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1 Introduction

A min-plus or a tropical semiring is defined by a set K, which can be R,
Roo = RU{+0o0}, Q or Qoo = QU{+00} endowed with two operations, tropical
addition @ and tropical multiplication ®, defined in the following way:

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

Tropical polynomials are a natural analog of classical polynomials. In classi-
cal terms a tropical polynomial is an expression of the form f(Z) = min; M;(Z),
where each M;(Z) is a linear polynomial (a tropical monomial) in variables
Z = (x1,...,2,), and all the coefficients of all M;’s are nonnegative integers
except for a free coefficient which can be any element of K (free coefficient
corresponds to a coefficient of the tropical monomial and other coefficients
correspond to the degrees of variables in the tropical monomial).

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 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. We defer 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, [18.251[32126129,[17]; one of the ear-
liest papers in tropical mathematics is [35]). An early forerunner source of the
tropical approach was the Newton’s method for solving algebraic equations in
Newton-Puiseux series [32]. An important advantage of tropical algebra is that
it makes some properties of classical mathematical objects computationally ac-
cessible [341[I8]1251[32]: on one hand tropical analogs reflect certain properties
of classical objects and on the other hand tropical objects have much more
simple and discrete structure and thus are more accessible to algorithms. 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 related areas. Computational reasons, on the other hand, make
it important to keep the theory maximally computationally efficient.

The case studied best so far is the one of tropical linear polynomials and
systems of tropical linear polynomials. For them an analog of a large part of
the classical theory of linear polynomials was established. This includes studies
of tropical analogs of the rank of a matrix and the independence of vectors 8]
20/d], an analog of the determinant of a matrix and its properties [29], an
analog of Gauss triangular form [I2]. Also the solvability problem for tropical
linear systems was studied from the complexity point of view. Interestingly,
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this problem turns out to be polynomially equivalent to the mean payoff games
problem [I3] which received considerable attention in computational complex-
ity theory.

For tropical polynomials of arbitrary degree less is known. In [30] the radical
of a tropical ideal was explicitly described. In [29/[31] a tropical version of the
Bezout theorem was proved for tropical polynomial systems for the case when
the number of polynomials in the system is equal to the number of variables.
In [7] the Bezout bound was extended to systems with an arbitrary number
of polynomials. In [34] it was shown that the solvability problem for tropical
polynomial systems is NP-complete.

Along with tropical polynomials there were also studied min-plus polyno-
mials. A min-plus polynomial is a pair of tropical polynomials (f (%), g(Z)). A
point @ € K" is a root of the polynomial (f(Z),g(%)) if f(&@) = g(@). We call
an equation f(Z) = ¢g(&) a min-plus polynomial equation.

Min-plus polynomials were studied mainly for their connections to dynamic
programming (see [6L21]). As in the case of tropical polynomials here the best
studied case is the one of linear min-plus polynomials [6]. Also in [13] the
connection between 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 solvability
problem of a system of min-plus polynomials: the paper [I5] shows that this
problem is NP-complete.

Our results. A next natural step in developing of the theory of tropical poly-
nomials would be an analog of the classical Hilbert’s Nullstellensatz, 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 [11]. That paper came up with a general idea to ap-
proach this theorem in the tropical case through the dual formulation (a naive
tropical analog of Nullstellensatz trivially fails, see below). Moreover, in [II]
there was formulated a conjecture (which we restate below as Conjecture [1)
capturing the formulation of the tropical dual Nullstellensatz and this conjec-
ture was proven for the case of polynomials in 1 variable. Previously in [33]
a tropical dual Nullstellensatz was established for a pair of polynomials in 1
variable. This result relied on the classical resultant and on the Kapranov’s
theorem [9133].

More specifically, in [I1] there was considered the Macaulay matrix of a
system of tropical polynomials F' = {fi,..., fr}. This matrix can be easily
constructed from F: we just consider all the polynomials of the form f; +m;
(in the classical notation) of degree at most N, where N is a parameter and
m; is a tropical monomial. We put the coefficients of these polynomials in the
rows of the matrix, while the columns of the matrix correspond to monomials.
Empty entries of the matrix we fill with co. The resulting matrix we denote by
My . In [I1] it was conjectured that the system of polynomials F has a root iff
the tropical linear system with the matrix My has a solution, and moreover
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N can be bounded by some function on n, k£ and the degrees of polynomials
in F (this refers to effectiveness).

In this paper we prove this conjecture establishing an effective version of
the tropical dual Nullstellensatz. 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 or K = QQ we show that F" has a root iff the
tropical linear system with the matrix My has a solution, where N = (n+2)kd,
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 = Ry, or K = Qu we show a similar result, but with N = (C,d)™n(*)+C2
for some constants C7 and Cs. Thus for the case without oo 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 NV 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 Bl for details.

We note that our result extend from R and Q to any linearly ordered vector
space over rational numbers. On the other hand, our result does not extend
to the case of Z and Z,. In our proof it is important that the semiring is
closed under division by integers. This property corresponds to the fact that
each tropical polynomial with at least two monomials has a solution. Thus this
property exactly corresponds to algebraic closure of the field in the classical
Nullstellensatz.

The effective version of the tropical dual Nullstellensatz does not give direct
general computational consequences since even for the case of tropical semir-
ings K =R or K = Q the resulting Macaulay matrix is of exponential size in
the size of the system of polynomials F. This is quite natural since the solvabil-
ity problem for tropical polynomial systems is known to be NP-complete [34].
However, the upper bound on the degree is important for computational rea-
sons in settings in which some specific small systems of polynomials are con-
sidered. Such settings analysing specific tropical objects of small size are quite
common in this field (see, for example, [29,28]).

Regarding the substantial gap between the required degree in the finite
and infinite cases we observe that there is a somewhat similar situation for
the classical Nullstellensatz. Indeed, we show that in case of the semiring R
the bound in a tropical effective Nullstellensatz is roughly equal to the sum of
the degrees of the polynomials, while in case of the semiring R, the bound is
roughly equal to the product of the degrees (Theorems (1| and . Recall that
for systems of classical polynomials over an algebraically closed field the bound
in the effective Nullstellensatz is roughly equal to the sum of the degrees of
polynomials in the homogeneous (projective) case [2324] while the bound is
roughly equal to the product of the degrees for arbitrary polynomials (affine
case) [BLI0L22].

As a consequence of the tropical dual Nullstellensatz we obtain its infinite
version. Namely, a system of tropical polynomials has a root iff the infinite
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tropical linear system with the infinite Macaulay matrix M (that is, with
no bound on the degree) has a solution. Note that the latter system is well
defined since each row of M contains just a finite number of finite entries.
This infinite version was conjectured in [I1], where it was also observed that
a similar infinite dual version of the classical Nullstellensatz holds.

Next we show a primary version of the tropical Nullstellensatz. We view
Nullstellensatz as a dualityﬂ result for systems of polynomials: if there is no
root to the system of polynomials then some positive property holds (some-
thing does exist). In the classical case this positive property is the containment
of 1 in the ideal generated by polynomials (over an algebraically closed field).
A naive analog does not hold for the tropical case. Indeed, for example, the
system of tropical polynomials {min(x, 0), min(z, 1)} has no roots but the trop-
ical ideal generated by this system does not contain a constant polynomial and
more generally, any polynomial in this tropical ideal has a root. Basically, the
point is that in the tropical semiring there is no subtraction, so in any alge-
braic combination of tropical polynomials no monomials cancel out. To over-
come this difficulty we introduce the notion of a nonsingular tropical algebraic
combination of tropical polynomials (see the definition in Preliminaries; here
we only note that the nonsingularity property is simple and straightforward to
check). For the tropical primary Nullstellensatz we show that there is no root
to the tropical polynomial 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 co and the value of N in
both cases corresponds the value of IV in the tropical dual Nullstellensatz.

To establish the primary Nullstellensatz we need a duality for tropical
linear systems. We show this duality result as a sidestep. However, we note
that the duality for tropical linear systems is heavily based on already known
results [2] and should be considered more as an observation.

We also prove analogs of all mentioned results for the case of min-plus
polynomials. As another sidestep of our analysis we study the connection be-
tween tropical and min-plus systems of polynomials. We argue that these two
settings 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 the dual Null-
stellensatz), 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 settings simultaneously.

1 To avoid a confusion we note that we use the word ‘dual’ in two different meanings.
First, we use it in the term “dual Nullstellensatz” as opposed to the standard version of
Nullstellensatz. This means that the dual Nullstellensatz is obtained from the standard
Nullstellensatz by the (linear) duality (see [II] and below in this paper). Second, we use the
word ‘dual’ in term “duality result” to denote the general type of results. Since the standard
Nullstellensatz is a duality result itself, applying the linear duality to it results in a non-
duality result. Thus, the dual Nullstellensatz is not a duality result in a proper sense, but
rather the word "dual" is used in contrast to the customary Nullstellensatz which we name
"primary".



6 Dima Grigoriev, Vladimir V. Podolskii

Our techniques We use the general approach of the paper [I1] to Nullstellen-
satz through the 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 co requires much more additional technical
work.

To obtain the primary Nullstellensatz we apply the duality results for trop-
ical linear polynomials. 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 After the paper was already submitted
the authors learned that the primary min-plus Nullstellensatz in a different
language was independently proved in [3]. Their proof is completely different
and has a more algebraic flavor. Also, the proof is given in [3] for the case of
Ro only and there is no effective version of the theorem in [3].

In [19] there was established Nullstellensatz for the tropical semiring aug-
mented with additional elements (called ghosts). This result is in the line with
other results [32] trying to capture tropical mathematics by the means of the
classical ones. However, the tropical semiring augmented with ghosts consti-
tutes (logically) a completely different model compared to the usual tropical
semiring. Thus our results are incomparable with the ones of [19].

We also note that [30] (which has Nullstellensatz in the title) takes com-
pletely different view on Nullstellensatz. We consider Nullstellensatz as a result
on the solvability of a system of polynomials, and [30] 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 the classical
world to the tropical one, the connection between the solvability and the ideal
changes drastically (cf. the example F' = {min(z,0), min(x, 1)} above). Thus,
our results are incomparable with the results of [30] as well.

In [27] a version of Nullstellensatz was shown for a related structure of
amoebas. However, [27] proposes a view on Nullstellensatz different from the
one suggested in the present paper. An analogous to [27] result in tropical
setting was obtained in [4].

The rest of the paper is organized as follows. In Section [2| we introduce
the main definitions. In Section [3] we state our results. In Section [d] we prove
the tropical and min-plus dual Nullstellensédtze. In Section [5| we establish a
connection between the sets of roots of tropical and of min-plus polynomial
systems. As an illustration we deduce the min-plus dual Nullstellensatz with
slightly worse parameter from the tropical dual Nullstellensatz. In Section [f]
we show the tropical and min-plus primary Nullstellensétze. In Section [7] we
show the min-plus and tropical linear dualities. Sections [5] and [7] depend only
on Sections 2] and [3] and can be read independently of other sections.
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2 Preliminaries

Tropical and min-plus polynomials. A min-plus or a tropical semiring is de-
fined by a set K, which can be R, R = RU {400}, Q or Qs = Q U {400}
endowed with two operations, tropical addition ® and tropical multiplication
©®, defined in the following way:

@y =min{z,y}, zOy=z+y.

Below we mainly consider K = R and K = R,. The proofs however literally
translate to the cases of Q and Q, and moreover to any linearly ordered vector
space over rational numbers (see Remark |1| below).

A tropical (or min-plus) monomial in variables & = (z1,...,,) is defined
m@) =coad" o...0z0", (1)
where c is an element of the semiring K and i1, ..., 4, are nonnegative integers.

In the usual notation the monomial is the linear function
m(Z) =c+irx1 + ... +inky.

For ¥ = (x1,...,2,) and I = (iy,...,i,) we introduce the notation
Li"I :SL’?“ @@l‘gz” :ilxl ++2n$n
The degree of the monomial m is defined as the sum i, + ...+ i,,. We denote
this sum by |7
A tropical polynomial is the tropical sum of tropical monomials

£(@) = Pmi(@)

with pairwise distinct exponent vectors I = (i1,...,14,), or in the usual nota-
tion f(Z) = 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;(@)} is either attained on at least
two different monomials m; or is infinite. We also say in this case that f is
satisfied by d.

Geometrically, over the semiring R a tropical polynomial f(Z) is a concave
piece-wise linear function over R™ and the roots of f are non-smoothness points
of this function.

We say that @ is a root for the system of tropical polynomials F =
{f1,.-., fx} in variables Z if @ is a root to each polynomial f; € F.

A min-plus polynomial is a pair of tropical polynomials

(f (@), 9(z)) -

The degree of a min-plus polynomial is the maximum of the degrees of f and
g. A point @ € K" is a root of this polynomial if the following equality holds:
f(@) = g(@). We call an equation f(Z) = g(Z) a min-plus polynomial equation.
Talking about tropical and min-plus polynomials we sometimes omit the
adjectives “tropical” and “min-plus” when it does not cause a confusion.
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Linear polynomials. An important special case of tropical and min-plus poly-
nomials are linear polynomials which are just tropical and min-plus polyno-
mials of degree 1. If there is no monomial of degree 0 (constant monomial) in
a linear polynomial, we say that the linear polynomial is homogeneous.

It is convenient to express a homogeneous linear polynomial f in the form

1rgrblgn{aj +x;}

In particular, if some variable x; is not presented in the polynomial for nota-
tional convenience we still write it in this expression and just set the corre-
sponding coefficient a; to co (even if we consider the semiring R).

A tropical homogeneous linear system

1gign{aij +z;}, 1<i<m, (2)

then can be naturally associated with its matrix A € RZ2*". We will also use
a matrix notation A ® Z for such systems. Thus, we consider tropical linear
systems A©Z with the matrices A € R2*"™ over both semirings R and R,,. We
assume however, that there are no rows and columns in A consisting entirely
of co. One can delete each infinite row since any vector is its root. One can
also delete each infinite column since this has no effect on the solvability of the
system. It is convenient to call the roots of tropical linear systems solutions.

We note that it is also common to consider tropical linear systems A®Z over
R with matrices A € R™*™ only. Some of our sidestep results (Corollaries
and [4) address this setting.

Analogously min-plus homogeneous linear systems

min {a;; + x; min {b;; + x; 1<1<m
(min o ), min oy 40,}) 1< i<

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 a min-plus
homogeneous linear system of equations in the matrix form as AOZ = BOZ. It
will be also convenient to consider min-plus linear systems of (componentwise)
inequalities A® ¥ < B ® Z. It is not hard to see that their expressive power is
the same as of equations.

Lemma 1 For any min-plus system of linear homogeneous equations there is
an equivalent system of min-plus linear inequalities and visa versa.

Proof Indeed, each min-plus linear equation L (Z) = Lo(Z) is equivalent to
the pair of min-plus inequalities Ly (%) > Lo(Z) and L1 (Z) < Lo(Z). On the
other hand min-plus linear inequality L1 (%) < L2(%) is equivalent to the min-
plus equation L;(Z) = min(L1(Z), L2(Z)). It is not hard to see that the last
equation can be transformed to the form of min-plus linear equation.
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There is one more important convention we make concerning the case of
a tropical semiring with infinity. For two matrices A, B € R72*" we say that
the system A ® Z < B ® & has a solution if there is & € R?, such that for each
row of the system if one of sides is finite, then the strict inequality holds, but
also the case where both sides are equal to oo is allowed (informally, we can
say that oo < 00).

We also consider non-homogeneous tropical linear systems

min {a;; +x;}U{a;}, 1 <i<m. (3)
1<gsn

This system can be naturally associated to the matrix A € K™*(+1 and
written in the matrix form as A ® (#,0). Analogously, we can consider a 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 the homogeneous system
A ® & is solvable, where & = (&, x,,41). Indeed, having a solution Z’ for the
latter system we can add the same number to all coordinates of ' to make
Zpt1 = 0 and thus obtain a solution of the former system. The same is true for
the min-plus case. But this is not true over R,,: a homogeneous system always
has a solution (just let Z = (o0, ...,0)), but a non-homogeneous system does
not always have a solution. However, over R, we have that A ® (Z,0) has a
solution iff there is a solution to A ® &’ with z, 1 # oc.

3 Statement of the results
3.1 Tropical and Min-plus Nullstellensétze

Definition 1 For a given system of tropical polynomials F' = {f1,..., fr}
in n variables we introduce its infinite Macaulay matrix M. The columns of
M correspond to nonnegative integer vectors I € Z! and the rows of M
correspond to the pairs (j,.J), where 1 < j < k and J € Z7. For a given I and
(4,J) we let the entry m(;, jy,; be equal to the coefficient of the monomial Z!
in the polynomial 7 ® f; (if there is no such monomial in the polynomial we
assume that the entry is equal to c0). By My we denote the finite submatrix
of the matrix M consisting of the columns I such that [I| =iy +...+4, < N
and the rows that have all their finite entries in these columns. The tropical
linear system My @  will be of interest to us. Over R, we consider the non-
homogeneous system My ® (0,%). The column corresponding to the constant
monomial is a non-homogeneous column.

For a system of min-plus polynomials F' = {(f1,91),-- ., (f&,gx)} we analo-
gously introduce the pair of matrices Ml and Mr corresponding to the left-hand
sides and the right-hand sides of polynomials respectively. In the same way
we introduce matrices Mly, Mry and the corresponding min-plus linear sys-
tem Mly ©® ¥ = Mry ® 3. Analogously, for the case of Ry, we consider the

—

non-homogeneous system Miy ® (0,7) = Mry © (0,%)
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In [I1] there were conjectured three forms of a tropical dual Nullstellensatz.
We state the strongest of them, namely an effective Nullstellensatz conjecture.

Congecture 1 ([I1)]) There is a function N of n and of deg(f;) for 1 < i < k
such that a system of polynomials F' = {fi,..., fx} has a common tropical root
iff the tropical linear system corresponding to the matrix My has a solution.

Note that the classical analog of this statement is precisely the effective Null-
stellensatz in the dual form (see [II] for the detailed discussion).

In [I1] the conjecture was proven for the case of n = 1. In this paper we
prove the general case of the conjecture.

Theorem 1 (Tropical Dual Nulstellensatz) Consider a system of tropical
polynomials F = {f1,..., fx} in n variables. Denote by d; the degree of the
polynomial f; and let d = max; d;.

(i) Over the semiring R the system F has a root iff the Macaulay tropical
linear system My ®© v for

N:(n+2)(d1+...+dk)

has a solution.
(i) Over the semiring Ry, the system F has a root iff the Macaulay tropical
non-homogeneous linear system My © (0,%) for

N = poly(n, k, d) (4d)"™" "
has a solution.

Note that one direction of the theorem is simple. Indeed, if the system of
polynomials has a root @ € R™ then it is not hard to see that there is a solution
to My ®y. Indeed, note that the coordinates y; of ¥ correspond to monomials
!, so let y; = a’. Since each row of My corresponds to the polynomial of
the form #/ ® f;(Z) and @ is a root of any such polynomial, we have that 7
satisfies all the rows of M. Thus, the essence of the theorem is to prove the
other direction. The same argument works over R,

We note that we can also consider an infinite Macaulay tropical linear
system M © y. It is well defined since each row of M has only finite number
of finite entries. As a corollary of the previous theorem we deduce an infinite
version of the tropical dual Nullstellensatz.

Corollary 1 A system of tropical polynomials F = {f1,..., fx} of n variables
has a root iff the infinite Macaulay tropical linear system with the matriz M
has a solution. The result holds for both R and R, semirings.

The proof in the simple direction is the same as for Theorem [I] and the
hard part of the corollary follows trivially from Theorem
We show a dual Nullstellensatz for the min-plus case.
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Theorem 2 (Min-Plus Dual Nullstellensatz) Consider a system of min-
plus polynomials F = {(f1,91),- .., (fx, gx)} in n variables. Let d; be the degree
of the polynomial (f;, g;) and let d = max; d;.

(i) Over the semiring R the system F has a root iff the Macaulay min-plus
linear system Mly © ¥ = Mry @ v for

N:(n+2)(d1+...+dk)

has a solution.
(i) Over the semiring Ry the system F has a root iff the non-homogeneous
Macaulay min-plus linear system Miy ® (0,%) = Mry © (0,%) for

N = poly(n, k,d) (4d)™" ")
has a solution.

As in the tropical case an infinite version of the min-plus dual Nullstellen-
satz follows.

Corollary 2 Consider the system of min-plus polynomials F =
{fi=g1,-.., fk=gr} of n wvariables. The system F has a root iff the in-
finite Macaulay min-plus linear system with the pair of matrices (Ml, Mr) has
a solution. The result holds for both R and Ro, semirings.

We provide examples showing that our bounds on NV are qualitatively tight.
Namely for the semiring R, for any d > 1 and any n we construct a family F' of
(n+ 1) tropical (or min-plus) polynomials in n variables and of degree d such
that F' has no root, but the Macaulay tropical (or min-plus) linear system for
N = (d —1)(n — 1) has a solution. For the semiring R, for any d > 1 and
any n we construct a system F' of n + 1 tropical (or min-plus) polynomials in
n + 1 variables and of degree d such that F' has no root, but the Macaulay
tropical (or min-plus) linear system for N = d"~! — 1 has a solution.

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

Open Problem Close the gap between upper and lower bounds on N in the
tropical Nullstellensatz.

Next we establish the Nullstellensatz in a more standard primary form.
We start with a more intuitive min-plus Nullstellensatz. For this we need
to introduce the notion of an algebraic combination of min-plus polynomials.

Definition 2 An algebraic combination of a system of min-plus polynomials
F={(f1,91)s---,(fx,9x)} is a min-plus polynomial (f,g) that can be repre-

sented in the form
T O] T ()
1 r
(f.9) = @hj >@hj ’
j=1 j=1
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where for each j we have either (hy), hy)) = (MmO fi;, m;©gs;) or (hy)7 hy)) =

(m; © gi;,my © fi;) for some monomial m; and some ;.
Theorem 3 (Min-Plus Primary Nullstellensatz) Consider a system of
min-plus polynomials F = {(f1,91),--, (fx,9x)} in n variables. Denote by d;
the degree of the polynomial (f;, g;) and let d = max; d;.

(i) Over the semiring R the system F has no root iff we can construct an
algebraic min-plus combination (f,g) of F with degree at most

N:(n+2)(d1+...+dk)

such that for each monomial m = x?jl O ... ®xPIn its coefficient in f is
greater than its coefficient in g.

(ii) Over the semiring Ry, the system F has no root iff we can construct an
algebraic combination (f,g) of F with degree at most

N = poly(n, k, d) (4d)™" ")

such that for each monomial m = x?jl O ... xPIn jts coefficient in f is
greater than its coefficient in g and with the additional property that the
constant term in g is finite.

For the tropical case we will need the following definition.

Definition 3 For a system of tropical polynomials F' = {f1,..., fx} and trop-
ical monomials my,...,mg the algebraic combination

K
9=y
j=1

where
g; =m; © fij,
is called nonsingular if the following two properties hold:
— for each monomial m of g there is a (unique) 1 < I(m) < K such that the
coefficient of m in the polynomial g;(,,) is less than the coefficients of m in
all other polynomials g; for j # I(m);
— for different m and m’ we have I(m) # I(m').

We illustrate this notion on a small example. Consider a tropical polyno-
mial system F = {fi, fo}, where fi = 00z ®0and fo = 00z d 1. We
already observed in the introduction that this system does not have a root.
Now we note that this system has a nonsingular algebraic combination. Indeed,
consider g; = % ® f1,92=00 fy and

2 2

Note that for the constant monomial its coefficient is minimal exclusively in
g1, and for monomial z its coefficient is minimal only in gs.

Now we can formulate the tropical Nullstellensatz in a primary form, that
shows that the above example is not a coincidence.

1 1 1
9291@92=§®(O®m€90)@0®(0®x@1): (@x@)@(()@x@l).
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Theorem 4 (Tropical Primary Nullstellensatz) Consider a system of
tropical polynomials F = {f1,..., fx} in n variables. Denote by d; the degree
of the polynomial f; and let d = max; d;.

(i) The system F' has no root over R iff there is a nonsingular algebraic com-
bination g of F with the degree at most

N=(n+2)(di+...+d).

(ii) The system F has no root over Ry iff there is a nonsingular algebraic
combination g of F with the degree at most

N = poly(n, k, d) (4d)™" )
and with a finite constant monomial.

For the proofs of the last two theorems we use the following min-plus and
tropical linear duality.

3.2 Linear Duality

We prove the following result on the min-plus linear duality.

Lemma 2 Let A, B € R*" be two matrices.

(i) For any subset S C {1,...,n} exactly one of the following two statements
18 true.
1. There is a solution to A©OZ < BOX with finite coordinates x; fori € S.
2. There is a solution to the transposed system BT © 5 < AT ® 14 such that
for some i € S the i-th coordinate of the vector BT © if is finite.
(ii) For any subset S C {1,...,n} exactly one of the following two statements
18 true.
1. There is a solution to A ® ¥ < B ® & such that for some i € S the
coordinate x; is finite.
2. There is a solution to BT ® i < AT ® 1 such that the i-th coordinate of
the vector BT ©1if is finite for alli € S.

The proof of this lemma is based on the connection of min-plus linear
systems with mean payoff games established in [2]. Though the proof is rather
simple as soon as one invokes this connection, we are not aware of the claim
and the proof of this result in the literature.

As a simple corollary of this lemma we show the following clean formulation
of the min-plus linear duality.

Corollary 3 (i) For two matrices A, B € R™*™ exactly one of the following
two statements is true.
1. There is a solution to A® T < B ® & over R.
2. There is a solution to BT © i < AT ® ¢ over R.
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(ii) For two matrices A, B € R*"™ exactly one of the following two statements
18 true.
1. There is a solution & # (c0,...,00) to AOZ < BOZ.
2. There is a finite solution to BT © i < AT @ .

(11i) For two matrices A, B € RT*"™ exactly one of the following two statements
18 true.
1. There is a finite solution to AOZ < BO .
2. There is a solution i # (0o, ...,00) to BT ® < AT ® 4.

Since the corollary follows from Lemma [2| almost immediately, we present
the proof here.

Proof For matrices A, B € R™*" with finite entries we can use Lemma
with S = {1,...,n}. Then the first statement in Lemma coincides with
the first statement in Corollary The second statement in Lemma
is equivalent to the second statement in Corollary Indeed, if there is a
finite solution to the system BT ® i < AT ® if then clearly for this i all the
coordinates of the vector BT ® i/ are finite. In the reverse direction, if there is
a solution ¢ such that BT ® ¢ has a finite coordinate, then the vector 7 itself
has a finite coordinate. Since all the entries in A and B are finite, then all the
coordinates of AT ®4 and BT @ are finite. If in the vector i there are infinite
coordinates we can replace them by large enough finite numbers in such a way
that the vectors AT ® i and BT ® ¢ do not change. The resulting vector is a
finite solution of the system BT © i < AT 4.

For the proof of Corollary let S={1,...,n} and apply Lemma
Then the first statement in Lemma is equivalent to the first statement in
Corollary|3(ii)l To see that the equivalence holds also for the second statements
of Lemma and Corollary note that if for some ¢ all the coordinates
of BT ® ¢ are finite, then we can assume that all the coordinates of ¢ are also
finite. Indeed, if there are infinite coordinates in ¥ we can just set them to
constants large enough without changing the value of the vector BT ® 7.

The last part of the corollary can be shown analogously by letting S =

{1,...,n} and applying Lemma

We show a similar result for the tropical duality.
Lemma 3 Let A € R2*™ be a matriz.

(i) For any subset S C {1,...,n} exactly one of the following two statements

15 true.

1. There is a solution to A ® & with finite coordinates x; fori € S.

2. There is 7 such that in each row of AT ® Z the minimum is attained
only once or is equal to oo, for each two rows with the finite minimum
the (unique) minimums are in different columns and for some i € S the
i-th coordinate of AT ® 7 is finite.

(ii) For any subset S C {1,...,n} exactly one of the following two statements

18 true.
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1. There is a solution to A ® X such that for some i € S the coordinate x;
is finite.

2. There is Z such that in each row of AT ® Z the minimum is attained only
once or is equal to oo, for each two rows with the finite minimum the
minimums are in different columns and the i-th coordinate of AT ® 2
is finite for alli € S.

This result can be proven either through a reduction to min-plus linear
systems, or through the analysis of [12]. We give a proof through the reduction
to min-plus linear systems in Section [7]

Just like in the case of min-plus linear systems we can show the following
corollary.

Corollary 4 (i) For a matric A € R™*™ exactly one of the following two
statements is true.
1. There is a solution to A ® & over R.
2. There is Z € R™ such that in each row of AT ® Z the minimum is at-
tained only once and for each two rows their minimums are in different

columns.
(ii) For a matriz A € RIL*™ exactly one of the following two statements is true.
1. There is a solution & # (00, ...,00) to A® Z.

2. There is a finite Z such that in each row of AT ® Z the minimum is at-
tained only once and for each two rows their minimums are in different
columns.

(i1i) For a matriz A € R*™ exactly one of the following two statements is true.

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

2. There is Z # (00, ...,00) such that in each row of AT ® Z the minimum
1s attained only once or is equal to oo and for each two rows with the
finite minimum their minimums are in different columns.

The proof of this corollary is completely analogous to the proof of Corol-

lary

3.3 Tropical vs. Min-plus

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

Lemma 4 QOwver both R and Ry, given a system of tropical polynomials we can
construct a system of min-plus polynomials over the same set of variables, with
the same set of roots and the same degree. The same is true for the semirings
Q and Qu . In this case the construction is effective and can be computed in
polynomial time.

In the opposite direction we do not have such a simple connection, but we
can still prove the following lemma.
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Lemma 5 QOuver both R and Ry, for any system of min-plus polynomials F
in n variables there is a system of tropical polynomials T in 2n variables and
an injective linear transformation H: R — R2" such that the image of the
set of roots of F coincides with the set of roots of T. The same is true for
the semirings Q and Q. In this case the construction is effective and can be
computed in polynomial time.

The proof of this lemma follows the lines of the proof of the analogous
statement for the case of linear polynomials in [13].

Remark 1 We note that all of our results translate from R and Q to arbitrary
linearly ordered vector space over the field of rationals. Indeed, note that all
theorems can be formulated in first-order logic, where each atomic formula is
a linear equation or inequality with integer coefficients. It is known that for
such formulas a quantifier elimination is possible (implicit in [36]) and thus by
the standard logical argument (the transfer principle) any statement without
free variables is either true in all such vector spaces, or false in all such vector
spaces.

Here we briefly explain why our results can be formulated in the first-order
logic of linear equations and inequalities with integer coefficients. We show
this on the example of Theorem [I} We formulate the theorem in the first-order
logic for each n and k and each tuple (dy, ..., dy) separately. Coefficients of the
polynomials and coordinates of roots and solutions are variables in the first-
order formula. The fact that a polynomial has some point as a root means that
there are coordinates of this root such that the minimum is attained on two
monomials, that is there is a pair of monomials that has equal values and that
are less or equal to the values of all other monomials. This can be stated as a
first-order formula consisting of an OR over all pairs of monomials of ANDs of
linear equations and inequalities stating that this particular pair of monomials
has minimal values. Note that the value of the monomial in a certain point is
a linear combination of coordinates of a point with integer coefficients (coeffi-
cients are the exponents of variables in the monomial). Thus each inequality
or equation between the values of monomials is a linear inequality or equation
as required.

The fact that a polynomial has a root can be obtained now by appending
to the previous formula existential quantifiers over coordinates of the root.
Analogously, we can express existence of a root to a system of polynomials. A
similar formula expresses existence of a solution to Macaulay matrix of fixed
size. Overall, Theorem |1| (for fixed n, k,ds,...,d}) can now be expressed as a
formula starting with universal quantifiers over the coeflicients of polynomials
followed by an equivalence of two statements: the existence of a root to the
system of polynomials and the existence of a solution to Macaulay system.

In a similar way we can formulate statements about algebraic combinations
(now coeflicients in the combinations are variables). So in the same way we
can formulate all other theorems within the described first-order logic.
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4 Tropical and Min-plus Dual Nullstellensitze

Throughout the whole section we assume that we are given a system of tropical
polynomials F = {f1,..., fx} in n variables & = (x1,...,zp).

The proofs of Theorems [1| and [2| are analogous. We present the proof of
Theorem |1 (which is more intuitive) and specify what should be changed to
obtain the proof of Theorem [2]

This section is organized as follows. In Subsection [4.1] we introduce a re-
quired notation and show preliminary results. In Subsections and we
give the proofs of Theorems and In Subsection we provide some
examples illustrating the certain difficulties behind the proof. In Subsection[£.5]
we prove Theorems and Finally, in Subsection We show that the
upper bounds in Theorems [I] and 2] are tight.

4.1 Preliminary definitions and results

Geometrical interpretation of tropical polynomials. All functions ¢: Z" — R
we consider in this section are partial, that is they are defined on some subset
Dom(p) C Z".

Definition 4 For two functions ¢,¥: Z" — R let D = Dom ¢ N Dom and
consider ¢ € R (if there is one) such that

1. for all Z € D we have (%) +t < Y(Z);
2. there is Z € D such that o(Z) + ¢t = ().

It is easy to see that t is unique provided it exists. We denote the set of points
satisfying property 2 by Sing(p, ) and call them singularity points for the
pair (¢, ). If such ¢ does not exist we let Sing(p,1) = 0. We say that ¢ is

singular to v iff |Sing(p, )| # 1.

Assume that in the case that D is non-empty the function ¥ (z) — ¢(z)
attains its minimum on D (this will always be the case for the functions
we will consider, but this is not necessarilly the case if D is infinite). Then
geometrically, ¢ is singular to 1 if either the domains of ¢ and ¢ do not
intersect, or if we can adjust the graph of ¢ in R"*! space along the (n+1)-th
coordinate in such a way that this graph lies below the graph of ¢ and has
with it at least two common points. For a function ¢ we denote by G(p) the
graph of the function in R"*1.

Note that the notion of singularity is asymmetric. It might be that ¢ is
singular to v, but 1 is not singular to ¢. For example, consider ¢,¢: Z — R
given by ¢(z) =0 for all z, ¥(0) =1 and ¢ (z) = 0 for all = # 0.

The next lemma follows directly from the definition.

Lemma 6 We have & € Sing(p, ) iff T minimizes the function ¥ — ¢ (on its
domain). Or, equivalently, iff for all § we have

o(Z) — () = (@) — (@)
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In this paper we consider rows of the matrix My, solutions to My ® ¥,
coefficients of f;’s. All of them constitute vectors @ whose coordinates are
labeled by I € D for some D C Z7, that is by vectors with integer non-
negative coordinates. With a vector @ we associate a function pz: Z" — R
letting @z(I) = ay for I € D and a; # oo and leaving ¢z(I) undefined
otherwise. When this vector is the vector of the coeflicients of a polynomial
f we shortly denote the resulting function by ¢¢. When a polynomial f is
one of the polynomials f; € F we simplify the notation further to ¢;. Note
that due to the definition of My if 7 is a row of My labeled by (i,J) then
er(I) = @i(l = J).

In what follows we reserve Greek letters for the functions representing the
coefficients of polynomials and entries of Macaulay matrix to distinguish them
from the functions f;’s.

The motivation for our notion of singularity is that it captures the solv-
ability of tropical polynomials.

Lemma 7 A vector @ = {ar}j5j<n over R or Ry is a solution to a tropical
linear polynomial miny{yr +rr} corresponding to the vector ¥ = {rr}r<n iff
the function —pgz is singular to @z.

Proof Consider an arbitrary vector 7 over R or R,, and the corresponding
tropical linear polynomial. The vector @ is a root of this linear polynomial if the
minimum in {¢z(I) + ¢~(I)}; is attained at least twice or is equal to co. This
minimum is oo iff Dom(yz) N Dom(pr) = @ and thus Sing(—yz, pr) = 0. If the
minimum is finite let ¢ be the minimal number such that @z (I)+ @z(I)+t > 0
for all I. Then pz(I) 4+ p#(I) +t = 0 equals zero for at least two different I’s.
This means that —pz(I) —t < pz(I) and the equality holds for at least two
points. Thus, the function —pgz is singular to 7.
The proof in the opposite direction follows the same lines.

In particular, a vector  is a solution to My © ¢ iff —¢y is singular to all
g, where 7 is a row of My.

The difference between the semirings R and R, is that over R we have
Dom oy = {1] |1] < N}.

Now let 7 be a vector of coefficients of a tropical polynomial f, that is r;
is the coefficient of the monomial #’ in f. Then a root of the polynomial f is
a vector ¥ = (x1,...,%,) and ¢ described above in this case is given by

yr =& = iy = (I,1),
J

that is by the (classical) inner product of vectors & and I. Thus in this case
wg(I) = (&,I) is a partial linear function (note, that some coordinates x; of
Z might be infinite and then y; = oo once i; # 0 for at least one infinite
coordinate x;), whose graph is a part of a hyperplane in (n + 1)-dimensional
space. Note that here we assume that 0 - co = 0. We introduce the notation
Xz = —py and we say that xz is a partial hyperplane. Over R the function
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Xz corresponds to an ordinary hyperplane. Thus, from Lemma [7] we get the
following result.

Lemma 8 A wvector ¥ € RY is a root to f iff the partial hyperplane xz is
singular to the function ¢y .

In particular, the system of polynomials F' has a root over R, iff there is
a partial hyperplane singular to ; foralli=1,... k.

As a result we have that, if there is a partial hyperplane singular to all ¢,
foralli=1,...,k, then it clearly provides a solution to M. This repeats the
proof of the simple direction of the tropical dual Nullstellensatz theorem. What
we need to show for the opposite direction is that if there is some function
singular to all translations of all ¢;’s within some simplex |I| < N, then there
is also a singular partial hyperplane.

For the proof of Theorem I]it is convenient to use the language of polytopes.
We summarize it in the next definition.

Definition 5 To switch to polytope notation for a polynomial f € F we
consider the graph G(ps) = {(I,¢;(I)) | I € Z™, ps(I) # oo} of the func-
tion ¢y and along with each point (I,¢;(I)) we consider all points (I,t)
above it, that is such that ¢t > ¢;(I). We take the convex hull in R"™! of
all these points and call the resulting polytope P(f) the (extended) Newton
polytope of f. For the given system F of polynomials f1,..., fx we denote the
resulting convex polytopes by Pi,..., P,. We note that this construction is
quite standard [I8/29/[32]. By the bottom of P(f) we denote the set of points
Z = (21,...,%n, Tnt1) € P(f) such that there are no points of P(f) below
them, that is for any € > 0 we have that (z1,...,%n, Tn+1 —€) € P(f). Note
that the bottom of P(f) can be considered as a graph of a partial function
on R™. We denote the restriction of this function to Z™ by Sp: Z™ — R. Note
that this is an extension of ¢f. For the case of polytopes F; we shorten this
notation to §;. It is not hard to see geometrically that a partial hyperplane
is singular to ¢y iff it is singular to Bp. This is not necessarily true for an
arbitrary function ¢z instead of a hyperplane.

Remark 2 We note that in the paper [II] the conjecture on the tropical dual
Nullstellensatz was considered not for the original Macaulay matrix, but for
the Macaulay matrix in which we already switch to the convex hulls of the
graphs of polynomials in F', that is instead of values of functions ¢; rows of
Macaulay matrix contained graphs of functions Bp,. Our proofs work for both
settings, but we consider the original Macaulay matrix being more natural.

Remark 3 For the min-plus case we analogously associate to each polynomial
(fiyg:) € F the function ¢;. Let ¢;(I) be the minimum of the coefficients of
the monomial Z’ in f; and g¢;. Additionally we introduce colors to the points
of the graphs G(y;). If ¢;(I) is equal to the coefficient of # in f;, then we
color (I,¢;(I)) in black, and if ¢;(I) is equal to the coefficient of #! in g;, then
we color (I, ¢;(I)) in white. Note that we allow the same point I be labeled
by both colors simultaneously.
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In the notion of singularity of some function ¢ to ¥ we now consider ¥ to
be colored function. For ¢ to be singular to 1 we require now that there are
either no singular points or at least one black singular point and at least one
white singular point. Note, however, that we are satisfied if there is only one
singular point, but labeled with both colors. The analog of Lemma/[7]is proven
in the same way. Note that now we consider min-plus polynomials and to have
a solution we need to have minimum to be attained on monomials in both
parts of the polynomial. This directly corresponds to having singular points
of both colors. The analog of Lemma [§] is proven in the same way.

Newton polytopes P; are introduced in the same way as before (in the
construction of the polytope we ignore the colors). But note that now some
points of P; are labeled by colors. In particular, all vertices of polytopes are
labeled.

Convez polytopes. A convex polytope P in n-dimensional space can be speci-
fied by a set of (classical) linear functions F;(Z),..., Ei(Z), L1(Z),..., Ly(Z),
where & € R™: P is the set of points Z € R™ such that F;(Z) = 0 for all
i=1,...,0and L;(Z) > 0 for all i = 1,..., k. We assume that none of L;(Z)
evaluates to 0 on the set {Z|ViE;(Z¥) = 0}. Any face of a polytope can be
specified by a nonempty set S C {1,...,k}. The face corresponding to S is
the set of points # € P such that L;(¥) =0 for alli e S. )

The boundary of the polytope is the union of all its faces. The interior P
of the polytope P is the set of its non-boundary points.

For polytopes P; and P, we denote by P; + P» the Minkowski sum of these
polytopes. For natural k we use the notation kP = P 4 ... + P, where there
are k summands on the right-hand side. For an n-dimensional vector & we
denote by P + & the translation of P by the vector &. That is,

P+a={F+d|ieP}

By the homothety with a center & € R™ and a coefficient A > 0 we denote the
following bijective transformation h% of the space R™: the point i € R"™ is sent
to the point h3(y) = Z + A(§ — ). Note that kP is an image of P under the
homothety h’g. It is well known that translations and homotheties with the
composition operation form a group called dilation group. In particular, an
arbitrary composition of translations and homotheties results in a homothety
or a translation. Below we will use this fact without mentioning.

Definition 6 Consider a polytope P C R™, a set of points Q C R" and a

point & on the boundary of P. We say that @ touches P at & iff

L.QCP

2. e

3. if @ contains a point ¢ on the boundary of P, then g lies in a face of P
containing .

Below we collect some facts we will need about the structure of convex
polytopes. Though they are simple and intuitive we give the proofs of them
for the sake of completeness.
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Lemma 9 Let P be a convex polytope and let T,y Z be three distinct points
in P lying on the same line in the specified order. Then if i belongs to some
face of P then Z also belongs to the same face of P.

Proof Suppose on the contrary that i belongs to some face and & does not.
Then there is some inequality L among linear inequalities defining P such that
L(Z) > 0 and L() = 0. The restriction of values of L to the line containing &,
7 and Z is a linear function and hence, clearly, L(Z) < 0. Therefore, Z is not
in P and thus, we have a contradiction.

Corollary 5 Let P be a convez polytope and let T, 7, Z,t be four distinct points
in it lying on the same line in the specified order. Then i belongs to some face
of P iff Z belongs to the same face.

Proof Just apply Lemma |§| to the points 7, Z,# and to the points Z, 7, Z.

Lemma 10 Let P be a convez polytope and let T be a point in P. Let P’ be
an image of P under h% for X > 1. If P contains a point on some face of P’
then this face contains Z.

Proof Let ¥ be a point of P. Then the point
F B =7 - NG - 7)

T

lies in P’ and Z,7,Z lie on the same line in the specified order. Thus, by
Lemma |§| if 4 is on some face of P’ then Z is also on this face.

4.2 The enveloping polytope

The key idea of the proof of Theorem is to consider a large extended
Newton polytope Py “enveloping” all polytopes Pi,..., P, corresponding to
tropical polynomials fi,..., fx. The main property of Py we will ensure in
this subsection is that for each point Z on its bottom and for any ¢ there is
a translation P; + @ of the polytope P; such that P; + & touches Py at &
(Lemma . Using this property in the next subsection we will show that for
a solution @ of the tropical linear system My ® ¢ there is a singular point in
Sing(d, Bp,) such that the facet of Py containing the point (@, Sp,(d)) gives a
root to the system F' (Lemma [13]).

It turns out that for Py we can just take the Minkowski sum of Py, ..., Py
multiplied by a large enough number. We just let

To ensure the desired property of Py we need the following general fact on
convex polytopes.

Lemma 11 Let P be an n-dimensional conver polytope and let P' = (n+2)P.
Then for each point T € P’ there is a translation P+d& of P and the homothety
h;+2 mapping P + & to P’ with the following properties:
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1. the center i of the homothety lies in FD”;
2. Zis a verter of P+ a.

It is easy to see that the first property is equivalent to the fact that P+a C
P , but the current form of the lemma will be more convenient for us.

The main tools in the proof of this lemma are Caratheodory’s Theorem,
the notion of the center of mass and homothety transformations.

Proof We first give a proof sketch and then proceed to the detailed formal
proof. Since # is in P’ it lies in some simplex S’ generated by n + 1 vertices
of P’. For S’ we consider each of its vertices and make a homothety with
the center in it and the coefficient (n + 1)/(n + 2). The resulting (n + 1)
simplices cover all S” (even with overlap). So & lies in one of them, say in the
one determined by the vertex v{. Then we can consider the translation S + &
of the simplex S which is (n + 2) times smaller than S’ such that its vertex
corresponding to v} is mapped into Z. Then S + & lies in S’. Now we can
consider P’ and note that P + & is in P’.

Now we give a formal proof following the outline above. Since T is a
point in the convex polytope P’ it lies in the convex hull of its vertices. By
Caratheodory’s Theorem there are n + 1 vertices v/, ..., v;,, of P’ such that
Z € Conv{v},...,v,,}. We denote the latter simplex by S" and denote the
corresponding vertices of P by v1,...,Up41-

Let wi,...w,41 be the barycentric coordinates of ¥ with respect to
V},..., V1, that is w; > 0 for all ¢, >, w; = 1 and

= !/
T = E W; ;.
i

Without loss of generality let w; be the largest among w;. Then nwy > wy +
oo+ wpy. Let

n+1
N "
Ll s . W; ;.
D oiss Wi i—2

Then v' € Conv{vs,... v} }, there is a relation

n+1
T =wv] + E w; | v
i=2

and thus the points v, £ and v’ are on the same line. Moreover, |7 — v]| <
nlv' — & < (n+ 1)|v' — Z| (observe that |v' — Z| is nonzero since w; is nonzero
being the largest weight). Consider a point ¢ on the same line between the
points & and ¥’ and such that (n + 1)|Z — g = |v] — &|.

Now consider the polytope P and consider its translation P 4+ « by which
vy is mapped to Z. The homothety h,’yi+2 sends & to v{ and since (n+ 2)P and
P’ are equal, the image of P + « under this homothety is P’.

It is only left to note that the points &, ¢, v’ lie on the same line in the
specified order and all lie in P’. Thus by Lemmal9|since # € P’ we have RS P
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Remark 4 We note that Lemma [11| does not hold for P’ = (n + 1)P. The
example is very simple, just let P to be a standard simplex, that is a convex
hull of points {0,€é1,...,€,}. Then P’ = (n+ 1)P is a convex hull of points
{0,(n + 1)é1,...,(n + 1)&,}. Let & be the center of the polytope P’, that
is® =€ + ...+ €&, Then for ¥ to be a vertex of P + @& we should have
that either @ = 61 ++€n, or a = (?1 +~--+€i—1 +5i+1 ++€n for
some i. In the first case ¥y = (n + 1)(é1 + ...+ €,)/n and in the second case
g=Mm+D@ +...+ -1+ €41+ ...+ €,)/n. In both cases ¢ lies on the
boundary of P’: in the first case it is in the convex hull of {€},...,&,} and in
the second case it is in the convex hull of {67 €lyeevy€im1,€itlye -y En}e

Lemma 12 For any point & on the bottom of Py and for any P; there is a
such that P; + & touches Py at T.

Proof Let
P=P +...+ P

Thus Py = (n+ 2)P.

First we show that there is a translation of P touching Py at Z.

If Z is a vertex of Py then just note that there is a translation P + &’
lying inside of Py and containing # (since Py is a Minkowski sum and P is
a summand, Py can be viewed as a union of translations of P). Since ¥ is a
vertex of P, it is also a vertex of P + &@'. The homothety h;ﬁ+2 sends T as a
vertex of P+ @' into & as a corresponding vertex of Py and thus sends P + &’
to Py. Then by Lemma [10| P + &’ touches Py at Z.

If Z is not a vertex of Py denote the minimal dimension face of Py containing
Z by Qp. Clearly, Z is in the interior of Qq. Since Py = (n + 2)P we have that
there is a face @ of P such that Qo = (n + 2)Q. By Lemma |11] we can find a
translation @ + &’ such that T is a vertex of @ + & and Q + @' C Q. This
lemma also gives us the homothety h;ﬁ+2 whose center 7 lies in the interior of
Qo. Now let us consider P + &' and consider its image under hZfQ. The vertex
Z goes under this homothety to the corresponding vertex of Py and thus P+ a’
goes to Py. Note that by Lemma [10| we also get that P+ &’ intersects Py only
in the faces incident to % and thus only in the faces incident to Z.

Now note that P+a’ is the translation of the Minkowski sum of Py +. . .+ Py,
thus for each of P; there is a translation & such that P; + & is in P+ & and
contains the point #. Since this point is a vertex of P + @ we have that T is
a vertex of P; + &. Note that P; + & lies inside of P 4+ & and thus also can
intersect the boundary of Py only in the faces containing Z.

Corollary 6 For any point £ on the bottom of Py and for any f; there is &
such that G(p;) + d touches Py at Z.

Proof Note that the set G(y;)+d is a subset of P; + &, but on the other hand
contains all its vertices. Thus, G(¢;) + & touches P, at Z.

Remark 5 The analysis of this subsection can be translated to the min-plus
case literally.
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4.3 A facet of P, is singular

In this subsection we are going to finish the proof of Theorem

For the sake of convenience we will throughout this subsection call an (n+1)
dimensional vector @ (or a point in R"*1) integer if its first n coordinates are
integers.

We will not need the following observation in the proof, but it helps to
clarify the intuition.

Proposition 1 Consider the bottom Sp, of Py, consider the vector {ar} cor-
responding to it, that is ar = Bp,(I) if Bp,(I) is defined, and a;f = oo other-
wise. Consider the tropical polynomial g = @; (a; @fl). Then for each f;
the polynomial g lies in the tropical ideal generated by f; (a tropical ideal is
just the set of all the polynomials that can be represented as tropical algebraic
combinations of the generating polynomials).

Proof It is easier to give a proof in geometric terms. For each integer point
Z on the bottom of Py consider a translation G(y;) + dz touching P at
# which exists by Corollary [6] This translation corresponds to the tropical
multiplication of f; by a monomial. Then it is easy to see that all the integer
points on the bottom of P lie in the union of G(p;)+ &z over all & and on the
other hand, all other integer points of this union lie in Py. The union operation
corresponds to the minimum operation (tropical addition) for polynomials.

Lemma 13 Suppose the tropical linear system My © i has a solution d.

(i) For the case of the tropical semiring R there is a face of Py such that some
hyperplane containing it provides a Toot to the tropical system F.

(i) For the case of the tropical semiring Ry, if there is T € Z"™ such that
x € Dom 8p, NDom g then there is a face of Py such that some hyperplane
containing it provides a root to the tropical system F'.

Proof Consider the functions ¢z and fSp,. Since in both cases R and Ry
there is £ € Dom Sp, N Dom ¢z, we have that there is a singularity point
in Sing(vgz, Bp, ). Further proof works for both cases.

For each point & € Sing(yg, fp,) consider the lowest dimension of the
faces of Py to which the point (Z, Sp,(Z)) belongs and further on denote by &
the point in Sing(vgz, Sp,) which maximizes this minimal dimension. In sim-
ple words, we look for a singularity point in the most general position w.r.t.
the polytope Py. Let us denote the minimal dimension face of P, containing
(Z, Bp, (Z)) by Qo. Below we show that this face satisfies the formulation of
the lemma.

Consider some polynomial f;. By Corollary@ there is a vector @ such that
G(pj) + d touches Py at (Z, Bp,(Z)). Denote by 1 the function with the graph
G(pj) + a (note that due to the choice of N we have that v corresponds to
one of the rows of My up to an additive constant). Then, in particular, we
have that & € Sing(8p,, ). Since we also have & € Sing(pg, fp,) clearly we
have & € Sing(vz, %) (indeed, since & by Lemma@minimizes functions ¢ — Bp,
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and Bp, — pa, it also minimizes their sum; note that all three functions are
defined at the point Z, so all minimums exist). However, recall that @ is a
solution to the system My ® ¢ and v corresponds to one of the rows of My.
Thus, |Sing(vgz,¥)| = 2. But any point minimizing ¢ — ¢z should also minimize
¥ — Bp, and Bp, — @z (since & does), hence any point in Sing(pgz, %) should
be also in both Sing(ya, Bp,) and Sing(B8p,, ). In particular, |Sing(8p,, )| >
|Sing(¢a, )| and thus there is another common point of G(p;) + & and the
bottom of F.

Since G(p;)+a touches Py at & we have that any point in |Sing(8p,, ¥)| lies
in a face of Py incident to (Z, Sp,(Z)). If it does not lie in the face Qo, then the
minimal dimension face containing this point has a larger dimension than the
dimension of @)y and we get the contradiction with the maximality property
of (Z, Bp,(Z)). Therefore, there are at least two common points of G(y¢;) + &
and @Qy. Hence any hyperplane H going through Q)¢ and not intersecting the
interior of P is singular to the function corresponding to G(p;) + & and thus
provides a root to f;. Since the argument above works for all f; and Qo does
not depend on f;, we get that H is singular to all fi,..., fi and thus, defines
a root to the system F'.

Remark ¢ In the min-plus case the formulation of Lemma[I3|remains the same.
The proof also almost repeats the proof in the tropical case. We consider a
solution @ to the min-plus Macaulay system, consider a singular point of ¢z and
Bp, with exactly the same maximization property as before. We consider the
translation of arbitrary G(yp;) for arbitrary j as before. And here we have the
only difference to the previous proof. The singularity of ¢z and ¥ gives us that
there is a white singular point and a black singular point (see Remark. Note
that this might be the same point with two colors. Next, the same argument
shows that the points of both colors are in g, which finishes the proof.

Thus Lemma gives that over R if a tropical linear system My ©
i/ has a solution, then the tropical polynomial system F' has a root. This
finishes the proof of Theorem We will use Lemma [13(ii)| in the proof of
Theorem later. In the same way Theorem [2(i)| follows from the min-plus
analog of Lemma [13(i)| as outlined in Remark Section [5| we give another
proof for the min-plus dual Nullstellensatz with somewhat worse parameters
deducing it directly from the tropical dual Nullstellensatz.

4.4 Examples

We provide several examples illustrating why the case of n > 1 in Theorem
is substantially harder than the case n = 1.

Stepped pyramid. In the case n = 1 it was actually shown in [II] that if we
consider any solution {a;}; to the infinite Macaulay system and we consider its
coordinates a; for the large enough #’s, then in some natural sense they already
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form a hyperplane solution (that is a linear function in 7). This hyperplane
solution immediately gives a root to the polynomial system.

Now we show that this is not the case already for two variables n = 2.

To illustrate this consider a tropical polynomial f with the graph

G(f) = {(Ov 0, 0)7 (07 L, O)a
(1,0,0),(1,1,0)}.

Its convex hull is just a square.

Consider the tropical polynomial system consisting of one polynomial f.
Consider the Macaulay linear system corresponding to { f}. For this system we
will construct a solution ¢: Z2? — R such that even if we consider this solution
©(z,y) only for large enough (in absolute values) variables (x,y), the function
 is not linear no matter how large = and y are.

It is easier to describe the continuous version of the solution. The discrete
solution is defined by the integer points of the continuous solution.

Let Si = {(z,9)|10(k—1) < |z|, |y| < 10k} for k =1,2,.... For each odd k
we let the solution ¢: R? — R to be constant on Sy. For each even k we divide
Sk into 4 regions by lines y = x and y = —z. On the region with = > |y| we
let p(z,y) = = + C, where C will be chosen later. Analogously for z < —|y|
we let o(z,y) = —z + C, for y > |z| let p(x,y) =y + C and for y < —|z| let
o(x,y) = —y + C. We choose constants in these linear and constant functions
in such a way that ¢ is continuous on the whole real plane.

It is not hard to see that the graph of ¢ is singular to all the translation
of the convex hull of G(f) and thus, is a solution to the Macaulay matrix.
Indeed, consider an arbitrary translation of f by a vector (a,b) and denote
the corresponding function by . Its domain is D = {(a,b), (a,b + 1), (a +
1,b),(a+1,b+1)}. Consider a singular point (¢, d) in Sing(y, 7). Without loss
of generality assume that |c| > |d|. Then it is easy to see that another point in
D with the first coordinate ¢ is also a singular point. This can be done by a
direct computation with Lemma [6} the value of ¢ is the same in both points
and the value of ¢ in the second point is greater or equal than the value of ¢
in the first point.

Stripes. Now we provide an example demonstrating that solutions of the

Macaulay system can behave wildly. Specifically, we describe almost every-

where “non-continuous” solution, that is the solution having arbitrary large

gaps in the neighboring points. For this example also n = 2 variables suffice.
Consider a polynomial f with

G(f) = {(07 07 0)5 (07 17 71)7 (Ov 2a 0)7
(1,0, O), (17 1, —1), (1, 2, 0)}
The shape of the convex hull of this graph is a prism.
Consider a set of points described by the following function ¢: Z? — R:

, if |x/2]| is even;
pla,y) =17 .L/J.
—y, if |z/2] is odd.
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It is not hard to see that the graph of ¢ is singular to the convex hull of
all the translation of G(f). Indeed, consider a translation of ¢ by a vector
(a,b) and denote the corresponding function by . Its domain is the set D =
{(a,b),(a,b+1),(a,b+2),(a+ 1,b),(a+ 1,0+ 1),(a + 1,b + 2)}. Consider
a singularity point @ in Sing(¢, ). Without loss of generality assume that
its z-coordinate is a. Then it turns out that one of the neighboring points in
D with z-coordinate a is also a singular point. This can be seen by a direct
computation with Lemma [6]

Thus, the vector {x(I)} )< is a solution to the Macaulay system corre-
sponding to f. On the other hand, note that the gaps between the values of ¢
in the neighboring points in Z? can be arbitrarily large.

4.5 Tropical and Min-plus Dual Nullstellensdtze over R

In this subsection we prove the following more precise version of Theorem

Theorem 5 Over the semiring Ro a system of tropical polynomials F =
{fi,.-., fx} of degree at most d and in n variables has a root iff the Macaulay
tropical non-homogeneous linear system with the matrizc My for

N = 2(71 + 2)2k(4d)min(n,k)+2
has a solution.

Proof Suppose we have a system of tropical polynomials F' and consider the
corresponding Macaulay tropical non-homogeneous linear system My ® (0, ¥).
We have already shown one direction: if F' has a root then My ® (0,%) also
has a solution.

Suppose in the opposite direction that we have a solution @ to the non-
homogeneous system with the matrix My . This means that there is a solution
a with the finite coordinate corresponding to constant monomial. If for the
enveloping polytope P, constructed in Subsection [£.2] there is @ E Z" such
that © € Dom 8p, N Dom ®a then we can directly apply Lemma But
initially we know only that 0 € Dom ¢z and it can be that 0 ¢ Dom Bp, (and
there can be no translation Py +a of Py within Z} such that 0 € Dom Bpy+a)-
Below we describe how we deal with this problem.

Consider the column of My corresponding to the constant monomial. If
it has no finite entry, the non-homogeneous Macaulay system has the infinite
solution. At the same time the system of polynomials also has the infinite
solution. Indeed, note that no polynomial in the system in this case has a
finite constant term. So, this case is simple and further we can assume that
the column of My corresponding to the constant monomial has a finite entry.
This means that there is a polynomial in F' with a finite constant term. For
simplicity of notation assume that it is f;.

Now based on the system of polynomials F' we construct a system of poly-
nomials F’ such that
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1. each polynomial in F” is a (tropical) algebraic combination of polynomials
in F

2. each polynomial in F’ has a finite constant term;

F’ has a root iff I also has a root;

4. the number K of polynomials in F’ is at most (n + 2)k and the maximal
degree d’ of polynomials in F’ is at most 2(4d)™"("k)+2,

@

Claim If a family of polynomials F’ with the properties described above exists
then Theorem [B] follows.

Proof (Proof of the claim) We only need to show the opposite direction of
Theorem [5| Consider the solution @ to the system My © (0,%). Consider
the non-homogeneous Macaulay matrix M}, corresponding to F’. Since all
the polynomials in F’ are tropical algebraic combinations of the polynomi-
als in F, the rows of M}, are tropical linear combinations of the rows of
My . Hence @ is a solution to M} ® (0,%). Consider the extended Newton
polytopes Py, Py ..., P} for the polynomials in the system F’ and consider
the enveloping polytope Pj (see Subsection . Note that for each function
f € F' we have 0 € Dom @¢. Thus the same is true for the correspond-
ing polytopes and for the enveloping polytope P as well. Note that we have
N = 2(n + 2)%k(4d)™("F)+2 — (n 4 2)Kd'. Therefore Lemma is ap-
plicable and we obtain a root b = (=b1,...,—by) € R™ for F’. This in turn
implies that F' has a root.

Thus to finish the proof of Theorem [5]it is left to construct the system of
polynomials F’ and ensure its properties.

The idea for the construction of F” is to incorporate f; into all polynomials
fi in F in order to insure that their constant terms are finite. That is, each
polynomial in F” will be a (tropical) sum of f; and an algebraic combination
of other polynomials in F'. In particular, an extended Newton polytope of a
polynomial in F’ is a convex hull of a union of P; with some translations
of other polytopes among Ps, ..., Py. However, we would like to avoid new
roots for the system F’. If some face of P; is a face for all polytopes of the
polynomials in F’ it gives a new root to F’. So we have to construct new
polytopes P/ in such a way that as much as possible of the vertices of P; lie in
the interior of P/ and thus to reduce the number of faces of P; in the polytope
P/. The necessity to avoid new roots in F’ adds more technical complications.

We now proceed to the construction of F”.

Below we will need the following value:

A= i (F) = @i (9)]- ()

max max
1<in,i2<k ¥€Dom @, , y€Dom ¢,
Informally, it measures the maximal joint variation of yp-functions for the sys-
tem F'.

We also can assume that miny ¢;(I) = 0 for all ¢ since adding (in the
classical sense) a constant to each coefficient of a polynomial does not change
singularity.
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To construct F’ we first for alli = 2,...,k and j = 1,...,n define polyno-
mials of the following form:

gij = (=C) 027 © fi.
Here the parameters C' and a can be fixed in the following way:
C = 3A(4d)2 ™R +2 o — (4gymin(n)+2,
Next for all 4 > 1 we define

= ®g1Dga®...0 gin. (6)

Also for each i =2,...,k and j =1,...,n we introduce a polynomial

fi/j =f1®91PGgGn®...DGij—1® (-1 ©9i; D Gij+1 D ... D Gin,

that is the difference between f/ and f;; is that in the latter the coefficient of

z$ ® fiis —C — 1 instead of —C. We let
F':{fl}u{fi’|i:2,...,k}U{fi’j|i=2,...,k, j=1,...,n}.

Overall, F’ consists of K = (n+1)(k—1)4+1 < (n+2)k polynomials of degree at
most a+d < 2(4d)™*(F)+2 For a function f/ we denote its extended Newton
polytope by P/ and the function ¢ by ¢}. Analogously, for a function f;; we
denote its extended Newton polytope by Pi’j and the function ¢ £l by gpgj.

The tropical summands of the sum @ will be called below the compo-
nents of the polynomial f/. We specifically distinguish fi-component. All other
components are called f;-components. When we need to distinguish them, the
component g;; will be called the j-th component of f/

All properties of F’ are clear from the construction except the property
3. Moreover, one direction of the property 3 is simple: since F’ consists of
algebraic combinations of polynomials of F', any root of F is also a root of F”.
Thus it is left to show the following lemma.

Lemma 14 If there is a root to the system F’ then there is a root to the
system F'.

The proof of this lemma has a geometric intuition, but it is not easy to
see the intuition behind the technical details. So, before proceeding with the
proof we would like to explain this intuition in the case of n = 2 and k = 3.
After that we provide a formal proof for the general case.
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Informal proof for n = 2 and k = 3. Informally it is convenient to think of
constants C' and « as of very large parameters to be fixed later. In the formal
proof of Lemma [14] we will show that the values of C' and « specified above
suffice.

It is instructive to look at the extended Newton polytope Pj corresponding
to the function fJ. It can be obtained in two steps: we first take a union of
the graph of ¢ and of two copies of the graph of ¢, translated far away along
each of the axes x7 and x5 and far below along the vertical axis and then take
an extended Newton polytope of the result. The idea behind the construction
of f4 is that all the points of the polytope P; (corresponding to 1) except
possibly the points on z;-axis and xs-axis are in the interior of the polytope
Pj.

We will explain the presence of the polynomials f4;, f55, f41, f4o in F’ once
we actually need them.

Assume that there is a root b = (—by, —bs) to the system F’. Note that
since each polynomial in F’ has a finite constant monomial, the value of all
the polynomials in F’ is finite on any input. So we can assume that beR2If
it is not the case, just substitute infinite coordinates of b by large enough finite
numbers. Recall, that the root corresponds to the plane x;(Z) = biz1+bx2 (in
3-dimensional space) singular to ¢y for all the polynomials f € F’. The first
attempt would be to deduce that this hyperplane is also singular to functions
V1, Y2, 3, corresponding to polynomials f1, fa, f3. We already know that it is
singular to o1 since f; € F’. To show that it is singular to ¢o and @3 we look
closer at polynomials f5 and f5. Without loss of generality let us consider f.

We know that the hyperplane x; has at least two singular points with 5.
Note that singularity points can be chosen among the vertices of Pj. However,
if two singular points belong to different components of f} it does not give us
anything about the singularity of x; to any ;. Thus, we would like to show
that there are two singular points in one of the components of f}. Suppose
that there is at most one singular point in each component of f5. We note
that if there is at least one singular point in f;-component, then there are
two singular points there, since the hyperplane x; is singular to ¢;. The case
when the hyperplane x; has only one singular point in one of fa-components
is precisely the case, where we need polynomials f4;, f5,. Indeed, it is not hard
to see that in this case one of these polynomials has only one singular point
overall, and thus the hyperplane is not singular to ¢4, or ¢h,.

Thus, we have that each of the polynomials f} and f; has at least two
singular points in the same component. If these are fy-component and fs3-
component respectively then we are done: clearly, the hyperplane is singular
to both ¢s and 3. Thus, it is left to consider the case when one of the
polynomials (or both) has two singular points in f;-component.

Here we encounter a serious obstacle. For example, assume that Dom ¢4 and
Dom 3 do not intersect {(t,0) | t € R} — the set of points on z1-axis. Then the
hyperplane having two singular points with ¢ on the xi-axis and decreasing
dramatically along the zqo-axis provides a root to F’, but not necessarily to F.
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Thus, it is not always true that a root of F’ constitutes a root to F.
However, in the example described above we can replace by by by, = —o0o to
obtain a root b’ for F.

It turns out that this trick with some additional work is enough to finish
the proof. Indeed, suppose that the singular points of the hyperplane x; and,
say, @5 are in fi-component. Then it is not hard to see that all these singular
points lie either on zj-axis, or on xs-axis. Indeed, for any point @ € Dom ¢,
with both positive coordinates the point (@, ¢4 (@)) € R3 lies in P; and thus is
in the interior of Py by the construction of 4. Thus, @ is not a singular point.
If on the other hand, there is a singular point @ with a positive x;-coordinate
and another singular point @’ with a positive xs-coordinate, then the point
(@4 a) /2, (¢1(@) + p1(a’))/2) lie in Py due to its convexity and thus lie in
the interior of Pj, which contradicts to the singularity of @ and a@’. Thus this
case is also impossible and all singular points lie on one of the axes.

Without loss of generality assume that all the singular points for f} lie on
the zi-axis. Since there are at least two singular points on this axis in the
fi-component we have that b; is not too large and not too small, or more
formally, its absolute value is bounded by A (and thus, does not depend on C'
and «). Since we are allowed to fix C' as large as we want, this in particular
means that Dom(yy) does not intersect the z;-axis. Otherwise, the singular
point of the hyperplane x; with ¢, would be in the 1-component and not in
the fi-component. Thus, to obtain a root of the system {fi, fo} we can just
let b, = —o0c to obtain a new potential root &' = (—by, —b}).

We would like to stress here that at this point we have shown the theorem
for the case k = 2. However we need one more observation for the case k = 3.

Counsider the other polynomial f3. If the domain of ¢3 also does not inter-
sect the z-axis, then V' is indeed a root of f3.

Thus we can assume that there is a point ¢ in Dom(y3) on the x-axis.
Then just like in the case of ¢} the singular points of ¢5 are not in the fi-
component. Thus, they are in some f3-components and thus, x; is singular to
3 itself. But we have set b, = —oo and the singularity might not be translated
to . This happens if there is only one singular point in Sing(x;,3) on the
rp-axis. So there is another singular point Z'in Sing(xj, ¢3) not on the z;-axis.

Consider both points 7, Z € Z? on the two-dimensional grid. To get from i
to Z'in this grid we have to make several (at most d) steps along z;-axis in the
positive or the negative direction and at least one step in the positive direction
along the wp-axis. During this path the value of ¢3 and thus of x;, cannot
decrease by more than A. Indeed, since Z'is a singular point the difference of
the values of x; is bounded from below by the difference of the value of ¢3 at
the same points. Since the absolute value of by is also bounded, from this we
can deduce that be is bounded from below by some value depending only on
F.

Now choosing C large enough we can get a contradiction with the assump-
tion that the singular points of ¢y, are in the fi-component: both b; and bs
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are not two small and if we place fo-components low enough the singular point
will be in one of these components.

This proof (with some additional technical tricks) can be extended to the
general case.

Next we proceed to the formal proof of Lemma [T4]

Proof of Lemma , The plan is to consider a root of F’ and replace some of its
coordinates by the infinity. Below we describe how to choose the appropriate
set of these coordinates. The construction is rather straightforward: we only
keep the coordinates which we have a reason to keep and the others replace
by the infinity.

Consider a root b = (=by,...,—b,) € R™ of F’. We can assume that the
root is in R™ by the same argument as in the informal proof. As discussed in
Section this means that the hyperplane x;(Z) = ), biz; is singular to all
oy for f e F'.

Note that for each polynomial f/ there are two singularity points in the
same component. Indeed, if this is not the case consider a j-component with
one singularity point and consider the polynomial f;;. It has only one sin-
gularity point which is a contradiction (the same arguments works for the
fi-component: we should consider the polynomial f; in this case).

Below for a set T C R™ and for a set S C {1,...,n} we denote by T‘S the
set of points & € T such that z; =0 for all j ¢ S.

We define a sequence of sets of the coordinates in the following iterative
way. First consider the set Sing(x;, 1) of the singularity points for y; and
@1. We let j € Sp iff there is & € Sing(xj, ¢1) such that ; # 0. Suppose we
have defined S; by recursion on [ > 0. If there is a polynomial f; € F such
that |Sing(xl—;, <pl)| > ‘Sing(xg, ‘pi)‘s,’ and Dom(gpi)lsl # () then we define S;1
letting S; C Siy1 and j € Spyq \ S iff there is T € Sing(xj, i) such that
x; # 0. If there is no such f; the process stops.

This procedure results in a sequence Sy, S1, ... S, and in the corresponding
sequence of polynomials g1, go, . . ., g, where for each [ we have g; € F. For the
sake of convenience denote gy = f1. Note that » < k, since each polynomial
from F' can appear in the sequence at most once. Also r < n, since each S; is
a subset of {1,...,n} and each next set is larger than the previous one. Thus
r < min(n, k).

We can pose the following bounds on the coordinates of bin S,.

Claim For all I = 0,...,r if there is j € S; such that b; < —2A(4d)! then
there is j' € ) such that by > |b;|/(4d)"*1.

Informally, if there is a very small b;, then there is rather large b;.

Proof We argue by induction on .
For the case of Sy consider the coordinate j with b; < —2A and consider
7 € Sing(xj, 1) such that z; # 0 (there is such an ¥ by the definition of

Sp). Consider x(7) — XE(G) = >, Tpby. Since T € Sing(xz, 1) by Lemma@
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Xz (%) —XZ;(G) > 1(%) — ¢1(0) > —A. Note that z; > 0 (and thus z; > 1) and
for all p we have z, > 0, so

Z.’L'pbp 2 —l'jbj — A Z —bj — A 2 —bj/2.
PF]

On the other hand, note that

prb maxb pr dmaxb

P#£j

Thus, there is j' such that b, = maxy.; b, > —b;/2d.

For the induction step cons1der j € S;such that bj < —2A4d)' . 1f j € S,
we are done by the induction hypothesis. Suppose j ¢ S;_;. Consider the
polynomial g;. By its definition we have the following

1. There is § € Dom(¢gyg, . In particular, y; = 0.

s,
2. There is a singular point Z € Sing(xj, ¢g,) such that z; # 0.

Consider x3(Z) — x3(%) = >_,(zp — Yp)bp. Due to the singularity of & by
Lemma@we have x;(Z) — x3(¥) = g, (Z) — @4, () = —A. Just like in the base
of induction we have

Z(xp —yp)bp 2 —(x; —y;)bj — A= —bj — A > —b;/2.
p#j

Let us partition the leftmost sum into two parts

Z (Tp — Yp)bp + Z (Tp — yp)bp = —bj /2.

P#J,pESi-1 p#£J,pESi—1

Note that in the second sum (z, — y,) is nonnegative, because y, = 0. Since

Z|xp—yp\ <2d

P#£j

there is either p ¢ S;_q such that b, > —b;/4d, or p € S;_1 such that |b,| >
—b;/4d. In the first case we are done immediately and in the second case we
are done by the induction hypothesis.

To obtain the new root we fix all the coordinates of the root not in S, to
00, that is we let b; = —oco if j ¢ S, and b} = b; if j € S,.. We denote the
result by b = (=b},...,—b,) € R™.

We claim that b’ is a root of F.

Indeed, suppose on the contrary that there is a polynomial f; € F' such
that there is only one 2’ € Sing(x;, ;). Clearly, 2’ € Z”|S Moreover, no other
point can be a singular point of the original hyperplane Xz with ¢;. Indeed,
other singular points can be only outside of Z”| s. and if there is at least one,
then following our construction we would have added some more coordinates
to S,. Thus, there is only one singular point in Sing(xj, ¢:) and as a result
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singular points of x; with ¢/ are in the fi-component. Let i € Sing(xz, ;)
be one of these singular points. Note that by the definition of Sy we have
yE Z”|S0 - Z”|Sr. We are going to get a contradiction.

Let Min = minjeg, b; and Maz = max;eg, b;. Consider j and j’ such that
b; = Min and bj; = Maz. Consider the j'-component of f/ and let & be the
translation of ' in this component, that is & = 7+« - €j/. Since 27 € Z" | and

j e s, wehavemGZ”

—

Our goal is to show that X;(T) = x5(9) > ¢/ (L) — ¢y () which will con-

Xg\Y
tradict Lemma [6[since § € Sing(xz, ¢y)-
Note that

er (@) —op () = pp(F+a-€f) — e1(Y) = (pi(2) — C) —1(§) < —C + 4,

where the second equality follows from the definition of f/ @ and the last
inequality follows from the definition of A . Thus it is enough to show that

X;(@) — xz(y) > —C + A,
Note now that

Tjr— Yy =Ty — 2+ 2 — Yy = a—2d

Z|xp_yp|=z:|zp—yp|<2d

p#j’ p#£j’
Consider the sum

and

—

X;(@) — xz(y) =

Yo @mwbyt D (wp =yt (g — )by >

p#j s Tp—yp>0 p#jxp—yp<0
Min - Z (zp — yp) + Maz - Z (zp — yp) + Maz - (zj — yjr).
P?’éj/@p_yp>0 p#j’,wp—yng

If Max < 0, then by the claim above we have Min > —2A(4d)” and thus
Maz > —2A(4d)". We have

X&) — xz(y) =
— 2d2A(4d)" 4+ 0 — 2A(4d)" (o — 2d) = —a2A(4d)".
If Max > 0 we have
X3(Z) = xz(9) =
Min - Z (xp — yp) — Maz - 2d + Maz - (o — 2d) =
p#j wp —yp>0
Min - Z (xp — yp) + Maz - (o — 4d).
p#jlv-";p_yp>0

If Min > —2A(4d)" this sum is greater than —2A2d(4d)".
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If Min < —2A(4d)" then by Claim [4.5) Maz > —Min/(4d)" ™! and we have

X3(@) — x3(7) =
2dMin — (o — 4d) Min /(4d)™ > 0.

In all these cases x;(¥) — x;(¥) is greater than —C' + A and we have a contra-
diction with the singularity of /.
This finishes the proof of Lemma Theorem [5[ and thus Theorem

Remark 7 For the min-plus case the construction of the system F’ and its
properties are translated with the obvious changes only (a min-plus polynomial
is a pair of tropical polynomials; there is a pair of matrices instead of one
Macaulay matrix). The proof of Claim also translates with the obvious
changes only. We do not attempt to translate informal proof since this does
not add to the intuition. The formal proof is given in terms of ¢; and ¢
functions, so it also translates easily. The only difference is that instead of the
property “to have only one singular point” we use the property “to have singular
points of only one color” (see Remark . The rest of the proof remains the
same. In Section [5] we give another proof for the min-plus dual Nullstellensatz
with somewhat worse parameters deducing it directly from the tropical dual
Nullstellensatz.

4.6 Lower Bounds

In this subsection we provide examples showing that our bounds on N in
Theorem [I] are not far from being optimal. At the same time we provide the
similar lower bounds for Theorem 2l We will translate these lower bounds to
Theorems Bl and [ in Section [6l

Lower bound for Theorem [1(i)] First we show a lower bound for the case of R.
Namely for any d > 2 we provide a family F' of n+1 polynomials in n variables
and of degree at most d such that F has no root, but the corresponding
Macaulay system M4_1)(n—1) © ¥ has a solution.

The construction is an adaptation of the known example for a lower bound
for classical Nullstellensatz due to Lazard, Mora and Philippon (unpublished,
see [BLI6]).

Consider the following set F' of tropical polynomials

f1 =0 S5 0 O] Ty,
fir1 =002 @004, 1<i<n—1
fn+1 = 0@1®$n
It is not hard to see that this system has no roots. Indeed, if there is a root,
then from f; we get that 1 = 0, then from fy we get that zo = 0 etc., finally

from f,, we conclude that z,, = 0. However from f,, 11 we have that z,, = —1
which is a contradiction.
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Thus, it remains to show that the Macaulay tropical system with the matrix
M(q-1)(n-1) corresponding to the system F' has a solution.

Recall that the columns of M(4_1)(,—1) correspond to the monomials. We
associate an undirected graph G to the matrix M(4_1)(,—1) in a natural way.
The vertices of G are the monomials in the variables x1,...,x, of degree at
most (d — 1)(n — 1) (or, which is the same, the columns of Mg_1)(—1)). We
connect two monomials by an edge if they occur in the same polynomial of
the form &' © f; for i € {1,...,n}. Or, to state it the other way, we connect
two monomials if there is a row of M;_1)(,—1) not corresponding to a poly-
nomial f, 17 and such that the entries in the columns corresponding to these
monomials are both finite in this row.

We assign the weight w(m) to a tropical monomial m in the following way.
First, w(z;) = d*~! for all i = 1,...,n. Second, for all the monomials m; and
my we let w(my ® ma) = w(m) + w(ms). That is, if m = 2P © ... © 29
then w(m) = ay + azd + ... a,d" .

It turns out that the following lemma holds.

Lemma 15 If for two monomials my and mo we have w(my) > kd"~! and
w(ms) < kd™~1 for some integer k, then my and mso are not connected in G.

Proof Note that if two monomials are connected by an edge corresponding
to one of the polynomials fs,..., f,, then their weights coincide. If they are
connected by an edge corresponding to f1, then their weights differ by 1.

Note that for an arbitrary k any monomial of the weight kd"~! — 1 has
the degree at least (k — 1) + (d — 1)(n — 1). Indeed, consider such a monomial
m = :c?‘“ ©®...® x22% of the minimal degree. If there is i = 1,...,n — 1
such that a; > d, then we can replace a; by a; — d and a;+1 by a;41 + 1 and
obtain another monomial of the same weight but with a smaller degree. Thus
(a1,...,a,_1) corresponds to d-ary representation of the residue of kd" 1 —1
modulo d*!. Soforalli=1,...,n—1 we have a; = d—1 and thus a,, = k—1.

Due to the restriction on the degree in the graph G there is only one
monomial of the weight d*~!' — 1 and no monomials of the weight kd”~ ' — 1
for k > 1. Moreover, the unique monomial of the weight d"~! — 1 has the
maximal degree (d — 1)(n — 1) and thus, is not connected to a monomial of a
higher weight by an edge.

From all this the lemma follows. Indeed, if monomials m; and msy are
connected, then on the path between them there is an edge connecting mono-
mials of the weights kd”~' — 1 and kd™~!. However, as we have shown, this is
impossible.

Now we are ready to provide a solution to the Macaulay system
M(q—1)(n—1) ©F. For a monomial of weight kd"~' +s, where s < d"~!, set the
corresponding variable of i/ to k. Note that due to Lemma [15]if two monomi-
als are connected, then the values of the corresponding variables are the same.
Thus, the constructed ¥ satisfies the equations of M4_1),—1) © ¥ correspond-
ing to the polynomials f1, ..., f,,. The rows corresponding to f, ;1 are satisfied
since the weights of monomials differ by precisely d"~1.
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Remark 8 For the case of min-plus polynomials (see T heorem a straight-
forward adaptation works. Indeed, since in each polynomial there are only two
monomials, the only way to satisfy them is to make their values equal. Thus,
it is enough to consider a system of min-plus polynomials F’

(0,0@%1),
(OGx?d,OGxH_l), 1<i<n—1,
(0,1 zy,).

Lower bound for Theorem Now we show a lower bound for the case of
Reo-

Consider the following system F of tropical polynomials in the variables
TlyeeesIn,y Y.

L1=00z10y60,
fi+1=0®$?d®0®xi+17forz’:1,...,n—17
frz1=002% ©106 x,.

This system clearly has no roots. Indeed, assuming the contrary we can
consecutively show that all the coordinates of a root should be finite and then
the polynomials f,, and f,,4+1 give a contradiction.

Now consider the Macaulay non-homogeneous system Mgn-1_1®(0, Z). We
are going to construct a solution for it. For a tropical monomial z{* ...z%y"
let its weight be

ay +das + d?az + ...+ d" la,

Note that the degree in y is not counted. Consider all the monomials whose
y-degree coincides with their weight and let the corresponding coordinates of
Z be equal to 0. For all other monomials let the corresponding coordinates of
Z be equal to co. We show that indeed, this provides a solution to Myn-1_; ®
(0, 2). Consider the graph on the coordinates of (0, Z) in which two coordinates
are connected if the corresponding monomials appear in the same row of the
Macaulay matrix Mygn-1_;. It is not hard to see that all the monomials on
which (0, 2) is finite constitute a connected component of the graph, containing
the coordinate corresponding to the constant monomial. Moreover, due to the
constraint on the size of the matrix, no monomials in this component contain
x, variable. Thus, all the rows of the Macaulay matrix are satisfied.

Remark 9 For the min-plus case (see Theorem [2(ii)]) note that the same obser-
vation as in Remark [§] works. Just consider the system of min-plus polynomials
(0 Oz 0y, O)a
00 2P400 2i4q),fori=1,...,n—1,
0oz, 10,).
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5 Tropical polynomials vs. Min-plus polynomials

In this section we show that there is a tight connection between the sets of
roots of systems of min-plus polynomials and of tropical polynomials. We will
later use this connection to obtain the min-plus dual Nullstellensatz.

The connection is given by Lemmas [4] and [5l We proceed to the proofs of
these lemmas.

Proof (Proof of Lemma

Let T be some tropical polynomial system over R. For each polynomial
f € T we construct a min-plus polynomial system over the same set of variables
which is equivalent to f.

For this let

f:min{ll,l27...7lm}, (7)

where [;’s are tropical monomials.
It is easy to see that the minimum in is attained at least twice iff for
all i =1,...,m it is true that

min{ll, ceny li—17 li, li+17 ceey lm} =
min{ll, ceey lifl, li+1, ceey lm}

These equations are min-plus polynomial equations and thus, we have that
any tropical polynomial is equivalent to a system of min-plus polynomials.
To get a min-plus system equivalent to the tropical system we just unite the
min-plus systems for all the polynomials of T'.

Exactly the same analysis works for the case of Ry, and also for the cases
of Q and Q. Clearly, the construction is effective.

Proof (Proof of Lemma/[3)

In the opposite direction we do not have such a direct connection, but the
connection we show below still preserves many properties.

We first for a given min-plus polynomial system F' construct a correspond-
ing tropical polynomial system 7T and then prove a relation between F' and
T.

Let us denote the variables of F' by (x1,...,x,). The tropical polynomial
system T for each variable z; of F' will have two variables z; and z}, thus, the
set of the variables of T will be (z1,...,zn, 2, ..., 2)).

The system T consists of the following polynomials.

1. For each i =1,...,n we add to T" a polynomial
x; D T

2. Let (min; m;(Z), min, [,(Z)) be an arbitrary polynomial of F. For each p
we add to T" a tropical polynomial

min (mq (Z), my(T), ..., mg(ZT), mp(@), 1, (Z)) . (8)
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For each j we add to T a tropical polynomial

min (11 (Z), 1 (Z7), ..., (@), l(T), m;(Z)). (9)
We denote the monomials my,...,m; in these polynomials by m-
monomials. We denote the monomials [y, ..., [l; by l-monomials.

This completes the construction of T'. Clearly, the construction is effective.
Note that the maximal degree of polynomials in T is equal to the maximal
degree of polynomials in F. Now we are ready to show how F and T are
related.

Let H(d) = (d@,d) for all @. Clearly, H is an injective linear transformation.

Note that the polynomial of T" of the first type x; ®x} is satisfied iff x; = .
Thus, all the roots of T lie in the image of H.

If there is a root @ to F' then it is easy to see that its image (@, d) under
H satisfies all the polynomials of the form and @ in T. Indeed, since
min; m;(@) = min, [,(@), then there is j such that m;(&) = miny, l,(@). Then
the minimum in the corresponding tropical polynomials will be attained
in the monomials m;(Z) and m;(Z’). The symmetric argument works for the
tropical polynomials @D

If there is a root of T, we already noted that it has the form (d,a).
Then it is not hard to see that for each min-plus polynomial of F' we have
min; m;(@) = miny, ,(@). Indeed, since the corresponding tropical polynomi-
als (8)) are satisfied, we have that min; m; (@) < miny, l,(@). On the other hand,
the tropical polynomials @D guarantee that

minm; (@) > minl,(a).
J P

The proof works over the both semirings R and R, as well as over Q and

Qo

The sets of the roots of tropical (or min-plus) systems of the polynomials
are called tropical (respectively, min-plus) prevarieties. In particular, it follows
that the classes of tropical prevarieties and min-plus prevarieties are topolog-
ically equivalent.

To illustrate the possible applications of this connection we deduce another
proof of the min-plus dual Nullstellensatz with somewhat worse values of N
directly from the tropical dual Nullstellensatz.

We present the proof for the semiring R. Exactly the same proof works
also for R..

As usually one direction is simple, that is if a system F' has a root @, then
the Macaulay min-plus linear system Mly ® ¥ = Mry @ ¢ for any N also has
a solution: just let each coordinate y; of i to be equal to a’.

For the opposite direction, suppose the system Miy © ¢y = Mry ® ¢ for
N = (2n+42)(d1+. . .+dx) has a solution @. For the min-plus polynomial system
F consider the corresponding tropical polynomial system 7" from Lemmalf] Let
us denote by M} its Macaulay matrix. We will show that the tropical linear
system M} ® 2 has a solution. From this by Theorem [1|it follows immediately
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that T has a root (note that the number of variables is 2n, hence the change
in the value of N), and by Lemma [5| we have that F' has a root.

Thus, it is left to construct a solution to the tropical system My © Z
based on the solution to the min-plus system Miy © ¥ = Mry © y. The
construction is straightforward: for each monomial m(Z,Z') we partition it
into two parts mq (Z) ©® mo(#') containing variables & and &’ respectively, and
we let the variable of Z corresponding to m(Z, #') be equal to the variable of
y corresponding to the monomial m4 (Z) ® ma(Z).

Now we have to check that all the rows of the system M}y © 2 are sat-
isfied. This is obviously true for the rows corresponding to the polynomials
i o2 © (x; @ x}), since we clearly assign the same value to the variables
corresponding to both monomials. For the polynomials of the form we
consider the corresponding equation in Miy @ § = Mry © ¢. Since the mini-
mum in them is attained in m-monomials in the corresponding row of My © 2
the minimum will be attained in two corresponding m-monomials. The same
works for the polynomials of the form @D

6 Tropical and Min-plus Primary Nullstellensitze

Now we will the deduce primary forms of the tropical and min-plus Nullstel-
lenséatze. We start with the min-plus primary Nullstellensatz.

Proof (Proof of Theorem @ We will use the min-plus linear duality for the
proof of this theorem. We start with the case of the semiring R.

By Theorem the system of polynomials F' has no roots over R iff the
corresponding Macaulay linear system

Miy ©y=Mry ©Y (10)

has no finite solution. This system is equivalent to the system of min-plus

inequalities
Ml R Mry L,
<
(MTN> OVs <MZN> oV

Indeed, we just substituted each equation @ ® § = bo i in by a pair of
inequalities Oy < bOFand aOF = 0O ¥.
By Corollary [3] this system has no finite solution iff the dual system

(Mg Ml%)@(g)qmﬁ Mrﬁ)@(z) (11)
has a solution (¥, 2) # (o0,...,00) (recall that we allow for both sides to be
infinite in some rows).

This system can be interpreted back in terms of polynomials. That is we
claim that the linear system has a solution iff there is an algebraic com-
bination (f,g) of the min-plus polynomials in F such that for each monomial
its coeflicient in f is smaller than its coeflicient in g. Indeed, note that the
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columns of the matrices in correspond to the equations of F' multiplied
by some monomial Z/ and the rows correspond to some monomials #. Both
sides of can be viewed as a tropical sum of the columns of the matrices.
Each column of the matrix represents the coefficients of one of the polyno-
mials in ' multiplied by a monomial. A tropical sum of these columns thus,
represents the coefficients of an algebraic combination of polynomials in F.
Thus, a solution to the system corresponds to an algebraic combination
of polynomials in F, such that each coefficient of the algebraic combination
on the left-hand side is smaller than the respective coefficient of the algebraic
combination on the right-hand side. The fact that we allow both sides to be
infinite in some row corresponds to the fact that some monomials might not
occur in the sum. The fact that we allow infinite coordinates in the solution
to corresponds to the fact that we do not have to use all the columns in
the tropical sum, that is we do not have to use all the polynomials of the form
(#' ® f;,7" ® g;) in the algebraic combination.

The proof of the second part of the theorem is almost the same. The only
difference is that this time we should use non-homogeneous Macaulay system,
which by an application of Lemma [2] results in a linear combination of the
polynomials with a finite constant term.

Now we proceed to the tropical primary Nullstellensatz.

Proof (Proof of Theorem[4)) By Theorem [L(i)| the system of polynomials F has
no roots over R iff the corresponding Macaulay system

My Oy

has no finite solution.
By Corollary [4] this is equivalent to the fact that there is Z # (00, ..., 00)
in RY, such that in each row of

MYy oz

the minimum is attained only once or is equal to co and for each two rows
the minimums are in different columns. Recall, that each column in M7 cor-
responds to a polynomial 77 ® f; and the rows correspond to the monomials
#! in these polynomials. Thus, Z corresponds to an algebraic combination of
the polynomials of F' and the properties of 2’ described above are equivalent
to the singularity of the corresponding algebraic combination.

The proof of the R, case is completely analogous.

The lower bounds on N in Theorems [3] and [4] can be proved along the
same lines as the proofs above by considering polynomial systems constructed
in Subsection [4.6] It was shown there that for these polynomial systems the
Macaulay linear systems of certain sizes have solutions. Using the tropical and
the min-plus linear duality and interpreting the results in terms of polynomials
just like in the proofs above we can show that these polynomial systems provide
lower bounds for the tropical and min-plus primary Nullstellensétze.
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7 Linear duality in min-plus algebra
7.1 Min-plus linear duality

In this subsection we prove Lemma[2on the duality for min-plus linear systems.

The proof of this lemma is based on the interpretation of min-plus linear
systems as mean payoff games. Namely, given a min-plus linear system we
construct a mean payoff game G such that a solution to the system corresponds
to a winning strategy for one of the players. This connection between min-plus
linear systems and mean payoff games was established in [2]. We present the
details here for the sake of completeness.

Given two matrices A, B € RZ2*™ the corresponding mean payoff game G
can be described as follows. Consider a directed bipartite graph whose vertices
on the left side are r1,...,r,, and the vertices on the right side are cy,...,cy.
The left-side vertices correspond to the rows of the matrices A and B and the
right-hand side vertices correspond to the columns of the matrices. From each
vertex r; there is an edge to a vertex c; labeled by —a;;. From each vertex
c; there is an edge to a vertex r; labeled by b;;. We denote the label of an
edge (v,u) by w(v,u). Thus w(r;,¢;) = —a;; and w(c;,7;) = b;j. There are
two players which we call the row-player and the column-player and who in
turns are moving a token over the vertices of the graph. In the beginning of
the game the token is placed to some fixed vertex. On each turn one of the
two players moves the token to some other node of the graph. Each turn of
the game is organized as follows. If the token is currently in some node r; then
the column-player can move it to any node ¢; (the column-player chooses a
column). If, on the other hand, the token is in some node ¢; then the row-
player can move the token to any node r; (the row-player chooses a row). The
game is infinite and the process of the game can be described by a sequence of

nodes vg, v1, Vg, ... which the token visits. The column-player wins the game
if
1
litlgiogf 7 1 w(vi—1,v;) > 0. (12)
1=

If this limit is negative then the row-player wins. If the limit is zero we have
a draw. If some entries of the matrices A, B are infinite we assume that there
are no corresponding edges in the graph. Alternatively, we can assume that
there are edges labeled by oo and the player following such an edge losses
immediately.

The process of the game can be viewed in the following way. After each
move of the column-player he receives from the row-player some amount —a;;
and after each move of the row-player he receives from the column-player some
amount —b;;. The goal of both players is to maximize their amount. If one of
them can play in such a way that his amount grows to infinity as the game
proceeds, then he wins. And if the amounts of the players always stay between
some limits, then the result of the game is the draw.
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Note that if all the entries of the matrices are finite the game has a complete
bipartite graph and it is easy to see that this property implies that the winner
of the game does not depend on the starting position. The situation is different
in the case of matrices with entries from R.

For the constructed game G the following property holds. It is implicit
in [2].

Lemma 16 There is a finite solution to A® Z < B ® T iff the column-player
has a non-losing strategy starting from any position.

There is a solution T # (00,...,00) to AOZ < BOT iff the column-player
has a non-losing strategy starting from some position.

There is a solution to A ® & < B ® & with a finite coordinate x; iff the
column-player has a non-losing strategy starting from the position c;.

There is a solution to AOT < BOT such that the j-th coordinate of AOZ is
finite iff the column-player has a non-losing strategy starting from the position
Tj.

Proof We always can add the same number to all the coordinates of the so-
lution. In particular, we have that there is a solution & # (o0,...,00) to
A O < BOLiff there is a solution such that all z; > 0 and min; x; = 0.

We are going to show that the existence of such a solution is equivalent
to the existence of non-losing strategy for the column-player. The proof is
very intuitive, but to make the intuition clear we have to explain what does
Z mean in terms of the game. To do this assume that the column-player has
a non-losing strategy starting from some position. We know that if the player
follows the strategy, then his amount does not decrease to —oo. But it might
become negative at some moments of the game. For an arbitrary vertex c;
let us denote by z; the minimal amount such that if the game starts in c;
and the column-player has x; in the beginning then he can keep his amount
above zero playing optimally. If in some position ¢; the column-player has no
winning strategy we naturally set acz = co. It turns out that the vector 7’ is a
solution to the min-plus linear system.

Indeed, suppose that the column-player has a non-losing strategy and con-
sider &’ corresponding to it. Assume that we are in position ¢;. Then for each
move of the row-player (j,7) there is a move of the column-player (i, k) such
that the remaining amount of the column-player after these two moves is at
least . (so he does not go below his budget in the future). That is for each 4
and j there is a k such that z + b;; — ay, >z or

/ /
zy, + ai < T + by

And this precisely means that A®7# < BO T'.

Now, suppose that there is a solution Z to the min-plus linear system.
Let us give the column-player the amount x; if the game starts in c¢;. Then
reversing the argument we have that for each ¢ and j there is k such that
Z; + bi; — a;, = 5. And this means that for each position ¢; and for each
move (j,7) of the row-player there is a move (i, k) of the column-player, such
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that the amount of the column-player does not go below zy. Thus, we have
that the column-player indeed does not go below the amounts & and thus, does
not lose the game if he makes moves in the described way.

This analysis shows all the statements of the lemma except for the last
one. For this statement note that the column-player does not lose in the po-
sition r; if he has a move to some position ¢; such that first, he does not lose
immediately, and second, he does not lose in position ¢;. Thus a;; is finite and
x; is finite and thus the i-th coordinate of A ® & is finite. It is easy to reverse
this argument.

The next observation seems to be a new step towards the min-plus linear
duality.

Lemma 17 There is a finite solution to A®© ¥ < B ® Z iff the column-player
has a winning strategy starting from any position.

There is a solution T # (00,...,00) to AOZ < BOZT iff the column-player
has a winning strategy starting from some position.

There is a solution to A ® ¥ < B ® Z with a finite coordinate x; iff the
column-player has a winning strategy starting from the position c;.

There is a solution to A®Z < BOX such that the j-th coordinate of A®X
is finite iff the column-player has a winning strategy starting from the position
Tj.

Proof Suppose there is a solution Z to A®Z < B®Z. Then for a small enough
positive e there is a solution to A ®@ ¥ < (B — ¢€) ® &, where we subtract €
from each entry of B. Then by Lemma [16| there is a non-losing strategy for
the column-player in the mean payoff game G’ corresponding to the system
AOZ < (B —¢€) @2 Let the column-player apply the same strategy to the
game G corresponding to A ® ¥ < B ® #. Then compared to the game G’
after k& moves the column-player will have at least the value ke added to his
amount. Since the amount of the column-player is bounded from below in G’
it will grow to infinity in G. Thus in the game G the column-player has a
winning strategy.

For the opposite direction, assume that the column-player has a winning
strategy. Then if we add a small enough € to all payoffs of the row-player,
the column-player will still have a winning strategy, which is in particular
non-losing. Thus we have by Lemma [I6] that there is a solution # to A ® # <
(B — €) ® &, where we subtract e from each entry of B. Clearly, the very same
Z is a solution to A ® ¥ < B ® & and we are done.

Now to get the Lemma [2] it is only left to use a duality of mean payoff
games. For this note that for a game G either the column-player has a win-
ning strategy starting from some position, or the row-player has a non-losing
strategy starting from the same position. Also note that if along with the game
G corresponding to the min-plus linear system A ® £ < B ® & we consider a
game G’ corresponding to the min-plus linear system BT ® i < AT ® 4/, then
the games G and G’ are the same except the roles of the players switched.
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7.2 Tropical duality

Suppose we are given a tropical linear system A ® ¥ for A € R™*"™ and we
are interested whether it has a solution. First of all it is known that if the
number of variables is greater than the number of equations, then there is
always a solution [§]. So we can assume that m > n. Next note that if we add
the same number to all the entries in some row of A then the set of solutions
does not change. One simple obstacle for A ® & to have a solution is that we
can add some numbers to all the columns of A and possibly permute the rows
and the columns in such a way that the minimums in the first n rows of the
resulting matrix are unique in each row and are attained just in the entries
(1,1),(2,2),...,(n,n). It is easy to see that if this is the case then there is no
solutions to A ® # [§]. It turns out that this is the only obstacle. We give a
proof below however we note that this is already implicit in [I2]20].

Proof (Proof of Lemma @ Given a tropical product of a matrix by a vector
A ©d, where A € RZ2*™ it is convenient to introduce a value n;(A © @) for
all ¢ = 1,...,m which is equal to the number of the column in which the
finite minimum in the row 7 is situated (if there is one). If there are several
minimums, n;(A ® @) corresponds to the first one. When the matrix and the
vector are clear from the context we simply write n;.

Denote by C; for i = 1,...,n the matrix in R”™*™ with 1 entries in the
i-th column and 0 entries in other columns. Denote by R; for i = 1,...,n the
matrix in R™*™ with 1 entries in the i-th row and 0 entries in other rows.
Note that R; = C].

We will show the first part of the lemma. The proof of the second part is
completely analogous.

Suppose we are given a matrix A € R72*" and consider the tropical linear
system A ® Z. As shown in [I3] (cf. Section |5]) Z is a solution to this system
iff for all small enough € > 0 Z is a solution to the following min-plus system:

A+ eCy A
A+€CQ A

. OF< . oz
A+ eC, A

By Lemma [2| this system has a solution & with finite coordinates x; for
i € S if and only if the system

(AT AT ... AT) Oy <

T T T _, (13)
(A +eRy AY +€Ry --- A —|—6Rn)®y

has no solution ¥ such that for some 7 € S the i-th coordinate of

(AT AT ... AT) o7

is finite.
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On the right-hand side of we have a block matrix with blocks AT +€R;.

It is left to show that the system has a specified solution iff there is
7 such that in each row of AT ® # the minimum is attained at least once or
is equal to oo, in addition for each two rows with the finite minimums these
minimums are in different columns and for some ¢ € S the i-th coordinate of
AT © 7 is finite. Note that if i is a solution to then in each row ¢, where
the minimum on the left-hand side is finite we have m(i — 1) < n; < mi, that
is n; is in the i-th block. Indeed, otherwise the minimum in this row in the
left-hand side is greater or equal than the minimum in the right-hand side,
since the i-th rows on the left-hand side and on the right-hand side differ only
in the i-th block. Thus, if ¥ is a solution then for each row i with the finite
minimum there exists a column j; = n; (mod m) of the i-th block such that
the minimum is attained in this column. Note that for i; # iy with the finite
minimums in the rows of the system we have j;; # j;,. Otherwise, the rows
11,12 and the columns n;, = miy + ji,,ni, = miz + j;; would form a 2 x 2

subsystem

(ailajil iy js, > o <ymh+jz‘1) <

Qig,j5iy Qig,jiy Ymio+ji,
(ah;jil +e iy i, ) o) (ymil"l‘jil )
iy i, Qiy s, +e€ Ymiz+js, ’
with the finite Ymir i, » Ymiotiis, » which is impossible. Thus, the columns j;
correspond to the different columns of the matrix A”. Let us consider the
tropical system
AT oz

and consider the following vector z. For all ¢ with the finite minimum in the row
i let 2j, = Ymitj,- Set all other coordinates of Z to co. For this Z the minimum
in each row is either infinite or is attained once and no two minimums are in
the same column. Indeed, if a finite minimum is attained twice for some row,
then for the same row of we would have the equality. Note also that the
i-th coordinate of the vector

(AT AT ... AT) oy

is finite iff the i-th coordinate of AT ® 7 is finite.

In the opposite direction, suppose we have a vector 2’ such that in each row
AT ®Z the minimum is either infinite or is attained once and no two minimums
are in the same column. Then for each row ¢ with the finite minimum consider a
column j; in which this minimum is attained and let y;m+;, = 2;. Set all other
coordinates of i to oco. Then for any small enough ¢ we will have a solution
of and the i-th coordinate of AT @ 7 is finite iff the i-th coordinate of

(AT AT ... AT) o

is finite.
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