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——— Abstract

Tropical algebra is an emerging field with a number of applications in various areas of mathem-
atics. In many of these applications appeal to tropical polynomials allows to study properties
of mathematical objects such as algebraic varieties and algebraic curves from the computational
point of view. This makes it important to study both mathematical and computational aspects
of tropical polynomials.

In this paper we prove tropical Nullstellensatz and moreover we show effective formulation
of this theorem. Nullstellensatz is a next natural step in building algebraic theory of tropical
polynomials and effective version is relevant for computational aspects of this field.
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1 Introduction

A min-plus or tropical semiring is defined by the set K, which can be R, Ry, = RU{+o0}, Q or
Qoo = QU {400} endowed with two operations tropical addition @ and tropical multiplication
©® defined in the following way:

v@y=minfe,y}, TOy=z+y.

Tropical polynomials are a natural analog of classical polynomials. In classical terms it
can be expressed in the form f(Z) = min; M;(Z), where each M;(Z) is a linear polynomial (a
tropical monomial) in variables & = (1, ..., x,), and all coeflicients of all M; are nonnegative
integers except a free coefficient which can be any element of K.

The degree of a tropical monomial M is the sum of its coefficients (except the free
coefficient) and the degree of a tropical polynomial f denoted by deg(f) is the maximal
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degree of its monomials. A point @ € K™ is a root of the polynomial f if the minimum
min;{M;(@)} is either attained on at least two different monomials M; or is infinite. We
defer a more detailed definitions on the basics of min-plus algebra to Preliminaries.

Tropical polynomials have appeared in various areas of mathematics and found many
applications (see, for example, [13, 20, 24, 21, 22, 12]). One of the most important advant-
age of tropical algebra is that it makes some properties of classical mathematical objects
computationally accessible [26, 13, 20, 24]. One of the main goals of min-plus mathematics
is to build a theory of tropical polynomials which would help to work with them and would
possibly lead to new results in the related areas. Computational reasons, on the other hand,
make it important to keep the theory maximally computationally efficient.

The best studied so far is the case of linear tropical polynomials and systems of linear
tropical polynomials. For them the analog of the large part of the theory of classical linear
polynomials was established. This includes studies of tropical analogs of the rank of a matrix
and the independence of vectors [4, 15, 1], the analog of the determinant of a matrix and
its properties [22], the analog of Gauss triangular form [8]. Also the solvability problem
for tropical linear systems was studied from the complexity point of view. Interestingly, it
turned out to be polynomially equivalent to a well known mean payoff games problem [10].
Thus, this problem lies in NP N coNP, but is not known to be in P.

For tropical polynomials of arbitrary degree less is known. In [23] the radical of a tropical
ideal was explicitly described. In [26] it was shown that solvability problem for tropical
polynomial systems is NP-complete.

Along with tropical polynomials there were also studied min-plus polynomials. Min-plus
polynomial is an expression of the form min; M;(Z) = min; L;(Z), where M; and L; are
tropical monomials. A point @ € K™ is a root of the polynomial if min; M;(@) = min; L;(d).

Min-plus polynomials were studied mainly for its connections to dynamic programming
(see [3, 16]). As in the case of tropical polynomials here the best studied case is the case of
linear min-plus polynomials [3]. Also in [10] the connection of min-plus and tropical linear
polynomials was established.

As for the min-plus polynomials of arbitrary degree much less is known. We are only
aware of the result on the computational complexity of the system of min-plus polynomials:
paper [11] shows that this problem is NP-complete.

Our results

The next natural step in developing of the theory of tropical polynomials would be an analog
of classical Nullstellensatz, the theorem which for the classical polynomials constitutes one of
the cornerstones of algebraic geometry. Concerning the tropical Nullstellensatz, the problem
was already addressed in the paper [7]. In this paper there was established a general idea to
approach this theorem in the tropical case through the dual formulation. Moreover, in [7]
there was formulated a conjecture (which we restate below as Conjecture 3) capturing the
formulation of the tropical dual Nullstellensatz and this conjecture was proven for the case
of polynomials of 1 variable. Previously in [25] tropical dual Nullstellensatz was established
for a pair of polynomials (k = 2) in 1 variable relying on the classical resultant and on the
Kapranov’s theorem [5, 25].

More specifically, in [7] there was considered a Macaulay matrix of the system of tropical
polynomials F' = {f1,..., fr}. This matrix can be easily constructed from F: we just
consider all polynomials f; + M, (in classical notation) of degree at most N, where N is
a parameter and Mj; is a tropical monomial. We put the coefficients of these polynomials
in the rows of the matrix, where columns of the matrix correspond to monomials. Empty
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entries of the matrix we fill with co. The resulting matrix we denote by Cn. In [7] it was
conjectured that the system of polynomials F' has a solution iff the tropical linear system
with the matrix C'y has a solution, and moreover N can be bounded by some function on n,
k and the degree of polynomials in F' (this refers to effectiveness).

In this paper we prove this conjecture. Moreover, we show an effective version of the
theorem. That is, we pose bounds on N and provide examples showing that they are close to

tight. These bounds are relevant for computational aspects of tropical polynomial systems.

Surprisingly, it turns out that the cases of tropical semiring with and without oo differ
dramatically. More specifically, in the case of tropical semirings K = R and K = Q we
show that F' has a solution iff the tropical linear system with the matrix C'y has a solution,
where N = (n+2) - k- d, d is the maximal degree of polynomials in F, k is the number
of polynomials in F' and n is the number of variables. For the case of tropical semirings
K = R, and K = Qo we show a similar result, but with N = (Cd)™™®*) for some constant
C. Thus for the case without co the bound on N is polynomial in n, k,d and for the case
with oo the bound on N is still polynomial in d, but is exponential in n and k. We give
examples showing that our bounds on N are qualitatively optimal, that is the difference of
the values of N in these cases is not an artifact of the proof, but is unavoidable. However,
quantitatively there is a gap between upper and lower bounds, see Section 3 for details.

Regarding the substantial gap between the required degree in the finite and infinite cases
we observe there is a similar situation for classical Nullstellensatz. Indeed, we show that
in case of semiring R the bound in a tropical effective Nullstellensatz depends on the sum
of the degrees of the polynomials, while in case of larger semiring R, the bound depends
on the product of the degrees (Theorems 4 and 9). We recall that for systems of classical
polynomials over an algebraically closed field the bound on the effective Nullstellensatz
depends on the sum of the degrees of polynomials in homogeneous (projective) case [18, 19]
while the bound depends on the product of the degrees for arbitrary polynomials (affine
case) [6, 17].

Next we show the primary version of tropical Nullstellensatz. We view Nullstellensatz as a
duality! result for systems of polynomials: if there is no solution to the system of polynomials
then some positive property holds (something does exist). In the classical case this positive
property is the containment of 1 in the ideal generated by polynomials (over algebraically
closed field). The naive analog does not hold for the tropical case. Indeed, for example, in the
tropical ideal generated by the system of tropical polynomials {min(z,0), min(z, 1)} there
are no polynomials with only one monomial and thus there is no polynomial 0. Basically, the
point is that in the tropical semiring there is no subtraction, so in any algebraic combination
of polynomials no monomials cancel out. To overcome this difficulty we introduce the notion
of nonsingular tropical algebraic combination of tropical polynomials (see the definition in

Preliminaries; here we only note that the property is simple and straightforward to check).

For the primary tropical Nullstellensatz we show that there is no solution to tropical linear
system F' iff there is a nonsingular tropical algebraic combination of polynomials in F' of
degree at most N. We show this result for both cases of tropical semiring with and without
oo and the value NV in both cases corresponds to the size of Macaulay matrix in the tropical
dual Nullstellensatz.

! To avoid a confusion we note that the word ‘dual’ is used in two different meanings. First, we use
it in the term “dual Nullstellensatz” as opposed to standard version of Nullstellensatz. This means
that dual Nullstellensatz is obtained from standard Nullstellensatz by (linear) duality. Second, we
use the word ‘dual’ in term “duality result” to denote the general type of results. Since standard
Nullstellensatz is a duality result itself, applying linear duality to it results in a non-duality result. Thus,
dual Nullstellensatz is not a duality result.
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To establish primary Nullstellensatz we need a duality for tropical linear systems. We
show this duality result as a sidestep. However we note that this results is heavily based on
already known results [2] and is a simple corollary of them.

We also prove similar results for the case of min-plus polynomials. As a sidestep of our
analysis we show the close connection between tropical and min-plus systems of polynomials.
We argue that these two models are very closely connected and that this connection can be
used to establish new results in tropical algebra. The observation is that some results (like
linear duality) are easier to obtain for min-plus polynomials and then translate to tropical
polynomials, and some other results (like Nullstellensatz) on the other hand are easier to
obtain for tropical polynomials and then translate to min-plus polynomials. In our opinion it
is fruitful for further development of the theory to consider both models simultaneously.

Our techniques

We use the general approach of the paper [7] to Nullstellensatz through dual formulation.

To establish the dual Nullstellensatz we use methods of discrete geometry dealing with
integer polyhedra. First we obtain dual Nullstellensatz for the case without co. The case
with oo requires much more additional work.

To obtain primary Nullstellensatz we apply the duality results for linear tropical polyno-
mials. We note that these results rely on the completely different combinatorial techniques,
namely on the connection to mean payoff games [2].

Other works on tropical Nullstellensatz

In paper [14] there was established Nullstellensatz for tropical semiring augmented with
additional elements (called ghosts). This result is in the line with other results [24] trying to
capture tropical mathematics by the means of the classical ones. However, tropical semiring
augmented with ghosts constitutes (logically) a completely different model compared to usual
tropical semiring. Thus our results are incomparable with the one of the paper [14].

We also note that the paper [23] (which has Nullstellensatz in the title) takes completely
different view on Nullstellensatz. We consider Nullstellensatz as a result on the solvability of
system of polynomials, and paper [23] views Nullstellensatz as a result on the structure of
the radical of a tropical ideal. As it can be easily seen, for example, from our results during
the translation from classical world to the tropical one, the connection between these two
objects changes drastically (cf. with example F' = {min(z,0), min(x, 1)} above). Thus our
results are incomparable with the results of [23] as well.

The rest of the paper is organized as follows. In Section 2 we introduce main definitions.
In Section 3 we present tropical and min-plus dual Nullstellensédtze. In Section 4 we present
tropical and min-plus primary Nullstellensétze. In Section 5 we present our results on tropical
and min-plus linear duality. In Section 6 we present results on connection between tropical
and min-plus polynomial systems.

Due to the space constraint in this extended abstract many proofs are omitted. They can
be found in the full version of the paper [9)].
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2 Preliminaries

2.1 Min-plus algebra
Tropical and min-plus polynomials

A min-plus or tropical semiring is defined by the set K, which can be R, R, = RU {+00},
Q or Qxw = QU {+o0} endowed with two operations, tropical addition ® and tropical
multiplication ® defined in the following way:

x@y=min{z,y}, z0y=z+y.

Below we mainly consider K = R and K = R.,. The proofs however literally translate to the
cases of Q and Q.

The tropical (or min-plus) monomial in variables z1, ..., x, is defined as
M=cozl"o...0 2", (1)
where c is an element of the semiring K and i1, ...,4, are nonnegative integers. In usual

notation the monomial is

M=cH+i1x1+ ... +ipxy.
The degree of the monomial is defined as the sum i1 + ...+ 4,. We denote & = (x1,...,2,)
and for I = (iy,...,i,) we introduce the notation

=1

f=20"0...0zdn.
A tropical polynomial is the tropical sum of tropical monomials

fZ@Mu

or in usual notation f = min; M;. The degree of the tropical polynomial f denoted by deg(f)
is the maximal degree of its monomials. A point @ € K™ is a root of the polynomial f if
the minimum min;{M;(a@)} is either attained on at least two different monomials M; or is
infinite.

A min-plus polynomial is an expression of the form

@M@ =€BLj(f>,

where M;, L; are min-plus monomials. The degree of min-plus polynomial is the maximal
degree among monomials M; and L; over all ¢, 7. A point @ € K™ is a root of this polynomial
if the equality holds for & = a.

Linear polynomials

An important special case of tropical and min-plus polynomials are linear polynomials. They
can be defined as general tropical polynomials of degree 1. However, it is convenient to
denote by a linear polynomial an expression of the form

1%1271{% +z,}.

That is we assume that all variables are presented exactly once. The tropical linear system

; - ) < i<
1I§nj1£ln{a” +z;}, 1<i<m, (2)
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can be naturally associated with its matrix A € K™*". We will also use a matrix notation
A © 7 for such system.

Analogously min-plus linear systems

oin faij +ajp = min {bij; +a;}, 1<i<m,
can be associated with a pair of matrices A and B corresponding to the left-hand side and
the right-hand side of an equation. We will also write min-plus linear system in a matrix
form as A ®Z = B® Z. It will be also convenient to consider min-plus linear systems of
(componentwise) inequalities A®Z < BO® Z. It is not hard to see that their expressive power
is the same as of equations.

» Lemma 1. Given a min-plus system of linear equations it is easy to construct an equivalent
system of min-plus linear inequalities and visa versa.

Proof. Indeed, each min-plus linear equation Lq(Z) = Lo(Z) is equivalent to the pair of
min-plus inequalities L1 (%) > Lo(Z) and L1(Z) < L2(Z). On the other hand min-plus linear
inequality L;(Z) < Lo(Z) is equivalent to the min-plus equation Li(Z) = min(Ly (%), L2(Z)).
It is not hard to see that the last equation can be transformed to the form of min-plus linear
equation. |

There is one more important convention we make concerning the case of tropical semiring
with infinity. For two matrices A, B € R we say that the system A ©® & < B ® & has
a solution if there is & € R such that for each row of the system if one of sides is finite,
then strict inequality holds, but also the case where both sides are equal to oo is allowed
(informally, we can say that co < 00).

We also consider non-homogeneous tropical linear systems

1r£nji£1n{aij +xj,a;}, 1 <i<m. (3)
This system can be naturally associated to the matrix A € K™*("*+1) and written in the
matrix form as A ® (Z,0). Analogously, we can consider non-homogeneous min-plus linear
systems A ® (Z,0) < B ® (&,0). We note that over & € R™ the tropical system A ® (Z,0) is
solvable iff homogeneous system A ® &’ is solvable, where &’ = (Z, x,,+1). Indeed, we can add
the same number to all coordinates of the solution of the latter system to make z,4; = 0.
The same is true for min-plus case. But the same is not true over R,,: homogeneous system
always has a solution (just let & = (o0,...,00)), but non-homogeneous system does not
always have a solution.

3 Tropical and Min-plus Dual Nullstellensatz

» Definition 2. For a given system of tropical polynomials F' = {f1,..., fx} in n variables
we introduce its infinite Macaulay matrix C'. The columns of C' correspond to nonnegative
integer vectors I € Z} and the rows of C' correspond to the pairs (j,J), where 1 < j <k
and J € Z7. For given I and (j,J) we let the entry c(; s ; be equal to the coefficient of
the monomial #! in the polynomial 7 ® f;j (if there is no such monomial in the polynomial
we assume that the entry is equal to +00). By Cny we denote the finite submatrix of the
matrix C' consisting of the columns I such that i; + ...+ i, < N and the rows which have
all their finite entries in these columns. The tropical linear system associated with Cy will
be of interest to us. Over R,, we consider non-homogeneous system with the matrix Cy.
The column corresponding to constant monomial is a non-homogeneous column.
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For the system of min-plus polynomials F' = {f; = g1,..., fx = gr} we analogously
introduce the pair of matrices C' and D corresponding to the left-hand sides and the right-
hand sides of polynomials respectively. In the same way we introduce matrices Cp, Dy and
the corresponding linear systems Cy © ¥ = Dy ® . Analogously, for the case of R, we
consider non-homogeneous systems.

In the paper [7] there were conjectured three forms of the tropical dual Nullstellensatz
theorem. We state the most strong of them, effective Nullstellensatz theorem.

» Conjecture 3 ([7]). There is a function N of n and of deg(f;) for 1 < i < k such
that the system of polynomials F has a common tropical root iff the tropical linear system
corresponding to the matrix Cy has a solution.

Note that the classical analog of this statement is precisely the effective Nullstellensatz
theorem in the dual form (see [7] for the detailed discussion).

In [7] the conjecture was proven for the case of n = 1. In this paper we prove the general
case of the conjecture.

» Theorem 4 (Tropical Dual Nulstellensatz). Consider the system of tropical polynomials
F = {f1,..., fx} of n variables. Denote by d; the degree of the polynomial f; and let
d= max; di-
(i) Over semiring R the system F has a solution iff the Macaulay tropical linear system
Cn ©F for
N=n+2)(dy+...+dg)

has a solution.
(ii) Ower semiring Roo the system F has a solution iff the non-homogeneous Macaulay
tropical linear system Cn © i for

N = poly(n, k) (2d)™""*)
has a solution.

Proof sketch. We describe the proof idea here. We concentrate on the case R. For the case
of Ry, much more additional work is required.

Throughout the proof we consider rows of the matrix Cy, solutions to Cy @ ¥, coefficients
of tropical polynomials f;. All of them can be viewed as vectors @ = {a;}; which coordinates
are labeled by I € D for some D C Z}. We further consider these vectors as the set of points
{(I,ar)}r in (n + 1)-dimensional space. It is convenient to consider the first n dimension as
horizontal and the last one as vertical.

We next consider, what does it mean for the vector @ to be a solution to one of the tropical
linear equations ¢ ® ¥ of the system Cy ©@ ¢. By the definition this means that the value
¢y + ay is minimized for at least two different 7. It is not hard to see that equivalently this
means that there is such ¢t € R that {—ay 4t} lies below {c;}; and has at least two common
points with it. That is, we can adjust the set of points corresponding to {—a;}; moving
it along the vertical line in such a way that it lies below the set of points corresponding
to the equation and has at least two common points with it. Thus we obtain geometrical
interpretation of tropical solutions.

Next, we note that if we talk about solution to polynomial f, we can still consider the
polynomial as a set of points {(I, f7)}s, where f is a coefficient of the monomial # in f,
but now the solution corresponds not to an arbitrary set of points {a;}; but to a hyperplane.
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Now it is not hard to capture the goal in geometric terms. We know that there is a
solution to Cy ® iy. We need to show that then there is a hyperplane solution to this system
(or to system F', which is the same in the case of hyperplanes).

An interesting feature of our proof is how we obtain a hyperplane solution. The natural
way would be to start with a non-hyperplane solution @ and somehow modify it to make it a
hyperplane. This was an approach of paper [7] for the case n = 1. However, it is not clear
how to do it for n > 1. Instead we actually find the hyperplane solution inside the system F'.

For this for each polynomial f; in F' we consider the corresponding set of points {(I, f;.r)}1,
add to them all points (I,t) for all I and ¢ > f; 1 and consider the convex hull of this set of
points. As a result we obtain a polytope P; which is called extended Newton polytope. Note
that P; is infinite in the vertical direction.

Then we consider a new polytope Py. It can be expressed by the following formula:

Po=Mn+2) - (Pi+...+ Py,

where all operations are in the sense of the Minkowski sum. It turns out that the solution to
the system F' can be found in P,. Namely, one of the facets of Py is a solution.

To see the idea behind this let the bottom of Py be the set of lowest points of Py, first n
coordinates of which are integer. Informally, the bottom of Py is a discrete version of the set
of its non-vertical facets. Note that the bottom of Py can be considered as a vector {b;};.
First, it turns out (and it is not hard to show) that {b;} is a tropical linear combination
of the rows of Cy. This means that a solution @ to Cy ® ¥/ is also a solution to a tropical
linear equation given by b. Second observation is that it can be shown that for any ¢ we can
translate P; to any place inside Py. Now we can consider the set of points {(I,b;)}; and
adjust the set {(I,ar)}s in such a way that it is below {(I,b7)}; and has at least two points
in common with it. We consider one of these points and move P; for arbitrary ¢ to this point
and inside of Py. Then P; will lie above {(I,b;)};. On the other hand it will correspond to
one of the rows of Cy and thus @ will be a solution to it. Thus P; and @ will have two points
in common and they will also be common points of b which lie between @ and P;. Thus P;
will have two common points with g, that is the bottom of Py is a solution to P;. A more
careful analysis along these lines shows that actually, one of the facets of Py is a solution to
all polynomials in F'. |

We show dual Nullstellensatz for min-plus case.

» Theorem 5 (Min-Plus Dual Nullstellensatz). Consider the system of min-plus polynomials
F={fi=g1,.--, fx = gx} of n variables. Denote by d; the degree of the polynomial f; = g;
and let d = max; d;.
(i) Owver semiring R the system F' has a solution iff the Macaulay min-plus linear system
CnyOy=DynOF for
N = (n+2)(d1+.~.+dk)

has a solution.
(ii) Ower semiring Roo the system F has a solution iff the non-homogeneous Macaulay
min-plus linear system Cny @y = Dy © ¥ for

N = poly(n, k) (2d)min("’k)
has a solution.

The proof of this theorem is based on the application of the connection between tropical
and min-plus polynomial systems, which we describe below, to tropical Dual Nullstellensatz.
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We provide examples showing that our bounds on N are qualitatively tight. Namely for
the semiring R we consider the following family F of (n+ 1) tropical polynomials of degree d:

f1:0@0®$1,
fir1 =002 0O x4, i € [n—1]
frr1=08010x,.

It is not hard to see that this system has no solutions. Indeed, if there is a solution, then
from f; we can see that ;1 = 0, then from fs we can see that x5 = 0 etc., from f, we can
see that =, = 0. However from f,; we have that x, = —1 which is a contradiction.

On the other hand, we show that the Macaulay tropical system with the matrix Cy_1)(n—1)
corresponding to the system F' has a solution.

For the semiring R, for any d > 1 we consider the following system F' of tropical
polynomials of variables x1, ..., xn,y.

fi=00z10y60,
f,»+1:OGx?d@OGxiH,fori:1,...,n—1,
for1 =002 @10,

This system clearly has no solutions. Indeed, we can consecutively show that all coordinates
of a solution should be finite and then the polynomials f,, and f,41 give a contradiction.

On the other hand, we show that non-homogeneous Macaulay system Cyn-1_; ® 3/ has a
solution.

Both of these examples translate to min-plus setting straightforwardly. The details of the
proofs are omitted

We note that quantitatively there is a room for improvement between our lower and
upper bounds on N. The gap is more substantial in the case of semiring R. Assuming for
the sake of simplicity that n = k our upper bound gives approximately N < dn? and our
lower bound gives N > dn. Thus we can formulate an open problem.

» Open Problem 6. Close the gap between the upper and the lower bound on N in the
tropical Nullstellensatz.

4  Primary Tropical and Min-Plus Nullistellensatz

Next we establish Nullstellensatz in a more standard primary form.
We start with a more intuitive min-plus Nullstellensatz.

» Theorem 7 (Min-Plus Primary Nullstellensatz). Consider the system of min-plus polynomials
F={fi=g1,.--,fx = gr} of n variables. Denote by d; the degree of the polynomial f; = g;
and let d = max; d;.

Over semiring R the system F has no solution iff we can construct an algebraic min-plus
combination f = g of degree at most

N = (n+2)(d1++dk)
of them such that for each monomial M = x?jl O ...© DI jts coefficient in f is greater
than its coefficient in g. In algebraic combination f = g we allow to use not only polynomials

fi = gi, but also g; = f;.
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Over semiring Ry the system F has no solution iff we can construct an algebraic
combination f = g of degree at most

N = poly(n, k) (Qd)min(n,k)
of them such that for each monomial M = x?jl O ...z jts coefficient in f is greater
than its coefficient in g and with additional property that the constant term in g is finite.

Proof. We present a proof for the case R.
We will use the min-plus linear duality (Lemma 10 below) for the proof of this theorem.
By Theorem 1 the system of polynomials F' has no solution over R iff the corresponding
Macaulay linear system
CnOy=Dn0Oy

has no finite solution. By Lemma 1 this system is equivalent to the system of min-plus

Cn S Dy S
< .
(DN>®J:_<CN>®96

By Lemma 10 the fact that this system has no finite solution is equivalent to the fact
that the dual system

inequalities

—

(0 ck)o( L)<(ck pkyo( 1)

has a solution in R? (here we allow for both sides to be infinite in some rows; note that we
have to use linear duality over R, since Cy and Dy might have infinite entries).

This system can be interpreted back in terms of polynomials. Indeed, note that now the
columns of the matrices correspond to the equations of F' multiplied by some #/ and rows
correspond to some monomials Z/. Thus the solution to the system corresponds to the sum
of equations of F' multiplied by some monomials, such that each coefficient of the sum on the
left side is smaller than the coefficient of the sum on the right side. The fact that we allow
both sides to be infinite in some row corresponds to the fact that some monomials might
be not presented in the sum. The fact that we allow infinite coordinates in the solution
correspond to the fact that we do not have to use all polynomials of # f; = & g; in algebraic
combination. |

For the tropical case we will need the following definition.

» Definition 8. For the system of tropical polynomials fi, ..., fr and tropical monomials
My, ..., M,, the algebraic combination

m
9=y
j=1

where
95 = M; © fij,

is called nonsingular if the following two properties hold:
for each monomial M of g there is a (unique) 1 < (M) < m such that the coefficient of
M at polynomial g;(ps) is less than the coefficients of M at all other polynomials g; for
Jj # UM);
for different M and M’ we have (M) # I(M').
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Now we can formulate tropical Nullstellenstz in a primary form.

» Theorem 9 (Tropical Primary Nullstellensatz). Consider the system of tropical polynomials
F={fi=aq, .-, [t = gr} of n variables. Denote by d; the degree of the polynomial f; and
let d = max; d;.
The system F has no solution over R iff there is a nonsingular algebraic combination g
for it of degree at most
N=(n+2)(di+...4dy)

The system F' has no solution over Ry, iff there is a nonsingular algebraic combination g
for it of degree at most
N = poly(n, k) (2d)mm("’k)

and with finite constant monomial.

For the proofs of the last two theorems we apply min-plus and tropical linear duality
(which we describe below) to min-plus and tropical dual Nullstellenséitze respectively. The
idea is simple. By dual Nullstellensatz we have that there is solution for system F' iff there is
a solution to Macaulay linear system. Applying linear duality to this system we get that
there is a solution for F' iff there is no solution to some new (tropical or min-plus) linear
system. Finally, we interpret this solution back in terms of polynomials and obtain primary
Nullstellensétze.

5 Linear Duality
We show the following simple formulation of min-plus duality.

» Lemma 10. For two matrices A, B € R™*"™ ezactly one of the following is true.
1. There is a solution to AOZ < BOZ.

2. There is a solution to BT © i < AT © 7.

For two matrices A, B € RIX™ ezactly one of the following is true.

1. There is a solution & # (c0,...,00) to A©OZ < BO .

2. There is a finite solution to BT ® § < AT © ¢.

For two matrices A, B € RZX*™ ezactly one of the following is true.

1. There is a finite solution to A X < BQOLT.

2. There is a solution §j # (00, ...,00) to BT © 5 < AT © 7.

We show similar result for tropical duality.

» Lemma 11. For a matriz A € R™*™ exactly one of the following is true.

1. There is a solution to A ® &.

2. There is 7 such that in each row of AT ® Z the minimum is attained only once and for
each two rows the minimums are in different columns.

For a matriv A € RZX™ exactly one of the following is true.

1. There is a finite solution to A ® Z.

2. There is Z such that in each row of AT ® Z the minimum is attained only once or is equal
to oo and for each two rows the (unique) minimums are in different columns.

For a matrizv A € RZX™ exactly one of the following is true.

1. There is a solution to A® .

2. There is a finite Z such that in each row of AT ® Z the minimum is attained only once
and for each two rows the minimums are in different columns.
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The idea for the proof of min-plus linear duality is a connection to mean payoff games
established in [2]. Once this connection is known the proof of min-plus linear duality is
rather simple. However, we are not aware of a presentation of this (or similar) result in the
literature, so due to the simplicity of the formulation and the fact that we use this result to
obtain primary Nullstellensatz, we decide to include it in the paper.

For the proof of tropical linear duality we use connection between tropical and min-plus
polynomials and deduce the tropical duality from the min-plus duality. However, we note
that it also can be shown directly using the analysis of the paper [8].

6 Tropical vs. Min-plus

We also establish the connection between tropical and min-plus polynomial systems.

» Lemma 12. For both R and R, given a system of tropical polynomials we can construct
a system of min-plus polynomials over the same set of variables and with the same set of
solutions.

In the other direction we do not have such a simple connection, but we can still prove
the following lemma.

» Lemma 13. For any system of min-plus polynomials F' over n variables there is a system of
tropical polynomials T over 2n variables and an injective linear transformation H : R", — R2?
such that the image of the solutions of F coincides with the solution set of T. The same is
true over semiring R.

The proofs of these lemmas follow the lines of the proof of the analogous statement for
the case of linear polynomials in the paper [10].
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