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ABSTRACT

Most of this work is based on a manuscript that was provided to me by Fuensanta
Aroca, which contains research and ideas developed by her, Jests del Blanco Marana
and Gregorio Manrique. My work was to finish and / or provide some full proofs
of certain results stated in such manuscript. Concretely, I worked on the following:
All Section 1.1, Example 1.2.11, Proposition 1.3.1, Lemma 1.3.3, all examples of
Section 1.4, Proposition 1.5.9, Section 2.1, all examples of Section 2.2, Lemma
2.3.3, Example 2.3.4, Lemma 2.4.10, Corollary 2.4.11, Corollary 2.4.12, Corollary
2.4.13 and all statements and examples of Appendix A; also I provided completion
of proofs of Lemma 3.2.8, Proposition 3.3.6, Proposition 3.3.7, Proposition 3.3.8
and Theorem 3.3.9.

Classical Tropical Geometry deals with the tropical semi-field (R U {0}, ®, ©),

where
x @y := min(x,y) and

X0y = xX+y.

It also studies properties of tropical polynomials, which are expressions of the form

f= @ cq © X,
ac&(f)
where E(f) C Z" is finite, X* := X{" © ... © X", where a = (ay,...,a,) and
every ¢, € R. Every tropical polynomial induces a function f: R” — R, which is
piece-wise linear. Under this setting, we can associate certain polyhedra to f and
study their geometrical properties. For aditional information on classical tropical

geometry, please see [10] and [13].

We may ask the following question: what happens if, instead of considering the
tropical semi-field (R U {oo}, ®, ®) and tropical polynomials as before, we take a
totally-ordered abelian group I'" and consider the semifield (I" U {0}, ®, ©) as well
as tropical polynomials with coefficients in I'? In this thesis, we explore some

consequences of this scenario.

We recall that some previous works on the subject are [1], [2], [5], [7] [11], [12],
[14], and [15].

This thesis is organized as follows:

iv



* In Chapter 1, we study some properties of torsion-free abelian groups. We
develop notions of I'-dependency and Z—dependency. Also, we study some

properties of rational linear and affine subspaces.

* In Chapter 2, we develop notions of rational convex geometry. In particular,
we study some properties of rational closed convex sets, rational boundaries

and rational polyhedra.

* In Chapter 3, we study some properties of I'-tropical polynomials. We also
study some properties related to associated polyhedra of a given I'-tropical

polynomial.

* In Appendix A, we show that Fourier-Motzkin algorithm works for totally
ordered divisible abelian groups and we give a criteria to determine solvability

of any given system of linear inequalities over such a group.

Throughout this thesis, we consider N as the set of positive integers, so 0 ¢ N.



GENERAL INDEX

Acknowledgements . . . . . .. ... iii
Abstract . . . . . . . iv
General Index . . . . . . . ... L vi
Chapter I: Linear geometry over torsion-free abelian groups . . . . . . . . .. 1
1.1 Torsion-free abelian groups . . . . . . . . ... ... .. ...... 1
1.2 I'-dependency and Z—dependency . . . . . . .. ... ... .... 5
1.3 Z-linear operators and I'-linear operators . . . . . . ... ... .. 10
1.4 Rational linear subspaces . . . . ... .. ... ... ........ 12
1.5 Rational affine subspaces . . . . ... .. ... ... .. ...... 15
Chapter II: Convex geometry over totally-ordered abelian groups . . . . . . . 19
2.1 Totally ordered abelian groups . . . . . . . ... ... ... ..... 19
2.2 Rational closed convex sets . . . . . . .. .. ... ... ... 20
2.3 Rationalboundary . . ... ... ... ... ... ... ... ... 24
2.4 Rational polyhedra . . . . . .. ... ... ... ... ... .. ... 25
Chapter III: Introduction to tropical geometry over a totally ordered abelian
GIOUD . . v o v e e e e e e e e e e 30
3.1 The tropical semi-field and I'-tropical polynomials . . . . . . .. .. 30
3.2 Distinguished exponents . . . . . . .. ... ... 31
3.3 The associated polyhedra of a I'—tropical polynomial . . . . . . . .. 34
Appendix A: Fourier-Motzkin algorithm for totally ordered groups . . . . . . 40
Listof Symbols . . . . . . . . . . . .. 46
Index of definitions . . . . . . ... .. L Lo 46
Bibliography . . . . . . ... 49

vi



Chapter 1

LINEAR GEOMETRY OVER TORSION-FREE ABELIAN
GROUPS

In this chapter we study rational linear and affine spaces over torsion-free abelian
groups. For this, first we see that we can embed these groups into their divisible
hull, which will allow us to consider not just integer but rational linear combinations
of elements of any such group. This way, we may consider integer (and rational!)
matrices as linear operators over such groups and study their set of zeroes, which we
will consider as rational linear spaces. Finally, we study some properties of these

rational linear spaces and extend some notions to rational affine spaces.

In a nutshell, the aim of this chapter is to show that, if A is an integer or rational
matrix and I" is a torsion-free abelian group, then {x € I"" | Ax = 0} is a linear

space of I'" whose geometric properties depend on those of {x € Z" | Ax = 0}.

1.1 Torsion-free abelian groups

Let us recall some basic notions of group theory.

Let (I',+) be an abelian group. For g € I" and k € N, we will use the standard

notation

kg =g+---+g and —kg:=k(-g).
————

k -times

Recall that the order of an element g € I' is the least positive integer n such that
ng = 0 if it exists and co otherwise. An abelian group is torsion-free if the only
element that has finite order is zero, that is, for every g € I', if ng = 0 and n # 0,

then g = 0.

Let us recall that every Z—module can be considered as an abelian group and vice

versa.

Example 1.1.1. Consider (R, +) and (Z/3Z,+) as abelian groups with usual addi-
tive operation. Note that (R, +) is torsion-free while (Z/3Z, +) is not, because 2 has
order 3 (since2+2+2 =6 =0mod 3).



Consider a commutative ring with unity A. We are going to use tensor products of

A—modules to illustrate some examples, so we first recall their universal property.

Proposition 1.1.2 (Universal Property of Tensor Product). Let A be a commutative
ring with unity. Let M, N be A-modules. There exists a pair (T, ®) consisting of
an A—module T and an A-bilinear mapping ®: M X N — T with the following

universal property:

Given any A—module Q and any A—bilinear mapping f: M X N — Q, there exists
a unique A—linear mapping f': T — P such that the following diagram

MXNL)Q

R
\L@ e
/// f/

T

is commutative. Moreover, T is unique up to A—module isomorphism. The
A—module T is denoted by M ®4 N. We denote @(m,n) = m ® n.

Proof. A proof can be found for example in [4, pp. 24-25]. [

An abelian group I is divisible when for alln € Nand all g € T, the equationnx = g
has a solution in I'.

Example 1.1.3. We note that Z is not divisible because the equation 2x = 1 does not

have a solution in Z. On the other hand, Q is divisible. If I" is an arbitrary abelian

group, then the tensor product Q ®z I is a divisible group. To show this, consider

the equation nx =y, fora givenn e Nandy :=q® g € Q®zI'. Let x = % ®g.
) _ngq _

Note thatny =n(;, ® g) =~ ®g=q®g.

In the case of divisible abelian groups, the equation nx = g does not have to have a

unique solution.

Example 1.1.4. Consider the non-trivial divisible abelian group Q/Z. The equation
3x = 0 has at least two solutions, namely, % + 7Z and % +Z.

Remark 1.1.5. Let I" be a torsion-free divisible abelian group. Suppose that n # 0.
Then the equation nx = g has a unique solution in I'. For if y,z € I" are different
solutions of nx = g, say y, z then, as ny = nz, it follows that n(y — z) = 0, so we get
that y = z because n # 0.



We recall the notion of localisation of a module. Let A be a commutative ring, and
S C A a multiplicatively closed set, this is, 1 € §, 0 ¢ S and for every s, € §
we have that st € S§. Let M be an A—module. Define a relation = on M X § as
(m,s) = (m’,s’) if and only if there exists ¢ € S such that7(sm’—s'm) = 0. We have
that = is an equivalence relation. Denote by “' the equivalence class of an element
(m, 5). The set of such fractions is denoted by S~' M which is also an A—module. A
more comprehensive discussion about localisation of A-modules can be found for

example in [4, pp. 38 -39].

Proposition 1.1.6. Let S = Z \ {0}. If T is a torsion-free abelian group, then I" can

be embedded as a subgroup of S™'T". Furthermore S™'T" is torsion-free as well.

Proof. Leti: T — S™!T" given by i(x) = 1- We show that i is injective. Note that if
)TC = (0, then there exists n € S such that nx = 0. Note thatn # 0. As I is torsion-free,
it follows that x = 0.

Let us prove that S~!T is torsion-free. Suppose that n(3) = 0, for some n # 0 and
s € S. Multiplying by s we get that nx = 0. Arguing as in the first part of this proof,

this implies that x = 0, so ’—s“ = 0. Therefore, S~!T is torsion-free. ]

Definition 1.1.7. A subgroup H of a group I' is said to be essential for I if for every
non-trivial subgroup K of I, we have that H N K # {0}.

Example 1.1.8. The group (Z,+) is essential for (Q,+). Let I be a non-trivial
subgroup of (Q,+). Let g = 7+ € T, for some integers m,n with m # 0. Then
ng =m, so m € I'. Therefore ' N Z # {0}, and the claim follows.

Proposition 1.1.9. Let H be a subgroup of an abelian group I'. Then H is essential
for U if and only if for every homomorphism h: I — I, with I'" an abelian group,

if the restriction h|y is a monomorphism, then h is a monomorphism as well.

Proof. We prove necessity. Suppose that H is essential for I'. Let h: I’ — I”
be a homomorphism of abelian groups such that 4|y is a monomorphism, that is,
ker(h|g) = {0}. Note that ker(h) N H = ker(h|y) = {0}, then ker(%) = {0} because
H is essential for I'.

We prove sufficiency. Let K be a non-trivial subgroup of I'. Consider the canonical
projection p: I' — I'/K. Suppose, reasoning by contradiction, that H N K = {0}.

Then, p|y is a monomorphism. By hypothesis, it follows that p is a monomorphism



as well. Therefore K = ker(p) = {0}, which is a contradiction because K is not

trivial. We conclude that H is essential for I". [ ]

Definition 1.1.10. Given an abelian group I', if D is a divisible group that contains
" as a subgroup and if there is no proper subgroup of D that contains I', then D is

said to be minimal divisible for T".

Lemma 1.1.11. Let D be a divisible group that contains I'. The group I is essential
for D if and only if D is minimal divisible for T'.

Proof. A proof can be found for example in [8, pp. 107]. [ |

Theorem 1.1.12. Let I" be an abelian group. Every divisible group D that contains
I" also contains a minimal divisible group for I'. Moreover, any two minimal divisible

groups for I are isomorphic.
Proof. A proof can be found for example in [8, pp. 107]. [

By Theorem 1.1.12, any two minimal divisible groups over I" are isomorphic. The
divisible hull of an abelian group I' is defined to be any minimal divisible group for
I.

Proposition 1.1.13. Let I" be a torsion-free abelian group. Then the divisible hull
of T is the localisation S™'T’, where S = Z \ {0}.

Proof. By Proposition 1.1.6, as I is torsion-free, we know that I" is a subgroup of
S~IT". Then it suffices (by Lemma 1.1.11 and Proposition 1.1.9) to show that if
h: S7'T" — I is a homomorphism of abelian groups such that 4|t is a monomor-
phism, then % is a monomorphism as well. Let /4 be such ahomomorphism. Suppose
that A(£) = 0, then (%) =nh(%) =0and £ € . As hlr is injective, it follows that

g =0. Then 2 = 0. Therefore A is a monomorphism, and the claim follows. [

We denote the divisible hull of a torsion-free abelian group I" as div(I").

Definition 1.1.14. Let I" be an abelian group and n € N. By a system of equations
over I" we mean a set of equations Ax = y, where A € Z"" and y € ['""". A system
of equations over I' is compatible if there is no a non-zero row vector u € Z*" such
thatuA =0andu -y # 0.

We can solve compatible systems of equations in divisible abelian groups.

4



Theorem 1.1.15. Every compatible system of equations over an abelian group T’

admits a solution in I if and only if T is divisible.
Proof. See for example [8, p. 103]. [

In particular, observe that, if we want to solve a system of equations over a torsion-
free abelian group I' and the system is compatible, we can always find a solution in
div(T).

1.2 TI'- dependency and Z—-dependency

Let I" be an abelian group. We want to extend certain notions about convex geometry
to arbitrary totally-ordered groups, so first we need to define an appropriate notion
of linear subspace on I and for that, first we must provide a notion of linear

dependency.

We can use the natural Z-module structure of the product I to define the usual

scalar multiplication

ZxI" — "

(m,x) > mx:=(mxy,...,mx,)
where x = (x1,...,X,).
There is also a natural way to multiply elements of Z" by elements of I" given by

I'xz" — I
(g,r) > gr:=(gry,...,grm)

where r = (r1,...,r,).
Note that, for every g € I', the set
Ag :={(mg,ng): m,n € Z}

is a subgroup of I' X I Moreover, if I' is torsion-free and g # 0, then A, is

isomorphic to Z X Z as a group. We will discuss similar examples later.

Example 1.2.1. In the following image, we multiply the integer vector (3,2) by a

non-zero element g € T



(3,2) (38,28)
4 Z 4
The group Z X Z The group A,
Definition 1.2.2. We say that x € [ is a rational combination ofx(l), x® e
when
mx =mixM + -+ mx®
for some integers m,my, ..., ms, where m # 0.

Remark 1.2.3. With the notation given above, we see that x € I is a rational
combination of xV, ..., x® e ' if and only if x = Zle %x(i) (considered as
element of S~'T") for some integersm, my, . ..,mg, wherem # 0. If also Zle % =1,

we say that x is a rational convex combination of D x®),

Definition 1.2.4. We say that x € [ is a ['-combination of r\V, ..., r®) € Z" when
x=xrM 4
for some elements xq, ..., x,in .

Definition 1.2.5. We say that a given set {r(l), e, r(s)} c Z" is I'-independent if,
for every g1,..., g5 € I', with Zle gir(i) =0, then g; = 0 for all 7.

Lemma 1.2.6. Let I" be a non-trivial torsion-free abelian group. A given set
{r, ..., r®)} c 2" is T-independent if and only if it is Z-independent.

Proof. Suppose that the set {r(l), e r(s)} is I'-independent. Let my,...,ms; € Z
be such that m 7" + - - + mr(®) = 0. Take any non-zero element g € I'. We have
gmir® 4+ 4+ mr®) = (m1g)r™ + - -+ + (myg)r® = 0. Then, by hypothesis,
m;g = 0 for all i. Since I is torsion-free we have that m; = O for all i. Therefore, the

rs are Z—independent.



Now suppose that {r(1, ..., r®®)} c Z" are Z-independent (which implies Q-
independency). Let {r(”l), el r(”)} C Z" be such that {r(l), AU r(”)} is a basis of
the vector space Q". Let M be the matrix that has the (Vs as rows. Note that M
is invertible because the set of (s are linearly independent. Consider the adjoint
matrix adj(M). Denote A := adj(M). As M is an integer matrix and the entries of A
are determinants of integer submatrices of M, it follows that A is an integer matrix.
We know that A is such that AM = det(M)Id, see for example [9, pp. 159-160].
Therefore A = det(M)M ™.

Now we show that the set{r(l), . ,r(s)} c Z"isT'—independent. Letgy,...,gs €T
such that 37, gir'? = 0 (note that this is a row vector). Multiplying by A we get
(Zle gir(i)) A =0, then 3\, g (r(i)A) = 0. On the other hand, as we have the
relation M A = det(M)Id, it follows that r) A = det(M)e;, where e; is the vector in
which the i—th entry is equal to 1 and the remaining entries are zero. Therefore, we
get that
det(M) X.:_, gie; = X;_ det(M)(gie;)

=21 (det(M)g;)e;

=Y., gi(det(M)e;)

= Z?:l g,-(r(i)A)

= Q,
which implies that, det(M)g; = 0, for all i, and since det(M) # 0 and I is torsion-
free, it follows that g; = g =--- =g, = 0. [

Corollary 1.2.7. Let " be a non-trivial torsion-free abelian group. Every'—independent

set of Z"* has cardinality at most n.

Proof. If B is a I'-independent set of Z", then, by Lemma 1.2.6, it is also a

Z—independent set, therefore its cardinality is at most n. [
Lemma 1.2.8. Let ' be a torsion-free abelian group. If {r'V, ..., r"™} is a basis
of Z", considered as Z—module, then, for every x € I'", there exists an n-tuple
(ur,...,uy) € I such that x = u;r™ + - + u,r™. Moreover, this n-tuple is
unique.

Proof. Given x = (x1,...,x,) € I'"" we have

X =x1e1+---+x,e,
= (X0, mVr0) o, (O, m )

= (T m x)r® 4 (B )

7



forsome{mfj) €Zli=1,...,nand j=1,...,n} CZ Takeu; = 3, m;i)xl-.

The uniqueness is a direct consequence of Lemma 1.2.6. [
Note that Lemma 1.2.8 allows us to talk about the coordinates of a point x € I'" in
the base {r(l), . ,r(”)} c Z" considered as a module.

Now, we recall some basic facts about linear subgroups of Z".

Givena = (ay,...,a,) € 2", forevery x € I'", we denote a - x = 3/, a;x; , where

x=(x1,...,%,). The map x — a - x is Z—linear as expected.

Definition 1.2.9. We will say that a subgroup S C Z" is linear when it can be written

as kernel of some integer matrix, say S = ker(A), where A € Z"*".

Not every subgroup of an abelian group is a linear subgroup, as the following

example shows.

Example 1.2.10. Consider the free-group Z. Every linear subgroup is of the form
{n € Z| an = 0}, for some a € Z. Therefore, the only linear subgroups of Z are {0}
and Z itself. In particular, this implies that the subgroup 2Z is not linear.

Definition 1.2.11. Let I be an abelian group. The rank of I', denoted by rank(T"),
is defined as
rank(I') = dimg(Q ®z I),

where dimg (Q ®z I') is the Q-vector space dimension of Q ®z I'.

Example 1.2.12. Note that Q ®7 Q = Q, then rank(Q) = 1.

Example 1.2.13. It can be proven that Q @z R = R, then rank(R) = oo, since R is a

Q-vector space of infinite dimension.

Example 1.2.14. As Q ®z 2" = Q", we have that rank(Z") = n.

We use the following notation. Let n € N and I' a totally-ordered abelian group.

Given a set of elements {r(l), e, r(s)} of Z", we denote by (r(l), e, r(s)>r the set

g,-el“}

of I'—linear combinations of (", ..., ¥, that is

S
GO {Z gri) e

i=1




Theorem 1.2.15. Let S be a subgroup of a free abelian group W of rank m. There
is a basis {wi,...,w,} of W and a basis {uy,...,u,} of S with the following

properties:

(i) m<n
(ii) for each j < m there exists a positive integer d; such that uj = d;w;

(iii) d;|d;s1 foreveryi=1,...,m— 1.

Proof. A proof can be found for example in [3, pp. 461 -462] [
Example 1.2.16. Consider
((2,0),(0,3))z =2Z x 3Z

as a subgroup of
<(1’0)9 (05 l)>Z =7ZXZ.
Note that condition (ii) of Theorem 1.2.15 holds, because 2(1,0) = (2,0) and

3(0, 1) = (0, 3). However, condition (iii) is not true with these values as 2 does not
divide 3, so the basis {(1,0), (0, 1)} is not the one specified by Theorem 1.2.15.

Nevertheless, we note that {(2,3), (1,2))z = ZXZ. Ifdy = 1 and d» = 6, then d|d>
and we see that 27 X 3Z = {(2,3), (6, 12))z, then the conclusion (iii) of Theorem
1.2.15 is true, so {(2,3), (1,2)} is a basis guaranteed by Theorem 1.2.15.

Corollary 1.2.17. Given a linear subgroup S C Z" there exist m € N and a basis
{rD, L r™WY of Z% such that S = (D, .. ™)y,

Proof. Let S be a linear subgroup of Z", say S = ker(A), where A € Z¥". By
Theorem 1.2.15, there exist a basis {r(!), ..., "} of Z" and a basis {uV, . .., u(™}
of S such that u"/) = d;r\/) for some positive integers d;. Note that, as d;r/) € §,
it follows that de(r(f)) = A(djr(f)) =0,forj=1,...,m. Asevery d; # 0, we
have that A(r/)) = 0. Therefore ) € S, for j = 1,...,m. We conclude that
G, rMy, S e (rD, ., ™), and the corollary follows. =

Proposition 1.2.18. Let S = ker(A) be a linear subgroup of Z", with A € ZF¥". Let
{rM, .. .,r"™} be a basis of Z" as in Corollary 1.2.17. Let a"¥) denote the rows of
the matrix A, fori =1,..., k. Then the set

{(a(1)~r(i),...,a(k) -r(i))|i:m+1,...,n} c zk

is Z—independent.



Proof. Suppose that 377" si(a@V - r@ . a® Dy = 0, for some integers s;,

i=m+1,...,n. Then, by linearity we have that
(a(l) . ( Z s,-r(’)) vooa® ( Z s,-r(l))) =0.
i=m+1 i=m+1
Therefore, the vector 3/, ., sir® e ker(A) = 8. As S = (rV, ... ri™m); we have
that, for i = 1,...,m , there exist integers s; such that 3,7 s;r® = 3" s,
then Y1 ., sir®@ = 3" s;r® = 0. As {r(V,...,r™} is a basis, we deduce that
s;=0fori=1,...,m and the claim follows. [ ]

1.3 Z-linear operators and I'—linear operators

Consider I" a torsion-free abelian group. A matrix A € Z™*" can be considered as a
linear operator over both I and Z" in the expected way, that is, if x = (xq,...,x,)
is an element of I'” (or Z"), then Ax = l’.’:l x;A;, where the A;’s are the columns
of A. In order to avoid confusion, we denote kerr=(A) := {x € I'"| Ax = 0} and
kerzn(A) := {r € Z"| Ar = 0}.

A key result that allows us to interpret some notions of I'"”* using Z" is the following.

Proposition 1.3.1. Let " be a torsion-free abelian group. Consider kerrn(A),
for some A € ZF". Let {r') e 7"i = 1,...,n} be a basis of Z" such that
kerzn(A) = (P, ... ¥y Then, kerpn(A) = ¢, ..., r™)r.

Proof. Let {r(i) eZ"|i=1,...,n}beabasissuchthatkerz:(A) = (r(l), R r(m))z,
as in Corollary 1.2.17.

Note that Ar() =0, fori =1,...,m. Letx € kerr«(A). By Lemma 1.2.8, we can
write x = ?:1 xir(i), for some x; € I'. Denote by a'’) the rows of A,forj=1,...,k.
By linearity, we have that 0 = aV’ . x =al). (Zf’zlx,-r(i)) = xi(a\d) - r(i)),
for every j. Again, by linearity we have that

n n n

3 x(@V a0 = [N @0 a0

i=m+1 i=m+1 i=m+1

= 0.

By Proposition 1.2.18, x; = 0O foralli = m+1,...,n. Then x = Z;’il x,-r(i). As

x € kerpn(A) was arbitrary, kerr»(A) < (+D, ..., 7). On the other hand, as
Ar® = 0, fori =1,...,m, we see that (r(l), .. .,r(’”))r C kerrn(A), so the claim
follows. [ |

10



Lemma 1.3.2. The assigment kerpn(A) +— kerzn(A) is well-defined.

Proof. Suppose that kerp»(A) = kerpn (B), for some integer matrices A € Z™*" and
B € ZF". We want to prove that kerz:(A) = kerz:(B). Let a € kerz:(A) and
g € I' a nonzero element. Note that ga € I'" and A(ga) = g(Aa) = g0 = 0, then
ga € kerzn(A) = kerzn(B). It follows that g(Ba) = B(ga) = 0. As g # 0, we get
that Ba = 0. Therefore, kerz:(A) C kerz:(B). Using the same argument, we get

the other inclusion and the claim follows. [

Proposition 1.3.3. Let I" be a torsion-free abelian group. Let n € N. The assigment

kerpn(A) v kerzn(A) is a I-1 correspondence.

Proof. By Lemma 1.3.2, we know that kerr»(A) +— kerz:(A) is a well-defined
function. We prove injectivity. Suppose that kerz»(A) = kerz:(B). We know, by
Corollary 1.2.17, that kerza (A) = (#(V, ..., r™); = kerga(B) for some r'¥) € Z".
Then, by Proposition 1.3.1, we have that kerr=(A) = (D, ..., r™)r = kerp« (B).

Finally, thanks to Corollary 1.2.8 and Proposition 1.3.1 it is clear that the assigment

kerr(A) — kerz(A) is surjective. [

Lemma 1.3.4. Let I be a torsion-free abelian group.

1. If kerzn(T) C kerzn(S), for some integer matrices S,T, then kerpn(T) C
ker[‘n(S).

2. For every collection of integer matrices {N;};c, there exists an integer ma-
trix N such that (\;c; kerzn(N;) = kerzn(N). Moreover, (\;cy kerrn(N;) =
kerrn(N).

Proof. Let us prove 1. By Corollary 1.2.17, there exists a basis {v(®) y, for 2"
such that kerz»(S) = (v(D, ..., v());. In particular, kerz» (S) is free. Also observe
that kerz» (T') is a subgroup of kerz:(S), then, by Theorem 1.2.15, there exists a
basis {w(?}5_, for kerzx(S) such that kerzn(T) = (kywD, ..., kyw™)z for some
k; € Z. By Proposition 1.3.1, we get that kerp« (T) = UawW, o kyw ™) and
kerpn(S) = (D, v, Finally, observe that, for every g € I', we have that
gk{,—w(j ) € kerp«(S), for all j, therefore kerp« (T) C kerpn(S).

Now let us prove 2. Let aj. be the j—th row of N;, for every i and every j. Consider

(a; )z to be the group generated by the a;. ’sforalli and j. By Theorem 1.2.15, there

11



exists row vectors by, ..., by € Z" such that (a;)z =(by,...,br)z. Let N be the
matrix whose rows are all the b} s. Observe thatkerzn (N) = ;s kerzn (N;). Now, if
x € (e kerpn (N;), then az. -x = 0foreveryi, j, so by -x = 0 forevery k. Therefore,
we have that Nx = 0 which implies that ();c; kerr=(N;) € kerp=(N). Also, if
x € kerr=(N), then Nx = 0, so by -x = 0 for every k. By construction, it follows that
a’. - x = 0 for every i, j, so N;x = 0 for every i. Then kerp»(N) C ;¢ kerpn (N;).

J
Therefore, ();¢; kerp» (N;) = kerpn (N). [

1.4 Rational linear subspaces
Let I" be a torsion-free abelian group (so we can talk about coordinates of any x € I'”

according to Lemma 1.2.8).

Definition 1.4.1. Let a € Z"™" be a non-zero integer row vector. The kernel of a,

considered as a linear operator over I', is called a rational linear hyperplane.

Observe that H C I is a rational linear hyperplane when there exists a non-zero
a € 7" such that
H={xeIl"a -x=0}.

Definition 1.4.2. A kernel of an integer matrix will be called a rational linear

subspace.

This means that L C I'" is arational linear subspace if there exists a matrix A € Z"™*"
such that
L={xeIl"| Ax =0}.

Definition 1.4.3. Let L = kerr»(A) be a rational linear subspace of I, where
A € 2™, We denote by SG(L) := kerz:(A). The group SG(L) will be called the
parallel subgroup of L. It is well-defined by Proposition 1.3.3.

Example 1.4.4. Let T = R. Consider the group T'2. Consider L = kerp((1,1)). We
show the picture of L and its parallel subgroup.

12



4
4

L as a linear subspace The parallel subgroup of L

Example 1.4.5. Let I’ = R%  Consider the space T> = R*> x R%. Denote by
((x,y), (z,w)) the coordinates of any element of T2. Let L = kerp2((1, 1)).

L ={((x,y),(z,w)) € RZ xR?| ((x,y), (z,w)) - (1,1) = (0,0)}
= {((x,y), (z,w)) € RZ X R?|(x,y) + (z,w) = (0,0)}
= {((x, ), (z,w)) € RZXR?|(x + 2,y +w) = (0,0)}

We show a picture of the projections of L in the planes XZ and YW.
Z w

A A

s
~

Projection of L in plane XZ Projection of L in plane YW
We also note that the parallel subgroup of L is the same as in Example 1.4.5.
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v

The parallel subgroup of L

Example 1.4.6. Let I' = R? considered as an abelian group. We note that T =
kerr(0), where 0 € Z. Therefore, the parallel subgroup SG(I") = kerz(0) = Z. This

can be seen in the following drawing.

R

A

~

R2 The parallel subgroup of R

Definition 1.4.7. Let L C I'" be arational linear subspace over a torsion-free abelian
group I'. We define dimp- (L) = rank(SG(L)) to be the dimension of L.

Note that rank(SG(L)) = rank(kerz» (A)) = null(A), where the last equality follows
by definition of nullity of A (see for example [9, pp. 71]).

Lemma 1.4.8. The dimension of a rational linear subspace is well-defined.

14



Proof. Let L be arational linear subspace. If L has two matrix representations, say,
L={xeI”|Nx=0}={x eI | Mx =0}, then, by Proposition 1.3.3, we have
that kerz» (N) = kerzn (M), so null(M) = null(N) = rank(ker(N)) = rank(SG(L)),
that is, the dimension is independent of the matrix representation of L, for every

rational affine subspace L. [ |

Proposition 1.4.9. Let I" be a torsion-free abelian group. We have the following:

1. dimp«(T") = n, for every n € N.
2. Let H = kerr(a) be a rational linear hyperplane for some non-zero a € 7",

Then dimp-(H) = n — 1 (so the word "hyperplane" is justified).

Proof. Let us prove that dimp-(I'"") = n, for every n € N. Note that I'" = kerr(0),
where 0 € Z™"". As dimp(I") = null(0) = n, the claim follows.

Let H = kerp«(a) be a rational linear hyperplane for some non-zero a € Z™".
Finally, we show that dimr(H) = n — 1. Note that dimp-(H) = null(a) = n -1

since a # 0, so the claim follows. [ ]

1.5 Rational affine subspaces

Through this section, consider I" as a torsion-free abelian group.

Definition 1.5.1. A subset H of I'" will be called a rational affine hyperplane if
H={xel"|a-x=g}

forsome a € Z" \ {0} and g € T".

Definition 1.5.2. A subset A C I is a rational affine subspace if
A={xeI”| Nx=y},

for some integer matrix N € Z™", m e Nand y € I'".

Note that ['* = {x € I"" | Ox = 0}, is a rational affine subspace.

Example 1.5.3. Rational affine subspaces may be empty even if the system of equa-
tions that defines them is compatible (in the sense of Definition 1.1.14). Consider

I' = Z. The system of linear equations
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is compatible but it has no solution in Z X Z, because the only solution of this system

= N—

] € Q X Q. Therefore, the rational affine subspace
X LT fx] I
y 0 2|y 1
Definition 1.5.4. Let x(V, ... x(™ e T We say that x € I'" is a rational combi-

m
kx = Z kix(i),
i=1

for some integers k, k;, where k # 0. Also, if k = 2;11 ki, then we say that x is an

is given by [

eI?

s empty.

nation of the x\0’s if

affine rational combination of the x(’s.

Proposition 1.5.5. Let I" be a torsion-free abelian group and let S C 1" be a
rational affine subspace. Given z € S, the set {x € I'"" | z+x € S} is a rational
linear subspace. Furthermore, if S = {x € I'"" | Nx = y}, then kerrn(N) = {x €
I"|z+xeS}h

Proof. Suppose that S = {x € I'" | Nx = y}, for some integer matrix N € Z"*",
m € N, where all rows of N are non-zero and y € I"". Denote the rows of N by
a;. Letz € §. Then Nz = y. Note that a; - (z + x) = y is equivalent to a; - x = 0,
because a; - 7 = y, for every i. Therefore, z + x € S if and only if x € kerr»(N) and

the claim follows. [ ]

Proposition 1.5.6. Let I" be a torsion-free abelian group, let S = {x e I'" | Nx = y}
be a rational affine subspace for some integer matrix N and L = kerpn(N). For
every 7 € S, we have that

S=z+L.

Proof. Let z € S. Suppose thatx € S. Then Nx =y = Nz, so N(x —z) = 0. As
x —z € L, wehave that x = z+ (x — z) € z+ L. Therefore, S C z+ L. Conversely,
for every z + w, with w € L, we have that z + w € §, because by Proposition 1.5.5,
we havethat L={x eI” | z+x € S}. [

Let S be a rational affine subspace. We denote SG(S) := SG(L), where L is as in
Proposition 1.5.6.
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Definition 1.5.7. For every submodule V c Z", we can define its orthogonal

complement, denoted by V*, as

Vt:={ue€Z"|u-x=0forevery x € V}.

Notice that every set of the form SG(U), with U c I, is a subgroup of Z", which can
be considered as a submodule of Z", so we can talk about its orthogonal complement
SG(U)*. Observe also that V= is a subgroup of Z".

Proposition 1.5.8. Let I be a torsion-free abelian group and let S C 1" be a
rational affine subspace. We have that a € SG(S)* if and only if a is constant on S,

considered as a linear operator.

Proof. Let S = {x € I | Nx = y} be a rational affine subspace, where N is
an integer matrix. We have that SG(S) = kerz:(N). By Proposition 1.5.6, we
know that S = z + kerr»(N), for every z € S. Also, by Proposition 1.3.1, there
exists a basis {r?|i = 1,...,n} of Z" such that kerzn(N) = (D, ... r®),.
Moreover, kerpn(N) = GO rO)Ye If a e SG(S)E, then a - rD = 0, for
i =1,...,s. This implies that, for every v € kerp-(N), we have that a - v = 0.
Letz € S. As S =z+kerr»(N), we geta -v = a - z, for every v € S. Therefore,
a is constant in S. Now, suppose that a is constant on S. Let g # 0 be an
element in I'. Then gr(i) € kerp(N), fori = 1,...,s5s. Let z € S. Note that
a-z=a-(gr') +a -z, by linearity of a and because gr”) + z € S, by Proposition
1.5.3. Then g(a - r?) =a - (gr®) = 0. As g # 0 and I is torsion-free, we obtain
that (a - r)) = 0,fori = 1,...,s. Therefore a € SG(S)*. n

Proposition 1.5.9. Let I" be a torsion-free abelian group and U C T™". The inter-

section
aff(U) := ﬂ{S c I'" | S is rational affine subspace and U C S}

is well-defined and it is the smallest rational affine subspace of I'" that contains U.

Proof. If U = @, then aff(U) = @, which is an affine rational subspace. Suppose
that U # @. Let u € U. We know, by Proposition 1.5.6, that every rational affine
space S; D U can be written as S; = kerp»(N;) + u, for some integer matrix N;. By

Lemma 1.3.4, it follows that (;¢; kerz: (N;) = kerz:(B), for some integer matrix B
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and also (;¢; kerr» (N;) = kerr»(B). Now, we observe that

aff(U) = {S cI'| S is rational affine subspace and U C S}
= Njes(kerpn (N;) + u)
= (Nier kerrn (N;)) +u
=kerr»(B) +u
— {xel"|Br=y},

where y := Bs € I'. As aff(U) is a rational affine subspace (and clearly the smallest
that contains U), the claim follows. [ ]
The set aff(U) is called the affine hull of U.

Observe that if U # @, then aff(U) # @, since U C aff(U).

Definition 1.5.10. We define the parallel subgroup of U as the parallel subgroup of
kerrn (B), thatis, SG(U) := SG(kerr» (B)), where B is as in the proof of Proposition
1.5.9.

Note that this is well-defined since kerpn (B) +u = kerpn (B’) + u implies kerp- (B) =

kerpn(B’). Also, we define the dimension of U as the dimension of the rational

linear space kerpn(B).
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Chapter 2

CONVEX GEOMETRY OVER TOTALLY-ORDERED ABELIAN
GROUPS

In this chapter, we consider a special class of torsion-free abelian groups, namely,
totally ordered abelian groups. This allow us to consider not just linear spaces, but
rational halfspaces which are defined by a certain inequality. Therefore, we can
also define rational closed convex sets as arbitrary intersection of those halfspaces.
In particular, we put our atention in a special class of rational closed convex sets,

namely, rational polyhedra, which are finite intersection of rational halfspaces.

In order to achieve this, first we see that we can extend the order of a totally
ordered abelian group into its divisible hull, so, as in Chapter 1, we can consider
not just integer, but also rational matrices as linear operators. Next we study some
properties of rational convex sets and finally we derive geometric properties of

rational polyhedra.

2.1 Totally ordered abelian groups

Definition 2.1.1. A rotally ordered abelian group is an abelian group (I, +) equipped
with a total order < that is compatible with the group operation, thatis, g < & implies
g+u<h+uforallg, hyuel.

Example 2.1.2. The following are totally ordered abelian groups:

1. (Q, <), where < is the usual order.

2. (72, <), where < is the lexicographic order. Recall that lexicographic order
is defined as follows: Given any (a,b), (a’,b’) we define (a,b) < (a’,b’)
ifa < bora=a and b < b'. Intuitively, this order captures the way
dictionaries are ordered: the word ’annual’ comes before ’breakfast’ since
a < b in the alphabeth and the word 'Gauss’ comes before 'Godel’ since
G=Gbuta<o.

Remark 2.1.3. Let I" be a totally ordered abelian group. The following holds:

1. T is torsion-free.
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Just note that if g # 0, say g > 0, we have that g < 2g < ... < ng, for all

n € N. If g < 0 we argue similarly.

2. If I is not the zero group, then it is infinite.

It is consequence of 1, because every finite group is not torsion-free.

This implies that finite groups cannot be totally ordered.

Example 2.1.4. Consider Q/Z as an abelian group, which is infinite, but is not
torsion-free. By Remark 2.1.3, we see that Q/Z cannot be totally ordered.

Corollary 2.1.5. For every totally ordered group T, there exists a total order in the
divisibe hull of T, div(I"), which extends the one in T

Proof. As I is totally ordered, say by <, then by 2.1.3 we get that I" is torsion-
free. By Remark 1.1.13, we know that I is a subgroup of div(I") = S~!T", where
S =2\ {0}. Observe that div(I") = S(;lr, where Sg = N. Let us define % <’ nﬂ if
n'g < nhinT, where n,n’ € N. By a routine verification, it follows that <’ defines a
total order over div(I") which is compatible with the group operation and <’ clearly
extends <. [

Remark 2.1.6. Let I" be a divisible totally ordered abelian group, x € I" and n € N.
There exist a unique y € I" such that ny = x. Note that if y’, y” € T" are solutions of

ny =x and y’ < y”, then ny’ < ny”, so x < x, which is a contradiction.

Example 2.1.7. Note that Q is a divisible totally ordered abelian group considered
with the standard total order inherited from R.

Definition 2.1.8. A totally ordered group I is said to be dense-in-itself when, for

all x,y € I' with x < y, there exists z € I" such that x < z < y.

Remark 2.1.9. Every divisible totally ordered abelian group is dense-in-itself. Let

I" be a divisible totally ordered abelian group. Given x,y € I" such that x < y, we
X+y
el

+
have that x < )% < y and as I' is divisible, we have that

2.2 Rational closed convex sets

Definition 2.2.1. Let I" be a totally ordered abelian group. Every set of the form
Hf={xel":a-x<g}

where a € Z>", g € I'and a - x is the usual sum }}; a;x;, is called rational halfspace.
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Example 2.2.2. The following are rational halfspaces.

1. Let I = R considered with usual order. The halfspace H2Sl in I is the left

region.

The halfspace Hy' in T

2. Let I" = R considered with the usual order. The halfspace H (5121) c I'? is the

gray region.

0,2)

(20

~

The halfspace H (Slzl) inT2.

3. Let T = R? considered with the lexicographic order. The halfspace H ls 22
I" is the gray region.

(2,2)

~
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The halfspace H (s]%]) inT.

4. LetT = R? considered with the lexicographic order. The halfspace H (Sl(?f) C

"2 = R* cannot be drawn on this page. However, if we denote by (x,y,w, 2)
<(2,3)
(1.1)

conditions x + w < 2 with z,y arbitrary and, if x + w =2, then y + z < 3. If

the coordinates of points of I'2, we find that elements in H are given by

we consider the planes XW and Y Z we see the following:

w Z
x+w<?2
(0,2) :
$ y and z arbitrary
(2,0)
R 7 X 7 Y
w Z
(0,3) (0,3)
N x+w=2 ] y+z <3
(3,0) (3,0)
¢ N

Projections on the planes XW and YZ of the halfspace H (Sl(ff)
Proposition 2.2.3. Let I" be a totally-ordered abelian group. Consider a rational
halfspace H>® c T", where a € Z" and g € T. We have that H3® is empty if and

onlyifa=0and g <0.

Proof. We show necessity. Suppose thata # Qor g > 0. If g > 0, then 0 € H:S,
so H3® is not empty. Now suppose that @ # 0. Then there exists i € {1,...,n}
such that a; # 0. We have two cases: a;g < gor —a;g < g. If a;g < g, just note
that a;g = a - (0...,0,2,0,...,0), where g is in the i—th coordinate. Therefore,
(0...,0,8,0,...,0) € H>%. The case —a;g < g is similar.
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We show sufficiency. Suppose that a = 0 and g < 0. If there exists x € H®, then

0=0-x=a-x < g <0, which is a contradiction. Therefore, HZ® is empty. [ |

Rational affine hyperplanes are not necessarily non-empty even when they are prop-

erly defined.

Example 2.2.4. Consider I = {5z |m € Zandk € Z}, a=2 € Zand g =3 €T
Note that T is a subgroup of Q, then I is a totally ordered abelian group with order
inherited from Q. However, note that equation 2x = 3 does not have a solution in

I, so the hyperplane H3 3 is empty.

Definition 2.2.5. A non-empty set C C I'" is a rational closed convex set if it can

be written as arbitrary intersection of rational halfspaces.

Definition 2.2.6. Suppose that I' is a totally ordered divisible abelian group. Let
W x® e We say that x € I'" is a rational convex combination of all the
x if there exists t1, ..., fx € Qwith¢; > 0 and le.‘zl t; = 1, suchthatx = 5‘:1 £ix®,

Definition 2.2.7. Let D c ™. We say that x € I is a rational convex combination
of D if there exists xD, ... x®) e D such that x is a rational convex combination
of all the x¥.

Remark 2.2.8. Note that ['" = HOSO. Therefore, every non-empty subset of I is

contained in a rational halfspace.

Definition 2.2.9. For every non-empty C C I'", we define its rational convex hull,

denoted as conv(C), as intersection of all rational halfspaces that contain C.

By Remark 2.2.8, such intersection is well-defined. Observe that conv(C) is the
least rational convex set that contains C. Therefore, C is a rational convex set if and

only if C = conv(C).
Example 2.2.10. Take I' = R and C = [e, n]. We have that conv(C) = [e, n].

Example 2.2.11. Take T' =R and C = {(x,y) € R* | y — nx = 0} < I'2. We have
that conv(C) = R>.

Proposition 2.2.12. Suppose that C C I'" is a rational convex set. If x is a rational

convex combination of C, then x € C.
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Proof. Suppose that C = (g Hi.gi. Suppose that x € I is a rational convex
combination of C, then there exists x(1, . .. ,x(k) eC,t,...,ty € Qwitht; >0
and Zl’;l t; = 1 such that x = Zl’.‘:l t;x®. Take any aj, with j € I. We have that
aj-x=a;- (T, 1x0) = T 1i(a; - xD) < TE gy = (T, 1:)g; = g, where
the inequality is true since x(1, ..., x%) ¢ Hagjgj . Therefore, x € Hjjgj .Asjel

was arbitrary, it follows that x € ();¢; Higi, so the claim follows. [

Example 2.2.13. The converse of Proposition 2.2.12 is not true. Consider I' = R
and J = [0,1] N Q. Note that every rational convex combination of J belongs to
J. On the other hand, we have that conv(J) = [0,1] # J since % e [0,1]\ J.

Therefore, J is not a rational convex set.

Definition 2.2.14. Let C c I'" be arational closed convex set. The parallel subgroup
of C is the parallel subgroup of the rational affine hull of C and we denote it as
SG(C) := SG(aff(C)).

2.3 Rational boundary

Definition 2.3.1. Let I" be a totally ordered abelian group. Consider a non-empty
rational closed convex set C C I'™. A rational affine hyperplane H,* is said to be a
supporting hyperplane for C if C N H,® # @ and either C C H;%or C c H2®.

Without loss of generality, we may always suppose that C C H® (by taking —a and

—g if necessary).

Definition 2.3.2. We say that a supporting hyperplane H is defined by a if H = H,*

for some g € T.

Lemma 2.3.3. Let C be a non-empty rational closed convex subset of I'". If there
exists a supporting hyperplane for C, say H,®, defined by a, then it is the only
supporting hyperplane for C defined by a.

Proof. Suppose that H>" is also a supporting hyperplane. In particular, H;"NC # @,
so there exist x € C suchthata -x = h. AsC C Hfg, it follows that h = a - x < g.

With a similar argument, we get that g < h, so g = h. []

By Lemma 2.3.3 we can define such H,® as the a-supporting hyperplane of C and
denote it by IT,(C).
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Example 2.3.4. Consider C =T" = R and a = 1. Recall that, for every g € R, there
exists h € R such that g < h. Then C ¢ Hlsg, for every g € R. We conclude that C

does not have an 1—supporting hyperplane.

Proposition 2.3.5. Let C C I'" be a non-empty rational closed convex set. A vector
a € Z" is in SG(C)* if and only if C is contained in the a—supporting hyperplane
of C.

Proof. First we prove necessity. Let a € SG(C)* be an integer vector. By Propo-
sition 1.5.8, we have that a is constant on aff(C) considered as a linear operator.
Then, for every x € C we have that a - x = g, for some g € I". Therefore, H,® is the
a—supporting hyperplane of C and C ¢ H,®. Next we prove sufficiency. Suppose
that C ¢ H,® for some g € " and H,® is the a—supporting hyperplane of C. We
see that aff(C) c H,® because H,® is a rational affine subspace. Then a is constant
in aff(C). By Proposition 1.5.8, it follows that a € SG(C)*. ]

Definition 2.3.6. Let C be a rational closed convex set. We say that a point
x € I is in the rational boundary of C if x € C and there exists an integer vector
a € Z" \ SG(C)* which defines an a—supporting hyperplane for C and x € I1,(C).
The set of points in the rational boundary is denoted by d,,,C. We define the rational
interior of C as inty(C) := C \ 0 C.

Remark 2.3.7. If T is a totally ordered divisible abelian group and @ # H;%, then
OH>® = H,®.
2.4 Rational polyhedra

Definition 2.4.1. Let I" be a totally ordered abelian group. For every integer matrix
A € Z"™" and every z € " we define

P(A,z) ={x eI | Ax < z},

where the notation Ax < z means that a; - x < z;, for every i, where q; is the i—th
row of A. We will say that P is a rational polyhedron if it is a finite intersection
of rational halfspaces, that is, P = P(A, z) for some matrix A € Z™" and some
z € I'". For such P, we define the a—face of P as

face,P :=11,(P)N P

if such a—supporting hyperplane I1,(P) exists. A subset F C P is a face of P if F
is an a—face of P for some vector a € Z".
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Observe that every face of a rational polyhedron is a rational polyhedron, so their
dimension is well-defined. If dim(F) = dim(P) — 1, we say that F is a facet of P.
If dim(F) = 0, we say that F is a vertex of P.

Proposition 2.4.2. Let P C ™" be a rational polyhedron. If F is a proper face of P,
then there exists a € SG(P) such that F = face,(P).

Proof. Let F = face,(P) be a proper face of P, where a € Z". Note that if
a =0, then I1,(P) = Hgo =1I", so face,(P) = P, then F is not proper, which is a
contradiction. Then a # 0. As a € Z", there exists v € SG(P), w € SG(P)* such
that ka = v + w, for some k € Z\ {0}. Now, observe that

face,(P) = facer,(P)
= face,4, (P)
= face, (P),

where the last equality is true because w is constant in P (considered as a linear

operator). [ |

Proposition 2.4.3. The rational boundary of a non-empty rational polyhedron is

the union of its proper faces.

Proof. Let P C T be a rational polyhedron and x € 0., P. Then there exists a €
Z"\ SG(P)* such that x € I1,(P). Consider the face I1,(P) N P. If[1,(P)NP = P,
then P c I1,(P), so a is constant in P as a linear operator, then by Proposition
2.3.5, we get that a € SG(P)*, which is a contradiction. Therefore, I1,(P) N P is
a proper face of P and x € I1,(P) N P. Now let x € I1,(P) N P a proper face. By
Proposition 2.4.2, we may suppose that a € SG(P). If a € SG(P)*, then a = 0,
so I1,(P) = I'", which contradicts the fact that I1,(P) N P is a proper face of P.
Therefore, a ¢ SG(P)* which implies that x € Jp,(P). [

Proposition 2.4.4. Let P C I'" be a rational polyhedron. If F, F’ are two faces of
Pand F' C F, then F = F’ or F' is a proper face of F.

Proof. Let F =I1,(P) NP and F' = I1,(P) N P. As F' c F C P, we have that
F’ =TI,(P)NF. Letus prove that I, (P) is a supporting hyperplane for F'. Observe
that IT,(P) = H,*® for some g € I'. Moreover, P C H[fg and PN H,* # @. This
implies that F C H[fg. Also,as @ C PN HZg = F’ C F, we get that HZg NF +@.
Therefore, I, (P) is a supporting hyperplane for F', so F’ is a face of F. This implies
that if F/ C F, then F” is a proper face of F. [
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Proposition 2.4.5. Let P C I'" be a rational polyhedron and consider two faces
F,F' of P. IfFNF' + @, then F N F’ is a face of P.

Proof. Let F =11,(P) N P and F’ = I1,(P) N P, where the supporting hyperplanes
are of the form I1,(P) = H,® and II,(P) = HZh, for some g,h € I'. Letw :=
a+b €7 Letusprove that H, NH;* NP = A" npP. ifx e HF" n P,
then (a+b)-x=g+h. AsP C HasgmeSh, weseethata-x < gandb-x < h
and note that no inequality of these can be strict, because it would contradict that
a-x+b-x =g+h. Thereforea-x = gandb-x = h. So H.5""nP ¢ H NH;"NP.
AsH.ENH"NPC HZ5"" 1 P, the claim follows. Moreover, note that P ¢ H=5*"
and PN H,*" = H;* "\H;" N P = F' N F # @, by hypothesis. This implies that
Hv:VgJ'h is a supporting hyperplane for P. Therefore, F’ N F is a face of P. [

Proposition 2.4.6. Let I" be a dense-in-itself totally ordered abelian group. Let
P = P(A,z) C I'" be a rational polyhedron. Denote by a; the rows of matrix A.
Then 0,P = U{H, N P | a; ¢ SG(P)*}.

Proof. Note that U{H,' N P | a; ¢ SG(P)*} C du P, because every H,”" NP + @
with a; ¢ SG(P)* is a proper face by Proposition 2.3.5, so the claim follows by
Proposition 2.4.3. Let us prove the reverse inclusion. If x € 0., P, then there
exists a supporting hyperplane H,® for P such that x € H,®. By Proposition
2.4.2, we may suppose that a € SG(P). Looking for a contradiction, suppose that
x ¢ U{H,7 NP |a; ¢ SG(P)*}. Asx € P, we have that a; - x < z; for every i such
that a; ¢ SG(P)*. As T is dense-in-itself, we may choose € € I' such that

. )i —ai X
0<e<min{———

a,--a>0}.

a; - a

Observe that, if a; - a > 0, then a; - x + €a; - a < z;, by construction. If g; - a < 0,
then also a; - x + €a; - a < z;, because €a; - a < 0 and a; - x < z;. This implies that
x +€a € P. But H,® is a supporting hyperplane for P, then P C HZ®. This implies
that g + €llal|* = a - x + €||a]|*> = a - (x + €a) < g, which is a contradiction because
€ > 0. Therefore, there exists i such that a; ¢ SG(P)* and x € H,' N P so the
claim follows. u

Remark 2.4.77. Observe that Proposition 2.4.6 implies that, in case that I" is a

dense-in-itself group, then there exists Fi,..., Fy proper faces of P such that
aratP = Uf\ilFl.
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Corollary 2.4.8. Let I" be a dense-in-itself totally ordered abelian group. Consider
a rational polyhedron P = P(A,z) C I"™. Denote by a; the rows of matrix A and
I={i|a; ¢ SG(P)*}. Then x € int(P) if and only if a; - x < z; for everyi € I.

Proof. By definition, we have that int., (P) = P \ 0P, and by Proposition 2.4.6
the Corollary follows. [

Lemma 2.4.9. Let P and Q be rational polyhedra of T" with P C Q. If P ¢ 0,40,
then int,,;(P) C int;q;(Q).

Proof. Let us show that 9,0 N P C O P. If x € 0:5Q N P, then there exist a
a—supporting hyperplane H* for Q (which defines a proper face of Q by Proposition
2.4.3) such that x € H.*. Also, Q c HZ>* This implies that P ¢ H>* and
PN H;* # @. We see that F' := P N H;* is a proper face of P, since otherwise
P Cc H;*NQ C 0ra1Q, which is a contradiction. Then H;*NP C 0, P by Proposition
2.4.3.

Now, if y € int(P), then y € P\ 0ioP. This implies that y € Q but y ¢ 0,0, so

the claim follows. [

Lemma 2.4.10. Suppose that T is a divisible totally ordered abelian group. Let
C c I be a rational closed convex set and P a rational polyhedron such that

C C 0,4tP. Then C is contained in one proper face of P.

Proof. Note that I' is dense-in-itself by Remark 2.1.9. Now, by Remark 2.4.7,
there exists a finite number of proper faces F; of P such that 0, P C UlleF,-. Then
C c U._F;. Looking for a contradiction, suppose that C is not contained in

any proper face Fj of P. Then, for each i, there exists x; € C such that x; ¢ F;.

ro 1
i=1r

C C UL_ F;, there exists Fy such that p € Fy. Observethat F; = {x € P | a;-x = z;}

Choose p := x;. As C is arational closed convex set, it follows that p € C. As
for every j. Then zx = a; - p = %ZLI ay - x;. Since x; ¢ Fy, we have that
ar - X < Zx,and sincex; e C C P C kaz’“ we have that ay - x; < zi forevery i # k,
then z; = % iy Ak Xi < %rzk = 7, which is false. Therefore, there exists a proper

face F such that C C Fy. [ |

Corollary 2.4.11. Let P C I'" be a rational polyhedron. Let C C 0,4 P be a rational

closed convex set. Then there exists a maximal proper face F of P such that C C F.
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Proof. Just observe that there is a finite non-zero number of proper faces of P that

contains C by Lemma 2.4.10. [ |

Corollary 2.4.12. Let I be a divisible totally ordered abelian group. The rational

interior of a non-empty polyhedron in I'" is not empty.

Proof. Let P # @ be a rational polyhedron. Suppose that int., (P) = @. Then
P = 0, P. By Lemma 2.4.10, we have that P C F, where F is a proper face of P,

so we have a contradiction. Therefore, int;,(P) # @. [}

Corollary 2.4.13. Let T" be a totally ordered divisible group and P = P(A,z) a
rational polyhedron in I". We have the following:

1. 0;y4P = VjciF;, where each F; is a maximal proper face of P, the set I is
finite and F; ¢ F; for every i # j. Moreover, for every i € I, we have that
F; = H," NP, for some a; ¢ SG(P)*.

2. If C is a rational closed convex set and C C 0,4:P, then C C F; for a maximal

proper face F; of P.

Proof. This is just a consequence of Lemma 2.4.10, Corollary 2.4.11 and Proposi-
tion 2.4.6. [ |

Definition 2.4.14. A rational polyhedral complex over I'" is a collection F := {F;};
of rational polyhedra of I'"”* such that:

1. 2 € F;
2. for every F; € ¥, we have that every face F of F; is also in 7

3. if F,G € ¥, then F N G is a face of both F and G.

29



Chapter 3

INTRODUCTION TO TROPICAL GEOMETRY OVER A
TOTALLY ORDERED ABELIAN GROUP

In this chapter, we consider I' as a totally ordered divisible abelian group. Here
we introduce the notion of I'—tropical polynomial, which is a generalisation of a
tropical polynomial, but with coefficients in I". To every such polynomial, as in
the classical case, we associate a family of rational polyhedra which is a polyhedral

complex. In this chapter, we study some geometric properties of these objects.

3.1 The tropical semi-field and I'-tropical polynomials
The order of (I, +, <) induces a semi-field Tr given by the set I' U {oo} with the

following operations:

* g®h := min{g, h} and gdoo := g;

* gOh =g+ hand gooo := oo;

for every g, h € I'. Also, for every g € I" and k € N, we will denote

gh=go.. .0y and g K= (g7hHk,
—_———
k -times
where g7 1= —g.
For a = (ay,...,a,) € Z" and x = (x1,...,x,) € I we will denote x* :=

x’f‘ O...0x,". Observe that a - x = x%, where a - x = Dy QiXi.

A T'-tropical polynomial in n variables with coefficients in the semi-field Tt is an

expression of the form

fX0) = P cao X, (*)

ac&(f)
where E(f) C Z" is finite, X* := X' ©...© X," and every ¢, € I". The set E(f)

will be called the support of f. The rational convex hull of the set of exponents of
f is called the Newton polytope of f and it is denoted by N( f).

A I'-tropical polynomial f in n variables induces a map f: I — I' given by

f@) = P oo,

ac&(f)
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for every x = (x1,...,x,) € "

Definition 3.1.1. We say that a map f: [ — T is rational concave if, for every
x,x) € I, with 1 < j < m such that x is a rational convex combination of the
x), say x = ¥ 1) with ¥ 1 = Land #; > O forall 1 < j < m, we have
that f(x) > Z’]’.Ll tjf(x(j)). On the other hand, we will say thatamap f: " —» T’

is rational convex if — f is rational concave.

Through this chapter, when we talk about a I'-tropical polynomial f in n variables,

we will consider it as in ().

Proposition 3.1.2. Let f be a I'-tropical polynomial. Then the induced map

f: "™ — T is rational concave.

Proof. Let f = @ueg(f)ca © x*. Suppose that x = 3, t;x9) with 2t =1
and 1; > 0 for all 1 < i < m. For every j, let a'’) € &(f) be such that f(x()) =
C a0 oxa”, Then, ¢, +ax) < e +a-xW), for every j and every a € E(f).
As every t; > 0, we get that t;c,) +t;aV) - x) < t;c, +1t;a - x). Adding those

inequalities, we get that for every a € E(f):
Z?zl tjf(x(j)) = Z;'nzl (tjca(j) + tja(j) ‘x(j))
< 2L (tjca +tja -x(f))
=Cq+ ZTZI t]a .x(j)’
where the last equality is true because 27’:1 t; = 1. Finally, observe that f(x) =

Cq+ Z’l’f‘:l tja - x) for some a € E(f), so the claim follows. [

3.2 Distinguished exponents
Let f be a I'-tropical polynomial. Observe that for every x € I'”, there exists at least
one a € &(f) such that f(x) = c, © x“.

Definition 3.2.1. Take a I'-tropical polynomial f. The set

D(f) ={a € &(f) | f(x) = ca ©x"}

will be called the set of exponents distinguished by x. If there is no ambiguity,
we will denote D, = D,(f). Also, we will say that an exponent a € &(f) is
distinguished if a € D, (f) for some x € I'""". The set of all distinguished exponents
will be denoted by DE(f).
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Remark 3.2.2. Observe that if f is a ['—tropical polynomial in » variables, then
g= @ ca © X
acDE(f)

induces the same function as f.

Lemma 3.2.3. Consider a I'-tropical polynomial f. The vertices of the Newton

polytope of f are distinguished exponents.

Proof. Let a be a vertex of N(f). Then there exists a supporting hyperplane H,"
such that H=" N N(f) = {a} and N(f) c H_®. 1t follows that w - b > w - a,
for every b € &(f) \ {a}. In particular, note that w - (b — a) € N for every
b € E(f) \ {a}. AsT is totally ordered, we can choose gy € I such that gg > 0
and go > max{c, —c¢p | b € E(f)} and this is well-defined since &( f) is finite.
Observe that

(g0w)"™ = (b —a) - (gow) = [(b - a) - w]go = go > O,
for every b € E(f) \ {a}. Choose y := gow € I'". Then we get that
yb_“ Ocp O (ca)_1 >800cp 0O (ca)_1 > 0.

As Y oc,0(c,)! > 0,itfollows that c, ©y” > ¢, @y, forevery b € E(f)\{a}.
Therefore, {a} = D,. [

Lemma 3.2.4. Consider aT-tropical polynomial f. Leta € &E( f) be adistinguished
exponent and {a"” € E(f). Suppose that a is a rational convex combination of

the a®’s, say a = o t;a®. Then c, < 2 iC 4.

Proof. As a is a distinguished exponent, then there exists x € I'" such that c, ©x% <
Cuti) © x" for every i. As every t; > 0, we have that 7;,(c, © x*) < t;(c,») © x“(l)).
Since 37", t; = 1, we get that

ca Ox = (XL t)(ca ©x%)
= 3" i(cq ©x%)
< 2t ti(e,o ox")
=21 (tic,m © 1x®")
= (2, ticqi) © (I 1ix")
= (I, ticgn) © (2, x9™)
= (3 ticqn) © (xZEa 1)
= (XL tic,m) © x.
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Ascq+a-x < (XL tic,i) +a - x, the claim follows. [

Lemma 3.2.5. Let f be a I'-tropical polynomial. Let x € I and a € conv(Dy) N
E(f) such that a is a rational combination of elements a) € D,. Then the
corresponding coefficients of f satisfy c, > X", tic,i). Moreover, we have c, =
2t tic,w ifand only if a € Dy.

Proof. Foreveryi =1,...,m, we have that a® e D,. Ifa ¢ Dy, then ¢, ®x% >
fx)=c,0 0 x”(l), forevery i. As 3", t; = 1, and every ¢; > 0, it follows that

cq @x4 > 3" ti(cym @x“m)
=" ti(cun +a? - x)
= Z?il tic i + Z?i] (tia(i) * X)
= X ticgw + (D tia) - x
=20 tic,m +a-x

m
= Zi:l 1iC,) o x%.
Thenc,+a-x > X%, tic,i) +a-X,80 Cq > 210, 1iC 0.

) . . .
If a € Dy, then ¢, © x* = c,») ©x* ", for every i. Arguing as before gives us
cq ©x* = (XL tic,y) ©x?. Therefore, ¢, = 372 tic ). [

Proposition 3.2.6. Let f be a I'-tropical polynomial. Given x € T" and a € &(f)
such that a is a rational combination of elements of D,. Then either a is an element

of Dy or it is not a distinguished exponent.

Proof. Suppose that a ¢ D,. As a € conv(D,) N E(f), we have, by Lemma 3.2.5,
that ¢, > 2, tic,). Moreover, as a ¢ D,, it follows that ¢, > }.\", tic,o). Now,

observe that, for every y € I'”, we have that

Cqa Oy* > (ZZI tica(i)) o y*
=i tic,m +a-y
= ticgn + (X0 tia®) -y
=" ti(cqm +a® - y)
=2 tilc,n © ¥
> it tf(y)
=22, ) f)
=f(,

where the last equality follows since 3. | #; = 1. Therefore, a is not a distinguished

exponent. [
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Corollary 3.2.7. Consider a I'-tropical polynomial f. For every x € I"" we have
that
conv(Dy) N DE(f) = Dy.

Proof. If a € Dy, then it is a distinguished exponent of f and a € conv(D,). The
other inclusion follows from Proposition 3.2.6. [
Lemma 3.2.8. Let f be a I'-tropical polynomial. Let xV, ... x"™ e I If

ﬂ;’ilem + @, then there exists x € I'" such that D, = ﬂ;.’ileu).

Proof. 1t is enough to show the case m = 2. Let w € D, N D,. Define

F:={uel™ )
CwOu® <cpou’, forevery b € E(f)

Co Qu” =c, Ou", foreverya € Dy N D, }

Observe that F is a rational polyhedron. As x € F, we get that F' # @. By Corollary
2.4.12, there exists z € inty,(F). Note thatc¢,,0z¥ = ¢,0z%, foreverya € D,ND,
because z € F. Let b € E(f) \ (D, N D,). Take the hyperplane

Hy ={uel™|c,0ou’ =cpoul.

‘We have two cases:

1. FNH, =@. Thenc, ® 2% < ¢p O z°.

2. FNH, # @. Take u € FNH,. We have that ¢, Ou® = ¢;, ©u®, which implies
that (w — b) - u = ¢, — ¢,,. On the other hand, as b ¢ D, N D, without loss
of generality, we may suppose that b ¢ D,. Then ¢, ® x* < ¢}, © x?, which
implies that (w — b) - x < ¢ — ¢,,. Therefore, (w — b) is not constant (as a
linear operator) over F. By Proposition 2.3.5, we have that (w—b) ¢ SG(F)*.
Since z € intyy (F), it follows by Corollary 2.4.8, that (w — b) - z < ¢ — -
This implies that ¢, © z% < ¢ © 2°.

As forevery b € E(f) \ (Dx N D,) we have that ¢, © 2z < ¢}, © zP, it follows that
D,=D,ND,. n

3.3 The associated polyhedra of a I'—tropical polynomial

Let I" be a totally ordered divisible group. Consider a I'-tropical polynomial f. We
will consider the collection of subsets of I given by ®f := {F, | x € "'}, where
Fo:={yeI"|D,cD,}.
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Definition 3.3.1. Let f be a I'-tropical polynomial in n variables. The set O is
called the associated polyhedra of f.

Proposition 3.3.2. For any I'-tropical polynomial and x € T, Fy is a rational

polyhedron.

Proof. Let f be a I'-tropical polynomial. Let x € I and choose w € D,. We have
that

Foolyer co Qu? =c,0u", foreverya € D,
* Co Ou® < c, oub, forevery b € 8(f) \ Dy
- U4 =c, 0 (c,,)~!, foreverya € D,
=3u
u® <c¢, 0 (cy,)7!, forevery b € E(f) \ D,

c (w—-a)-u=cy—cy,, foreverya € D,
u
(w—=>b)-u<cp—cy, forevery b € E(f) \ Dy

(w—a) -u<c,—cy, foreverya € D,

uel™ (w-—a)-u>c,-c,, forevery a € D,
(w—=>b)-u<cp—cy, forevery b € E(f) \ Dy

Therefore, F\ is a rational polyhedron. [

Proposition 3.3.3. Let f be a I'-tropical polynomial and x,y € I'"". If y € 0,4 Fy,
then D, € D,.

Proof. Let w € D,. As in the proof of Proposition 3.3.2, we have that

Fx:{uef‘”

As 'y € OwaFy, then Dy C D, and also y ¢ intyy(Fy). Then, by Corollary 2.4.8,
there exist b € &(f) \ D, such that (w — b) -y = ¢, — ¢,. This implies that
Co®y’ =cp, 0y’ Asw € Dy, it follows that ¢, © v =c,0yY < c, ©y? for

(w—a) -u=cy—cy, forevery a € D,
(w—-b)-u<cp—ce, foreveryb € 8(f)\ Dy |

every a € &(f), so the claim follows since b € D, \ D. [

Lemma 3.3.4. Let f be a I'-tropical polynomial and x,y € I'. If D, € D, then
for every b € Dy \ Dy, the set

Hy:={zel"|c, 0 (cp)" =279,

where a € Dy, is a supporting hyperplane of Fy.
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Proof. Letb € D, \ D, and a € D,. Observe that y € F, since D, C D,. Also,
y € Hy since b € Dy. Then H, N F, # @. On the other hand, for every u € Fy, we
have that ¢, ©® u® < ¢, ® u” because a € D,. Then ¢, © (¢p)~" < ub~¢. Therefore,

Hy, is a supporting hyperplane of F,. [

Proposition 3.3.5. Let f be a I'-tropical polynomial and x,y € T". If D, ¢ D,,
then F) is a proper face of F,.

Proof. First we prove that F, = F, (¢ p,\D, Hp, where the H;, are as in Lemma
3.3.4. Leta € Dy. If u € Fx(\pep,\p, Hp, then Dy C D,,. In particular, a € D,,.
Also, for every b € D, \ D, we have that ¢;, © u? = c, ©u®. Then Dy c Dy, so
u € Fy. On the other hand, we have that F), C F, and F, C (\yep,\p, Hp, so the

claim follows.

Now, by Lemma 3.3.4, we have that every Hj, is a supporting hyperplane for F,
for every b € D, \ D,. Then every such F, N H), is a face of F, and @ C F, C
F,NH,NHy so FxNH,NHy # @, forevery b,b’ € D, \ D,. By Proposition
2.4.5, it follows that the finite intersection Fy (\pep,\p, Hp = F) is a face of F.

Finally, if F = F,, then D, = Dy, which is a contradiction. Therefore, F, is a
proper face of F,. [

Proposition 3.3.6. Let f be a I'-tropical polynomial and x,y € T be such that
D, ¢ Dyand D, ¢ D,. Then F N Fy C 0y Fx N OparFy.

Proof. Letu € FxNFy,. ThenD,UDy, C D,. As Dy ¢ Dyand Dy ¢ D,, it follows
that D, ¢ D, and D, ¢ D,. Then by Proposition 3.3.5, it follows that F, is a
proper face of Fy and F,. By Proposition 2.4.3, it follows that F;, C OraFx N OraFy,

SO U € OpaFy N O Fy and the claim follows. [ |

Proposition 3.3.7. Let f be a'-tropical polynomial. Letx € I". If F is a non-empty
face of F\, then exists 'y € I'" such that F,, = F.

Proof. By the proof of Proposition 3.3.2, we have that

(w—a)-u<c,—cy, forevery a € D,
Fr=uel”| (w—a) -u>cy,-c,, foreverya € D, ,
(w=>b)-u<cp—cy, forevery b € E(f) \ Dy
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where w € D,. Observe that F, = P(A, z), where the matrix A has rows w—a,a—w

and w — b, and respectively, z has entries ¢, — ¢, ¢, — ¢4 and ¢, — ¢, for every
aeD,and b € E(f) \ Dy.

We have two cases:

1. If F is a maximal proper face of F\, then by Corollary 2.4.13, there exists a
proper face F, N H:)C_BB_C‘” such that F ¢ F, N H:)iﬁﬁ_c”, where 5 € E(f) \ D,.
As F is a maximal proper face of F, it follows that F' = F, N Hzc_ﬁﬁ_c‘”. This
implies that

(w-a) -u=cy—cy,, forevery a € D,
F=quel”| (w-p)-u=cg-cy,

(w—=>b)-u<cp—cy, forevery b € E(f) \ (D, U{B})
Define

J={be&E(f)|w->bisconstantin Fand b ¢ D,}.

It follows that
(w—-a)-u=cy—cy,, foreverya € D,
F=quel”| (w=->b) -u=cp-cy, forevery b € J
(w—=d)-u<cqg—-cy, foreveryd e E(f) \ (DU J)
As F is a face of F,, we have that F # @. Therefore, as I" is divisible, by
Corollary 2.4.12 we have that int.(F) # @. Take y € inty(F). By Corollary
2.4.8, we have that

(w—a)-y=cq4—cy, foreverya € Dy,
(w—=>b)-y=cp—cy, forevery b € J
(w—=d)-y<cg—cy, foreveryd € E(f) \ (D, U J).
This implies that Dy, = D, U J. Then F = {u € I"" | D, C D,} = F,, so the

claim follows.

2. Suppose that F' is not a maximal proper face of F,. Observe that, as |DE(f)] <
oo, we only have a finite number of sets of the form F). Choose a minimal set
Fy subject to the condition ' C Fy, which exists since F' C Fy. Suppose that
F is not a proper face of Fy. As F is arational closed convex set, by Corollary
2.4.13 there exists a maximal proper face F” of F) such that F C F’ C F,.
By 1, we know that F’ = F,, for some z € ['", so we get a contradiction to the
minimality of F,. Therefore F is a maximal proper face of F,. By 1, we get
that there exists z € I'” such that F = F,. [ |
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Proposition 3.3.8. Let f be a I'-tropical polynomial. If F, N F, # @, for some
x,y € I'", then there exists z € I'" such that Fx N F), = F,.

Proof. First observe that, if D, N Dy = @, then Fy N F), = @. Then we may choose
w € D, N D, since F, N F), # @ by hypothesis. Denote F := F, N F,. By the proof
of Proposition 3.3.2 we have the following descriptions of both F and F):

N - (w—a)-u=cy—c,, forevery a € D,
)C: u ’
(w=b) -u<cp—-cy, forevery b € E(f) \ Dy
P e (w-a)-u=cy—c,, foreverya € D,
=3u
Y (w=>b)-u<cp-c,, forevery b € E(f) \ D,

Let b € &\ D,. Let us make the following observations:

1. If b € D,, then F, N ij’;;c‘” = F, N H_"°“ = F,, by the description of F

shown above.

2. if b ¢ Dy, then F, N ij’]’]_% = F\, again, by the description of Fy shown

above.

Then, by considering 1 and 2 above, we get that

FenFy=F () Hxee,
a€eDy\Dy

which is a finite intersection since &( f) is finite.
Now, denote the elements of D, \ D, as ay, ..., a,. Then we have that
m
=Cq;,—Cw
F,NF,=F, ﬂHw_C;i .
i=1

Finally, let us make an induction argument to finish this proof. Concretely, we want
to show that, for any k < |D, \ D,|, we have that

k
=Cq.—Cew
FXﬂHw—L;,' :FZka
i=1

for some z; € I'™.

Consider the case k = 1. As F, N F, # @, it follows that F\, N H;C_i}l_cw * @, SO
=Cag1—Cow . . . <Caqy—Cw
Ha,c_a‘1 “isa supporting hyperplane for F, since F, C waa'l ““. Moreover, we get
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that F,, N F, is a non-empty face of Fy, so by Proposition 3.3.7, there exist z; € I'™
such that F, N F, = F,.

Next, suppose that for some k < |D, \ D,|, we have that

k
=Cyq;—Cew
F m Hw—ali = sz
i=1

for some z; € I'™. Suppose also that k +1 < [D, \ D,|. Then we have that

k+1
=Cq;—Cw _ =Cap,—cow-
Fe[ VHoi, ™ = Fo 0 HSE,
i=1

We claim that H:,C_aa";jl is a supporting hyperplane for F;,. By inductive hypothesis,

we have that

F, = {MEF”

< a “ltw
As agy1 ¢ Dy U{ay, ..., ax}, it follows that F, C H;fa"kﬂl “_ On the other hand,
D,\D, =Cq;—Cw . =Ca —-Ccw .
as Fy ﬂlzly\ lec_a’i “=Fn F, # @, it follows that F,; N ch—ak/::l # @, since
k+1 < |Dy\ Dy|. Therefore, F;, N Hzc_ﬂ‘;jl—‘“’ is a face of F, . Then, by Proposition

3.3.7, there exists zx4+; € [ such that

(w—-a) -u=cy—cy, foreverya € D, U{ay,...,ar}
(w—Db)-u<cp—ce, forevery b € () \ (DyU{ay,...,ar}) |’

“Cagpi—co _
FZk N Hw—ak+1 - FZk+1’

so the claim follows.

Finally, by choosing k = |D, \ D,| and using our work above, we conclude that
there exists z € I'" such that F, N Fy = F (", Hz;aaii_c‘“ =F,. [ ]
Theorem 3.3.9. Let f be a I'-tropical polynomial. The collection Fy = {Fy: x €
I} U {@} is a rational polyhedral complex over I'".

Proof. Let F, € ¥y. Let F be a non-empty face of F,. By Proposition 3.3.7,
there exists z € I such that F = F,, so F' € ¥7. On the other hand, consider
Fy, Fy € ¥7 such that F, N F, # @. By Proposition 3.3.8, there exists w € I'" such
that F, N F, = F,,. Observe that F,, C F,, then, asw € F,,, we get that D, C D,,.
By Proposition 3.3.5, this implies that F), is a face of F,. Similarly, we can prove

that F,, is a face of F), so the theorem follows. ]
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Appendix A

FOURIER-MOTZKIN ALGORITHM FOR TOTALLY ORDERED
GROUPS

Classical Fourier-Motzkin algorithm is a very useful method in convex geometry
over R". Its main idea resembles Gauss Elimination Method for matrices. Its
usefulness lies not only in the fact that it allows us to eliminate variables in a system
of inequations, but also in the fact that it allows us to prove Farkas’ Lemma, which

has a central role in convex geometry. See, for example [6] and [16].

In this appendix we show that the classical Fourier-Motzkin algorithm is still valid
not only for R, but for totaly ordered groups as well. We hope that this may be useful

to develop a theory of convex geometry over totally ordered abelian groups.

Consider a rational polyhedron P := P(A, z) c T'?. Consider the set {x € T'¢ | x; =
0}, where x; is the k—th entry of x. Let us define the following sets:

proj; (P) = {x — xxex | x € P},
elimg(P) ={x —tey | x € P,t €T},
where every e, € Q4 is the vector with 1 in the k-th entry and 0 everywhere else.

Theorem A.1.1 (Fourier-Motzkin Algorithm). Let I" be a totally ordered divisible
group, A € Q™ 7z e T and k < d. Denote by a; the rows of A. Consider the
matrix A'* and the vector z/* defined as follows:

a;, for all i such that a;;, =0

Ak = :
ajxa; + (—ajra;), foralli, j such that a; > 0 and aj; <0
n z;, for all i such that a;; =0
Z =
a;xzj + (—ajx)z;, foralli, j suchthata; >0andaj; <0
Then

elim (P) = P(A’*, 2/%)
proj; (P) = P(A’%, /%) n {x e T | x; = 0}.
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Proof. Fix k < d. Denote
1°:={i | ay = 0},

I :={i| ai > 0},
I = {l | air < O}
Suppose that x € P(A’*, z/%). Then for every (u, i, j) € I° x I* x I~ we have that
a,-x <7y
laikaj + (—ajra;)] - x < awz; + (—a;rz).

Observe that the validity of these inequalities does not depend on the value of xy.
Also, notice that for every (i, j) € I* X I~ we have that

ajxaj - x —aiz; < —(=ajp)a; - x + (=a;i)z;. (%)

Also, for every (i, j) € I" x I~ we have that a;x(—a;x) > 0, so, by multiplying (*)
by m we obtain
i J
a; 1 1 1

— X - ;S ——a; - x+—z, ()
ajk —djk aik aik

for every (i, j) € I* x I". Notice that the left-hand side of (xx) is indexed by j € I~
while the right-hand side is indexed by i € I'* (k is fixed). Denote these linear

functions of x as D ;(x) and E;(x), respectively. It follows that

maxe-D; (x) < minje+E;(x)

As I is divisible, we can take y € I" such that maxc;-D;(x) < y < minje+E;(x).
It follows that, for every (i, j) € I* xI~,wehavea; -x —z; < —ajry = —a; - (yex)
and a; - (yex) = ajxy < —a; - x + zj, which implies that a; - (x + yex) < z; and
a; - (x+yer) < z;,80x+yer € P(A, 7). Therefore, x € elimg (P).

Now, if x € elimg(P), then x € P(A/ k o/ k), because the inequalities defined by
A’*x < z/¥ do not depend on the k—th entry. Therefore, elimg (P) = P(A’%, z/%).

Next we prove that proj, (P) = P(A* Z"Yyn{x el | x;, =0}.If x € proj, (P),
then x; = 0 and exists y € I" such that x + yex € P(A, z). As the set of inequalities
Al*x < z/¥ does not depend on the k—th entry, it follows that x € P(A/K, z/%).
Therefore proj, (P) c P(A’%,z/*) n {x € T’ | x4 = 0}. On the other hand,
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if x € P(A’%,z/") n {x € T? | x;, = 0}, by our work above, it follows that
x € elimg(P). Then x = u — tey, for some u € P,t € I'. As x; = 0, we see that
Up =1,50X = U —ugey € proj, (P), so P(A*, zZ/"Yyn{x e | xx =0} C proj, (P),

and the theorem follows. [

The proof of Theorem A.1.1 is strongly based on ideas found in [6].

In particular, observe that both elimy (P) and proj, (P) are rational polyhedra. Con-

sider again the matrix A’¥. Observe that every row
ajraj+ (—ajra;)

of the matrix A/ is a linear combination of rows of A with positive scalars. Then,
there exists a matrix C¥) with non-negative rational entries and, at most, two positive

entries per row, such that C®¥) A = A’K. This way, we have that
elimg (P(A, 2)) = P(A'%, /%) = p(cP A, cP)y).

Recall also that the system of inequalities A/*x < z/* is a system in terms of

X1y .oy Xk—1,Xk+1, - - - » Xg variables. Inductively, we have that
elimelim, . .. elimy(P(A, 2)) = P(CVCP ...c DA, cVc@ ...cDy)
= P(CA,Cz),

where C is a non-negative rational matrix. Denote c; as the rows of C, for some index
set I. Observe that the system CAx < Cz is a system of the form 0 < g, := ¢, - 2,

for every s, since it does not depend on any x; variables.

With this analysis, we can prove a Farkas-Gale Lemma for totally ordered groups.

Theorem A.1.2 (Farkas-Gale Lemma). Let I" be a totally ordered divisible group.
Consider a rational polyhedron P := P(A, z). Then one of the following occurs, but

not the other:

1. P+

2. There exists a row vector ¢ > 0 such that cA=0andc -z <0

Proof. First we show that 1 and 2 cannot occur simultaneously. Suppose 1 and 2.
Take x € P(A, 7). We have that Ax < z. As ¢ > 0, it follows that cAx < ¢ - z, but
since cA = 0, thisis 0 < ¢ - z < 0, which is a contradiction. Therefore, 1 and 2

cannot occur simultaneously.
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Now suppose that P(A, z) = @. Observe that, by definition, we get that elim,(P) =

@. By our previous analysis, this implies that
elimjelim; . ..elim;_; (@) = P(CA, Cz).

As for every k < d, we have that elim, (@) = @, by an induction argument, we get
that @ = P(CA, Cz). Therefore, exists s’ such that ¢y - z < 0 for if, for every s we
have ¢ - z > 0, then as the system CA < Cz is of the form 0 < ¢, - z, we would
get that @ = P(CA, Cz) = T'%, which is false. Observe also that ¢’ A = 0, since the
system CAx < Cz is a system of the form 0 < g, := ¢, - z, for every s. [ |

Example A.1.3. Let T’ = R? with lexicographical order. Consider the system of

inequalities given as

(x1,%2) + 2(y1,¥2) < (=10
3(x1,x2) + (y1.y2) + 2(z21,22) < (3,2)
—4(x1,x2) = 3(y1,¥2) — 2(21,22) < (-3,0)
where (x1,x2), (y1,¥2), (21,22) € T

Let us determine if this system has a solution ((x1,x2), (y1,y2), (z1,22)) € T'.

Observe that the system can be written in matrix form as Aw < z, where

1 2 0
A=|3 1 2|,
—4 -3 -2

(x1,x2)
w=(y,y2)|>
(21, 22)

(_1’ O)
z=1 (3,2)
(=3,0),

For the vector ¢ := (1,1, 1), we have that cA =0, ¢ > 0and c-z = (-1,2) < (0,0).
By Theorem A.1.2, it follows that the system of inequalities Aw < z has no solutions
inT3.

Corollary A.1.4. Let I" be a totally ordered abelian group and n € N. The following

are equivalent:
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(a) For every rational polyhedron P := P(A, z) C I'" one of the following occurs,
but not the other:

1) P+o;

2) There exists a row vector ¢ > 0 such that cA =0and c -z <O.

(b) T is divisible.

Proof. Let us prove sufficiency by contrapositive. Suppose that I" is not divisible,
then there exists m € N and g € I" such that the equation mx = g does not have a
solution in I'. Take P := H,’ N H=,” c I'. Observe that P = @. If there exists
an integer ¢ > 0 such that c(m —m) = 0 and c¢(y — y) < 0, then 0 < 0, which is a
contradiction. Therefore neither 1 or 2 occur. On the other hand, necessity follows

from Theorem A.1.2, so the claim follows. [ |
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N,Z,Q
M @4 N

M xX N
s-ir
div(T")
ker(T)
hly

{ay,ay, ...

kerr-(A)
0
SG(L)
dim(U)
null(A)
MJ_
aff(U)
G/H
HS
H:;g
inta (C)
Orat (C)
P(A,z)
Pig(C)
face, P
g®h
goh
Tr
D,
DE(P)
N (P)
conv(U)

vl = /% v2

LIST OF SYMBOLS

the set of natural numbers, the set of integers, the set of rational
numbers

the tensor product of A—modules M and N over a commutative
ring A

the cartesian product of M and N

localisation of I" over S

the divisible hull of I

kernel of a group homomorphism

restriction of a function

the set of Z— linear combinations of the a;’s.

We use the same symbol for Q

the kernel of a linear operator A over I'"

a n—tuple of zeroes

the parallel subgroup of L

the dimension of U

nullity of matrix A

the orthogonal complement of M

the affine hull of U

the quotient group of G by H

the rational halfspace defined by a and g

the rational hyperplane defined by a and g

the rational interior of a rational closed convex set C

the rational boundary of a rational closed convex set C

the rational polyhedron defined by matrix A and n—tuple z
the a— supporting hyperplane for a given closed convex set C
the a—face of a polyhedron

the tropical sum of g and A

the tropical product of g and &

the tropical semi-field induced by I

the set of distinguished exponents by x

the set of all distinguished exponents of a I'-tropical polynomial P
the Newton polytope of a I'-tropical polynomial P

the convex hull of a set U

the euclidean norm of a vector v = (vy,...,Vv,)
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INDEX OF DEFINITIONS

I"-tropical polynomial, 30, 31, 33-36 mapping
support of, 30 bilinear, 2
I' — combination, 6 linear, 2
minimal divisible subgroup, 4
a-face, 26 e
multiplication
A-module, 2, 3 by an element of a group, 5
localisation of, 3, 4
dot, 8
rank, 9 scalar, 5
abelian group, 1, 4, 5, 14
divisible, 2, 4, 5 order
minimal, 4 of a group, 30
free, 9 lexicographic, 43
torsion-free, 1-4, 6, 7, 10-12, of an element, 1
15-17, 19, 20 finite, 1
totally ordered, 19, 20, 22, 24, 25 total, 19
dense-in-itself, 20, 27, 28, 35
divisible, 20, 25, 28, 29, 32, polytope
34, 36, 39, 40, 42 Newton, 30
affine hull. 18 vertex Of, 32
associated polyhedra, 35 .
rational
dimension, 14 affine
of rational linear space, 18 hyperplane, 15, 24
distinguished exponent, 31-33 subspace, 15-17

boundary, 25, 26, 29

Fourier-Motzkin Elimination closed convex set, 23-25

Method, 40 non-trivial, 28, 29

.. combination, 6, 23
G-combination

G-independent, 6 affine, 16
convex, 6
hull concave, 31
affine convex
rational, 24 map, 31
divisible, 4, 20 halfspace, 20-23
rational convex, 23, 30 interior, 25, 28, 29
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linear
hyperplane, 12, 15
subspace, 12, 15, 16
polyhedral complex, 29, 39
polyhedron, 25-29, 35, 40, 42, 44
face of, 26
a-face of, 25
face of, 25-29, 36
facet of, 26
vertex of, 26
ring
commutative, 3
semifield, 30

set

multiplicatively closed, 3
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of exponents
distinguished by an element, 31
subgroup
divisible
minimal, 4
essential, 3, 4
linear, 8, 9
parallel, 12, 14, 24
supporting hyperplane, 24, 35
a-supporting hyperplane, 24, 25
defined by, 24
system of equations, 4
compatible, 4, 5, 15

tensor product, 2
total order, 20
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