

When v; = 0, the ideal my, is the ideal generated by mg in K[M]7,
which is prime. Since the choice of which vertex to move to 0 was arbitrary,
this shows that the ideal m, is radical with primary decomposition ([6.6.3]).
The special fiber has one irreducible component for each vertex of o;.

We finish by showing that K[M]?/m, ~ k[r,” N M], so each component
has the desired form. As before, we suppose v; = 0. Let v;,,...,v;, be the
vertices of o1 which are also generators for the cone 7;. If ca¥ € K[M]? with
u ¢ 7,7, then since val(c) 4+ v;, -u > 0 for all v, we must have val(c) > 0 and
hence ¢ € mg. Hence, we have a well-defined map cz" — ez from K[M]°
onto k[7;Y N M]. It is easy to see that the kernel equals (mg) = my,. O

Example 6.6.7. We examine the two toric schemes U, from Example [6.6.21

If o = (R>0)" X R>p, then K[M]? ®@r K = Klz1,...,2,) and K[M]? @pk =

klx1,...,2,]. Thus the general fiber of U, is A}, and the special fiber is Af.
For o = pos{(0,1), (1,1)}, we introduce unknowns a and b, and we write

K[M)° = R[z,tz™'] ~ Rla,b]/{ab—1t).

Then K[M]° @ K ~ K[z,27!], so the general fiber of U, is the torus K*.

To compute the special fiber, we divide by the ideal mg. This yields

K[M])? ®@rk = Rla,b]/({ab) + mg) = Kk[a,b]/{ab) = Kk[a,b]/({a) N (b)).

This ideal decomposition is (6.6.3) with » = 2; the ideals (a) and (b) cor-
respond to the two vertices of o1 = [0,1] C R. The special fiber is thus
obtained by gluing Al = Spec(kla]) and A{ = Spec(k[b]). The flat family
Up — Spec(R) is a degeneration of the torus K* into two copies of Al. ¢

Remark 6.6.8. At the start of the section we restricted to the case that
K is algebraically closed with a nontrivial valuation. The only consequence
of this assumption used in the proofs so far was that w € I'}; whenever
(w, 1) lies on a ray of 0. This was used to reduce to the case that w = 0.

Propositions and [6.6.6] thus also hold when all vertices of oy lie in I'? ;.

Example 6.6.9. Here is a degeneration of a toric surface. Let n = 2 and

1 0 4 w 0

11 3 ! 0

o = (wl,wg,s) S R2XR20 : 1 9 1 wo | > 0

14 0f L7 0

The set o is a pointed three-dimensional cone with four extreme rays:

0 4] [-4] [-8
o = Ry {,1-1], 1], 3
0 0] 2 2

The last two vectors are the vertices of o9 = 2 - o1, which is an unbounded
two-dimensional polyhedron with one bounded edge, so we expect a special



6.6. Degenerations 327

fiber with two irreducible components. Algebraically, we find the represen-
tation
KM = R[t4x, 522y, tay?, tY2zy°, $y4]
= Rla,b,c,d,e]/I,

where I is the finitely generated ideal promised by Remark [6.6.5 Explicitly,
I = <ac — b2, ad — the, ae — t2c?, bd — tc?, be — ted, ce — d? >
Here, as before, t € K with val(t) = 1. The general fiber is the spectrum of
K[M]° @r K = Kla,b,c,d,e]/(I ®r K).

This toric surface is the cone over the rational normal curve of degree 4.
The special fiber is obtained by replacing I with its initial ideal. Here,

K[M)? @rk = Kkla,b,c,d,e]/ing(I),

where ing(I) = I®pk = {ac—b?, ad, ae, bd,be, ce — d?)
= (a,b,ce —d?) N {(ac—b? d,e).

The special fiber of the family Up — Spec(R) is obtained by gluing two
quadric cones over k along the common line given by (a, b, d, e) in Aﬁz. %

This concludes our introduction to affine toric schemes over R. Our
next goal is to construct general toric schemes from I'y,-rational polyhedral
complexes. As in the standard construction of toric varieties, this requires
the ability to relate the affine toric schemes defined by neighboring cells.

Lemma 6.6.10. Let T be a face of a T'ya-admissible cone o. Then K[M]? is
a subalgebra of K[M|", and the morphism U, — Uy, is an open immersion.

Proof. If cya™ lies in K[M]?, then Aval(cy) + w-u > 0 for all (w, \) € o,
and hence for all (w, A) € 7. Thus K[M]° is contained in K[M]".

To prove the second claim, we write 7 = o N {(w,\) € Ng x R>¢ :
Ab+w-u = 0} for some u' € M and b € R. Since o is I'yy-admissible,
b € Tyal, so b = val(a) for some o € K. We may assume \b +w -u’ > 0
for all (w,\) € o, so ax™ € K[M]°. For the open immersion property,
we prove that K[M]" is the localization K[M]? . Consider any ca" €

u

K[M]". We must show that (az™)™cz" is in K[M]’ for some m, or
equivalently, that [(Aval(c) + w - u)|/(Ab + w - 1) is bounded above as
(w, \) varies over 0. Write o = pos{(wi,A1),...,(Ws, As)}, and set m =
maxlgigs{()\i val(c) +w; - u)/(Ab+ w; - u’)}. Then

—\jval(e) —w;-u + m(Ab+w; o) >0 for 1<i<s.
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Any (w,\) € o can be written in the form (w,\) = >"7 | ui(w;, \;), where
wi >0 for 1 <i<s. Then

—Aval(e) —w-u + m(Ab+w-u')

) —
Z —Xival(e) — wy - u+m(\b+w;-u)) > 0.

Any integer m greater than m has the required property. ([

The construction of a toric scheme over Spec(R) mimics the construction
of a toric variety over a field, with the role of a rational cone o replaced
by a I'ya-rational polyhedron and the role of a polyhedral fan replaced by
a polyhedral complex. We associate to each polyhedron P C Np in the
complex a cone 0 C Ng X R>q, and use Lemma [6.6.101 to glue together the
schemes U, coming from neighboring polyhedra. The choice of allowable
polyhedral complexes is subtle. It requires the following definitions.

Definition 6.6.11. Let X be a I'y,-rational polyhedral complex in R with
the property that X is a subcomplex of a polyhedral complex ¥’ whose
support is all of R"”. We define the cone C(X) over X as follows. For each
cell P € %3, let C(P) be the closure of {(Ax,\) € R**!:x € P\ > 0}. Let
C(X) be the collection of all cones C'(P) and their faces as P varies over ¥.

Example 6.6.12. Let ¥ be the tropical curve in R? shown in Figure
The cone C(X) over X is a fan in R? x Rsq with seven two-dimensional
cones; one for each line segment or unbounded edge of the tropical curve X.
It has seven one-dimensional cones. Three of these (one for each vertex of
Y)) intersect the open half-space {x3 > 0}. The other four (one for each
direction of a ray in X) lie in the plane {3 = 0}. For example, the ray
P={(1,1)+ A(0,1) : A > 0} gives C(P) = pos{(0,1,0),(1,1,1)}, while the
ray P’ = {(=1,0) + A(0,1) : A > 0} gives C(P’") = pos{(0,1,0),(—1,0,1)}.
These intersect in the one-dimensional cone pos{(0,1,0)} of C(¥). O

Recall from (B350 that the recession cone of a polyhedron P is the
largest cone o for which P+ o C P. If P is a ['yy-rational polyhedron in
Ng, then C(P)g is the recession cone of P, and the slice C(P); equals P.

Lemma 6.6.13. Let X be a I'yy-rational polyhedral complex in R™ that is
a subcomplex of a polyhedral complex ¥’ whose support is all of R™. Then
C(X) is a polyhedral fan, with each cone I'y,1-admissible, and the intersection
of C(X) with the hyperplane {xn4+1 = 0} is the recession fan of ¥.

Proof. We first show that C(X') is a fan. Suppose that a cell P of ¥’ has a
nontrivial lineality space, so contains a translate of a linear space L. Then,
since X covers R", and the intersection of any two polyhedra in X' is a face
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of each, every cell contains a translate of L. We may thus replace R" by
R"/L and assume that no cell of ¥’ contains a translate of a linear space.
There are two types of cones in C(X'): C(P) and C(P)y for all P € ¥'. If
P and @ are cells in ¥/, then F' = PN Q is a common face of each, and

C(P)NC(Q) =C(F), C(P)NC(Q)o = C(F)o, C(P)oNC(Q)o = C(Fo.

In each of the three cases, the intersection is a face of the two larger cones.
Hence C'(Y') is a fan with support R™ x R>g, and C(X) is a subfan of it.
The recession fan of C'(X) is the set of all of cones C(P)g, where P € 3. So,
this is indeed a fan, with support equal to |C(X)| N {z,+1 = 0}. O

Remark 6.6.14. The hypothesis that ¥ is a subcomplex of a polyhedral
complex ¥’ with [¥'| = R™ is essential. Otherwise, the set C'(¥) might not
be a well-defined fan. For a simple example in R?, suppose ¥ consists of
the point P = {(1,0)} and the line L = {(0,1) + A(1,0) : A € R}. The
cone over P is C(P) = pos{(1,0,1)}, while the cone over L is C(L) =
pos{(0,1,1)} +span{(1,0,0)}. Their intersection C(P)NC(L) = {(0,0,0)}
is not a face of C(L), as the lineality space of C(L) is one dimensional.

This extra hypothesis in Lemma [6.6.13] is not a topological obstruction;
after a subdivision we can assume that ¥ is a subcomplex of a polyhedral
complex X/ with |¥'| = R™. In our example, it suffices to replace L by (0, 1)+
pos((1,0)) and (0, 1) + pos((—1,0)). Subdivision does, however, change the
corresponding toric variety. For more on this phenomenon, see [BGS11].

We can now finally define a general toric scheme over Spec(R).

Definition 6.6.15. Let ¥ be a I'y,-rational polyhedral complex in R” that
is a subcomplex of a ¥’ with |¥'| = R". By Lemma [E.6.13] the cone C(X)
over X is a fan in Ny xR with each cone I',;;-admissible. The toric scheme Xx;
is obtained by gluing together the affine toric schemes U,, for o € C(X) along
the open subschemes U, of Lemma corresponding to faces 7 of .

Figure 6.6.1. Example[6.6.18 derives a toric scheme from this tropical curve.
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Remark 6.6.16. The construction of toric schemes over Spec(R) can be
slightly more general than presented here; the fan C(X) associated to a
polyhedral complex ¥ C Ng can be replaced by more general fan > ¢ Ng xR
whose cones are I'yy-admissible. See see [Gub13] for details and subtleties.

Here now is our main result about toric schemes over a valuation ring:

Theorem 6.6.17. Let X be a I'ya-rational polyhedral complex in R™ that
is a subcomplex of a polyhedral complex X' whose support is all of R™. The
toric scheme Xx, is integral, separated, normal, of finite type, and flat over
Spec(R), with an algebraic action of Spec(R[M]). It is proper over Spec(R)
if |X| = R". The general fiber of Xs, is the toric variety X,e.s) over K
associated to the recession fan of . The special fiber is a union of toric
varieties over k, one for each vertex of 3. The component corresponding to
a vertex v € X is the toric variety Xgpary,(v) over k.

Proof. That Ay is integral, normal, of finite type, and flat over Spec(R) all
follow from Proposition These facts were shown there for the affine
pieces U,. The existence of the action of Spec(R[M]) on Xy also follows
from Definition 6.6.3 and Proposition [6.6.4] which imply that each U, has
such an action.

To see that Xy is separated, we need to show that the image of the
diagonal morphism X5 — A% Xgpee(r) As is closed. Since {Uy : 0 € X} is an
open affine cover of A, the set {Us Xgpec(r)Uo' © 0, o’ € ¥} is an open affine
cover of Xy, Xgpec(r) Xx. The image of the diagonal in Uy Xgpec(r) Uy is the
image of U, where 7 = o No’. To show that this image is closed it thus
suffices to show that the homomorphism ¢: K[M]° @z K[M]* — K[M]" is a
surjection. As in the proof of Lemmam we write 7 = Uﬂ{(w A) € Ng X
R>o : Aval(a)+w-u’ =0} for some u’ € M and o € K* w1th val(a) = A, so

g

we have K[M|™ = K[M] = K[M]E’l/a)ru/, with az" € K[M]?. Then

any f € K[M]" has the form (az™)™g for some g € K[M]° and m > 0.
Thus f = ¢((az™)™ @ g), which shows that ¢ is surjective.

We now consider the description of the general fibers and special fibers.
If 0,0’ are cones of the fan C(X), then by Proposition the general
fibers of U, and U, are the affine toric varieties Uy, and UU(/) over K. The
intersection of C'(X) with the coordinate hyperplane x,11 = 0 is the reces-
sion fan rec(X) of ¥ by Lemma [6.6.13] Let 7 = 0 N¢’. Then o¢ N o(, = 70,
so these general fibers are glued together to make the toric variety X e.(x)
over K.

o
!
azt

Similarly, the special fiber is obtained by gluing together the special
fibers of the toric schemes U, for o € C(X). Fix a vertex v of 3, and let
o be a cone of C(X) that contains (v,1). Then by Proposition the
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special fiber of U, has an irreducible component equal to the toric variety
over k defined by the cone 7 = pos(w —v : w € o1). This is a cone in
stary;(v). Gluing together the components of the special fibers of the U, for
o € C(o) containing (v, 1), we thus get the toric variety Xiary,(v)-

If the support of X is all of R™, then the recession fan rec(X) is a complete
fan, so the general fiber of Ay is a complete toric variety over Spec(K).
Similarly, each of the irreducible components of the special fiber is a complete
toric variety over Spec(k). Both fibers are connected; the general fiber is
irreducible, and for the special fiber a path in ¥ induces a path between the
corresponding (k*)™-orbits. By Proposition[6.6.4and Remark[6.6.5], the toric
scheme Xy, is separated, flat, and finitely presented over Spec(R). Corollary
15.7.11 of [EGAIV] now implies that X is proper over Spec(R). O

Example 6.6.18. Let Y’ be the two-dimensional polyhedral complex shown
in Figure [6.6.1] and let ¥ be the subcomplex given by the edges and rays.
The recession fan of ¥ consists of three rays (£1,0) and (0, £1). The corre-
sponding toric variety is P! x P! with four points removed; this is the general
fiber of the toric scheme Xs,. The general fiber of X5y is P! x P'. The special
fiber of Xy is a union of two copies of P? over k, one for each vertex of ¥.
In the special fiber of X5y, each of these two copies of Pﬁ has three points
removed. The incidences of cells in ¥’ and ¥ determine the gluing. %

We now apply Theorem [6.6.17 to study subvarieties of a toric vari-
ety. This generalizes the theory of tropical compactifications studied in
Section to the case that the field K has a nontrivial valuation.

Given a subscheme Y C T™ and a polyhedral complex > C Ng as in The-
orem [6.6.17] we can take the closure ) of Y in the toric scheme Xs. Explic-
itly, the subscheme Y is defined by an ideal I C K[M] Kz, . xH.
For any I'y,-admissible cone o we have an injection i*: K[M|? — K[M].
The ideal I, = (i*)~(I) of K[M]° then defines the closure of Y in U,. The

closure Y of Y in X% is then obtained by gluing together these subvarieties.

Example 6.6.19. Suppose that ¥ = {0} is just of the origin in Ng. Then
Xy is Spec(R[z}?, ..., xt1]), which has general fiber T and spemal fiber T}
For a subvariety Y C T} defined by an ideal I C K [ml . n +1] the closure
YV is the subvariety of Xg defined by the ideal Igp = 1N R[:):1 =

»
Next, let E be the tropical curve shown in Figure [6.6.1] and discussed in
Example[6.6.18 Fix K = C{t}}, and consider the curve Y C (K*)? defined
by the polynomlal f=try+ax+y+t. Let )Y be the closure of YV in Xy,.
The general fiber is then the closure of Y in P! x P'. The special fiber is two
lines, one contained in each of two components of the special fiber of Xx. ¢
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The following is a generalization of Theorem [6.3.4] and Proposition [6.4.7]
to the setting of toric schemes. The proof is similar.

Theorem 6.6.20. Let 3 be a 'y, -rational subcomplex of a polyhedral com-
plex X' whose support is R™. Let Y C T, and let Y be its closure in Xs.

(1) The special fiber of the scheme Y intersects the (k*)™ orbit of the
special fiber of Xs; corresponding to a cell o € X if and only if
trop(Y') intersects the relative interior of o.

(2) The scheme Y is proper over Spec(R) if and only if trop(Y') C |X].
(3) If |X|=trop(Y), then the intersection in (1) has codimensiondim(c).

Every variety Y C T"™ has a compactification satisfying the condition
in part ([B) above. Namely, we can take ¥’ to be the Grobner complex
of the homogenization of the ideal of Y, and we take ¥ to be the subcomplex
with |¥| = trop(Y).

Remark 6.6.21. Theorem[6.6. 20 reveals a fundamental connection between
compactifications and degenerations in tropical geometry; the tropical com-
pactification of a variety Y C T} over a valued field K gives rise to a
degeneration of Y over its residue field k. This construction has appeared
in several different guises in the literature. An important precursor is Viro’s
patchworking method for constructing real algebraic hypersurfaces with con-
trolled topology; see [Vir08]. The combinatorics and commutative algebra
of degenerations of toric varieties were explored in [Stu96], Chapter 10].

Our exposition most closely follows the description of Gubler [Gub13].
Degenerations via tropical geometry also play a pivotal role in the Mirror

Symmetry program of Gross and Siebert; see [Grolll, [GS11], NS06].

As an application, we now finally prove the base case of Theorem [3.5.1]
Our proof follows [CP12].

Proposition 6.6.22. IfY is an irreducible curve in the torus T, then its
tropicalization trop(Y') is connected.

Proof. The tropical curve trop(Y) is the support of a unique coarsest poly-
hedral complex ¥ in R™. This is one dimensional, so consists of vertices,
edges, and rays. The complex ¥ deformation retracts to the union of the
edges and the vertices. Let G be the graph consisting of these vertices and
edges. We must show that G is connected.

Let Y be the closure of Y in the toric scheme Xy;. By Theorem [6.6.20(3),
the intersection of the special fiber of } with the Tj-orbit corresponding to
o € ¥ has codimension equal to dim(c). Explicitly, this means that the
special fiber is a curve that intersects the orbit corresponding to a line
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segment in a collection of points, and intersects the orbit corresponding to
a vertex in a one-dimensional component.

If C is an irreducible component of the special fiber, then C intersects
the T;'-orbit of the special fiber of Xy, corresponding to a unique vertex v
of X. Thus, if C1,Cy are irreducible components of the special fiber with
C1 N Cy # (), then either the corresponding vertices v and vy coincide or
the intersection point is in the closure of both 7'-orbits, so lies in the T}
orbit corresponding to the edge joining v; to vy. To show that trop(Y) is
connected, it suffices to show that any two vertices vi, vo in GG are connected
by a path of edges. For i = 1,2, fix a component C; of the intersection of
the special fiber of ) with the T}'-orbit of Xy, corresponding the vertex of X
labeled by v;. It suffices to show that C; and C5 are connected by a chain
of irreducible components C1,...,C} with C; N Cj | # 0 for 1 <i < s —1,
and C1 NCL # 0, CLNCy £ 0.

To show this, we pass to a Noetherian subring of R over which ) is
defined. By Theorem B.2.4l we may assume that K is algebraically closed, so
there is a splitting w + t" of the valuation map. Only finitely many elements
of K occur as coefficients of defining equations for Y and for its closure in
each K[M]°() with ¢ € ¥. In addition, there are only a finite number of
elements of K occurring in the gluing isomorphisms when constructing Ax..
Let C be set of all such elements of K, and let C’ be the set {t~v2l(¢)¢, ¢lval()l .
¢ € C}. Let F be the subring of R generated by 1, and let R be the F-
algebra generated by C’. Let m’ = RNmp, and let R’ be the normalization
of the localization Ry. We denote by K’ the field of fractions of R’. By
construction R’ is a Noetherian local ring with two distinguished prime
ideals: the zero ideal and m’. We can form the family )’ over Spec(R') as
above with R’ and K’ playing the roles of R and K. This is still irreducible
and proper. By choosing C’ large enough we can guarantee that the fiber
over m’ has a component for each component C' of the special fiber of )
by construction. Zariski’s connectedness theorem implies that this fiber is
connected. See Corollary 4.3.2] for a general form of Zariski’s
theorem. This means that the components corresponding to C7 and Co
are connected by a chain of curves in this fiber. Each curve in this chain
corresponds to a curve in the special fiber of ), so we conclude that C; and
(5 are connected by a chain of components of the special fiber of )). This
means that the graph G is connected, and thus trop(Y) is connected. O

Remark 6.6.23. We have focused in this book on tropicalizing a subvariety
of a torus over a valued field K. This gives rise to a flat family Spec(R)
with general fiber the original variety and special fiber the initial ideal. In
this section we have seen that this extends to a subvariety Y of a toric
variety. It is also natural to consider a flat family ) — Spec(R) abstractly,
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with no corresponding embedding of the general fiber Y into a toric variety.
Such a flat family describes a degeneration of Y to the special fiber. This
idea has been particularly exploited in the case when Y is a curve. The
combinatorics of the dual graph of the special fiber then reflects some of the
geometry of the curve. Highlights include a tropical Riemann-Roch theorem,
a tropical proof of the Brill-Noether theorem, and a tropical understanding
of the gonality of a curve. For further reading on these topics we refer to

[ABBR13, Bak08b, BN07, BPR11], [CV10, [CDPR12, MZ08|.

6.7. Intersection Theory

In this final section we investigate the connection between intersection the-
ory on toric varieties and tropical geometry. In Theorem we will see
that tropical varieties can be understood as cycle classes on toric varieties.
Throughout this section we assume that the valuation on K is trivial.

We recall the following basic definitions from intersection theory [Ful98].
Let Z be a smooth projective variety of dimension n. The Chow group
A, (Z) consists of m-dimensional cycles Y a;Y;, where a; € Z and Y; is a
subvariety of dimension m, modulo rational equivalence. The Chow ring
A*(Z) is a commutative associative graded ring with identity. Its graded
piece A"(Z) is isomorphic to the group A,_,(Z) of codimension r cycles
on Z modulo rational equivalence.

Let Y and Y’ be subvarieties of Z of codimension r and r’, respectively.
We say that Y and Y’ intersect properly it Y N'Y' = |JW;, where the W;
are all irreducible of codimension 7 + 7’. In that case, their product is

Yoy o= ) (WY Y)W,

where i(W;,Y - Y’) is the length of W; in the scheme-theoretic intersection
of Y and Y’. In particular, if Y NY' =0, then Y - Y/ =0 in A*(Z).

We now review intersection theory on a smooth projective toric variety
Xs. The Chow group A"(Xy) is generated by the set {V (o) : 0 € X(r)}
of orbit closures of codimension r. A cone o € X(r) has r generators,
corresponding to torus invariant divisors Di,...,D,. The class [V (0)] €
A"(Xy) is the intersection Dy - ... - D,. For ¢ € ¥(r) and a divisor D;
corresponding to a ray pos(v;) of ¥ not contained in o, we have D;-[V (0)] =
[V (0 4+ pos(v;))] if o + pos(v;) is a cone of X, and D; - [V (0)] = 0 otherwise.

The relations in each Chow group are as follows. For 7 € (r — 1) and
o € X(r) with 7 C o, the orbit closure V(o) is a codimension-1 subvariety
of V(7), and thus defines a divisor D, on V(7). The relations between the
D, in A"(Xy) come from the relations between the torus-invariant divisors
in the Picard group of V(7). Explicitly, as in Definition B3] let L be the
linear space parallel to 7, let N(7) = N/(L N N), and let v, be the first
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lattice point of the ray (o + L)/L in N(7)gr x R. Here, 0 € ¥ with 7 C o
and dim(o) = r. These rays (0 + L)/L are the rays of the fan of the orbit
closure V(7). Note that the lattice dual to N(7) is M(7) =7+ M.

Let 7[1] be the set of rays of the fan of V(7), or, equivalently, the set
of r-dimensional cones o € ¥ with 7 C o. For any u € M(7) we have
[div(z")] = > gerp(u- Vo) Do. This expression is 0 in AY(V (1)), and thus

(6.7.1) > (uvo)[V(e)] =0 in A"(Xy).

oeT(1]
These are the only relations on A"(Xy)); see [FS97, Proposition 2.1].

The Chow ring A*(Xy) has an explicit description in terms of generators
and relations. Let s be the number of rays of 3. The Chow ring is generated
in degree 1 by the classes [D1], ..., [Ds] of the torus invariant divisors. Since
AY(Z) = Pic(Z) for any smooth variety, we have the relations coming from
the Picard group, which are given by (G.I]). If V' is the n x s matrix with
columns the vectors v;, then these relations are encoded in the ideal

S
(6.7.2) Ly = <Z VijDj: 1<i < n>
j=1
The other relations come from the fact that certain divisors do not intersect.
If {i1,...,49;} are such that pos(vi,,...,v;) is not a cone of ¥, then the
divisors D;,, ..., D;, do not intersect, so D;, -...- D;, = 0 holds in A*(Xy).
These relations correspond to the Stanley—Reisner ideal of the fan >:

SR(X) = <HD1- o ¢ 2> C Z[Dy,...,Dy].
€0
This ideal is generated by the minimal nonfaces. These are subsets of
{1,...,s} that do not span a cone of ¥, but every proper subcone does.
The Stanley—Reisner ideal is a central character in combinatorial commuta-
tive algebra; see, for example, [Sta96, Chapter 2] or [M[S05, Chapter 1].

We summarize the description of the Chow ring of Xy, in the following
theorem. For more details see [CLS11l Chapter 12] or [Ful93, Chapter 5].

Theorem 6.7.1. Let Xy be a smooth complete toric variety whose fan 3
has s rays, one for each torus-invariant divisor D;. The Chow ring of Xx is
A*(Xs) = Z[Dy,.... Dy)/(SR(S) + Ly).

This holds with Z replaced by Q when Xy, is simplicial instead of smooth.

The connection with tropical geometry comes from the following alterna-
tive formulation, due to Fulton and Sturmfels [FS97]. We mildly extend the
notion of a weighted fan here, by allowing the weights on the top-dimensional
cones of the fan to be possibly negative integers. The definition of balancing
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from Definition B.3.1] still makes sense; there is no need for the multiplicities
m(o) to be positive. Balanced fans in this sense are known as tropical cycles,
or tropical fan cycles to emphasize that the underlying set is a fan.

Proposition 6.7.2. Let Xy be a smooth complete toric variety of dimension
n, and let Z be a cycle in A (Xy) ~ A" "(Xy). For each o € A(r), set
me = Z - V(o) € A"(Xx) = Z. Let A be the r-dimensional subfan of
Y with mazimal cones those o with my # 0. Then (A,m) is a weighted
balanced fan.

Proof. Fix 7 € A(r —1). By @ZI) we have }_ v,y -, (0" Vs)V (o) =0
in A"(Xy) for all 7 € 3¥(r — 1) and u € M(7). Here, v, is the first lattice
point on the ray defined by o in N,. This means that, for all u € M(7),

u-( > mgv(,):u'( > (Z-V(a))vg>

ceX(r),7Co oceX(r),TCo

= Z-< > (u-VU)[V(U)]> = 0.

oeX(r),TCo

This implies Y msv, = 0 € N(7), and hence (A, m) is balanced at 7. O

Example 6.7.3. Let Xy, = P? with D; = {x; = 0} for i = 0,1,2. Fix any
irreducible curve C of degree d in P2, and let Z be its class in A'(P?). For
i=0,1,2 we have Z - D; = d in A%(P?) = Z. Here (A, m) is the standard
tropical line but with multiplicity m; = d on each ray. Note that this fan
differs from trop(C' N T?) unless the Newton polygon of C' is a triangle. ¢

The next example shows that some weights of (A, m) may be negative.

Example 6.7.4. Let Xy, be the projective plane P2 blown up at one point.
The fan ¥ has four rays (1,0), (1,1), (0,1), (—1,—1) and four two-dimen-
sional cones between them. The Stanley—Reisner ideal is

SR(X) = (D1D3, D2Dy).
Take Z = Do, which is the exceptional fiber of the blow-up. We find that
Z-Dy=1, Z-Dyo=—-1, Z-D3s=1, Z-D4s=0.

Hence (A, m) is the one-dimensional subfan of ¥ with rays (1,0),(1,1) and
(0,1). The weights are m; = 1,ma = —1,m3 = 1, so this fan is balanced. ¢

So far, we have restricted ourselves to toric varieties Xs that are smooth.
This means that the fan 3 is simplicial and unimodular. We now relax that
hypothesis, and we consider arbitrary toric varieties instead. Their top
nonvanishing Chow groups can always be realized as spaces of weights that
make a subfan balanced. This is the content of the following theorem:
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Theorem 6.7.5. Let X be a rational polyhedral fan that is pure of dimension
d. The elements of A,_q(Xx) are in bijection with choices of weights that
make Y into a balanced fan. This bijection takes a cycle Z € A, _4(Xx) to
the weight function m : X(d) — Z given by

m(o) = 7(ix(2)) - V(o)

where i : Xy, — Xs is the inclusion of Xx into any compactification X5,
7w Xy — Xg is a resolution of singularities induced by a map of fans
7:Y =%, and o’ € ¥/(d) is a cone with w(0’) C 0. The multiplicity m(o)
is independent of the choice of inclusion i, resolution w, and cone o’.

Proof. Choose a smooth complete fan ¥’ that refines a completion 3 of X.
The toric variety Xy is then a resolution of a compactification of Xy, as
follows:

XE’

Xy —— X;
Fix Z € Ay(Xy), and let Z' = 7*(i.(Z)) € Aq(Xss). Let (A,m) be the
weighted balanced fan associated to Z’ by Proposition

We first note that m(c’) = 0 for all o’ € ¥'(d) that satisfy w(¢’) € |2
Indeed, by the projection formula [Ful98, Proposition 2.3¢)] we have

m(Z"-V(0") = m(7"(ix(2)) - V(0')) = is(Z) - m(V (07)) = is(Z) - V/(0),

where o € 3 is the smallest cone containing 7(0”). If o ¢ |%|, then i,(Z) -
V(o) = 0, as required. Next suppose that ¢’,¢” are cones in ¥'(d) with
7(0') = w(c”). We claim that the balancing condition implies m(o’) =
m(c”). Tt suffices to prove this for cones o/, 0" that share a facet 7. Let
u,s be the first lattice point on the ray (o’ + L)/L, where L is the linear
space parallel to 7. Then —u,s is the first lattice point in N, on the ray
(6" + L)/L, and m(c")u,r — m(c”)uy,y = 0 € N, since ¥/ is balanced with
the weights m by Proposition 6.7.21 Thus m(o’) = m(o”).

The previous paragraph shows that the weight function m: X(d) — Z
given by m(o) = 7*(i«(Z)) - V(o') is well defined and independent of the
choice of ¢/ € Y. The calculation to see if 3 is balanced at a codimension-
one cone 7 € X(d — 1) is the same as checking if ¥’ is balanced at any
cone 7/ € ¥ (d — 1) with 7(7') C i(7). This shows that for every element
7 € Ayg(Xyx) we get a weight function m: X(d) — Z that makes X balanced.

We now show that this correspondence is a bijection. The fact that
different Z give different weight functions holds because the classes of the
V(o') span A,,_4(Xsr), and Ag(Xyy) is dual to A,,_4(Xsv) under the inter-
section pairing. To see that every weight function comes from an element
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7Z € Aq4(Xy), choose a collection o1, ...,0, € ¥/(d) such that the classes
{[V(e:)]: 1 < i < r} form a basis for 4,,_4(X'). We may choose the o; as
follows. Order the cones 7 € ¥/(d — 1) so that for ¢ > 1 the cone 7; is a facet
of a cone o’ € ¥'(d) that has another facet 7; for some j < i. Starting with
71, choose a maximal subset of the ¢’ € ¥/(d) that contain 7 for which the
classes [V (¢’)] are linearly independent. For j > 1, add to the collection
of ; a maximal collection of ¢/ € ¥'(d) containing 7; that keep the entire
collection of [V (c;)] linearly independent. Let Z’ in the dual space A%(Xy)
be defined by Z"-V(0;) = m(0;). We set Z = i*(m.(Z")). It suffices to check
that when o’ € ¥'(d) with 7(¢’) = o, then Z' - V(¢') = m(o). This follows
by induction on t,s = min{j : 7; is a face of o'}. When t,» = 1 the balanc-
ing condition and (G.7.1]) show that m(o) and Z’- V(¢’) are the same linear
combination of the m(c;). The same holds for the induction hypothesis.

Finally, we argue that the correspondence is independent of the choice
of compactification  and resolution ¥'. If ¥ is a smooth refinement of 3,
with corresponding morphisms p: Xy» — Xy and ¢ = mo p: Xy — Xy,
then the multiplicities induced by X" agree with those induced by ¥’. Indeed,
if 0’ € ¥ with p(¢”) C ¢’ € ¥/, and 7(¢’) C o € X3, then

m(o) = ¢"(ix(2)) - V(") = p.(p"7"(i:(2)) - V(")) = 7°(ix(2)) - V(0),
which is the multiplicity given by Y.

Now suppose 3, is a different smooth complete fan that refines a com-
plete fan 3y which contains ¥ as a subfan. Let Y3 be the common refinement

of ¥ and Y9, and let ¥4 be a smooth common refinement of ¥ and 3/,. We
label the corresponding morphisms as in the following diagram.

Xy

The morphism i3: X5, — X 5, comes from the fact that X is a subfan of both
¥ and Y, so is a subfan of its refinement Y3. By the previous paragraph,
the multiplicity induced on a cone o € ¥ by the inclusion ¢ and the map
G107 : XE/3 — X5, equals the multiplicity induced by ¢ and 7. Similarly, the
multiplicity induced by " and gao73 equals the multiplicity induced by ¢ and
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7. To finish we just need to show that this equals the multiplicity induced
by iz and 3. This follows from ¢f(i+(Z)) = i3.(Z), as Z is supported on
the torus orbit closures corresponding o € ¥, and X is a subfan of 3. [J

Note that the only hypothesis on ¥ in Theorem [6.7.0 is that it is pure of
dimension d. In the context of tropical geometry, the fan ¥ is typically the
tropicalization ¥ = trop(Y’) of a very affine variety Y of dimension d. One
important consequence of Theorem is that the Chow group A%(Xy)
depends only on the support |X| but not on the particular fan structure X.

Example 6.7.6. Let ¥ be the one-dimensional fan in R? with rays spanned
by the column vectors of the matrix

1 -1 -1 0 1
C‘<1 1 0 -1 —1)‘
T
The Chow group A;(Xx) is the cokernel of the map Z? <, 75, so it equals

7Z3. This is spanned by the five torus-invariant divisors Di, Ds, ..., Ds,
subject to the linear relations

Dy —Dy— D3+ Ds =D+ Dy — Dy — D5 =0.
This is also the Chow group A;(Xs) of the compactification obtained by

taking the unique complete fan 3 with the same rays as .

A resolution Xyy of X5 is obtained by taking the stellar subdivision at
the rays (1,0) and (0,1). This is shown in the first row of Figure .71l By

Figure 6.7.1. Effective tropical cycles on a one-dimensional fan in R2.
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computing the normal forms of the products D;D; modulo a Grébner basis
of SR(X) + Iy, we find the matrix of intersection numbers,

0o 1 0 0 1
-t o2 00
(6.7.3) (7" (ix(Dy)) - Dj) = 50 2 -2 2 0

o 0 2 =2 2
1 0o 0 2 -1

Following Theorem [6.7.1], this can also be computed on the resolution Xsv.
Our 5 x 5-matrix has rank 3. Its rows span the space of balanced weights
m on the fan Y. Inside that space lives the cone of effective tropical cycles

{m€R5:m20andC-m:O}.

This cone is spanned by m; = (1,0,1,1,0), ms = (0,1,0,0,1), and m3 =
(1,0,2,0,1). These weights are shown in the second row of Figure O

We now consider the following situation: Y is a given subvariety of a
torus 7", and Xy, is a toric variety such that the closure Y of Y in Xy
happens to be a flat tropical compactification. Let Z = [Y] be the class of
Y in A,(Xx). The next theorem tells us that the tropical variety trop(Y))
can be recovered as the balanced fan associated to Z by Proposition

Theorem 6.7.7. Let Y C T be a variety, and let Y be any tropical
compactification in a toric variety Xsx.  The balanced fan associated
to Y by Proposition [6.1.2, after taking any completion X' of ¥, has support
trop(Y'), and its weights agree with the multiplicities on trop(Y). If Xx is
smooth and the compactification Y is flat tropical, then m(c) =Y - V(o)
for any mazximal cone o € X. Thus the tropicalization of Y determines

the class [Y] € A*(Xy).

Proof. Let d = dim(Y). We first assume that Y is a flat tropical com-
pactification of YV inside a smooth toric variety Xy,. By Proposition [6.4.14],
the support |X| of ¥ equals trop(Y). Fix a maximal cone o € ¥(d). By
part (@) of Proposition B4, the scheme Y N O, is zero dimensional. By
Proposition [6.4.15 Y is Cohen-Macaulay at any point p € Y N O,. The
class [Y] - V(o) € Ag(Xx) equals i(p,Y - V(o))[p], where i(p,Y - V(o)) is
the intersection multiplicity of p in Y - V(¢); see [Ful98| Definition 7.1]. By
[Ful98|, Proposition 7.1(b)], i(p,Y - V(o)) equals the length of Y N O,. By
Remark 6418, Y N O, equals the quotient of the subscheme of 7™ defined
by the initial ideal iny(Iy) by the torus T, = N, ® K*. Here K = k, since
K has the trivial valuation. Thus by Lemma [3.4.7] the length equals m(o).

Now let Xy be an arbitrary toric variety with trop(Y) = |¥|. Fix a
completion Y of the fan ¥. By Theorem [.7.5, the weighted balanced fan
associated to Y is independent of the chosen resolution of singularities of ¥'.
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By Proposition [6.4.14] a refinement of a fan giving a flat tropical com-
pactification also gives a flat tropical compactification. We may thus as-
sume, after taking a resolution X" of the common refinement of ¥/ with
a completion of the fan of a flat tropical compactification, that X" con-
tains a subfan ¥ with support |X| that gives a flat tropical compactifica-
tion. Write 7: Xy — Xy and i: Xy, — Xy for the two morphisms.
In the fan associated to Y by Proposition 6.7.2, the multiplicity of o is
m(o) = 7*(i.([Y])) - [V(¢”)] for any ¢’ € 3 with 7(0’) C 0. Now 7*(i.([Y]))
is the class of the closure Y of Y € T" in Xsw, and Y" is a flat tropical
compactification, so m (o) equals the multiplicity of ¢/, and thus also of o.

We conclude that the multiplicities on trop(Y’) determine the intersec-
tion numbers 7 (i ([Y])) - V/(0'), and thus m. (7" (i([Y])) - V(¢)) = i, ([Y]) -

V(o). Since the V(o) for o € ¥/(d) span A,,_4(Xs), the class i.([Y]) €
Aq(Xsy) is determined by these intersection numbers, as required. O

Remark 6.7.8. Theorem lets us give a toric proof of the balancing
condition (Theorem B:4.14)). As in the proof given in Chapter Bl we reduce
to the case of Proposition that C C T™ is a curve over the residue
field k (or over a field with the trivial valuation). There is only one choice of
fan structure 3 on trop(C) C R", so the closure C of C in the toric variety
Xy is a flat tropical compactification. By Theorem [B.7.7, the multiplicity
m(o) equals C - V(o) for all rays o, so the balanced fan associated to C by
Proposition [6.7.2] equals (trop(C'), m). Hence (trop(C), m) is balanced. To
check that this is indeed a proof, note that the proof of Proposition
did not use any tropical geometry (and indeed, predates it), while the proof
of Theorem did not use the fact that trop(Y’) is balanced. This proof
trades the delicate commutative algebra of Chapter Blfor a simpler approach,
but requires knowledge of intersection theory on toric varieties.

An important point about tropical geometry and toric geometry is that
their intersection theories are in harmony. For instance, the tropical concept
of stable intersection, which was previewed in Theorem and further
developed in Section 3.6, can be interpreted as a toric computation. This is
the main theorem of [FS97], restated in the language of this book.

Theorem 6.7.9. Let Z € A"(Xy) and Z' € A%(Xy) be cycles on a smooth
complete toric variety Xy, with r + s < n. Let (A,m) and (A’,m’) be
the weighted balanced fans associated to Z and Z', respectively, by Propo-
sition [6.7.21. Then the weighted balanced fan associated to the intersection
7 - 7' is the stable intersection A Ng A’ of the two fans.

Remark 6.7.10. Theorem[6. 7.9 gives rise to a combined tropical/toric proof
of Bézout’s Theorem as follows. Fix homogeneous polynomials fi,..., f, in
Clzo,...,zy] of degree dy, . .., d, for which V'(f1,..., f,) is zero dimensional.
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After a general change of coordinates, each trop(V (f;)) is the (n—1)-skeleton
of the fan of P" (see Exercise 6.8(1l)), and the multiplicity on each maxi-
mal cone in trop(V(f;)) is d;. The stable intersection trop(V (f1)) Nst - - - Nst
trop(V (fy)) is the origin 0 with multiplicity d; - - - d,,, so the classical inter-
section V(f1,..., fn) consists of d; - - - d;, points, counted with multiplicity.

The assumption that Xy, is complete in Theorem can be relaxed
as follows. If Xy is complete, then the rth graded piece A"(Xy) of the
cohomology ring A*(Xsy;) is isomorphic to Hom(A4,—,(Xx),Z). Now assume
that X is a simplicial toric variety, but not necessarily complete. We define
A"(Xy) = A" (X%, Q) to be Hom(A,—»(Xx),Q). The direct sum A*(Xyx) =
D, -0 A"(Xx) then has a ring structure as follows. Write mult(o) for the
lattice index of the lattice generated by the rays of ¢ in N, = N Nspan(o).
For cones 0,7 € ¥ with o N7 = {0} and 0 + 7 € X, set

mult (o) mult(7)
mult(o + 7)

Moer =

We then have a multiplication defined as follows. If o N7 = {0}, then

meV(oc+71) ifo+1eX,

0 otherwise.

Vie) - V(r) = {

If o N7 # {0}, then we use the relations (6.7.1]) to rewrite V(o) as a linear
combination of V(¢’) with none of the ¢’ nontrivially intersecting 7.

The group A'(Xyx) = Hom(A,_1(Xx),Q) is always generated by the
torus invariant divisors D;. If Xy is smooth, then we recover the presenta-
tion seen in Theorem [E.7.1], namely A*(Xy) = Q[D1, ..., Ds]/(SR(X)+ Ly).

Example 6.7.11. Let ¥ be the standard tropical line in R2, so Xy, is P?
with the three torus-invariant points removed. The Stanley—Reisner ideal of
XY is <D1D2,D1D3,D2D3>, and Lg equals <D1 — D3,D2 — D3> The Chow
ring A*(Xs,Q) of the toric surface Xy is isomorphic to

Q[D1, Do, D3] /{D1Ds, D1 D3, D2D3, Dy — D3, Dy — D3) = Q[t]/(t?). O

Consider a subvariety ¥ C T™ and a tropical compactification Y, ob-
tained by an embedding i : Y — Xy into a toric variety Xyx. This induces a
ring homomorphism * : A*(Xx) — A*(Y), with A*(Xyx) defined as above.

The homomorphism i* is generally not surjective. Consider again a d-
dimensional projective variety ¥ C P™ that has Picard rank at least 2.
Choose generic coordinates on P™ so that, for Y =Y NT™, the tropical va-
riety trop(Y') equals the d-skeleton of the fan of P™ (see Exercise 6.8(1]) for
details on this construction). The embedding Y is then a tropical compact-
ification of Y, but the induced map i* : A'(P™) — A'(Y) is not surjective.
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The homomorphism i* need not be injective either. Suppose that Y C
Xy, with dim(Y) = d, and consider the cycle [Y] € A" 4(Xyx). For Z €
A4(Xy), we have i*(Z) = 0 if Z - [Y] = 0. By Theorem [B.7.7 the inter-
section number Z - [Y] € A"(Xyx) = Hom(4p(Xyx),Q) = Q is determined
by the multiplicities on trop(Y). If Z = }° 54 as[V(0)], then we have
Z-[Y] = Yoesa) dom(o). Thus 3° ) as[V(0)] lies in ker(i*) whenever
> ces(a) om(o) = 0. Nonzero solutions (as) to this equation often exist.

Example 6.7.12. We continue Example Fix a general line Y in P?
and set Y = Y NT2. Then trop(Y) C R? is the standard tropical line ¥.
The cohomology of X is isomorphic to Q[t]/(¢?). The map i* : A*(Xx) —
A*(Y) sends D; to the class of the intersection of Y with the corresponding
line in P2. This intersection is a point, and its class is nonzero. Since
A*(PY) = Q[t]/(t?), the map i* : A*(Xy) — A*(Y) is an isomorphism. ¢

Example 6.7.13. Let C = V(22 + 4% + 23y + 2y® + 23¢3) in T?. The
tropical curve trop(C) C R? is the fan ¥ of Figure .71 The multiplicities
are one on the rays Dy and Ds, and two on the others. Let Y be the tropical
compactification of Y using the toric variety Xy. Then A(Y,Q) = Q, since
Y is a curve, but A'(Xy, Q) =2 Q3. Hence the induced map i*: A*(Xyx) —
A*(Y)) cannot be injective. Indeed, using the notation of Example [6.7.6]
we have Dy — D5 € ker(i*), but Dy — D5 # 0 € A'(Xyx). This is because

Dy - [Y] =1= D5 -[Y], as the multiplicities on these two rays are one. ¢

We now present an important case where the map ¢* is an isomorphism.
Let A be an arrangement of n 4+ 1 hyperplanes in P? that do not all pass
through one point. Then Y = PN\ U A is a very affine variety in 77, as
seen in ([@I1). Fix any building set G as in Exercise 4.7(I0). The choice of
G defines a simplicial fan ¥g whose support is the tropicalized linear space
trop(Y’). For instance, the unique minimal building set G consists of the
irreducible flats, and this often (but not always) corresponds to the coarsest
fan on trop(Y'). If we take G to be the set of all flats, then ¥¢ is the order
complex of the geometric lattice of the matroid M (A), as in Theorem [LT.TT]

The rays of the fan 3¢ are the incidence vectors e, = >, e; of the
flats o in G. These vectors live in R"*!/R1. The Chow ring A*(Xx,) is
the quotient of Z[z, : 0 € G] modulo the ideal SR(Xg) + Ly,. The Stanley-
Reisner ideal SR(Xg) is generated by squarefree monomials that represent
nonnested subsets of G, and the linear ideal Ly, is generated by the relations

(6.7.4) g Ty = E Ty forl<i<j<n+1.
ceg TEG
o1 T3]

Let Y denote the closure of Y in the toric variety Xy,. Since [Sg| =
trop(Y’), this is a tropical compactification of Y. The compactification Y
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predates the development of tropical geometry. First constructed by De
Concini and Procesi [DCP95|, the complete variety Y is known as the
wonderful compactification of the arrangement complement Y = P?\U A.
Feichtner and Yuzvinsky showed that the cohomology of Y agrees
with that of Xx,. Since both varieties are smooth, the cohomology ring is
the same object as the Chow ring, and we conclude the following result.

Theorem 6.7.14. The map * is an isomorphism for the wonderful com-
pactification Y of the hyperplane arrangement complement Y = P?\U A
defined by a building set G. In symbols, we have

(6.7.5) A*(Y) = A" (Xs,) = Zlz, : 0 € G/(SR(Xg) + Ly).

We wish to stress that the Chow ring in (6.7.5) is not an invariant of the
very affine variety Y. It depends on the choice of tropical compactification
Y. In the present context of tropical linear spaces, it depends on our choice
of the building set G for A. Here is a simple example to illustrate this.

Example 6.7.15. Fix d = 2, n = 3, and let A consist of four general lines
in P2. Hence trop(Y) is a plane in R3, or, combinatorially, the cone over
the complete graph K4. The smallest building set G consists of just the four
lines. Here A*(Y) is isomorphic to Z[t]/(t?), given by the presentation

Llx1, w2, k3, Ta]/(T122X3, T1T2T 4, T1T3T4, T2X3Te, T1 — T2, Ty — T3, T3 — T4).

On the other hand, if G consists of all ten proper flats, then A*(Y) is the
quotient of Z[z1, z2, 3, T4, 12, 13, T14, T23, T24, T34] modulo the monomials
L1X2, L1X3, L1L 4y L2L3, X2L 4y XL3L4, L1X23, L1X24, L1X34, L2X13, L2X 14, L2L 34,
T3T12, L3T14, T3X24, L4T12, L4T13, T4X23, T12213, L12L14, T12223, L12224,L12234,
T13%14, T13223, L13224, T13L34, L14L23, L14L24, L14T34, L23T24, L23T34, L2434,
and the linear relations 1 + 212 + 13 + 14 = 22 + ®12 + Toz + T2q =
T3+ x13 + T3 + T34 = T4 + T14 + T24 + x34. Here, we have Al (7) ~ 77, O

A generalization of this computation to generic arrangements in arbi-
trary dimensions appears in p. 526]. The following example, dis-
cussed under the header partition lattices in §7], is of great interest
to algebraic geometers.

Example 6.7.16. Consider the embedding 7 : Mo,n — XA of the moduli
space M, into the toric variety defined by the space of phylogenetic trees.
This was discussed in Theorem 6412, where My ,, was realized as a tropical
compactification of My, = P"3\ A for a particular arrangement A of ("51)
hyperplanes. By Theorem [67.14] the pull-back morphism i*: A*(Xa) —
A*(My,) is an isomorphism, and we obtain a combinatorial recipe.

The Chow ring of My, was computed by Keel in [Kee92] using his
description of Mo,n as a blow-up of (P!)"~3. The boundary divisors of Mo,n
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are indexed by partitions {1,...,n} = I UI¢ with |I],]|I¢| > 2. We write J;
for the boundary divisor indexed by (I, I¢), and identify d; and drc. Then

6.7.6)  A*(Mo,) = Z[6; : IC{1,...,n}with |],]I¢] > 2] /Jn,

where J,, is the ideal corresponding to the relations

(6.7.7) o= > = > d

INISI N RIS i,kel,jl¢l i,lel,j,kgl

(6.7.8)  and 8167 =0 unless I C J,J C I,or INJ = 0.

For example, for n = 4 we have MOA = P!, The rules above give A*(MOA) =
Z[612, 613, 623]/ (612 — 013, 012 — 023, 612013, 012023, 613023) =~ Z[t]/t*. For gen-
eral n, the relations on A*(M ) of the form (G.7.7) come from pulling back
the relations on A* (MOA) under the forgetful morphism m;;r; that forgets
all marked points except for those labeled i, j, k, [, and then stabilizing.
See [KVO07, §1.3] for details. The relations (6.7.8) express the fact that
the corresponding boundary divisors do not intersect. Keel [Kee92] shows
directly that there are no other relations other than these natural ones.

In our approach, we consider the simplicial fan structure A on the space
of phylogenetic trees with n leaves, as in Proposition [4.3 Its rays corre-
spond to the boundary divisors ;. The ideal (6767 : INJ 7& (D I1¢JJZI)
in (G7.8) is the Stanley—Reisner ideal of the simplicial complex given by A.

We derive the presentation (67.0G]) directly from Theorem [E.7.14] using
our realization (in Theorem BZIZ) of My, as the complement of (”;1)
hyperplanes in P"~3. The building set G consists of 2”71 —n — 1 flats
in that arrangement, one for each boundary divisor d;. These flats are
{zrici=2j-1 1 i,j€ I}, where I C {1,...,n—1},ne Iand 2,2 =0. ¢

Remark 6.7.17. Another connection between tropical varieties and coho-
mology comes from the consideration of the Hodge structure on the coho-
mology of Y. In [Hac08] Hacking proves the following result: if Y is a
smooth projective variety compactifying a d-dimensional variety ¥ C 1"
for which the boundary Y\ Y has simple normal crossings, then the reduced
ith homology of the boundary Delta-complex A(9Y) from Section [6.5 equals
the top graded piece of the weight filtration on the cohomology of Y:

Hy(AD(Y)),C) = GryH?*=+D vy, C).

This implies H;(A(9(Y))) = 0 for i # d — 1. By Theorem B5.I1] the cone
over A(O(Y)) maps surjectively onto the tropical variety trop(Y). If this
map is injective (for which a sufficient, but not necessary, condition is that
all multiplicities on trop(Y’) equal one, or that Y is a schén compactification
of Y in the sense of Definition [6.4.J9), then this shows that the link of
trop(Y') at its lineality space has only top-dimensional homology.
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Helm and Katz [HK12a] studied a generalization to fields with nontriv-
ial valuation. This was further developed by Payne [Pay13] whose results
imply that the homotopy type of A(9(Y')) is independent of choices.

The focus of this section was understanding the intersection theory of
subvarieties Y of a toric variety Xy, via the tropicalization of Y = Y NT. An
intersection theory has also been developed [AR10] for all tropical cycles
(balanced weighted polyhedral complexes), regardless of whether or not they
are the tropicalization of some subvariety of the torus. This includes tropi-
calized linear spaces that are not tropical linear spaces, as in Chapterdl This
situation was studied in [FR13, [Shal3]. An extensive exposition of this
intersection theory can be found in the book by Mikhalkin and Rau [MR].

6.8. Exercises

(1) (For toric novices) Check that A, _1(P") = Z and Ay((P!)3) = Z3.

(2) Show that trop(P') is homeomorphic to the closed interval [0, 1] in
the usual topology on R. Show explicitly that the two definitions
given for tropical P! are homeomorphic.

(3) Verify the claim of Definition that every ¢ € UyP satisfies
{u:¢(u) # o0}l = (¢VN7t)N M for some face 7 of 0.

(4) Verify the claim of Remark B23] that the topology on Us™P is the
induced topology coming from regarding U as a subset of (R)™
for any choice of m generators for the semigroup oV N M.

(5) Let Xy be the toric surface obtained by blowing up P? at the three
coordinate points (1:0:0), (0:1:0), and (0:0:1). Draw a picture of
some tropical curves on trop(Xy).

(6) The 3 x 3-determinant is a polynomial in nine variables with six
terms. Its tropical hypersurface in R? was described in Example
BITI1l Using Definition .20, compute its extended tropical hy-

persurface in R’. What is the f-vector of this polyhedral complex?

(7) Let Y = V(z+ 3y + 722y — 8zy? — 2%y?) C T?. Do the following for
each of the following toric varieties Xy, listed with bullets below:
(a) Compute the closure Y of Y in Xy.
(b) For each torus orbit O, of Xy, compute Y N O,.
(c) Compare your answer with that predicted by Theorem
o Xy =P? withi:T? — A? given by i(z,y) = (x,9);
o Xy =P! x P! with i : T? — P! x P! given by

i(z,y) = (z:1) x (y: 1);
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e Xy is the toric surface with five rays. The first lattice points
on these are {(1,1),(—1,1),(-1,0),(0,—1),(1,—1)}. The five
maximal cones in ¥ are generated by adjacent rays.

(8) Let M be a matroid on n + 1 elements, and let ¥ be the Bergman
fan structure on the tropical linear space trop(M ), as described in
Theorem [£.2.60l Show that the toric variety Xy is smooth.

(9) Compute the tropicalization of the curve Y of part @) of Exam-
ple[E43in both its embedding into (C*)? and (C*)3. Verify Propo-
sition for this example.

(10) Give an explicit example of a subvariety Y C T™ for which the
closure Y of Y in a toric variety Xy with |X| = trop(Y) is not a
flat tropical compactification. Hint: Example [6.4.16]

(11) Let Y be a d-dimensional subvariety of P™.

(a) Show that there is a Zariski open set U C PGL(n + 1) for
which the change of coordinates coming from g € U has the
property that gY does not intersect any coordinate subspace
of dimension less than n — d.

(b) Conclude that, for a generic choice of coordinates on P, the
tropical variety trop(Y NT™) equals the d-skeleton of the fan
of P™. This is Theorem 1.1 of [RS12].

(12) Suppose that a group G acts on a very affine variety Y.

(a) Show that the action of G extends to the intrinsic torus Ti, of
Y so that the embedding i: Y — Tj, is G-equivariant.

(b) Show that an automorphism of the algebraic torus 7" induces
an automorphism of R™ via tropicalization.

(c) Deduce that G acts on the tropicalization trop(Y’) of ¥ em-
bedded into its intrinsic torus. Give examples to show that
this action need not be faithful even if the original action is.

(d) Did we need the assumption on the intrinsic torus here?

(13) Fix n points in P? with no three on a line and such that, for any six
points and any partition of these into three pairs, the three lines
through these pairs do not share a common intersection point. Let
A be the line arrangement in P? consisting of all (g‘) lines joining
pairs of points, and let Y = P? \ A be the complement.

(a) Describe the embedding of Y into its intrinsic torus (K"‘)(g)_1

(b) Describe trop(Y') C R(2)=1. Show that there is a unique coars-
est fan ¥ with |3| = trop(Y).

(c) Show that the tropical compactification Y of Y using this
coarsest fan ¥ is the blow-up of P? at the original n points.
For n < 8, this is a del Pezzo surface of degree 9 — n.
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(14) Fix an arrangement A of five planes in P3. Describe three dif-
ferent building sets G, and determine the corresponding tropical
compactifications of Y = P3\ U A.

(15) Compute the Chow ring A*(Y") for each of the three threefolds Y in
the previous exercise. Hint: Theorem [6.7.14 and Example [6.7.15

(16) Let D1, D2, D3 be three lines in P? that do not intersect in a com-
mon point. Let Dj be a conic in P? that intersects the lines
Dy, D5, D3 transversely at six distinct points. Choose concrete
equations and determine the embedding of Y = P2\ |J!_, D; into
(K*)3. Compute the prime ideal Iy and the tropical surface trop(Y’).

(17) Let Y be a cubic surface in T3. Describe the set of all diviso-
rial valuations on the function field K(Y'). Explain and verify the
statement in Proposition for this example.

(18) Let Dy, Do, ..., Doy be the 27 lines on a smooth cubic surface Y in
P3. Set Y = U?; D;, and show that Y = Y'\9Y is a very affine
variety. Determine the corresponding boundary complex A(3Y).

(19) Some smooth cubic surfaces have Eckhart points. What are these
points, and what do they mean for the previous exercise?

(20) Show that the formula given in (6.6.]) of Definition of the
affine toric scheme K[M]? did not need the restriction u € oy in
the summation. In other words, show that if o is a I'y,y-admissible
cone in Ng X R>¢ and Ac+w-u > 0 for all (w,\) € o, thenu € o/

(21) Let P C R? be the polyhedron {(z,y) € R? : 2 >0,y > 0,2 +y >
1}, and let 0 = C(P) C R? x R>q be the cone over P. Describe
explicitly the affine toric scheme U,. What is the general fiber?
What is the special fiber?

(22) Let Xy be the toric surface given by the fan ¥ in Example [6.7.01
Consider the two curves in T2 given in parts (1) and (4) of Example
[6.4.3] and let Z and Z’ be their closures in Xy..

(a) Write the equations of Z and Z’ in Cox homogeneous coordi-
nates on Xs.

(b) Compute the intersection of Z and Z’ with each torus invari-
ant boundary stratum. Thus compute the associated weighted
balanced fan for Z and Z'.

(c) Write [Z] and [Z'] as linear combinations of the (classes of)
toric boundary divisors on Xs;.

(d) Compute the product [Z] - [Z’] in the Chow ring of Xs.

(23) Determine the Chow ring of the smooth toric surface Xy in Exam-
ple .76l Find a Grébner basis for the defining ideal of A*(Xyy).
Use this to recompute the intersection numbers in ([G.7.3)).
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(24)

A pure weighted balanced fan (X, m) of dimension d is tropically

reducible if there is a refinement ¥’ of ¥ and two subfans 3, X9

of ¥ and weightings m; : ¥;(d) — Zso for i = 1,2 that make 3

and X5 into balanced fans, with the property that for all o € ¥/ we

have m(o) = mj(0) + ma(0), where we set m;(c) = 0if o € X;,

and for each i = 1,2 there is 0; € ¥ with m;(0;) < m(o;).

(a) Show that the weighted balanced fan in Figure B41] is tropi-
cally reducible.

(b) What does it mean for a one-dimensional fan in R? to be trop-
ically irreducible?

(c) What does it mean for the Chow group A%(Xy,) if a d-dimen-
sional weighted balanced fan (X, m) is tropically reducible?

Let 3 be a fan in R" with |X| = trop(M) for a rank d + 1 matroid
M on a ground set of size n + 1. Let m : X(d) — N given by
m(o) =1 for all 0 € ¥(d). Is (X, m) always tropically irreducible?
Given an example of a curve Y in 72 such that the intrinsic torus
Tin of Y is isomorphic to 773, Determine the defining equations of
your very affine curve Y in its intrinsic embedding into T}, = T3,
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Tropical geometry is a combinatorial shadow of algebraic geometry, offering new polyhedral
tools to compute invariants of algebraic varieties. It is based on tropical algebra, where the
sum of two numbers is their minimum and the product is their sum. This turns polynomials
into piecewise-linear functions, and their zero sets into polyhedral complexes. These tropical
varieties retain a surprising amount of information about their classical counterparts.

Tropical geometry is a young subject that has undergone a rapid development since the
beginning of the 21st century. While establishing itself as an area in its own right, deep
connections have been made to many branches of pure and applied mathematics.

This book offers a self-contained introduction to tropical geometry, suitable as a course
text for beginning graduate students. Proofs are provided for the main results, such as the
Fundamental Theorem and the Structure Theorem. Numerous examples and explicit compu-
tations illustrate the main concepts. Each of the six chapters concludes with problems that
will help the readers to practice their tropical skills, and to gain access to the research litera-
ture.

This wonderful book will appeal to students and researchers of all stripes: it begins at an
undergraduate level and ends with deep connections to toric varieties, compactifications,
and degenerations. In between, the authors provide the first complete proofs in book form
of many fundamental results in the subject. The pages are sprinkled with illuminating exam-
ples, applications, and exercises, and the writing is lucid and meticulous throughout. It is
that rare kind of book which will be used equally as an introductory text by students and as
a reference for experts.

— Matt Baker, Georgia Institute of Technology

Tropical geometry is an exciting new field, which requires tools from various parts of math-
ematics and has connections with many areas. A short definition is given by Maclagan and
Sturmfels: “Tropical geometry is a marriage between algebraic and polyhedral geometry”
This wonderful book is a pleasant and rewarding journey through different landscapes,
inviting the readers from a day at a beach to the hills of modern algebraic geometry. The
authors present building blocks, examples and exercises as well as recent results in tropical
geometry, with ingredients from algebra, combinatorics, symbolic computation, polyhe-
dral geometry and algebraic geometry. The volume will appeal both to beginning graduate
students willing to enter the field and to researchers, including experts.

— Alicia Dickenstein, University of Buenos Aires, Argentina
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