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Abstract

Various feasibility problems in Combinatorial Optimization can be stated using systems
of polynomial equations. Determining the existence of a stable set of a given size, finding
the chromatic number of a graph or more generally, determining the feasibility of an Integer
Programming problem are classical examples of this. In this thesis we study a powerful tool
from Algebraic Geometry, called Hilbert’s Nullstellensatz. 1t characterizes the infeasibility
of a system of polynomial equations by the feasibility of a possibly very large system of
linear equations. The solutions to this linear system provide certificates for the infeasibility
of the polynomial system, called Nullstellensatz Certificates.

In this thesis we focus on the study of Nullstellensatz Certificates for the existence of
proper colorings of graphs. We use basic ideas from duality theory to determine various
properties of the Nullstellensatz Certificates. We give new proofs to several known results in
the current literature and present some new results that shed some light on the relationship
between the sparsity of a graph and the size of the Nullstellensatz Certificates for k-
colorability.
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Chapter 1

Introduction

Linear Algebra is probably one of the most useful mathematical tools to solve a wide range
of theoretical and applied problems in mathematics and other sciences. Either in real world
applications or pure theoretical questions, Linear Algebra has found its way to contribute
to the development and the deep understanding of a variety of mathematical objects and
structures of study. One of the main reasons for such a great impact in science is the fact
that, the Theory of Linear Algebra has characterized when a system of linear equations
has a solution and has provided efficient algorithms to solve such systems. To phrase it on
Edmonds’ terms ([23], [13]), Linear Algebra provides us with a good characterization for
the existence of solutions of linear systems. Such characterization is often called Fredholm’s
Theorem of the Alternative: for every matrix A € R™*" and every vector b € R™,

Axr=b Aly=0,b"y=1

has no solution, has a solution. (1.0.1)

Fredholm’s Theorem of the Alternative lets us certify the nonexistence of solutions of
systems of linear equations with the existence of solutions of another system of linear
equations. More concretely, if one wishes to convince someone that the system Ax = b
has no solution, then we can provide a solution y € R™ to (1.0.1) as a certificate of such
assertion. Of course, among all possible certificates, one would like to provide the best (in
some suitable sense) certificate. For example, in the context of systems of linear equations,
one would like to provide a certificate y with as few non-zero entries as possible.

Even though linear systems are very powerful, numerous problems of great interest
cannot, at a first glance be modeled using systems of linear equations. For instance,
problems of a discrete nature such as Integer Programming feasibility problems, where the



variables are required to be integers, are examples of this. For these types of problems a
more elaborate machinery needs to be constructed. A natural generalization is to consider
systems of polynomial equations instead of linear systems. More concretely, given a set
of multivariate polynomials py, ps, ..., pm over the complex numbers with n variables, we
consider the system:

pi(x) =pa(z) = =pu(r) =0, zecC" (1.0.2)

Clearly, systems like (1.0.2) are more powerful than linear systems. For example, they can
model much harder problems such as 0, 1 Integer Programming feasibility problems. This,
since a polynomial equation like x? — x; = 0 would force the variable z; to be either zero
or one. In particular, the problem of deciding the existence of solutions to (1.0.2) lies in
the complexity class of NP-hard problems ([29]).

Despite the difficulty of solving systems of polynomial equations, their theoretical im-
portance is astonishing. For instance, David Hilbert ([31]), while studying the Theory of
Algebraic Invariants, proved in 1893 the following good characterization for the existence
of solutions to (1.0.2):

()= =pu() =0 _ n(@)p(@)+ -+ rm(@)pm(r) =1
has no solution z € C", for some polynomials r,...,7r,.

(1.0.3)

This characterization, called Hilbert’s Nullstellensatz or Hilbert’s Theorem of Zeros, is one
of the building blocks of Algebraic Geometry and Commutative Algebra as it shows a
deep connection between algebraic objects (ideals of polynomials, cf. Definition 2.1.5) and
geometric objects (affine varieties, cf. Definition 2.1.1). The polynomials 71,7, ..., 7, on
the right hand side of (1.0.3) provide a certificate for the non-solubility of (1.0.2). Such
certificate is called a Nullstellesatz Certificate and its degree is the maximum degree of
the polynomials r; with i € {1,2,...,m}. Determining the existence of a Nullstellensatz
Certificate of a given degree can be done using a system of linear equations. Indeed, if we
fix the degree of the polynomials ry, ..., r,, then the equation

ri(@)pi(@) + -+ rp(@)pm(z) =1 (NCERT)

becomes nothing but a system of linear equations, where the variables are the coefficients
of the polynomials r; with ¢ € {1,2,...,m}. Thus, Hilbert’s Nullstellensatz transforms the
non-solubility of (1.0.2) into a family of (possibly large) systems of linear equations.

Janos Kollar ([31]) in 1988 proved that if (1.0.2) has no solution and the polynomials p;
with ¢ € {1,2,...,m} have degree at most d, then there exists a Nullstellesatz Certificate
r1,72, ..., m having degree at most max(3, d)min("’m). Moreover, Kollar showed that his
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bounds were sharp and as a consequence the linear system induced by (NCERT) might
end up being enormous.

Nonetheless, for many important classes of polynomial equations the bounds found
by Kollar are far from being optimal. For instance, Daniel Lazard [37] showed that if
the polynomials py, ps, ..., pm have no common roots and no common roots at infinity (cf.
Definition 2.3.9), then the bound on the degree of the certificates can be lowered to n(d—1).
Examples of such systems of polynomials are the ones containing the equations z;(x;—1) =
0 or a:f —1 =0 for every j € {1,2,...,n} and any k£ > 1. Thus, when dealing with
combinatorial problems that can be encoded as systems of polynomial equations, better
bounds can be expected and the linear system (NCERT) might gain some computational

interest.

These observations were carried out by Jesis de Loera and many of his coworkers
([20], [17]). They implemented an algorithm, known as the Nullstellensatz Linear Algebra
(NulLA) Algorithm, which uses the linear system derived from (NCERT) to detect the
feasibility of (1.0.2) (cf. Algorithm 4.1.1). Several graph theoretic problems such as finding
a stable set of a given size, determining whether a graph can be colored with k-colors and
determining the existence of a hamiltonian cycle, among others were tested with NulLLA
([20]). Although for some of these problems Lazard’s bounds were sharp, their computer
experiments showed that NulLA outperformed several other known algorithms for checking
the non-3-colorability of a graphs ([21]). Moreover, the degrees of the certificates for non-
3-colorability seemed to be much smaller than Lazard’s bounds.

The polynomial encoding that De Loera and his co-authors used for graph coloring is
due to David Bayer in 1982 ([5]) who noted that a graph G = (V, E) is k-colorable if and
only if the system of polynomial equations

F—1=0 WweV,

BCOL
oo a4 a2 =0 Vuww € E, ( )

has a solution z € K" over any closed field K of characteristic p not dividing k. Indeed,
the first equation in (BCOL) assigns a k-root of the unity to each variable x, with v € V
and the second equation guarantees that z, # x, for every edge {u,v} € E (cf. Theorem
5.1.3).

Besides its apparent practical value as a computational tool for detecting the k-colorability
of graphs, only few results about the properties of the Nullstellensatz Certificates for
(BCOL) are known and many problems are still open. Recently, Bo Li, Benjamin Lowen-
stein and Mohamed Omar [39] gave a clean combinatorial characterization of all graphs
that have Nullstellensatz Certificate of degree one for (BCOL) with k& = 3 over the finite
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field Fy (see also [19]). Moreover, they showed (via exhaustive computations) that ev-
ery non-3-colorable graph with at most twelve vertices has a Nullstellenstaz Certificate of
degree at most four for (BCOL) over F.

Jesis De Loera, Jon Lee, Peter Malkin and Susan Margulies [20] proved that unless
P = NP, for every integer d > 1 there exists a non-3-colorable graph with minimal Null-
stellensatz Certificate for (BCOL) (over any field K as above) of degree greater than or
equal to d. However, it is still an open problem to find a graph whose minimal Nullstel-
lensatz Certificate has degree greater than four for (BCOL) (over any field K as above).

The main purpose of this thesis is to study (BCOL) and other systems of polynomials
equations from a dual point of view. That is, instead of trying to show the existence of
Nullstellensatz Certificates using the system of linear equations derived from (NCERT)
directly, we will use Fredholm’s Theorem of the Alternative to study the non-existence
of Nullstellensatz Certificates of certain degree. More concretely, an infeasible system of
polynomial equations (1.0.2) over some closed field K has a Nullstellesatz Certificate of
degree d if and only if the constant polynomial 1 lies in the finite dimensional vector space

V= {ri(z)pi(x) + -+ r(2)pm(x) : each polynomial r; has degree at most d}.

We can see V; as a subspace of the vector space V of all polynomials on n variables with
coefficients in K. Thus, (1.0.2) does not have a Nullstellesatz Certificate of degree d if and
only if there exists a linear functional A € V* in the dual space of V such that

Ap)=0, VpeVy (DNCERT)

and A\(1) # 0. Such linear functionals A are called Dual Nullstellensatz Certificates of degree
d (cf. Definition 4.2.7). These dual certificates (sometimes referred as Designs [9],[10])
were introduced by Stephen Cook et. al. ([6]) to find lower bounds for Nullstellensatz
Certificates of systems describing a version of the Pigeon Principle. Later, Jesus De Loera,
Peter Malkin and Pablo Parrilo ([22]) did a very general study of the set of all A € V*
satisfying (DNCERT), i.e. the annihilator of V ; (cf. Definition 4.2.5). However, no specific
study of Dual Nullstellensatz Certificates of the systems like (BCOL) or other systems of
polynomial equations arising from combinatorial problems has been done until now.

Our contributions are the following. First, using this dual approach, we found new
proofs to many of the results found in the current literature. For instance, we give a

shorter and combinatorial proof to the following result due to De Loera et. al. [20] (see
Theorem 4.2.11).



Theorem A. Let G = (V, E) be a graph with mazimum stable set of size a(G). Then, for
any k > o(G) + 1 the system

ZI’Z—]{?:O,

eV

.I’Z',Tj = 0, V{Z,]} € E, (STAB)
has a minimal Nullstellensatz Certificate of degree a(G).
We also give a new proof of the following recent result due to De Loera et. al. [18] (see

Corollary 5.2.4 )

Theorem B. Let G = (V, E) be a non-k-colorable graph with k > 3 and suppose that
(BCOL) has minimal Nullstellensatz Certificate of degree d*. Then,

d*=1 mod k. (1.0.4)

Moreover, d* > k + 1.

Systems like (BCOL) have the great advantage of having its set of solutions contained in
a finite abelian group: each coordinate of any solution z to (BCOL) lie in the multiplicative
group generated by the k-th roots of the unity. We use this basic observation throughout
the thesis to derive beautiful connections between Fourier Analysis of finite abelian groups
and the Nullstellensatz (cf. Chapter 3 and Section 5.2.2). In particular, this connection
leads to the study of the following equivalent system of polynomial equations

F—1=0 vueV,

FCOL
1+ w4 2?2h2 oo af e =0 V{u,0} € E. ( )

The system (FCOL) can be seen as a relaxation of the system (BCOL). More concretely,
if a non-k-colorable graph has a Nullstellensatz Certificate for (FCOL) of degree d, then it
has a Nullstellensatz Certificate for (BCOL) of degree d + 1 or d — k + 1 (cf. Proposition
5.1.5). We prove the following theorem (see Theorem 5.3.7).

Theorem C. Let G = (V, E) be non-3-colorable graph with minimal Nullstellensatz Cer-
tificate for (FCOL) of degree d*. If G has girth at least siz, then

d* > 6.
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We believe that the techniques used to prove the above theorem may work for the case
(BCOL) as well and we could possibly derive a more general statement.

Next, we use the theory of Dual Nullstellensatz Certificates to find instances on which
it is possible to guarantee the existence of Nullstellensatz Certificate of some degree. In
particular we prove the following theorem relating the k-colorability of a graph and the set
of cliques of size k contained in them (see Theorem 5.4.3).

Theorem D. Let G = (V,E) be a graph and let k > 3 be an odd integer. Consider the

group
Fpi=(eu +--+eu: u,...,u, €V form a k-clique ) C ZX,

where e, € Z) with u € V are the canonical vectors of the group ZY . If there exists an
edge {u,v} € E such that e, — e, € Ty, then G is not k-colorable.

It is possible to use Theorem D to find Nullstellensatz Certificates for the non-3-
colorability of graphs that have a rich triangle structure (cf. Lemma 5.4.5). In particular,
we can use it to prove that every odd wheel has a Nullstellensatz Certificate of degree 4
for (BCOL) (see [20] and Proposition 5.4.7).

This dissertation is organized as follows. In Chapter 2 we give a quick introduction
to the basics of Agebraic Geometry. Several examples and comments are provided. At
the end of this chapter we give a simple proof of Hilbert’s Nullstellensatz due to Enrique
Arrondo ([1]). In Chapter 3, we study the theory of Fourier Analysis for Finite Abelian
Groups. We introduce the dual group and construct the Fourier Transform. We also study
some basic properties of Cayley Graphs and their spectra. In Chapter 4, we study some
upper bounds for the degree of Nullstellensatz Certificates. We prove a slightly weaker
version of Lazard’s bound using Fourier Analysis. Then, we introduce the concept of Dual
Nullstellensatz Certificate and use it to derive lower and upper bounds for (STAB). In
Chapter 5 we use Fourier Analysis to derive an alternative formulation to (BCOL). Using
this formulation, along with Dual Nullstellensatz Certificates, we prove the main results in
our thesis, namely Theorem B, Theorem C and Theorem D. Finally, in Chapter 6 we give
some final remarks and discuss some open problems.



Chapter 2

Hilbert’s Nullstellensatz

In this chapter we introduce a well known result in Algebraic Geometry due to Hilbert called
Hilbert’s Nullstellensatz ([31]). This theorem is a mathematical tool to certify insolubility
of system of polynomial equations by transforming the original problem into a system
of linear equations. Later on, we will see that this transformation allows us to create
algorithms for deciding the existence of combinatorial structures using systems of linear
equations.

Throughout this thesis, we let K[z, zo,. .., x,] be the set of polynomials on n variables
with coefficients in the the field K. Common choices for K are the fields of complex numbers
C, real numbers R or finite fields F, with ¢ = p™ for some prime p € Z and some integer
m > 1. A field K is algebraically closed if every non-constant polynomial p € K[z]| has
a root, i.e. there exists some = € K such that p(z) = 0. The Fundamental Theorem of
Algebra is the statement asserting that C is a closed field.

We will often use the multi-index notation for polynomials in K[z, 2o, ..., 2,]. A multi-
index o € Z" is a vector of non-negative integers and its size or degree is defined to be the
sum

la| == a1 +as+ -+ ay.
Every monomial in K[z, za, ..., z,] can be written as x® := x{"x3? - - - 2% for some multi-
index « € Z" and every polynomial p € K[z, xs, ..., x,] can be written as
p(x) = par?,
acA

where A is a finite subset of multi-indexes. If p, # 0 for every a € A, then we say that A
is the support of p and we denote such set by supp(p). The degree of the polynomial p,
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denoted by deg(p) is the maximum size of the multi-indexes in its support. The degree of
the zero polynomial is equal to —1 by convention.

2.1 From Linear Algebra To Algebraic Geometry

Probably the most important theorem in linear algebra is that of characterizing whether
a system of linear equations has a solution or not. Given a matrix A € K™*™ and a vector
b € K", the system of linear equations

Az =, (2.1.1)

has a solution if and only if the b lies in the linear span of the columns of A. If we have
access to an inner product on K", then (2.1.1) has a solution if and only if every vector
y € K" orthogonal to the columns of A is orthogonal to the vector b. In particular, this
implies that if the system (2.1.1) has no solution, then there exists some y orthogonal to
the columns of A satisfying (y,b) = 1. Such y is called a certificate for the infeasibility of
the system (2.1.1) and can be found by solving the system of linear equations

Aty =0,
(b,y) = 1.

Here, A* is the adjoint of A with respect the inner product (-, ), that is the unique matrix
satisfying the equality (A*y, x) = (y, Azx) for every x € R™ and y € R™.

Notice that a system of linear equations is nothing but a system of polynomial equations
where each polynomial has degree equal to one. Can we find certificates for the infeasibility

(2.1.2)

of systems of polynomial equations?. More concretely, let pi,ps, ..., p, be polynomials in
K[z, za, ..., z,] such that the system

pi(x) =0, je[ml:={12,...,m}, (2.1.3)
has no solution x € K". Does there exist some polynomial or polynomials in K[z, o, .. ., x,]

that certify the infeasibility of (2.1.3)7 If so, is there an algorithm to find such certificate?
In order to solve this problem let us go back to the linear case once more. Notice that for
the system (2.1.1) there were two objects in play: the affine space of all vectors z € K™
satisfying Az = b (a geometric object) and the vector space generated by the columns of
A (an algebraic object). We can generalize these two objects for polynomials as follows:



Definition 2.1.1. Let p1,pa, ..., pm be polynomials in Klxy, za, ..., x,]. The affine va-
riety defined by the polynomials pi, ..., Py, denoted by Vk(p1,--.,Pm), is the set of all
points x € K" satisfying the equalities

pi(z) =pa(x) =+ = pp(r) = 0. (2.1.4)
Example 2.1.2. Let us consider the problem

min  f(z,y) = z* + v + 1,
st glz,y) =22 +y* =1, (2.1.5)
z,y € R.

A common way of solving this type of optimization problem is, in fact, by studying
certain affine algebraic variety. More concretely, one can use the method of Lagrange
multipliers: if (2.1.5) has an optimal solution (z,y) and the gradient Vg(z,y) is not equal
to zero, then there exists some A\ € R such that (Z,7,)\) is a solution to

423 +y? — 2z = 0,
V 3 _)\V ) :07
{ fz.y) ""EZE y; . = 2z — A) = 0, (2.1.6)
x =
9(x,y 7 2yt 1=,

The affine variety Vg (423 + 3> — 2z, 2y(z — N), 2% + y* — 1) consists of four points in R3.
Indeed, if y = 0 in (2.1.6) then x € {—1,1} and the first equation in (2.1.6) implies that
A=2. Ify+#0, then the second equation in (2.1.6) implies that x = X. Thus, every triple
(z,y, \) with y # 0 satisfies

42° =327 +1 =0,

xr—A=0, (2.1.7)
w2 —1=0.
The polynomial 423 — 3x2% 4+ 1 has only one real Toot given by zo = —“QZ—ZH where a =

(7 — V/3)3. Moreover, |xo| < 1 which implies that (zo, £+/1 — 22, 20) are the other two
solutions to (2.1.6). It is not hard to see that f(xo,++/1—23) < 2 and it gives us an
optimal solution to the problem.

Remark 2.1.3. The problem (2.1.5) is a particular example of a Polynomial Optimization
Problem (POP), that is problems of the form

max  f(z) ,
st. hi(zr) =0,Vie€els],
r €R"™

(2.1.8)
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where the functions f,hy,..., hs and gy, ..., g are polynomials in R[xy, xs, ..., x,]. Under
some mild conditions (constraint qualifications), one would use the Karush-Kuhn-Tucker
Theorem to transform (2.1.8) into a system of polynomial inequalities (see Chapter 12 of

[7])-

Example 2.1.4. Every Integer Programming (IP) feasibility problem of the form

Axr =0,
{ v e {01, (2.1.9)

where A is an m x n real matriz and b € R™ is equivalent to the system of polynomial

equations
Az =5 (2.1.10)
a2} —x; =0, Vi€ [n). o

Hence, checking the feasibility of these problems is equivalent to determining whether some
affine algebraic variety (defined by polynomials of degree at most two) is empty or not.

Let us now introduce the analog of vector spaces for polynomials:

Definition 2.1.5. Let p,pa, ..., pm be polynomials in K[zy, xs, ..., z,|. The ideal gen-
erated by p1,...,p, is the set of all of its polynomial combinations with coefficients from
Klzq, 2o, ..., 2,], i-e. it is the set defined by

P1,- - D)y = {Z ri(x)pi(x) . r € Ky, ... x,] forallie{1,... ,m}} . (2.1.11)

7

Ideals Z := (p1,...,pm)g are called finitely generated ideals (e.g. Definition 2.1.8) and
the set {p1,...,pm} of polynomials is said to be a basis for Z. An ideal can have many
different bases and not all of them may have the same number of elements. For example,
take the polynomials p;(z,y) := z?y+1 and ps(z,y) := = in R. The ideal (p1, p2)p contains
the polynomial

1-(2*y+ 1) —ay- (v) = 1.

Therefore, (p1, p2)g = (1)g = R[z, y]. However, as the following lemma shows, all bases for
a polynomial ideal always define the same affine variety.

Lemma 2.1.6. Let Z be an ideal with bases {p1,...,pm} and {q1, ..., @} m K[zq, ... x,].
Then,

VK(pla s 7pm) = VK(QM SR >C]£)-

10



Proof. Since the polynomials p1,...,p,, and ¢, ..., g, generate the same ideal, there exist

some polynomials r;; € K[zy, ..., z,| for each i € [m] and j € [¢], such that
g =Y ripi, Vi€l
i€[m]

In particular, if x € Vk(p1, ..., pm), then p;(x) = 0 for all i € [m]. However, this implies
that ¢;(z) = 0 for each j € [¢] and x € Vk(q1,--.,qe). The reverse inclusion can be proven
similarly. O

Example 2.1.7. An affine variety may come from different ideals. For example, the ideals
(x — 1,2+ 1)¢ and (x* — 1), define the same variety:

Ve(z — 1,z + 1) =Ve(2? — 1) = {1, -1}.
However, the ideal (x* — 1) does not contain polynomials of degree less than two, whereas
r—1le(z—1z+1).
We end this section with a more general definition of ideal that will be useful later.

Definition 2.1.8. A subset Z of K[z, ..., x,] is an ideal if it satisfies all of the following:

1. The zero polynomial is in I.
2. If p and q are polynomaials in I, then p+ q is in I.
3. If pisin I, then for every polynomial h € K|xq,. .., x,], the polynomial h-p is in I.

Remark 2.1.9. Clearly, every finitely generated ideal is an ideal in the sense of Definition
2.1.8. Moreover, Hilbert’s Basis Theorem states that every ideal in the sense of Definition
2.1.8 is finitely generated (see Chapter 2 of [1/]).

2.2 An important case: Polynomials in one variable.

Let us study the case of systems of polynomials with only one indeterminate, i.e. univariate
polynomials. The leading term of a polynomial p € K|z], denoted by LT(p), is the mono-
mial with highest degree appearing in p. For example, the leading term of p(z) = 222 +x—1
is the polynomial LT(p) = 22%. A remarkable property of polynomials in one variable is
that we have access to a division algorithm. The idea of the algorithm, originally due to
Euclid (300 BC) and called the Euclidean Division Algorithm, is given in the following
proposition.
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Proposition 2.2.1. Let p,q € K[z] be any two given polynomials with ¢ # 0. Then, there
exist polynomials s and r € Klz] such that

p=sq+r and deg(r) < deg(q). (2.2.1)

Proof. 1f the degree of p is smaller than the degree of ¢, then we can set s =0 and r = p.
Therefore we may assume that deg(p) > deg(q) and as a consequence the polynomial

LT(q) divides LT(p). Let us define the polynomials s = —gg ;

that deg(r) is strictly smaller than deg(p). If deg(r) is greater than or equal to deg(q),
then we continue this process with r instead of p until we obtain a polynomial with degree
less than deg(q). This process terminates in a finite number of steps as we are strictly
decreasing the degree of r on each iteration of the algorithm. O]

and r = p — sq. Notice

The following pseudo code shows the division algorithm for a pair of given univariate
polynomials p and ¢ # 0. Notice that the coefficients of the polynomials s and r in the
algorithm are polynomial functions on the coefficients of p and ¢ divided by some power
of the coefficient of LT(q).

Algorithm 2.2.1: Division Algorithm (DIV)

Data: Polynomials p and ¢ # 0 in K[z]
Result: Polynomials s, 7 such that p = sq + r and deg(r) < deg(q)

1 p=p;

2 s = LT(p);

3 while deg(p) > ¢ do
4 | T=p

5 | P=P—traa

6 s =s+ LT(p);
"5 = W

We have the following corollary:

Corollary 2.2.2. Let Z = (p1, ..., pm)x be a given ideal of K[z]. Then,

Z={px

for some polynomial p in K[x]. Moreover, p is unique up to multiplication by constants in

K.
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Proof. We use induction on m with the base case m = 1 being trivial. Suppose that for
any m — 1 set of polynomials polynomials py,...,p,_1 in K[z], there exists some other
polynomial ¢ such that

<p17 v apm—1>]K = <q>]K :

Let p,,, be any other polynomial in K[z]. Clearly, the ideals (p1, ..., Pm—1,Pm)x and (¢, pm)x
are the same by our the definition of ideal. If ¢ = 0 then the result follows trivially. Hence,
without loss of generality we may assume that 0 < deg(q) < deg(p,,). By Proposition 2.2.1
there exists a pair of polynomials r and s such that p,, = sq + r and deg(r) < deg(q). As
a consequence, the ideals (¢, pn )y and (g, 7). are the same, but with

deg(pm) + deg(q) > deg(r) + deg(q).

If r =0, then ¢ divides p,, and the result follows. Otherwise, we can use Proposition 2.2.1
again to find some polynomial r" such that

(g, )y = (r',r)  and  deg(q) + deg(r) > deg(r') + deg(r).

We can continue this process until one of the two polynomials generating the ideal is zero
and the ideal (p1,...,pm)x is generated by some polynomial p.

It remains to prove that p is unique up to multiplication by constants, but this is easy.
Indeed, suppose that (p); = ('), then p divides p’ and p’ divides p. This only happens
when p = ¢p’ for some ¢ € K. H

The unique polynomial p (up to multiplication by constants in K) found in Corollary
2.2.2 is called the greatest common divisor (GCD) of the polynomials py, pa, . .., p. Notice
that any polynomial r that divides all of pi,ps,...,pn, divides p as well. Indeed, since
p € (p1,...,Pm)g, there exist polynomials sq,..., s, such that p = s1p1 + -+ + S If
each of the p; is divisible by r, then there exists some r; such that p; = r;r and

P = (817"1 + -+ Smrm>T7

proving our claim. Notice that the proof of Corollary 2.2.2 gives us an algorithm to
determine the GCD of a given set of polynomials. However, it does not express the GCD
as a polynomial combination of the original polynomials. We can modify the proof of
Corollary 2.2.2 to obtain the following algorithm:

13



Algorithm 2.2.2: The Extended Euclidean Algorithm (GCD)

Data: pi1,pa,...,pm € K[z]
Result: Their GCD p and polynomials ry, ..., 7, such that p =r1p1 + - - - + rmPm.

1 p:=p1;1mi=1

2 1= 2;

3 while i <m do

4 if p; = 0 then

5 ry=01:=1+1;

6 if ¢ > m then

7 L return: p,ri, ..., m;
8 else

9 q = Di;

10 §1:=1;80:=0; t1 := 0;t2 := 1;
11 j =2

12 while deg(g) > 0 do

13 ji=7+1

14 [s.7] := DIV(p, q);

15 p=q;

16 q:=r;

17 S§j = 852 — 855-1;

18 tj = tj,Q — Stjfl;

19 =871, .0, Ti—1 = S5T—15
20 r; = tj;

21 1:=141;

Corollary 2.2.2 implies that every affine variety in K is equal to the set of zeros of a single
polynomial in K[z]. Hence, in an algebraically closed field K, every system of univariate

polynomial equations pi(x) = pa(z) = -+ = p,(z) = 0 has no solution if and only if the
constant polynomial 1 is in the ideal (p1,...,pm)g. In particular, we can guarantee the
existence of polynomials 7y, ..., r,, such that

L=mripi+ - 4 rmpm.

These polynomials will be our certificate for the infeasibility of the system p;(z) = pa(x) =
-+« = pp(z) = 0. In fact, we have the following slightly stronger result:

Theorem 2.2.3 (The Univariate Nullstellensatz). Let pi,ps,...,pm and q be non-zero
polynomials in K|z] with K algebraically closed. Ezactly one of the following holds:

14



1. The system of equations pi(x) = pa(x) = -+ = pp(x) = 0,q(x) # 0 has a solution in
K.

2. There exist polynomials r1,7s, ...,y in K[z] and some integer £ > 1 such that
¢ =ripi+rapa -+ P

Proof. Let p be the GCD of the polynomials py, ps, ..., pm and let g be the GCD of p and
q. Clearly, if (2) holds, then (1) has no solution. Hence, let us assume that (2) does not
hold. Thus, we have that deg(p) > 1 and p does not divide any power of g.
By Corollary 2.2.2, if g = 1 then every root x € K of p satisfies ¢(x) # 0. Such z € K
exists by the Fundamental Theorem of Algebra and it is a solution to (1). If deg(q) > 1,
then let p and s be polynomials such that p = ¢p and ¢ = ¢s.
We claim that deg(p) > 1 and p does not divide any power of §. Indeed, if deg(p) = 0
then p is a constant and p divides ¢, whence p divides ¢ which is a contradiction. Now,
if p divides (§)* for some integer ¢ > 1, then p = pq divides ¢*** = §(¢)*s*"! which is a
contradiction.
Notice that deg(p) + deg(q) > deg(p) + deg(G). Moreover, if x € K is a solution to the
system p(x) = 0,¢(z) # 0, then p(z) = 0 and g(z) # 0. This follows from the fact that
q is the GCD of p and ¢. Hence, we have reduced the problem to a problem involving
polynomials of smaller degree. We continue this process by setting p := p and ¢ := ¢ until
the GCD of p and ¢ equals the constant 1. In this final instance, any root of p will be a
solution to (1).

O

Example 2.2.4. The results of Theorem 2.2.3 may not be true if K is not algebraically
closed or if the integer { is fived to some constant. For example, let p = (x® + 1)“! and
q = (2% + 1), then the system p(x) = 0,q(x) # 0 has no solution in R and there is not a
polynomial r(x) such that

(2% + 1) r(z) = (2 + 1)~

It is important to mention that the proof of Theorem 2.2.3 gives us an algorithm to
detect whether a system of univariate polynomial equations has a solution or not, in which
case, finds a certificate of infeasibility:
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Algorithm 2.2.3: Univariate Nullstellensatz Algorithm (UniNull)

Data: Polynomials py,ps, ..., pm,q € Klz]
Result: A certificate of infeasibility rq,...,r, € Klz|,£ > 1 or statement that the
system is feasible.

1 [p,r1, ...y Tm) = GCD(p1, D2, - - -, Pm);

2 if p =0 then

3 if ¢ =0 then

4 ‘ return: ( =1,r =--- =1, =0;

5 else

6 L return: The system is feasible. Some integer x € [deg(g) + 1] is a solution. ;
7 else

8 | pi=pqi=ql=1
while STOP=0 do

9
10 if deg(p) = 0 then
11 ri= i;
p

12 TL =TT, T =TT, oo Ty =TT
13 return: rq,...,7,,¢; STOP=I,
14 else if deg(gq) = 0 then
15 ‘ return: System is feasible, any root of p gives a solution; STOP=1;
16 else
17 [d7 q17~QQ] = GCD(ﬁ: qv>a

~ . __ P,
18 p=5
19 (=0+1;

2.3 Hilbert’s Nullstellensatz

In this section we will prove the multivariate version of Theorem 2.2.3. The proof we are
presenting here is due to Enrique Arrondo ([1]) and it is one of the simplest proofs found
in the literature. For the proof we will need two easy technical lemmas. The first of them
is the Noether Normalization Lemma:

Lemma 2.3.1. Let p be a polynomial in K|z, xo, ..., x,] of degree d > 1 with K alge-
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braically closed. Then, there exist some \i, Ag, ..., \p_1 in K such that

P(T1 4+ M, To + Ao, - o Tt + Ay 1T, T) = (2.3.1)
cx® + ... other terms where degree of x,, is less than d, o

where ¢ is a nonzero constant in K.

Proof. Suppose that

p(xla ... 7xn) - Z Ca'ra7

la|<d

for some ¢, € K and multi-indexes o € Z". Then,

p(xl + )\1-1'717 sy Tpm1 T )\nflxn: 3371) = Z ca(xl + )\11'”)&1 s (l‘n,1 + )\n,lxn)a”‘lxg” 4+ ...
|a|=d

-+ 4 other terms where degree of z,, is less than d,

. § aq Qn—1 d
— CCX>\1 '”)\nfl ZEn+...
la|=d

-+ -+ other terms where degree of z,, is less than d.

Now, the polynomial ¢(Ai,...,An—1) = 354 _gCaAi" -+ Aot in KAy, ..., A1) has at

least one non-zero coefficient and hence it is non-zero at some constants A}, ..., \;_; € K.
This can be proven by induction on n and using the fact that K is not finite (since it is
algebraically closed). O

The second result involves the resultant of two polynomials. Given two polynomials
— o d—1
D = PaTyp, + Pi—1Ty, ~ + -+ P12y + Po,
q = Qe + qery L4+ Qs + qo,

for some po,...,pa,q0,- -, q € Klxy,z9,...,2,_1] and d,e > 0, the resultant of p and ¢ is
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the polynomial in Kz, 29, ..., x,_1] defined as

Po pP1 .- Pd 0 0 . 0
0 po ... pPi—1 P4 0 ... 0
0O ... 0 po p1 - Da-1 Dd
R,, = det . 2.3.2
P o @ - Qe g 0 ... 0 (232)
0 G -+ Ge—2 Ge-1 (e <. 0
0 o 0 w0 @ e et e ) gy gese

The resultant has many applications in algebraic geometry. It is a useful tool if one
wants to determine whether two multivariate polynomials have a common factor: R,, =0
if and only if there exist some polynomials s, 1,75 such that p = sr; and ¢ = sry (see
Chapter 3 of [11] for this and some more properties of the resultant).

Lemma 2.3.2. Let p and q be two polynomials in K[z1,xs, ..., x,]. Then, the resultant of
p and q belongs to the ideal (p, q)x.

Proof. For every j € [d + e] multiply the j-th column of the matrix in (2.3.2) by /! and
add it to the first column. After these column operations, the i-th component of the first
column will be equal to 27'f for 1 < i < e and equal to z°"'g fore+1 < i < e +d.
Clearly, these column operations don’t affect the determinant of the matrix (2.3.2) and as
a result

» p ... ps 0O 0 ... 0
TpD Po --- Pd-1 Pd 0O ... 0
e—1
z'p ... 0 po pr ... Pd-1 Pd
R,, = det n . 2.3.3
P.q 1q G o Qeel Qe 0O ... 0 ( )
;L‘fl+1q QG -+ Ge—2 Ge—1 Qe cee 0
e+d—1
T, q ... 0 qo q1 coo Ge—1 Qe (d+e)x (d+e)

If we expand the determinant (2.3.3) over the first column, we obtain that

e e+d
i—1 i—1
prq = an psi + Z Ty 4Si,
i=1 imet1
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for some polynomials s; € K[z, zs,...,2,-1]. Therefore, R,, € (p,q)x and the result
follows. u

Now, we are ready to prove the Nullstellensatz:

Theorem 2.3.3 (Weak Hilbert’s Nullstellensatz). Let I be an ideal of K|z, z,. .., x,]
with K algebraically closed. Then, exactly one of the following holds:

1. There exist some x € K such that p(x) =0 for allp € 1.
2. I =Klxy,z9,...,2,].

Proof. The proof is by induction on the number of variables. The case n = 1 is easy due
to Theorem 2.2.3. Indeed, let I be any ideal of K[z] and let g be a non-zero polynomial
in I with the smallest degree possible (if I = {0} the result is trivial). Then, given any
other polynomial p € I, the division algorithm (Proposition 2.2.1) states that p = sq+ r
for some r € K[z] with deg(r) < deg(q). By the minimality of ¢, r has to be equal to zero
and I = (q)k. Since [ is a finitely generated ideal, we can use Theorem 2.2.3.

Now, suppose that we have proven the statement for any ideal of K[z, ..., z,_1] and let [
be any ideal in K[z1,...,x,]. Moreover, suppose that I # K|xy,...,z,] (i.e. it is a proper
ideal) and let us prove the existence of some x € K" such that p(z) = 0 for all p € 1.
Since I # Klzy,...,z,], there exists some polynomial ¢ € I of degree e > 1. By Lemma
2.3.1, we can make a change of variables y; := x1 + MZy,, Y2 = To + ATy, ooy Ypo1 =
Tpo1+ A 1Tn, Yn = Apx, such that

q(Y1, -, Yn) = Yy + (other terms where degree of y, is less than e)

for some Ai,...,\, in K. Let I be the ideal of all polynomials of the form (Y1, -y Yn)
with p € I. Then, if we prove the existence of some y € K" such that p(y) = 0 for all
p e, then z; = y; — i—;yn fori € [n—1] and z,, = ﬁyn will be our desired solution (notice
that A, # 0 by construction).

Let J be the ideal of all polynomials p € I N K[yy,...,yn_1]. Clearly, the constant poly-
nomial 1 is not in J since this would imply that 1 € I and as a consequence 1 € I,
contradicting our assumptions on I. In particular, J is a proper ideal of Klyi, .- Yn-1]
and by our induction hypothesis, there is some yj, ..., y;_; such that

Py, ys) =0, VpelJ

We claim that there exists some y* € K such that p(y:,...,y" ,y%) = 0 forall p € I.
Indeed, if no such y; € K exists, then by the case n = 1, there is some p € [ of degree d
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such that p(yi,....y5 _1,y,) = 1 for all y, € K. By Lemma 2.3.2, the resultant R, , of p
and ¢ is an element of J. Moreover, by the way we chose ¢,

Po P1 ... Pd 0 0O ... 0
0 po ... Pa-1 P4 o ... 0
O ... 0 po P - Pi1 Pd
R,, = det , 2.34
pq qo 1 e Ge—1 1 O e O ( )
0 do cor Ge—2 (e—1 1 0
0 ... 0 q G o Qe—1 1 (d+e)x (d4e)

for some po,...,Pa, 90, - Ge—1 € Kly1,92, .., yn_1] such that

P =pays + pa1yt T+ 4 pryn + Do,
q=vo+ qe1ys "+ QYn + -

However, if we plug in the values yi,...,y% ; in equation (2.3.4), we will obtain a lower
triangular matrix with diagonal entries equal to 1. In particular, R,,(yf,...,y: ;) =1
and this contradicts our induction hypothesis. The proof follows. O

Remark 2.3.4. Notice that the above proof needed the second definition of ideal (Definition
2.1.8). We used it strongly when stating that the set J was an ideal of Klyi, ..., yn]. Of
course, as we mentioned before, this technicality can be omitted since every ideal is a finitely
generated ideal by Hilbert’s Basis Theorem.

Now, let us prove a more general version of the Nullstellensatz:

Theorem 2.3.5 (Hilbert’s Nullstellensatz). Let p1,ps, ..., pm and q be non-zero polynomi-
als in K[z, ..., x,] with K algebraically closed. Then, exactly one of the following holds:

1. The system of equations pi(x) = pa(x) = -+ = pp(x) = 0,q(x) # 0 has a solution in
K™,

2. There exist polynomials ri,79, ..., in Klzy,..., x,] and some integer ¢ > 1 such
that

¢" = ripL Ty - F D (2.3.5)
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Proof. Suppose that (1) does not hold and consider the ideal

I:= <pl>p2> <oy Pmiy 1- tq>K g K[:Ula tee 7$n>t]-

We claim that I = K[z, ..., x,,t]. Indeed, suppose that I is a proper ideal of K[z, ..., z,, t].
Then, by the Weak Nullstellensatz (Theorem 2.3.3), there exist some z* € K" and t* € K
such that

pr(z*) = pa(a®) =+ =pu(2") =1 —t"¢(z*) = 0.
However, this implies that ¢(z*) # 0 contradicting our initial hypothesis. Therefore, there
exist polynomials 71, 79,...,7m, s € K[z, ..., x,,t] such that

ri(z, t)p1(x) +re(z, t)pe(z) + - - -+ rm(z, Opm(z) + s(z, t) (1 —tg(x)) =1, Vee K" tekK.
(2.3.6)

But then, setting t = @ and multiplying both sides by a proper power of ¢(z) we
obtain the desired equality. O]

Remark 2.3.6. Hilbert proved the Nullstellensatz in the context of the Theory of Algebraic
Invariants. His original proof (in German) can be found in [71]. An English translation
can be found in [72]. See also [78] for a very nice historical note on Hilbert’s contributions
to algebraic invariants.

The set of polynomials rq,...,r,, appearing in (2.3.5) is called a Nullstellensatz

Certificate for the insolubility of the system p;(z) = pa(z) = -+ = pp(z) = 0, g(z) # 0.
Notice that the constant ¢ > 1 found in the proof of Theorem 2.3.5 is bounded above by
the maximum degree of the polynomials r,... 7, in (2.3.6). We say that a system of
polynomial equalities has a Nullstellensatz certificate of degree d if there exists a Null-
stellesatz certificate rq, ..., r,, of polynomials of degree at most d.
Our main goal throughout this thesis is to study Nullstellensatz certificates of small degree
for certain systems of polynomial equations arising from combinatorial problems. At a
first glance, there is no reason to think that the degrees of the Nullstellensatz certificates
are uniformly bounded for systems of a given dimension. Surprisingly, the following deep
result by Kollar shows that this is the case:

Theorem 2.3.7 (Kollar [31]). Let p1,...,pm € Klxy, ..., xz,] polynomials with no common
zeros with K algebraically closed. Let d := max{deg(p;) : i € {1,...,m}} be the mazimum
degree of these polynomials. Then, there exists a Nullstellensatz certificate of degree

dp := max(3, d)™nm (2.3.7)
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In particular, Theorem 2.3.7 implies that we can determine whether a system of poly-
nomial equations over the complex numbers has a solution or not, by using a large but
finite system of linear equations. Indeed, if we set polynomials r; = Zlal <dp Ciat® for
i € [m], then the equation

rip1+rep2 + A rmpm = 1,
will be a system of linear equations over the variables ¢; 4.
Example 2.3.8. Consider the following system of polynomial equations over C3:

m(z,y,2) =2y —1=0,
po(z,y,2) :=ax2—1=0,
ps(z,y,2) =y—2z—1=0.

(2.3.8)

Then, we see that (2.3.8) has no solution as the equations pi(x,y,z) = po(z,y,2) = 0
imply y = z, but the equation ps(z,y,z) = 0 implies y # z. Let us see if (2.3.8) has a
Nullstellensatz Certificate of degree at most one. In order to do this, we create the following

system of equations:

(a1 + azz +ayy + a.2)(xy — 1) + (by + bpx + byy + b.2)(xz — 1) + ...

2.3.9
et (atarteytez)(y—2—1)=1 ( )

Which can be written in tableau (zeros omitted) form as follows

a ay a, a, | b by b, b,|ca & ¢ c Cert.
1 | -1 -1 -1 1
x -1 -1 -1
Y -1 -1 1 -1 %
z —1 —11-1 —1 —%
y? 1
22 —1
zy | 1 1 1
Tz 1 -1 1
Yz -1 1 —%
%y 1
x2z 1
xy? 1 :
x2? 1 1 -1
Tyz 1 z
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This system is infeasible and the rightmost column of the tableau shows a certificate of
infeasibility of the system. Thus, we need to increase the degree of the polynomials defining
our system and consider polynomials of degree at most two,

(a1 + azx + - - + ayyz+)(zy — 1) + (by + by + - - + byyz+)(zz — 1) + ...

2.3.10
(1 4+cr 4+ Fepyzt)ly—z—1) =1 ( )

This system has size 20 x 30 and it is too big to show here. However, the following tableau
shows a few columns of this system,

a;  ay by cyy
1 |-1 1
Y -1 1
zy | 1 1
xy? 1 1
TYZ -1 -1
I

Thus, (2.3.8) has a Nullstellensatz Certificate of degree two given by
(—1+y)(@y—1) —ylrz —1) —ayly -2 -1) = L.

We need to point out that Kollar’'s bounds are in fact sharp and thus, the system
of linear equations used to find a Nullstellensatz Certificates might end up being huge.
However, for some special cases, namely when the polynomials do not have a common
root at infinity, Lazard [8] proved that it is possible to obtain much better bounds for the
degrees of the certificates.

Definition 2.3.9. Let p be a polynomial in Kz, za, ..., x,] of degree d. The homoge-
nization of p is the polynomial p € Klxg, x1,...,x,] defined by

~ 1 T2 In
p(x)-xﬁp(— —= ... —)

l‘g’ ZE07 ’ Zo
A point x € K™\ {0} is called a root of p at infinty if p(0,z) = 0.

Example 2.3.10. Consider the polynomial p(x1,2) := a3 — x5 in Clxy,35]. Then, the
homogenization of p is the polynomial

5@0, $17962) = x% — Z2Xg.

Moreover, for every y € C\ {0} the point (0,y) is a root of p at infinity since p(0,y,0) = 0.
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Theorem 2.3.11 (Lazard, see [8]). Letpy,...,pm € Clz1,...,x,] be polynomials having no
common roots and no common roots at infinity. Let d :== max{deg(p;) : 1 € {1,...,m}}.
Then, there exists a Nullstellensatz certificate of degree

dp :=n(d—1). (2.3.11)

The proof of Lazard’s theorem uses advance techniques from Algebraic Geometry and
Cohomological Algebra that go beyond the scope of this thesis. Nevertheless, it is not hard
to prove Lazard’s theorem for systems of polynomial equations coming from combinatorial
problems (see Proposition 4.1.1).

Notice that Theorem 2.3.11 is more restrictive than Theorem 2.3.7 as two polynomials
may have common roots at infinity while having no roots in common. For instance, consider
the polynomials p(z1, z2) := 22 — 2o and q(z1,12) := 231y — 25 + 1. Then, p and ¢ have no
common roots as ¢ = xyp+ 1. However, after homogenization, we have that p(0, z,y) = 22
and (0, z,y) = 2%y, thus every (0,y) with 3 # 0 is a root of p and ¢ at infinity.

This great improvement on the upper bound dp is still very useful. As we will see in
Chapter 4 and Chapter 5, this theorem applies to systems of polynomials coming from the
combinatorial optimization problems studied in this thesis.
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Chapter 3

Fourier Analysis for Finite Abelian
Groups

In this chapter we develop an important tool to understand Nullstellensatz Certificates
arising from some special types of varieties (see Chapter 5). Since every monomial z®
of K[xq,...,x,] is completely characterized by the multi-index « € Z", it will be useful
to study the set of multi-indexes appearing in a given polynomial. An example of this
relationship was given by Bruce Reznick ([19]), who showed that the convex hull C'(p) of
all the multi-indexes appearing in a given homogeneous polynomial p =" i h? satisfies the
inclusions C(h;) C $C(p) for every j. This result has a great practical use when one wants
to determine if a non-negative polynomial is a sum of squares (see [13]). As we will see in
the following chapters, the strong connection between multi-indexes and polynomials will
allow us to transform a system of polynomial equations into a system of functions over
abelian groups and vice-versa.

Throughout this chapter (I', 4, 0) will denote a finite additive abelian group with identity
equal to 0. Simple examples of finite abelian groups are the group Z; of integers modulo
k and direct products of these. In fact, it is a well known result of group theory that up
to isomorphism, these are the only examples of finite abelian groups. That is, every finite
abelian group I' is isomorphic to a direct product

FZZ]QXZ]CQX"'XZ]C”,

for some integers kq,...,k, > 1. Thus, the elements of an abelian group I'" will be denoted
in the same way as multi-indices, i.e. we will use Greek letters a, 3,7, ... to denote them.
The multiplicative group of complex numbers is the group (C*, -, 1) where C* := C\ {0}
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and - is the usual multiplication of complex numbers. For a complex number ¢ = a + ib
with a,b € R we let ¢ = a — b be its complex conjugate.

Most of the results and definitions found in this chapter are taken from the books [56] and
[28]. Nevertheless, the idea of using Fourier Analysis for the study of Hilbert Nullstellensatz
was inspired by a recent work of Hamza Fawzi, Pablo Parrilo and James Saunderson ([25]).
They used Fourier transform techniques along with some chordal coverings of Cayley graphs
to obtain sparse sum of squares certificates for non-negative functions over the hypercube
Z3 and the groups Zj with k£ > 1.

3.1 Characters and the Dual Group

A powerful tool often used in mathematics is the notion of suitably defined dual spaces.
For example, given a vector space V over the field C, the dual space V* is defined as
the vector space of all linear functions f : V — C over the field C. It is a well known
fact, that many problems involving structures in the space V' usually have some “dual”
interpretation concerning structures over the space V*. This new interpretation often lead
to simpler solutions to the problem and a more deeper understanding of the structures
involved on it. For instance, using duality arguments one can show very easily that every
bounded polyhedron (the intersection of finitely many closed half-spaces) is equal to the
convex hull of a finite set of points, i.e. a polytope.

The main task of the this section is to construct a notion of duality for finite abelian
groups. As in vector spaces, we will construct such dual using the vector space L?(T") of
complex-valued functions f : I' = C as follows:

Definition 3.1.1. A character of T is a complez-valued function x € L*(T") such that:

1. k() # 0 for every a € T,

2. kla+ ) =k(a)k(B) for alla,p €T

In other words, characters are group homomorphisms from (I',+,0) to the multiplicative
group (C*,-,1). We let T' be the set of characters of .

Clearly, Tis non-empty since the function kg, defined as ko(a) := 1 for all « € T, is a
character of I'.
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Example 3.1.2. Let (I',+,0) := (Z3,+,0) be the group of integers modulo 3. Then,
for every k € Zs and every element o € Zs we have k(a) = k(la+0) = k(a)k(0) and
k(0) = k(3a) = [k(a)]®. Hence, k(0) = 1 and () is a 3-th root of the unity for every
o € Zs. If k(1) = €5, then k(2) = [k(1)]2 = e¥ 5 . In particular,

2}: {er'a%: reZg}.

From the above example we see that Z; can be seen as a finite abelian group. This is
no coincidence as the following lemma shows

Lemma 3.1.3. Let T be the set of characters of a finite abelian group I'. Then, (f, “, Ko)
15 a finite abelian group, called the dual group of I', where - denotes the usual product of
complex-valued functions and ko is the constant character defined as above.

Proof. Let (I',+,0) be a finite abelian group. Then, for every o € I" we have that
|F‘OC:OC+"‘+OCZO-
—_—

|| times

Since for every & € I' and & € T' we have that () # 0, the equalities #(0) = 1 and
[(a)]! = 1 must hold. This implies that the image of every character is a subset of the
IT|-roots of the unity and I’ must be finite.

For every pair of characters k, k" € T their multiplication kx’ is clearly a character. For
every character k € I', the conjugate % is also a character. Since |x(a)| = 1 for every
a € I', then kK = Kkg. Thus, every character has an inverse.

The fact that I is an abelian group easily follows from the commutativity of (C*, -,/ 1). O

A very useful property of characters is that they separate points. That is, for every
pair of distinct o and /3 in I', one can find some character x such that x(a) # (/). This

property will be useful to prove that in fact T forms an orthonormal basis for L3(T") (see
Theorem 3.2.1).

Lemma 3.1.4. Suppose that |T'| > 2. Then, for every a € T'\ {0} there exists some
character k € I satisfying k(a) # 1.

Proof. Let o be any non-zero element of I'.  We will prove the existence of the desired
character by induction over the size of all subgroups of I' containing «. The base case is
easy, as for the subgroup I'y = {ka : k € {1,2,...,|I'|}} the function

27

k(ka) = "ol Vka € T,
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defines a character of I'y with x(a) # 1. Notice that x is well defined since given any pair
k k€ {1,2,...,|'|} satisfying ka = k', the congruence k = k' mod |I'y| must hold.
Now, suppose that for some proper subgroup I'y C I' containing «, we have proved the
existence of some k € I'y with x(a) # 1. Let 8 be any element of "\ 'y and consider the
subgroup

[y i={n+kB: nely, ke{l,2,...,[T}}

Notice that I'y is the smallest subgroup containing both g and the elements of I'.
Let £ > 1 be the smallest integer such that ¢5 € T'g. Clearly, ¢ is well defined as |T'|f =
0 € I'y. Let z € C be any f-root of k(¢f) and define

R+ kB) = r(n)2".

We claim that k is a character of I'y with k(«) # 1. First, let us show that & is well defined.
Indeed, suppose that n+ ks = '+ k' for some 1, € I'y and k, k" € {1,2,...,|T'|}. Thus,
(k—K)B = (n—1n') € Ty and by the minimality of ¢, we can write k = k' 4+ r¢ and
n =mn"+ r{p for some integer r € Z. In particular,

R+ K'B) = k(n) 2"
= k(0K (rﬁﬁ) (3.1.1)
= r(n)z" =ﬁ@+km,

and k is well defined. It is straightforward to check that k satisfies conditions 1. and 2. of
Definition 3.1.1. Moreover, k(a) = k() # 1 and hence, it defines a character of I'y. The
proof follows. O

Corollary 3.1.5. Let o and 8 be two distinct elements of I'. Then, there erists some
k €T such that k(o) # k(B).

Proof. By Lemma 3.1.4, there is some s € [ such that kla — B) # 1. Then, k(a) #
5(5). .

We have to point out that the proof of Lemma 3.1.4 gives us a general technique to lift
characters of proper subgroups into the group itself. More concretely, given any subgroup
Ty of T' and any character k& € Iy, we can generate some & € I such that #(a) = r(a)
for every a € T'yg. Clearly, the way x was constructed in the proof of Lemma 3.1.4 is
not unique, since in the process of its construction, we selected arbitrary roots of some
previously determined complex number (e.g. the number z € C in the proof). However,
we can enumerate the number of such lifts as follows.
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Corollary 3.1.6. Let I'g be a subgroup of I' and let xk € fo. The number of lifts k € r
satisfying k(o) = k(av) for every a € T'y is equal to

I

ITo|

Proof. The proof is by backwards induction on the size of I'y, with the case I'y = I" being
trivial. Now, suppose that 'y is any proper subgroup of I" and let § € T'\ T'g. As in the
proof of Lemma 3.1.4 let

I' = {77+kﬁ: n € Lo, kG{l,Q,...,‘F’}},

and suppose that {5 € I'y for some minimal ¢ > 0. Then, it is easy to see from the proof
of Lemma 3.1.4 that the number of lifts from any character of I'y to I'; is equal to

[T
Lo

By our inductive hypothesis, the number of lifts from any character of F1 to I' is equal to

L1 Hence, the number of lifts from any character of I'y to I' is equal to and the proof

#01{0 WS. |F | L]

(=

3.2 The Fourier Transform

In order have a better understanding of the dual group, it is useful to give L*(T") a more
algebraic structure. Notice that L*(T') is a finite dimensional vector space over C isomorphic
to CI'l. The canonical basis of L?(T') is given by the set of all Dirac Delta functions

1 fa=p
) = ’
5() { 0 otherwise,

defined for each § € I'. If we let p be the uniform measure over the group I', then for every
function f € L*(T') we can define its integral as

ﬁﬂ@du “ij

a€cl’

This integral induces an inner product on L?(T') given by

(f.9) /f Jdula), frge IAD).

It turns out that the set of characters behaves well under this inner product.
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Theorem 3.2.1. The dual group r forms an orthonormal basis for L*(T). In particular,
IT] = |1

Proof. Let k € T be any character of I'. From the proof of Lemma 3.1.3, we know that
|k(a)| =1 for every a € I'. Therefore,

() = / w(a)r(a) du(a) = / 5(a)] dpu(a) = 1.

Now, let x and " be different characters of I and let 5 € T" be such that x'(8) # &(8).
Thus,

(K, k) = / ¥ (0)(@) dpu(a) = / ¥ (Ba)m(Ba) du(a),
— W (B)R(B) (K, ).

Since k'(f) and k() are different non-zero complex numbers, the above equality can only
hold when (x’, k) = 0. This proves that the characters are orthonormal under the inner
product (-, -). Tt only remains to show that the dual group spans the whole space L*(T"). To
that end, let us prove that any Dirac Delta function can be written as a linear combination
of characters. Moreover, we claim that

1

d5() = m > k(B)k(a), VBET. (3.2.1)

kel

In order to see this, take any o € I' different from 3. By Corollary 3.1.5, there exists
some k' € I' such that x'(a — 3) # 1. Hence,

~

1 p—
™
S
B
2

I

| —
™
=
)
s

kel

"o — 1 r(B)k(a
= r(a—p) |f|z (B)r(a)

mef
Therefore, the right hand side of (3.2.1) is zero whenever o # 3. The claim follows since
k(B)k(B) =1 for every k € . O
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The above theorem tells us that every function in L?(T") can be written as a linear
combination of characters of I'. This re-parametrization of functions has a very special
name:

Definition 3.2.2. Let f € L*(T) be any complez-valued function. The Fourier trans-
form of f is the function f € L*(T) defined by the equality

= Z F(r)r(a). (3.2.2)

kel

The value f(m) is called the Fourier coefficient of [ in k.

Example 3.2.3. Let us consider the function f € L*(Zs3) given by f(«a ) = 2% for every
a € Zs. By the orthonormality of the characters, we know that (f,k) = f( ). In Example
3.1.2 we showed that the characters of Zs are kg(a) = P’ for every o, 8 € Zs. Hence,

oz—ozm 7
I ]

&623
~ 1 o armi 1 o (=14 1/3i0)% 2 +/3i
f(’il)zgzze 3:§ 2 92a i 3 3
aEls3 aEZ

J?(RQ):%ZZ“ —20% 22“ 1+\/—2) :—2_3\/§i.

a€Zs3 OéGZ3

In the above example we used the orthonormality of the characters to obtain the fol-
lowing equality, which is called the Fourier Transform formula:

/ flen(a) du(e) = o LS f(a) (3.2.3)

Similarly, the equation (3.2.2) is called the Fourier Inversion formula as we can recover
f from f using such formula. The Fourier Transform defines a linear isomorphism from
L*(T') to L2(T) given by f — f. This isomorphism let us transform problems involving
structures of L?(T") into problems involving structures in L2( ) (see Chapter 5). Next, we
define the convolution of functions:
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Definition 3.2.4. For any two functions f,g € L*(T") their convolution is the function
f*g € L*T) defined by

£ gla) = / F(8)g(a — B) dula).

As the following lemma shows, the Fourier Transform behaves well under convolution:

Lemma 3.2.5 (Convolution Theorem). Let f,g € L*(T), then
Fraw) = f(r)a(), vseT.
Proof. The proof follows by the equalities

frgla) = | f(B)gla—p) du(a),

=2_9() | S(B)(a = B) du(a)
=2_9wn(@) | F(B)(B) du(e).
= >_ 9] (k)n(a)

]

Another beautiful consequence of Theorem 3.2.1 is the connection between Abelian
Groups, Roots of the Unity and Polynomials:

Theorem 3.2.6. Let I' = Zy, X Zy, X - -+ X Zy, be an abelian group. Then,
1. The dual group T s equal to the set of all functions ko € L*(T') with o € T, defined

by
Kal(B) := oy ey efnonty VB eT. (3.2.4)

2. The double dual group f, that us, the dual group of the dual group of I' is equal to the
set of all monomials 1° = 2z ...z € L*(T) with B € T, defined by

27 27

2P (ko) 1= (€270 )1 (™% )% . (% hn )P Wk, €T. (3.2.5)
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Proof. 1. It is clear that the functions k, are characters of I'. We claim that k., # Kk
whenever o # . Indeed, suppose that a; # o} for some j € [n]. Then, as there

S  2mi
are exactly k; different k;-roots of the unity, eE £ "R If we let § = e; be the
multi-index which equals one in the j-th coordinate and zero elsewhere, then

ka(B) # Kar(B)-

The proof follows by Theorem 3.2.1 as the number of elements of [ and T are the
same.

2. The proof is similar to part 1. of this theorem as the product of two monomials =
and 2” as elements of L?(I") equals the monomial 2*# for every a, 3 € T

O

We finish this section with a nice application of the Nullstellensatz to functions over
groups:

Theorem 3.2.7 (Group Nullstellensatz). LetI" be a finite abelian group and let fi, fa, ..., fm
be functions in L*(T'). Then, exactly one of the following holds:

1. There exists some a € I' such that
file) = fala) = -+ = fm(a) = 0.
2. There exist some 11,73, ..., Ty € L*(T') such that
rifi+rofot+ -+ rpfm =1
Proof. Without loss of generality, we may assume that
I' =7, X Zgy X -+ X Ly,

for some integers ki, ko,...,kn. Now, for each 7 € [m] let us define the polynomials
p; € Clay, xg, ..., x,] given by

i) =Y filka)a®.

ael
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We claim that there is a solution to fi(a) = fa(a) = -+ = f.(a) = 0 if and only if the
system of polynomial equations

) =po(x) = =pm(x) =0,
p1(x) = pa() p () | (3.2.6)
;' —1=0, i€]ln],
has a solution. Indeed, for every g € I and j € [m] we have that
£5(8) = > Fi(ka)sa(B).
acl’
= >~ Hlra) (@) () () (3:2.7)
acl’
= pj(eﬂl%a 652%;7 T 7618712}677:)'

The claim follows as every solution z € C" to (3.2.6) the scalars z; € C are k;-roots of
the unity for every ¢ € [n]. Now, if system (3.2.6) has no solution, then by Hilbert’s

Nullstellensatz, there exists polynomials sy, ..., s, and t1,...,t, in Clxy, ..., z,] such that
> si(@)pi(a) + ) tix)(af — 1) = 1.
j€lm] i€[n]

The proof follows since the functions ry,7,...,r, € L*(T') defined by the equation
27 27 s’
ri(B) = sj(eﬂlﬁ,e&@, e ,eﬁn%n), vpel,

satisfy the required property. O

3.3 Cayley Graphs

Another aspect of Fourier Analysis is that it lets us calculate the spectra of some well
known graphs called Cayley Graphs. Recall that a set S C I' is symmetric if a € § implies
that —a € S.

Definition 3.3.1. Let S be a symmetric subset of I'. The Cayley Graph Cay(I',S) is the
graph with vertex set I' and edge set formed by all pairs {a, B} C T satisfying o — f € S.

Remark 3.3.2. The classical definition of Cayley Graphs does not allow symmetric sets
to contain the identity of the group ([25]). We have chosen to remove this extra constraint
in order to simplify some of the discussion in Chapter 5.
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0 5

Figure 3.1: The graph Cay(Zs,S)

Example 3.3.3. Let I' = Zg and let S = {—2,—-1,0,1,2}. Then, the Cayley Graph
Cay(Zg,S) is the graph shown in Figure 3.1 (we have omitted loops).

The adjacency matrix of the Cayley Graph Cay(I',S) is the matrix Ar s with entries

1 iff—aes,

} (3.3.1)
0 otherwise.

AF,S(Oéaﬁ) = {

As the following lemma shows, we can calculate the eigenvalues of the adjacency matrix of
Cayley Graphs very easily:

Lemma 3.3.4. Consider the function

Js(a) == {1 faes, (3.3.2)

0 otherwise.
Then, for every function f € L*(T') we have
Arsf = |T|ds * f. (3.3.3)
Proof. Let f € L*(T') be any given function and let g := Arsf. Then,

g(@) =Y Ars(a, B)f(B) =D bs(a— B)f(B),

Ber pger

= |T'ds * f(a).
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Theorem 3.3.5. The characters of I' form a basis for the eigenspace of Ars. Moreover,

for every k € T we have that R
Ar sk = |I'|ds(k)k.

Proof. By the above lemma, for any character x € T and any « € I' we have that
Arsk(a) = [D|0s * k(a),
= 255(5)/{<a - B)a

per (3.3.4)
= k(@)Y d5(8)r(B) = |T|os(r)r(a),
Ber
The proof follows by the fact that the dual group T form a basis for L3(T). ]

Example 3.3.6. Let I' = Zg and let S = {—2,—1,0,1,2} be as in Example 3.3.3. Then,
the adjacency matriz of the graph Cay(Zg,S) is

Azgs =

— —_ O = =
— O = = =
O = =
— == = = O
_ === O
—_ == O

In order to calculate the eigenvalues of Azy s we need first to calculate the Fourier Trans-

form of 6s. By Theorem 3.2.6 we know that the characters of Zg are ko(8) = B with
a € Zg. Hence,

5
<5S7/</0> == 67
g’ i i i 1
(0s, K1) = R I I R I o
s T8 i i 1
(0s, K2) = eV 4 2T 41+ e 2 4 e = 6
62mi g2mi g2 ez 1 (3.3.5)
<5S7’f3>=€ 6 +e’6 +14+e 76 +e 6 :6’

— 1
<5S7’K"’4> = <637/£2> = _67

S
<537’%5> - <587K/1> - 6
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In particular
1 1 1 1 1
0s = —Ko+ ZK1 — —Ka + —K3 — —K4 + ~Ks,

6 6 6 6 6 6
and the eigenvalues of Az, s are —1,1 and 5.

Remark 3.3.7. The matriz Az, s of the above example is a circulant matriz, i.e. for
every i > 2, the i-th row of the matriz is obtained after i — 1 shifts to the right of the
first row. Moreover, it is not hard to show that the adjacency matrix of the Cayley graph
Cay(T',S) is circulant when T is a cyclic group.
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Chapter 4

Applied Hilbert’s Nullstellensatz for
Combinatorial Problems

In this chapter we will apply the algebraic geometry tools we developed in Chapter 2 and
Chapter 3 to create algorithms for determining the existence of combinatorial objects. Ex-
amples of such problems in graphs are determining the existence of cycles of a given length,
determining if a graph is k-colorable or determining the existence of stable sets of a given
size. The main idea will be to associate a given combinatorial problem P with an ideal of
polynomials Zp over some field K. This will be done in a way that the problem P will have
a solution if and only if the variety Vk(Zp) is non-empty. Therefore, the Nullstellensatz
will detect if the problem P has no feasible solution. In fact, as we mention at the end
of Chapter 2, there exists an algorithm that uses the Nullstellensatz to detect if a given
variety is empty or not. Such algorithm is called Nullstellensatz Linear Algebra (NulLA)
algorithm and it will be the central topic of this chapter.

The use of the Nullstellensatz for proving the existence of combinatorial objects is some-
times referred as the Polynomial Method and it was popularized by Noga Alon’s seminal
paper [1]. Nevertheless, Jesus De Loera, Jon Lee, Peter Malkin and Susan Margulies ([20])
were the first to give a concrete computational study of the method.

4.1 Nullstellensatz Linear Algebra (NulLA) Algorithm

Let p1,p2,...,pm be given polynomials in Kz, z,...,x,] of degree at most d with K
algebraically closed. As we saw in Chapter 2, if the system pi(z) = -+ = py(z) = 0
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has no solution, then by Kollar’s Theorem (see Theorem 2.3.7), there exist polynomials
Ty ooy Tm € Klxy, 2o, ..., x,] of degree at most dp = max(3,d)"™ such that

ri(@)pi(x) + ra(@)pa(x) + - - + (@) pm(2) = 1. (4.1.1)

Clearly, if we set

ri(x) = Z aior”, 1€ [m,

|a|<dp

then equation (4.1.1) will be equivalent to a system of linear equations on the variables
a; o € K (a concrete instance of this system can be found in Example 4.1.6 below). However,
the size of this system is considerably large. The number of rows is equal to the number of
monomials of degree at most dg + d in n variables, which equals ("erf”). Hence, the size
of the system is doubly exponential in d,n and m. Although Kollar’'s bounds are sharp
([31]), for some specific families of systems of polynomial equations we can obtain much
better bounds:

Proposition 4.1.1. Consider the system

pi(z) = pa(x) = -+ =pm(z) =0,

;) —1=0, VjeJC]n] (4.1.2)

zj(z;—1)=0, Vjen\I

for some polynomials py € Clzy,---x,] of degree at most d and integers k; > 1 with j € J.
Let d* := max{2,d,k; : j € I} be the mazimum degree of the polynomials in the system. If
(4.1.2) has no solution, then it has a Nullstellensatz certificate of degree

dy, = 2n(d" — 1). (4.1.3)

Proof. Without loss of generality we may assume that J = [n], otherwise we can make the
change of variables z; =: 1(y; 4+ 1) for every j € [n] \ J and end up with a new system of
polynomials containing the equation yJQ —1 = 0. Since this change of variables is linear and
invertible, the new system has a solution if and only if the original system has a solution.
Moreover, in the case that they do not have a solution, both will have Nullstellensatz
certificates of same degree.

Now, let ki, ko,...,k, > 1 as in the statement and define the finite abelian group I' :=
Ly, X Lyy X - -+ Ly, . Then, for every i € [m] we can write each polynomial p; as

pilr) = Pilx) + D syla) (@ — 1),

JEMN]
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where p;(x) is a polynomial supported on the monomials ® with o € I" and the polynomials
s;j(x) have degree at most d. In particular, system (4.1.2) is equivalent to the system

pi() 252(93) = me(ff) =0, (414)
;7 —1=0, Vjeln.

~

Clearly, by Theorem 3.2.6 we can see each polynomial p; as a function in L*(T") so that the
system (4.1.4) is equivalent to the system

Pi(x) =Pa(a) = = Pu(x) =0, z €T\ (4.1.5)
By the Group Nullstellensatz (Theorem 3.2.7), if (4.1.5) has no solution, then there exist
functions 71,75 . .., 7, € L*(T) such that

Y F(a)pi(r) =1, Vrel.

i=1
Again, by Theorem 3.2.6, each 7; can be written as a sum of the monomials x® with o € T,
whence they are polynomials of degree at most > k; — n. Let us define the polynomial

m

a(@) = 3 F(@)e)

i=1
Then, ¢ has degree at most 2(>

such that f?j =1 for each j € [n]. Again, as we did with the polynomials p;, we can write
q as

jeny (ki — 1)) and it satisfies ¢(z) = 1 for every z € C"

g(@) = Glo) + Y (@)= — 1),
J€[n]

where ¢ is a polynomial supported on the monomials z® with o € I and the polynomials

tj(x) have degree at most 2(3_;c(, (k; —1)). We claim that ¢ =1 and as a consequence
2 T@pi(e) = 3 (Z Filw)siy(a) + tj<x>) (@ -1 =1,
i=1 j=1 \i=1

gives us a Nullstellensatz certificate of degree

max {Z(kj —1)+d, 2> (k- 1)} < 2n(d* —1).

J

We give the proof of our claim in the following lemma
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Lemma 4.1.2. Suppose that p € Clzy,xq,. .., x,] is a polynomial supported on the mono-
mials x* with a € T. If p(Z) = 0 for every solution T € C™ to f?j =1 with j € [n], then p
is the zero polynomial.

Proof. We will prove the statement by induction on the number of variables. If I' = Z;
for some integer k, then the claim follows by the fundamental theorem of algebra, as p will
be a polynomial of degree £ — 1 having k£ roots. Now, suppose that the statement holds
for polynomials of at most n — 1 variables. Let p € Clxy, 22, ...,x,] as in the statement.
Notice that we can write the polynomial p as

kn—1

p(ﬂf) = Z x:ZQT(:Eh cee al‘n—1>a
r=0

for some polynomials ¢, in C[xy, ..., x,_1] with r € Z;,. We claim that ¢.(Z) = 0 for every
solution z € C"! to £;% = 1 with j € [n — 1]. Indeed, for any such Z, the univariate

polynomial
Fen—1

p(r,) = Z ,,q-(T)

vanishes on every k,-root of the unity. In particular, p = 0 and each ¢.(z) = 0. By our
induction hypothesis, each ¢, is zero and p is as well. O

The proof that ¢ = 1 follows by using the above lemma with p = ¢ — 1. O]

Remark 4.1.3. We can use the use Proposition 4.1.J to get bounds for more general
problems. Indeed, suppose that

V(C(plap27"'7pm> gAl XA2 Xowee XAn

where each A; C C s finite and the polynomials p; have degree al most d. Now, let
fi - ZlA” — A; be any bijection from the dual group Za, to A; for i € [n]. We can
write each f; as a univariate polynomial supported on the monomials y* with o € Z4,).
Moreover, the variety Ve(pi,p2, - - -, Pm) will be non-empty if and only if the system given
by

p(fAl), .., fn(yn)l)A: ipm(fl(gl), o falyn)) =0, (416)
Y; —1=0, Vje€]n],

has a solution. By Proposition 4.1.4, if (4.1.6) has no solution, then we can guarantee the
existence of certificates (in the variables y;) of degree at most

2n(dmax{||4;|| : 7 € [n]} —1).
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Notice that using simple algebraic arguments, we were able to reduce considerably the
sharp bounds of Kollar. As the following proposition shows, we can also use Lazard’s
Theorem (Theorem 2.3.11) to improve the bound d, by a constant factor.

Proposition 4.1.4. The statement of Proposition 4.1.1 still holds if we replace the bound
dL by
dp =n(d" —1). (4.1.7)

Proof. By Lazard’s Theorem (Theorem 2.3.11) we only need to check that the polynomials
in (4.1.2) have no common root at infinity. In order to see this, notice that the homoge-
nization of the polynomials xfj —1and z;(z; — 1) is [L’?j — 2 for all j € I and T3 — x510
for all j € [n]\ I. Hence, after setting xy = 0 we see that z; = 0 is will be the only root of
the corresponding polynomial for all j € [n]. Therefore, the polynomials in (4.1.2) do not
share a root at infinity. m

We must stress the fact that Lazard’s Theorem relies on advance techniques of coho-
mological algebra and algebraic geometry. However, we were able to prove a very similar
bound to that of Lazard using much simpler ideas. This shows that systems like (4.1.2)
are not pathological and we might expect even better bounds for some systems of this
type. Jesus de Loera, Jon Lee, Peter Malkin and Susan Margulies [20] made these obser-
vations and proposed Algorithm 4.1.1 (NulLA) below to detect the feasibility of systems of
polynomial equations.
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Algorithm 4.1.1: Nullstellensatz Linear Algebra Algorithm (NulLA)
Data: Polynomials py, pa,...,pm € Klz1,...,x,]
Result: A certificate of infeasibility rq,...,r, € Klzy,...,z,]| or a certificate y of
feasibility for the system.

1.d<+0;

2 while d < dp do

3 Set 1i(z) = 3| 4j<q @0z, for each i € [m];

4 Compute the system of linear equations Ma = e on the variables a; , obtained

from: r1(x)p1(x) + ro(z)pa(x) + - -+ + ro ()P (z) = 1;

5 if Ma = e has no solution then

6 if d = dp then

7 Find a solution y to the system y'M =0,y e = 1.

8 print: pi,ps,...,p, have a common root, bound dp reached;
9 return: y.
10 else
11 L d<+d+1.
12 else
13 print: pi, ps, ..., p, have no common root;
14 return: r,79, ..., .

Remark 4.1.5. Notice that NulLA also returns certificates of feasibility. If d = dg and
Ma = e has no solution, then the solution y' M = 0,y"e = 1 provides such certificate (see
Section 4.2 for more details on this).
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Example 4.1.6. Consider the system of polynomial equations

ZL’1+JI2+$3:3,
$1+$2:2, (4]_8)
ZE1+I‘3:1, o

ri(z; — 1) =0, 1€{1,2,3}.
Clearly, the system (4.1.8) has no solution. On the one hand, Kollar’s Theorem implies
that this system has a Nullstellensatz certificate of degree dg = max(3,2)™"36) = 27, On
the other hand, polynomials in (4.1.8) have no common root at infinity. Hence, by Lazard’s
Theorem, there ezists a Nullstellensatz certificate of degree d;, = n(d — 1) = 3. Let us use
NulLA to find a minimum degree Nullstellensatz certificate.

First, we must check if the system has a zero degree Nullstellensatz certificate. Therefore,
we must solve the system of linear equations given by:

aj(xy + xo+ 23 — 3) + ag(zy + 22 — 2) + az(x; + 23 — 1)+ ..
ot ag(xr(zy — 1)) + as(zo(z2 — 1)) + ag(z3(zz — 1)) = 1,

as23 + asxs + agrs + (ay + ag + az — ag)r+ . ..
<o+ (a1 + ag — az)xe + (a1 + a3 — ag)xs + (—3a; — 2a2 — agz) = 1.

(4.1.9)

Notice that the monomials of degree two have single variables multiplying them, thus the
variables ay, as and ag must be equal to zero. After deleting these variables, we obtain the
following system (in tableau form):

aq a9 as
11-3 =2 -1
x| 1 1 1
i) 1 1 0
23 1 0 1

(4.1.10)

S O Ol

Clearly, this system is infeasible as the unique solution of the subsystem corresponding to
the rows x1, x9, T3 1s zero. Since we do not have a certificate of degree zero, we need to look
for certificates of degree at most one:

(anxl “+ ajoxo + a13%3 + CL14)<SC1 + 29 + T3 — 3)+ Ce

(4.1.11
cee 4 (a61331 + Qgao + ag3x3 + a64)(553(933 - 1)) =1 )

As in the previous case, the terms of degree three of the above equation appear multiplied
by single variables:

3 2 2 3 2 2 3 2 2
4177 + 42772 + A43T1T3 + Q5225 + A51X5T1 + A53T5X3 + Ae3T3 + Geal3T2 + Ag1T3T1.
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Therefore, we can eliminate the variables a4y, a42, as3, 51, G52, A53, Ag1, Agz and agz, and ob-
tain the following system (zeros omitted):

a1

a2 Aaiz | Q14

21

22

a23 | A24

a3

1 Q32 A33 | A3q

Q44

G55  dee

-3

—2

—1

-3 1

-3 1
-3 1

1
4

o | =

|

N |

|

(4.1.12)

Using a linear system solver, we can see that (4.1.12) has a solution. Hence, the polynomial

system (4.1.8) has a Nullstellensatz Certificate of degree one given by

..+<

4

1

<_

1 7

x x
12 12 3

3
- + le2) (l’l +ZE3 — 1) -+ <

2

1

1
1— == 2——> (l’1+$2+l’3—3)+<

1

—=X1 + — Ty — =3

6 12

)(x%—xg)zl.

>(x1+:c2—2)+...

(4.1.13)

4.2 Nullstellensatz Dual Certificates and the Maxi-

mum Stable Set Problem

As we mentioned in the introduction, for some combinatorial problems, NulLA can be
inefficient as it might return certificates of degree equal or very close to Lazard’s bounds.
The purpose of this section is to provide an example of such bad instances, namely the
Maximum Stable Set problem.

Definition 4.2.1. Let G = (V, E) be a graph and let S C V be any subset of vertices
of the graph. We say that S is stable if for every pair of vertices i,7 € S we have that
{i,j} & E. The size of a stable set S is the cardinality of S.
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Example 4.2.2. Consider the graph G as shown in Figure 4.1 called the Generalized
Petersen Graph GP(7,2). The diamond shaped vertices of G form a stable set of size 5.

Figure 4.1: The Generalized Petersen Graph GP(7,2).

It is not hard to prove that this stable set is maximal, i.e. G has no stable set of size 6.

The maximum stable set problem is the problem of finding the stable set of maximum
size in the graph. This value is called the stability number of G and it is denoted by a(G).
For a given graph G = (V, E) and any integer 1 < k < |V| the problem of determining
whether G has a stable set of size k£ or not belongs to the complexity class NP — hard.
Lészlé Lovasz ([12]) proposed the following formulation for this problem as a system of
polynomial equations:

Lemma 4.2.3. Let G = (V, E) be a graph. Then, G has a stable set of size k if and only
if the polynomial system

prr(x) ::Zaci —k=0

eV
pij(z) =xx; =0 V{4, j} € E,
¢i(z) i=zi(x; —1) =0 VieV,

(STAB)

has a solution. Moreover, the number of solutions is equal to the number of stable sets of
size k in G.
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Proof. For every set S C V consider its incidence vector z° € {0,1}" given by

s {1 if i €S,

0 otherwise.

Then, it is straightforward to see that 2° is a solution to (STAB) if and only if S is a stable
set of size k. The claim follows as every solution z to (STAB) is in {0,1}" and hence = is
the incidence vector of its support set. O

Example 4.2.4. Let G = (V, E) be the 3-cycle, that is V := {1,2,3} and
E = {{1,2},{2,3},{1,3}}. Consider the system

pV,Q(x) =x1+T9+2x3—2=0,
pij(x) = zx; =0 Vi, j} € E, (4.2.1)
¢(x)=mzi(x; —1)=0 Vie{l,2,3}.

Since the stability number of G is one, the above system has no solution. Again, by Lazard’s
Theorem, we see that the system (4.2.2) has a Nullstellenstaz Certificate of degree d, = 3.
We claim that G has a Nullstellensatz Certificate of degree one. As before, let us define
the degree one polynomials

V2 V2 V2 V2
Tve(r) == a, T+ a, v + a3 4 ay ",
e i ij ij ij o
rij(z) = a v1 +aj vy +al x5 +ai, V{i,j}€E, (4.2.2)

si(z) = bl w1 4+ bl wo + b w3 + 0], VieV,
and solve the system
rva(z)pye(r) + Z 75 ()pij () + Z si(z)qi(z) = 1.
{i,j}€E eV

This linear system has size (g) X (§)7 = 20 x 28 and it is too big to show it completely here.
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Howewver, if look at some of the columns of this system we can guess its structure:

V2

%

V2

Ay

V.2

ay;

V2
aq

12

Q)

a

12
T2

12

g

at?

1 1 1
by, by, Uy,

bi

—2

—2

—2

—2

1
1
1

—1

T1T2T3

1

(4.2.3)

We notice that the columns of this system are very sparse. For example, the columns in-
dexed by the variable a¥? has only one non-zero entry located in the row corresponding to the
monomial x,x;x;. This tells us that it should be easier to guarantee the existence of a solu-

tion using Fredholm’s Theorem of the Alternative. Thus, let A = (A1, Ay, - -

)\Il T2X3 )

be orthogonal to the columns of (4.2.3). Then, X is a solution to the system of linear equa-

tions

Az

i

5 (

3

1
5 )‘xim + )‘l‘z‘l‘Q + )‘xz%)
)\xixj =
A2
Ao

48

1
AL — 5 (/\931 + )‘272 + )‘373) =0,

=0
)\xTxia:j ==

VieV,
Vre V,\Y{i,j} € E,
VieV,

Vi,jeV.

(4.2.4)



Thus, we see that Ay = 0 whenever p(x) is a monomial that can be divided by some x;x;
with {i,j} € E. That is, X is supported only on the monomials defined by the stable sets
of G. Hence, any solution to the above system is a solution to the system

1
)\1 - 5 <>\x1 + >\x2 + )\xg) 07

1
- (Ax? 0 VieV, (4.2.9)
A=A =0 VieV,

It is straightforward to check that this latter system implies \y = 0. Hence, X\ is orthog-
onal to the right hand side of the system (4.2.3) and as a result the system must have a
solution. Moreover, we can use the transpose of system (4.2.9) to generate a Nullstllensatz
Certificate:

aY’Q ay? al? agf bl b b
1]1-21] 0 0 0 0O 0 0|1
x| 1 | =2 0 0O |—-1 0 010
xo| 1 0 -2 0 0 -1 0 |0
| 1] 0 0 —2/0 0 —1/0 (4.2.10)
2| 0 1 0 0 1 0 010
3| 0 0 1 0 0O 1 00
2] 0 0 0 1 0 0 110
T T T I
A solution is ay? = a¥? = a¥? = a¥? = —1 and b} = b} = b} = 1. Thus, we obtain the

equation

1 1 5
—5(SB1+$2—|-SB3—{—1)(£L‘1+$2+ZL‘3—2)—|—§($1—3§1)+---
(4.2.11)
L 5 L 5
"+§(ZE2—$2)+§($3—1’3):].—Jflxg—l’lxg—xgl’g.

The use of Fredholm’s Theorem of the Alternative to certify the existence of certificates
is sometimes referred as the Design Method ([9],[10]). Clearly, this technique is useful
when the polynomials defining the system are formed by a small number of monomials i.e.
they are sparse. Stephen Cook et. al. ([0]) were the first to use this technique to find
lower bounds of Nullstellensatz Certificates of systems describing a version of the Pigeon
Principle. Jesus De Loera, Peter Malkin and Pablo Parrilo ([22]) formalized these notions
in terms of the annihilator of a set of polynomials:
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Definition 4.2.5. Let P be a set of polynomials of degree at most d* in K|z, za, ..., x,]
with K being any algebraically closed field. The annihilator of P is the set P° of vectors
A = (Apa)jaj<d+ such that the equality

> Padee =0 (4.2.12)

|| <d*

holds for for every polynomial p(z) = ngd* Paz® of P.

Viewing Kz, za,...,2,] as a vector space, we see that the annihilator of a set P
is equal to the annihilator of its linear span. Moreover, we see that (4.2.12) is a linear
relaxation of the polynomial system

p(x) =0, VpeP. (4.2.13)

Indeed, any solution = € K" to (4.2.13) generates an element of P° by setting Ao := 2
for every multi-index |a| < d*. Clearly, the reverse direction does not hold as the variables
Aze do not take into account constraints of the type Ajats = As Ay 5.

Now, let d > 1 be any integer and consider the set

Py:={z: |a| <d, pe P}
Then, we see that the annihilator of Py is equal to the set of vectors A orthogonal to the
columns of the linear system derived from
ri(@)pi(z) + -+ rp(@)pn(2) = 1,

where the polynomials r; have degree at most d. In particular, using Fredholm’s Theorem
of the Alternative we obtain the following simple result.

Proposition 4.2.6. Suppose that the system (4.2.13) is infeasible. Then, this system has
a Nullstellensatz Certificate of degree d if and only if every A € Pj satisfies Ay = 0.

The proposition above motivates the following definition:

Definition 4.2.7. Let P and Py as above. A vector A € PJ with A\y # 0 is called a
Nullstellensatz Dual Certificate of degree d.

As we mentioned before, proving the existence or non-existence of Nullstellensatz Dual
Certificates is much easier than proving the existence of Nullstellensatz Certificates in cases
when the polynomials are sparse. In what follows we will use these ideas to give a much
shorter prove of a result due to De Loera et. al. [20] stating that if ¥ > «(G) + 1, then
(STAB) has a minimum Nullstellensatz Certificate of degree a(G). We begin with the
following theorem:
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Theorem 4.2.8. The polynomial system (STAB) has a Nullstellensatz Dual Certificate of
degree d if and only if there exists a solution to the system

~kAs+ > Asuy =0 [S] <d, SCV stable,
i€V
As =0 |S|<d+2, SCV not stable, (4.2.14)

Mg # 0.

Proof. Let P be the set of polynomials defined in (STAB) and let P; be defined as above.
Then, every A € Pj satisfies the equations:

~Edge + Y Apae =0 V]| <d,
%
Apogiz; =0 Vi, j} € B, V]a| < d,
Apag2 = Ageg, =0 Vi €V, V]a| < d.

(4.2.15)

In particular, if a monomial 2* with |a| < d + 2 is divisible by some x;z; with {i,j} € E,
then Ay« = 0. Indeed, if a; > 1 and a; > 1 for some {i,j} € E, then f =a —¢; —¢; is a
multi-index of size at most |a| —2 < d and (4.2.15) implies that

)\ma - )\xﬁmimj - 0

Moreover, if two multi-indexes o and [ of size at most d + 2 are supported in the same set,
then A\ja = A,s. Indeed, if a; > 2 for some i € V, then A\joa = Aja—2¢;,2 = Aja—2e,,, and we
have reduced the coordinate a; by one. Repeating this process, we obtain that Aga = Ays
where 3 € ZY and supp(a) = supp(f). In particular, X is uniquely determined by the
coordinates Ao with a € ZY and |a| < d + 2.

Let us use the notation Ag := Ao for every multi-index |o| < d + 2 supported on S C V.
As a consequence, every solution to (4.2.15) is uniquely determined by a solution to

—kAg + Z Asuiy =0 S| < dand S is stable,
v (4.2.16)
As =0 |S] <d+2and S is not stable.

The theorem follows as any solution (Ag)isj<a+2 to (4.2.16) with Ay # 0 will generate a
solution A to (4.2.15) with A; # 0. O

We have the following corollaries.
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Corollary 4.2.9. Let G be a graph and let k > a(G) + 1. Then, (STAB) has a Nullstel-
lensatz Certificate of degree at most a(G).

Proof. We claim that (STAB) does not have a Nullstellensatz Dual Certificate of degree
d := oG). Indeed, suppose that (Ag)|sj<a+2 is a solution to the system

—kAs+ Y Asupy =0 |8 <dand S is stable,
eV (4.2.17)
As =0 [S| <d+2and S is not stable.

We claim that Ag = 0 for every stable set S and as a consequence \j = 0. We proceed by
induction on |S|. If S is stable and |S| = a(G), then (4.2.17) implies that

_k)\S+Z/\SU{i}+ Z Agt = —kAs +|S|As =0 = \g = 0.
€S S'=Su{i
eV, S’ not{s]‘;able

Now, suppose that Ags = 0 for every stable set S’ of size greater than or equal to m > 1
and let S be a stable set of size m — 1. The equations in (4.2.17) imply that

0=—kAs+ > Asup = —kAs+ D _ Asuy+ D As = —kds +[S|As.

€S i€S S'=Su{i}
i€V, S’stable

Hence, Ag = 0 and the statement follows. O

Corollary 4.2.10. Let G be a graph and let k > «(G) + 1. Then, (STAB) has no Null-
stellensatz Certificate of degree a(G) — 1.

Proof. Let us show the existence of a Nullstellensatz Dual Certificate of degree o(G) — 1.
By Theorem 4.2.8, it is enough to prove the existence of some (Ag)|sj<a(c)+1 such that

—RAs + Z Asuiy =0 [S] < a(G) — 1 and S is stable,
eV
As =0 |5 <a(G)+1and S is not stable, (4.2.18)

Ao 7 0.

We can create such vector as follows. Suppose that S* is a stable set of size o(G). Then,

set XS* =1 and Xs := 0 for every set S not contained in S*. For every stable set S C S*

define
5 (a(G) =S

Ag = ESED (4.2.19)
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We claim that (XS)|5|SQ(G)H is a solution to (4.2.18). Indeed, for every stable set S of size

at most a(G) — 1 we have two cases. If S is not contained in S*, then XS = XSU{i} =0 for
every ¢ € V' and as a consequence

—kXS + Z XSU{z‘} = 0.
eV

Now, if S is contained in S*, then

—kXS + Z XSu{z’} = —kXS + Z Xs + Z XS/,

eV icS §'=SU{i}
i€V, SCS'Cs*
Y 3 (a(G) = |5] = 1)! (4.2.20)

(a(G) —[SPL | (a(G) — ISP _
(k=15 =D! (k=[] - 1)!

Clearly, if S is not a stable set of GG, then Xs = 0. The result follows as X@ = a(kc!:)! #0. O

Let us collect these two corollaries in the following theorem:

Theorem 4.2.11 (De Loera et. al. [20]). Let G be a graph and let k > o(G) + 1.
Then, (STAB) has minimal Nullstellensatz Certificate of degree o(G). Moreover, this
Nullstellensatz Certificate contains at least one monomial per stable set of G.

Proof. By Corollary 4.2.9 we have the existence of such certificate and by Corollary 4.2.10
we know that it is minimal. Now, let S* be an arbitrary stable set and let us prove that
there exists a monomial z® in the certificate such that the support of « is S*. Suppose that
this is not the case, hence we can still generate a Nullstellensatz Certificate if we remove
all the columns of the system of linear equations associated to monomials 2 with a having
support equal to S*. This is equivalent to saying that the system

—kAs + Z)\Su{i} =0 |S|<alG), S+#S*and S stable,
iev

As =0 |S] < a(G)+2 and S not stable, (4.2.21)
>‘@ 7é 07
has no solution. However, if we define the vector with coordinates )\S* =1, )\5 = 0 for
every set S not contained in S* and As == % for every S C S*, then (AS)|S|<Q(G)+2
will be a solution to (4.2.21). This is a contradiction and the proof follows. O
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Chapter 5

Hilbert’s Nullstellensatz and Graph
Coloring Problems

In this chapter we will study the behavior of NulLA for Graph Coloring Problems. The
computational studies of Jesus De Loera, Jon Lee, Peter Malkin and Susan Margulies ([20])
showed a good behavior of NulLLA for systems of polynomial equations derived from some
graph coloring problems. They focused on graphs having no 3-coloring and considered
systems of polynomial equations over the finite field FFs.

Several families of graphs were tested, these included the graphs from the DIMACS Compu-
tational Challenge (1993-2002, http://mat.gsia.cmu.edu/COLORO03/), Mycielski Graphs
([16]), Kneser Graphs ([!1]) and randomly generated graphs. Their results showed that
the majority of these graphs had small Nullstellensatz Certificates. In fact, no graph hav-
ing a minimal Nullstellensatz Certificate of degree bigger than four has been found yet
(see [21] and [39]).

These results showed a big potential of NulLA for Graph Coloring. However, a concrete
understanding of the Nullstellensatz Certificates is still missing. The main objective of this
chapter is to give a concrete study of the Nulltellensatz Dual Certificates derived from these
problems. As we will see, this study will allow us to derive lower bounds for the degrees
of minimal Nullstellensatz Certificates and we will be able to improve our understanding
of NulLLA for graph coloring problems.
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5.1 Graph Colorability

Probably, one of the most beautiful and strikingly powerful concepts in Graph Theory is
that of graph colorings:

Definition 5.1.1. Let G be a graph with no loops and no multiple edges. A multi-index
a € Z) is called a k-coloring of G. A k-coloring « is called proper if v, # «, for every
edge {u,v} € E. We say that G is k-colorable if it has a proper k-coloring. The minimum
k such that G is k-colorable is called the chromatic number of G and it is denoted by

X(G).
Example 5.1.2. Consider the graph H of Figure 5.1. The multi-index
(0,1,2,0,1,0,2,1,3,2) € Z}°

is a proper 4-coloring of H. It is not hard to see that H is not 3-colorable. Indeed, suppose

4 8
Figure 5.1: The graph H.

that o € Z1° is a proper 3-coloring of H. As the 3-cycles generated by the vertices 1,2,3
and 2,3,4 share the edge {2,3} we see that oy = ay. Similarly, we see that the equality
as = ag must hold as well. But then, the 3-cycles generated by the vertices 1,5,10 and
4,8,9 imply that ag = g which is a contradiction. Thus, K(H) = 4.

Clearly, the main question we would like to answer is how to detect if a given graph
is k-colorable or not. When k = 2 this problem is easy. Indeed, a graph is 2-colorable
if and only if is bipartite (i.e. it has no cycle of odd length), and we can check this
efficiently using a simple depth-first search on the vertices of the graph. By the Four Color
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Theorem ([2], [3],[52]), every planar graph is 4-colorable and as a consequence, the problem
of deciding the existence of a 4-coloring for planar graphs becomes trivial. Moreover, Neil
Robertson, Daniel Sanders, Paul Seymour and Robin Thomas ([50]) provided a quadratic
time algorithm for finding such 4-coloring. Nevertheless, it is a hard task to detect the
k-colorability of general graphs with & > 3. Richard Karp ([33]) proved that, among
many other combinatorial problems, such decision problem lies in the complexity class
NP — complete. In fact, Michael Garey, David Johnson and Larry Stockmeyer ([20])
proved that deciding the 3-colorability of a planar graph is an NP — complete problem as
well.

The reason why we have chosen to define colorings using multi-indexes is the following. For
every graph G = (V, E) and every edge {u,v} € E let us define the function g,, € L*(Z})
given by

1 if oy = ay,
uv () = 51.1
Guv() {0 otherwise. ( )

Then, we see that GG is k-colorable if and only if the system
guw(a) =0, Y{u,v} € E, (COL)

has a solution o € Z}. Moreover, the number of solutions to (COL) is equal to the number
of proper colorings of the graph G. We can use Fourier Analysis to transform (COL) into
an equivalent system of polynomial equations:

Theorem 5.1.3. A graph G is k-colorable if and only if the following system of polynomial
equations has a solution over the complex numbers.
Guo(t) =1+ 2 2222 oo, =0 V{u,w} € B,

ST (FCOL)

Moreover, the number of solutions to (FCOL) equals the number of proper k-colorings of

G.

Proof. Let {u,v} € E be an edge of G and let g,, € L*(Z}) be defined as above. Let
B € Z} be any multi-index and let k5 € Z} be the character associated to it, i.e.

27i

kg(a) == R e R S/ zy. (5.1.2)
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By the Fourier Transform Formula (equation (3.2.3)), we know that

R 1 2mi
Guo(K5) = 177 > gil@)exp (%Z > awﬁw> ,

a€ZY wev
1 2mi
= v Z/ exp (7 X‘Z/awﬂw) : (5.1.3)
ag%k , we
rEly weV\{u,v} \reZ

Recall that for every k-th root of the unity ¢ := s the equality ZTEZk ¢" = 0 holds.
Thus, equation (5.1.3) is equivalent to

~ L if p=r(e, — e,) for some r € Z,
Guo(Kg) = {’“ ( ) ’ (5.1.4)

0 otherwise,

where e, € Z) denotes the canonical multi-index having its single non-zero component in
the coordinate indexed by v € V. In particular, we can write (COL) as

1 e e
Guv(Q¥) = z Z eran i plh—rlon 5t 0, Y{u,v}e€kFE. (5.1.5)
rEly
The proof follows by setting x, := e % for every u € V in the formula above. O

We can modify (FCOL) to obtain a well known result due to Bayer in 1982:

Corollary 5.1.4 (Bayer [5]). Theorem 5.1.3 still holds if we replace the system (FCOL)
by the following polynomial system over the complexr numbers.

Guo(2) = 28 b2 b =0 V{u, v} € B,

ok B (BCOL)

Proof. For each edge {u,v} € E multiply the polynomial g,, by 2¥~! to obtain
G e T
= Quo () + Guo(2)pu ().

Hence, for every z € CV such that 2 = 1 with u € V, the equation g, () = 0 holds

if and only if the equation ¢, (x) = 0 holds. This proves that (FCOL) is equivalent to
(BCOL). O
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As a consequence of the above results, we can use NulLLA to detect k-colorability using
either (FCOL) or (BCOL). The choice between these two systems has some advantages and
disadvantages. On the one hand, the polynomials in (FCOL) are all defined by monomials
of size congruent with 0 modulo k£ and they have a nice dual interpretation with colorings
via (COL). On the other hand, the polynomials G,, in (BCOL) have degree equal to k — 1
and this helps to reduce the size of the certificates (see Example 5.1.6 below). Nevertheless,
as the following proposition shows, the gap between the size of the certificates for these
two systems is not large.

Proposition 5.1.5. Let G be a non-k-colorable graph. Then,

1. If (BCOL) has a Nullstellensatz Certificate of degree d, then (FCOL) has a Null-
stellnesatz Certificate of degree d + k — 1.

2. If (FCOL) has a Nullstellensatz Certificate of degree d, then (BCOL) has a Nullstel-
lensatz Certificate of degree d + 1.

Proof. 1. As in the proof of Corollary 5.1.4, for any edge {u,v} € E we have that
1 00(2) = G (&) + G ()P0 (2). (5.1.6)
Let 7, and §, be polynomials of degree d such that
D Su@pu(@) + D Fun(@)Gu(z) = 1.
ueV {uv}eFE
Then, the equation
Z§U(I)pu(x) + Z Fun () (xvlj_lqlw(x) - (jm,(x)pu(a?)) =1
ueV {u,v}eFE
gives a Nullstellensatz Certificate of degree d + k — 1 for (FCOL).

2. In the same fashion, it is not hard to see that for each edge {u,v} € E we have the
equality

TuGuo(T) = Quo + Pu(). (5.1.7)

Hence, following the same steps as in the proof of part 1., we see that if (FCOL) has a

Nullstellensatz Certificate of degree d, then (BCOL) has a Nullstellensatz Certificate
of degree d + 1.

]
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Notice that Lazard’s bounds apply for both system (FCOL) and (BCOL) (see Proposi-
tion 4.1.4). Hence, in case that G is not k-colorable, there exists a Nullstellensatz Certificate
of degree at most |V|(k — 1). Let us now look at some particular instances.

Example 5.1.6. Let G be 3-cycle with vertex set V- = {1,2,3}. This graph is not 2-
colorable and we can certify this with a Nullstellensatz Certificate of degree |V|(k —1) =3
for either (FCOL) and (BCOL). Let us use NulLA with system (BCOL) to find a minimal

degree certificate. Thus, consider the system

(juv(x) =2y + 2, =0 V{UJ,’U} S E,

5.1.8
pu(r) =22 —1=0 Yu€eV. ( )

It is easy to see that there is no certificate of degree zero as for each w € V' the mono-
mial x> appears in only one polynomial of the system. Hence, the scalars multiplying the
polynomials p,, must be equal to zero which is impossible. Therefore, define the polynomials
Tun(T) = bl 4 bg’;vxl + bg”;”xg + b;{gvxg V{u,v} € E,
Su(w) := a4+ alrxy 4 alias 4 aliaxs Yu €'V,
and let us check the solubility of the system

D s@pu@) + D Fun(@)dun(z) = 1.

ueV {uv}eFE

Using NulLA, the linear system we obtain has size 20 X 24 and it is formed by the column
concatenation of the following tableaux:

ay by aby ap b bl gy bl
1 -1 Ty 1
Ty -1 Ty 1
To —1 T1%y, 1
T3 —1 y | Lodly 1 . (519)
2 |1 T3Ty 1
IZ(L’l 1 1Ty 1
1219 1 ToTy 1
213 1 T3y 1

Let X := (Aza)|aj<s be an orthogonal vector to the columns of the system described by (5.1.9).
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We see that X satisfies the following system of equations:

AL = A2 Yu eV,
Aowte = —Azwzs Vw eV, Y{u,w} € E,
Azy = Azya? Yu,v €V,
Ar, = — Az, Yw €V, Y{u,w} € E.

Using the equations (5.1.10) and (5.1.11), we see that

M= A2 = Aoimy = Aasss = — Az = — A1

(5.1.14)

Hence, A\ = 0 and this shows that (5.1.8) has a Nullstellensatz Certificate of degree one.
Moreover, the equations in (5.1.14) tell us which of the 20 rows and 24 columns we need

to generate the certificate:

R
1 | -1 —111
A |
T129 1 1
Tols3 1 1
3 1 1
T 1 T 1 T
L [= 3 =5 3 =]

(5.1.15)

As the following theorem shows, we can generalize the ideas of the above example to

any non-bipartite graph G.

Theorem 5.1.7. Let G be a non-bipartite graph. Then, (BCOL) has a minimal Nullstel-

lensatz Certificate of degree one for the non-2-colorability of G.

Proof. Again, let us consider the polynomials

Fup () = DT 4 Z bl V{u,v} € E,
weV

Su(x) = al* + Za’;z:cv Yu e V.
veV

Let A := (Aza)|aj<3 be orthogonal to the linear system associated to the equation

D Su@pu(@) + > Fun(@)dun(x) = 1.

ueV {uw}eFk
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Then, it is not hard to see that A is characterized by the system

AL = A2 Yu eV, (5.1.16)

Aopae = —Aazwis Vw eV, Y{u,w} € E, (5.1.17)

Ary = Apya2 Yu,v €V, (5.1.18)

Az = — A, Vw eV, Y{u,w} € E. (5.1.19)

Since G is not bipartite, it has an odd cycle. Suppose that ug, uy, ..., us, are the vertices

of such cycle and {ug, ugy }, {us, uiy1} € E for every i € {0,1,...,2m — 1}. Thus, using
the equations (5.1.16) and (5.1.17) we see that

M= Az = Aagons = Aowging = 0 = Aawgrag, = —Aaz, = —AL (5.1.20)
A minimal certificate is
1 1 2m—1
__(xio -1) - §(xigm 1)+ EIUO Z (=D"(@u; + Tuyy) + qu?m,(wu() + Tuy,,) =1
i=0
O]

We get a similar result for (FCOL) as follows.

Corollary 5.1.8. Let G be a non-bipartite graph. Then, (FCOL) has a minimal Nullstel-
lensatz Certificate of degree two for the non-2-colorability of G.

Proof. By Proposition 5.1.5 and Theorem 5.1.7, we know that (FCOL) has a Nullstellensatz
Certificate of degree two. Let us show that this certificate is minimal by proving the
existence of a Nullstellensatz Dual Certificate of degree one for (FCOL). Once again, let
us define the polynomials

ru'u = bqu Z bquxw ‘v’{u, U} €k,
weV

= al" —|—Zap:jxv Vu e V.
veV

Let A = (Age)jaj<a be orthogonal to the columns of the system defined by the equation

Z Su(x)pu(z) + Z T (2) Guo () = 1.

ueV {uv}eF
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Then, it is not hard to see that A is characterized by the system

AL = Ag2 Yu eV, (5.1.21)
A= =iy, V{u,w} € E, (5.1.22)
Aew = Agua? Vu,v €V, (5.1.23)
Ay = —Azywyzy Vw e V, Y{u,w} € E. (5.1.24)

Let us define the vector A with coordinates

1 ifzve{z?:ueV}iu{l},
Ao i= ¢ =1 if 2* € {w,m, : {u,v} € E},

0 otherwise.

We clearly see that \ gives a Nullstellensatz Dual Certificate of degree one and the proof
follows. O

The above results show that NulLA always detects 2-colorability after two iterations if
we use the system (BCOL). A natural question to ask is whether for every k there exists
a degree d(k), independent from |V| and |E|, such that every non-k-colorable graph has a
Nullstellensatz Certificate of degree d(k). As one might expect from the results of Karp
concerning the hardness of k-colorability, this may be too much to ask for:

Theorem 5.1.9 (De Loera et al. [20]). Let k > 3 be an integer. Suppose that there exists

a number d(k) such that every non-k-colorable graph has a Nullstellensatz Certificate of
degree d < d(k), then P = NP.

Proof. We will prove that the existence of such d(k) implies the existence of a polynomial-
time algorithm for detecting k-colorability. Since this latter problem is in the class NP —
complete ([33]) the result will follow. But this is easy. Indeed, if such d(k) exists, then
NulLA would detect the k-colorability of a graph G = (V) E) after solving a system of
linear equations of size (|V|+|‘€/(f)+k) X (|V||J{/a|l(k)) (|E|+ |V|), which is a polynomial in |V| and
|E|. Since the entries of such system are only zeros, ones and minus ones, the encoding size
of such system is polynomial in the size of |V| and |E|. The result follows as every system
of linear equations over the rationals can be solved in a number of elementary arithmetic
operations that is polynomial in the encoding size of the system ([53]). O

Therefore, for any k& > 3 there should exists an infinite family of graphs {G,}ieny with
minimal degree certificates {d;};,cy being unbounded. It is still an open problem to find
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such family for any k£ > 3. Moreover, it is still an open problem to construct a graph with
Nullstellensatz Certificate bigger than 4 for (BCOL), even if we consider such system over
any field K. We will come back to this question later on (see Section 5.3).

5.2 Nullstellensatz Dual Certificates and k-colorability

In this section we will study the annihilator of the polynomials defined by (FCOL) and
(BCOL). Let G = (V, E) be a non-k-colorable graph and let d,d > 1 be a pair of non-
negative integers. Let us define the sets of polynomials

P .= {Pws quv: weV, {u,v} € E},

. ! (5.2.1)
P7 = {pw, Gu: weV, {uv} e E}.
As in Chapter 4, for integers d, d > 1 consider the sets,
P .= {2%: |a| <d, pe P},
¢ =1{2p: o p ¥ (5.29)

P = {ap: o <d, p e PP}.

Thus, a vector A = (Aga)|a|<d+k 18 in the annihilator of PL if and only if A is a solution to
the system

)\:CO‘ - Awo‘xﬁ, - 0 V‘Oél S d, V'I.U € V (5 2 3)
Aza + Agaghty + oo+ Ay k1 =0 V]a| < d, V{u,v} € E. o

Similarly, a vector A = (S\:Ca)|a| <d+x 18 in the annihilator of Pd-B if and only if X is a solution

to the system
Age — Agagh =0 Vio| < d, Vw eV
- - - v - (5.2.4)
Agagh-1 T Agagh—2, + o+ Aagp1 =0 V]a| <d, V{u,v} € E.

Notice that we can reduce the size of the systems (5.2.3) and (5.2.4) using the equations
Aga = Agagh and Aga = Azagr . More concretely, we have the following result.

Theorem 5.2.1. Let G = (V, E) be a non-k-colorable graph. Then,

1. (FCOL) has a Nullstellensatz Certificate of degree d if and only if the system

S Aatrtermeny =0 Va € Zy, |o| <d, Y{u,v} € E, (DFCOL)

rELy

has no solution with Ao # 0.
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2. (BCOL) has a Nullstellensatz Certificate of degree d if and only if the system

3 Aatren ey en = 0 Ya €7y, o] <d V{uv}€E, (ppcoL)

rELy,

has no solution with Ay # 0.

Proof. We will prove the theorem for (FCOL), the proof for (BCOL) is similar. Thus,
suppose that (FCOL) has a Nullstellensatz Certificate of degree d. By Proposition 4.2.6,
every vector A in the annihilator of P satisfies Ay = 0. Let f := ( fa)aezy be a solution
to (DFCOL), we shall prove that f, = 0.

Define the vector A = (A\za)|aj<dtk given by

Aga := fs provided that 8 € Z} and @ = 3 mod Z; . (5.2.5)

We claim that A € (PF)°. Indeed, let a be any given multi-index such that |a| < d and
let 3 € Z{ be such that 8 2~ « mod Z). Then, we see that |3| < d. Moreover, for every
vertex w € V, 3 is also congruent with o + ke, modulo Z) and as a consequence

Apogk — Aga = fg— f3=0, V]a| <d, Ywe V.

Similarly, for every edge {u,v} € E and every r € Z; we have that 8 + r(e, — e,) is
congruent with « + re, + (k — r)e,. Hence,

Ago + )\xaxﬁqu + -+ )\xaxungl = Z f5+r(eu_ev) =0. (5.2.6)

rely

This implies that A is in the annihilator of PZ and fo = A\; = 0.

Now, suppose that (FCOL) has no degree d certificate. Then, by Proposition 4.2.6, (FCOL)
has a Nullstellensatz Dual Certificate A € (P})° such that A; # 0. We claim that Aye = A o
provided that a = o/ mod Z} and the size of each o and ' is at most d + k. Indeed, let
B be the unique multi-index in Z) congruent to both a and «’. Then, |3| < d + k and

there exist two sequences of multi-indexes Sy, 51, ..., (s and 5, 1, ..., B; such that
BU = /67 BS = Q,
/ / /
= N = X s
8 = 8,8, -

Bis1 = Pi + key,, for some w; € V, Vi€ {0,1,...,s— 1},
B :ﬁ;—kk‘ew;, for some wj; € V, Vj € {0,1,...,t —1}.
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Since A is in the annihilator of PZ, we conclude that ABig1 = Ags; and )\I%H = )\xﬂg for
every ¢ € {0,...,s — 1} and every j € {0,...,¢t — 1}. In particular, \;s = A\ye = A o and
our claim follows.

Define the vector f given by f, := A\ for each a € Z} \ {0} with |a| < d+k, and f, := 0
otherwise. Then, by our previous claim, we see that

Z Jatr(eu—es) = Az + /\xaxﬁflxv +oot )\x‘lxux'fl = 0. (5.2.8)
rElLy
Hence, f is a solution to (DFCOL) with fy = A\; # 0 and the theorem follows. O

We have the following corollaries:

Corollary 5.2.2. Let G be a non-k-colorable graph. Let Iy be the ideal generated by the
polynomials p,,(z) = 2 — 1 with w € V. Then, (FCOL) has a Nullstellensatz certificate
of degree d if and only if the system

Guv(x) =0, V{u,v} € E, © € Vc(Zy), (5.2.9)

has a Nullstellensatz certificate of degree d over the ring Clzy, ..., x| /Tv.

Proof. Consider the set
Pd = {l’a(ﬁw +IV . {’U,,U} € E, o € Z}C/, ’Oé| S d} g C[Sﬂl, e ,x‘v|]/z—v

and the vector space Vg = spanc{Ps} C Clz1, ...,z ]/Zv. Then, the system (5.2.9) has
a Nullstellensatz certificate of degree d if and only if 1 +Zy, € V.

Notice that V4 can be seen as a subspace of the finite dimensional space W, spanned by
the monomials z* + Zy with a € Z) and |a| < d + k. We can identify the dual space W7,
with the set of all vectors (Aa)aczy | jaj<atk Via the mapping

A€W, — (AMza +IV))ankV, || <d+k+

Thus, a linear functional A € W, satisfies A(p(z) + Zy) for every p(x) + Zy € V, if and
only if its corresponding vector (Aa)aezy, joj<a+k 8iven by Aq := A(z® 4+ Zy) is a solution
to (DFCOL).

In particular, 1+ Zy € V, if and only if every solution (Aa)aezy, jaj<asr t0 (DFCOL)
satisfies Ay = 0. The claim follows by the preceding theorem. m
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Corollary 5.2.3. Let G = (V, E) be a non-k-colorable graph and suppose that (FCOL)
has minimal Nullstellensatz Certificate of degree d*. Then,

d* =0 mod k. (5.2.10)

Moreover, d* > k.

Proof. Notice that the size of « is congruent with the size of o + r(e, — €,) modulo Z, for
every r € Zy and every {u,v} € E. In particular, the equation

Z )\a—&-r(eu—ev) =0
rEZy

in (DFCOL) will always involve multi-indexes of size congruent with || modulo Zj. Since
the existence of a certificate only depends on the value A\g for every solution A to (DFCOL),
the existence of a certificate depends only on the solutions to the subsystem

D Aatrteuen) =0, o] 20 mod k. Jo] < d, ¥{u,v} € B. (5.2.11)

rEL,

This implies that d* = 0 mod Zj.
Let us show the existence of a Dual Nullstellensatz Certificate of degree zero. Thus,
consider the vector (Ay)jq|<3 defined as

)\T(eu_ev) = —m, V{U,U} € E,VT c Zk \ {0}
Ao =0,  for any other |a| < 3.
Then, A clearly satisfies the equations

D Natren—en) =0, Vo] <0,V{u,v} € E.

rEZy,

Since A\g = 1, it follows that d* > k. n

Corollary 5.2.4 (De Loera et al. [18]). Let G = (V, E) be a non-k-colorable graph with
k > 3 and suppose that (BCOL) has minimal Nullstellensatz Certificate of degree d*. Then,

d*=1 mod k. (5.2.12)

Moreover, d* > k + 1.
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Proof. Suppose that GG has a minimal Nullstellensatz Certificate of degree d*. By the same
arguments used in Corollary 5.2.3, it is clear that

d"=1 mod k.

Let us show the existence of a Dual Nullstellensatz Certificate (S\Q)Mgkﬂ of degree one.
We will consider the cases k > 4 and k = 3 separately.
First, suppose that & > 4 and let ¢ # 1 be a k-th root of the unity (if & = 4 choose
¢ := —1). Let us identify the set of vertices of G with the set of integers [n] where |V| = n.
Define A := (Aq)jaj<k+1 as follows,
Xr(eu,ev) =", VreZy Y{uvl € E, u<v,
5\ew"1‘2(511,_3611 = _Xew_ezﬂ v{“’ U}’ {U’ w} € E’ (5213>
Ao := 0 for any other multi-index |o| < k 4 1.

Notice that A is well defined. The only possible inconsistency might came up for the case

= 4, as the multi-indexes e,, + 2¢, — 3e, and —3e,, + 2¢, + €, are the same. However,
since we set ( = —1 for this case, the equalities

)\ew_ev - Xev_ew - C = C37

hold and X is well defined. 3
We claim that A is a Nullstellensatz Dual Certificate of degree one. Indeed, since Ao = 1,
we only need to prove that \ satisfies the equalities

Z S\ew+r(eufev)fev =0

rELy

for every w € V and every {u,v} € E. On the one hand, if w € {u,v} then

Z :\ew+r(eu—ev)—eu = Z S\T(eu—ev) = Z CT = 0.

= reZy rezy,

On the other hand, if w ¢ {u, v}, then by the way we defined )\, we see that
Rewirtenenyer =0, Vr ¢ {02k =3,k —1}.

In particular,

Z 5\@w'f""’(eu_ev)_@v = Xew_ev + 5\6111“1‘2‘311_3‘311 + 5\(3111_3f3u‘f'2ev + Xeu)_eu' (52]‘4)
TEZk
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Now, if the edges {u, w} and {v,w} are not in E, then (5.2.14) is zero as

)\ew—ev - )\ew+26u—3ev - /\ew—3eu+2ev - Aeu,—eu - 07

by the definition of A. If any of {u,w} or {v,w} is in E, then

)\ew_ev + Aew“‘2‘3u_33v = O or )\ew_3eu+2ev + )\ew_eu - 0

Thus, (5.2.14) is zero and X is a Dual Nullstellensatz Certificate of degree one.
Now, let us consider the case k = 3. This time, define X := (Ay)|a|<kt1 aS

5\0 = 1,

1
)\eu_ev = >\e'v_€u = _57 v{u7 U} e E?

3 1
Acwteuten = 5> V{u,v}, {v,w} € E,{u,w} ¢ E, (5.2.15)

. Yu, v} {v,w} {u,w} € E|

5\eu}'|‘e'u"l‘@u : 1
0 for any other multi-index |o| < k41,

Aa

We will show that for every w € V' and every {u,v} € E the equation
5‘€w+2€u + 5‘eerequev + S\ew+2ev =0 (5216)

holds. Since Ay # 0, the statement follows. Again, if w € {u,v}, then

< 1 1

)\ezu+2eu + 5\€w+eu+€v + xew“l‘2€v - 5\0 + 5\6u+26v + X2eu‘"evu = 1 - 5 - 5

If w ¢ {u,v} and the edges {u, w} and {v,w} are not in F, then

)\ew+2€u + 5\@w"‘eu"l‘@v + x6111“1‘2@1) = O + 0 + O = O

If wé¢ {u,v} and {v,w} € E, but {u,w} ¢ E, then

)\ew+26u + 5\ew+eu+ev _'_ 5\ew“l’Qev = O +

Finally, if w ¢ {u,v} and {v,w}, {u,w} € E, then

5 < 1 1
)\8w+26u + )\ew+eu+eu _I_ )\€w+2e’v = _5 + 1 o 5 - 0

This concludes the proof. O
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Figure 5.2: A 3-star

Remark 5.2.5. We must point out that the proof of the case k > 3 is independent from
the underlying field. Thus, it can be seen as an alternative proof to that of [15]. For the
case k = 3, there exist graphs with minimal Nullstellensatz Certificates of degree one over
Fy. Such graphs have been already characterized ([39], [19]).

Example 5.2.6. Consider the graph of Figure 5.2. Clearly, this graph is 3-colorable (it
is 2-colorable) and hence (FCOL) has Nullstellensatz Dual Certificates of any degree for
k = 3. We can find such certificates using proper three colorings of the graph. For instance,
let p:=(0,1,0,2) and set

Ao 1= rig(q), Va €Zi.

Notice that B is a proper three coloring of the graph. Thus, for every multi-index o € Z;
and every edge {u,v} € E we have

Ao Aot (eu—en) T Aat2(en—en) = Fp(a) (1 + rglen — ey) + rp(2e, — 2¢,)),
= rg(a) (1 + eBuho % + 62(&_&)%) )
=0

Since N\g = 1, the vector X is a Dual Nullstellensatz Certificate (of any degree).

5.2.1 Using symmetries to find Nullstellensatz Certificates
It is possible to reduce the size of (DFCOL) using the symmetries of the graph G. Indeed,
let ¢ : V. — V be a graph automorphism, i.e, ¢ is a bijection such that {¢(u),¢(v)} € E
for every {u,v} € E. Then, ¢ naturally defines a mapping ¢ : Z) — Z) given by

a<05) = <&¢_1(u))u€V'
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The set of all group automorphisims of a graph G forms a group under composition of
functions. Such group is called the automorphism group of G and it is denoted by Aut(G).

Lemma 5.2.7 (See [20] Theorem 3.5 for a similar result). Let G = (V, E) be a non-k-
colorable graph and let Aut(G) be the automorphism group of G. Then, G has a Nullstel-
lensatz Certificate of degree d if and only if every solution to the system

D Aatr(eaen =0, la| < d, Y{u,v} € E,
rel (Aut-DFCOL)

satisfies Ao = 0.

Proof. Let A be a solution to (DFCOL) and define the vector A given by

Xa = ’Aut Z A¢(a), o] < d+k.
¢6Aut

We claim that X is a solution to (Aut-DFCOL). Indeed, for every multi-index o of size at
most d and every edge {u,v} € E, we have

2 Aatrtee = X | @] 2= Motwsrieaeny |

rely rely d)EAut (G)
1
B |Aut(G)| Z (Z)\ @) +7(ep(u) ~€o(v) )))
peAut(G) \rey 5
-0
=0.

The last equality follows from the fact that ) is a solution to (DFCOL), the size of ¢(a) is
at most d for every ¢ € Aut(G) and that {¢(u), p(v)} € E.
Now, for every ¢’ € Aut(G) and every multi-index « of size at most d + k we have

qu/ )\ o ’
() = |Aut ¢e§t((}) $od/ (o
2 N
’Am ¢€Aut(G)
= Ao
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This proves our claim. Now, since Ay = o, the above shows that the existence of a Nullstel-
lensatz Dual Certificate of degree d implies the existence of a solution A to (Aut-DFCOL)
with A\g # 0. As every solution to (Aut-DFCOL) is a solution to (DFCOL), the result
follows. ]

Example 5.2.8. Let G = K, be the complete graph with four vertices and let k = 3. Using
the above results we can easily prove that Ky has a Nullstellensatz Certificate of degree 3
for (FCOL). Indeed, the automorphism group of G is the symmetric group Sy. Thus, every
solution X to (Aut-DFCOL) satisfies

A0,0,0,0) T A1,2,0,0) T A2,1,00) = A0,0,0,0) T 2A(1,2,00) = 0,
A(1,2,00) T A12,1,2) T A221) = A1,200 T 2 1,122 =0,
A(1,2,0,0) T A1,0,2,0) + A,1,1,0) = A,1,1,0) T 2A1,2,00 = 0,
A(1,1,1,0) T A1,1,00) + Aa,22) = 2A1,1,1,00 T Aa,1,2,2) = 0.

Therefore,
A0,0,0,0) = —2A(1,2,00 = 4A1,1,22) = —8A1,1,1,0) = 16A(1,2,0,0) = —8X(0,0,0,0)-
This proves that X ,0,0) = 0 and the result follows.

Example 5.2.9. The next case to consider is G = K5 and k = 4. First, let us try to
determine the existence of a Nullstellensatz Certificate of degree d = 4 for (FCOL). Up
to permutation, there are only five multi-indexes in 7y of size at most four and congruent
with zero modulo 4. These are

ap := (0,0,0,0,0),
ap :=(1,3,0,0,0),
as :=(2,2,0,0,0),
asz:=(1,1,2,0,0),
ay:=(1,1,1,1,0).

Now, the only equation of (Aut-DFCOL) generated by « is

)‘(0,0,0,0,0) + 2)\(1,3,0,0,0) + >\(2,2,0,0,0) = 0.
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The equations generated by oy are

2013000 t 2A233,00 =0,
2X(1,3,0,00) + 2X(1,1,2,00 = 0,

yLy&y

A(1,3,0,0,0) t 2X1,1,330) + A1,2,230) = 0.

The equations generated by cs are

222,000 + A1,1,2,00 + A23300 =0,
A(2,2,0,0,0) T 2X1,2,2,3,0) + A22,2,20 = 0.

The equations generated by as are

201,1,2,0,0) +2A1,2,2,30 = 0,
20(1,1,2,00) + A,1,1,1,0) + A1,1,330 = 0,
A1,1,2,00 T 2A1,1,1,23) + A,1,222) = 0.

And the only equation generated by oy is

2M1,1,1,1,0) + 2A(1,1,1,2,3) = 0.

From the above equations we can see that the system (Aut-DFCOL) for d = 4 is equivalent

to the system

A(1,3,0,0,0) = —A233,00 = —A(1,1,2,00) = A22,000) = A(1,2,2,3,0
A(0,0,0,0,0) = A(1,1,1,1,0) = A(2,2,2,2,0
A(0,0,0,0,0) T 3A(

(

—A(1,3,0,0,0) — 2X0,0,0,0,0) T A1,1,2,2,2

) =
) =
1,3,0,0,0) =
) =

—A(1,1,3,3,0)5

—A(1,1,1,2,3)
0,
0.

(5.2.17)

Hence, we can just set X000 = 1 and generate a Nullstellensatz Dual Certificate of

degree 4 for (FCOL) using the above equations.

It is not hard to see that K5 has a degree d = 8 certificate. Indeed, we can add to the

system (5.2.17) the equations

20222200 T A1,1,222) + A2,2.233 =0
2012.2,30) +2X22233 = 0,
20(1,2,2,30) T 2A(1,1,2,22) = 0

J
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Using the equalities A22220) = A0,0,000) nd A13000 = A1,2230), we conclude that
A0,0,0,0,0) = A1,3,0,00)- However, the equation

A0,0,0,0,0) T 3A1,3,0,00) = 0,
implies that \o,0,0,00) = 0 and our claim follows.

Remark 5.2.10. Using computing software, we found that K¢ has a minimal Nullstellen-
satz Certificate for (FCOL) of degree 10 and K7 has a minimal Nullstellensatz Certificate
for (FCOL) of degree 14. However, we could not find any short proof of this statement.
As far as we are aware of, the above example shows the first proof (without the aid of
computing software) that K5 has a Nullstellensatz Certificate of degree 9 for (BCOL).

5.2.2 Fourier Analysis and Nullstellensatz Certificates

Recall from the last section that a graph G = (V| E) is not k-colorable if and only if the
system
Guw(a) =0, Y{u,v} € E, (COL)

has no solution a € Z)'. By the Group Nullstellensatz, (COL) has no solution if and only
if there exist functions f,, € L*(Z}) such that

{u,v}eFE

From the way we derived the system (FCOL) and (BCOL), the following theorem should
be no surprise at all.

Theorem 5.2.11. Let d > 1 and let Ty be the set of multi-indexes of size at most d.
Then, G has a Nullstellensatz Certificate of degree d for (FCOL) if and only if there exist
functions f., € L*(Z)) with Fourier support contained in Ty such that (FNCERT) holds.

Proof. By Corollary 5.2.2; G has a Nullstellensatz Certificate for (FCOL) of degree d if
and only if there exist polynomials r,, with {u,v} € E of degree at most d such that

Z Tuw () quo () = 1 mod Z¢ .
{uv}eFE

Now, suppose that

Tuw(T) =: Z rgvxﬁ, V{u,v} € E,
I81<d
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and define the functions

fuw(ax Z 75 k(o

|8|<d

Then, for every o € Z) and {u,v} € E we have

|81<d

2mi 2
_ E Tgve% D uev Buu (E erau o k: )y ;c”>

|,3|§d rEZy,

- ruv(x)%w(x)a

Furl@)gunle) = | 3 rirs(a) (Z mmmm) ,
B

where z, := e* % for every u € V. In particular,

Z fuvguv =1

{uv}eRE
The converse is similar. O
Example 5.2.12. [t is possible to use (COL) and an a simple inclusion-exclusion argument

to find (large) Nullstellensatz Certificates as follows. Let {uy,v1}, {ug,va}, ..., {tm,vn} €

E be any enumeration of the edges of a non-k-colorable graph G. Let fy,u, = 1 and for
every 2 < s < m define the functions

s—1
Jugos =1 — <Z gurvrfurvr> .
r=1
Then,
Zgusvsfusvs =1
s=1

Indeed, for each {u,v} € E, let S, be the support of the function g.,. Let us define the

sets
u.s'U.s (U Su'r'Ur)
r<s
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for every s € [m]. Then, since G is not k-colorable, the sets Ri,Ra,..., Ry form a
partition of the set Zi. We claim that

1 if @ € R,

, (5.2.19)
0 otherwise.

Gusvs fusws (@) = {

hence, proving our initial claim. We use induction on s with the cases s = 1 being trivial.
Suppose that for every r < s, the function gy ., fo.v, satisfies (5.2.19). Now, notice that

s—1
gusvsfusvs = gusvs - gus'Us E gur’l)rfirjr :
r=1

But then, our induction hypothesis implies that the support of gu.v, fu.w., @S equal to

S \ (U(Sisjs n Rr)) =R,

r<s

and the statement follows.

From the convolution theorem, we see that (FNCERT) is equivalent to

D" G * Fun(a) = do(a). (5.2.20)

{uv}eFE
We can rewrite the above equation as follows. For each {u,v} € E, consider the matrices

Ao, ) ==

1 a—p=r(e—e,), forsomer e Z,
0 else.

Then, we see that A, is the adjacency matrix of the Cayley graph Cay(Z} ,S,,) where
Suv : {r(ew —ey) : 1T € Zi}. Moreover, (5.2.20) is equivalent (up to some constant factor)
to the system of linear equations.

3 %Awﬁv — 5. (5.2.21)

{uw}eFE

Using the results from Chapter 3 and the properties of the functions g,,, we can summarize
the properties of the matrices A, in the following proposition.
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Proposition 5.2.13. Let G = (V, E) be a graph. For each {u,v} € E let Ay, be as above.
Then,

1. For every a € Z), the character k, € 2}; s an eigenvector of Ay, with associated
eigenvalue equal to kgy, (o).

2. The matrix %Auv defines a projection of L*(Z}) onto the space of all functions
spanned by the characters of the form k., with o, = «,. In particular, the equa-
tion 5 A2, = 1 Aus holds.

3. For every pair of edges {uy,v1},{uz,v2} € E the matrices Ay,y, and Ay, commute.

4. Let F C E be any subset of edges and let T C F' be a spanning forest of F'. Then,

1 1
i IT Aw = T IT Aw- (5.2.22)

uwveF uveT

We also have an interpretation of Dual Nullstellensatz Certificates as follows. First,
notice that if we want to obtain Nullstellensatz Certificates of degree d, then the system
(5.2.21) should be

1 - .
Z EAMfW =0, supp(f) CTa. (5.2.23)
{uv}eE

By Fredholm’s Theorem of the Alternative, (5.2.23) has no solution if and only if there
exists some function h € L?(Z)) such that

Auh(a)

h(0) =

0, Vol <d, Y{u,v} € E,
o < {u,v} (5.2.24)
1.

Equivalently, h € L*(Z)) will be a Dual Nullstellensatz Certificate if and only if

supp (h/g;) NTa=0, V{uw}ekE,
S hla) = 1. (5.2.25)

€Ly
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5.3 Girth and Nullstellensatz Certificates

In this section we will take a closer look at the structure of the system (DFCOL). In
particular, we will see that it is possible to exploit the sparsity of a graph to construct
Dual Nullstellensatz Certificates and hence, obtain lower bounds for the degrees of Null-
stellensatz Certificates. Throughout this section we will always assume that G = (V, E)
is a simple, connected graph with at least two vertices. We start with a very simple
observation.

Lemma 5.3.1. Let Zy be the set of all multi-indexes in Z) of size congruent with zero
modulo Zy. Let T C E be a spanning tree of G, then

Zy=a€Zly: a= Z Tuw(€u =€), Tuw € Ly, p . (5.3.1)

{uw}eT

Proof. The proof is by induction on |V|. Clearly, if |V| = 2 then G has a single edge and
the result follows. Suppose that the result holds for every connected graph with at most
n — 1 vertices.

Let G be a connected graph with n vertices and let 7" C E be a spanning tree of G. \L{e§
V\{v

u € V be aleaf of T with {u,v} € T. For every a € Z consider the multi-index & € Z,,
defined by
N {aw if w # u,

Oy = .
o, + o, if w=u.
By our induction hypothesis, as the graph G \ {u, v} is connected, we can write & as
a = Z T’u/vl (eul — e,Ul),
{u/ v} eT\{u,v}

Hence,

a= Y ruvlew —ey) +ayle, — e),

{w' v'}eT\{u,v}

thus Z; is contained in the right hand side of 5.3.1. The reverse inclusion is immediate. []

The above lemma naturally motivates the following definitions. For each 0 < ¢ < |E|
let us denote by M, the set of all multi-indexes that can be written as a combination of
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exactly ¢ different multi-indexes of the form e, — e, with {u,v} € E. In other words, M,
is the set of all multi-indexes o € ZZ such that

a = Z /ruv(eu - 61})7
{u,v}eF

for some set of edges F' C FE with |F| = ¢ and r,, € Z; \ {0} for each {u,v} € F. Notice
that for two different ¢ and ¢’ the sets M, and M, might intersect. In fact, the way these
sets intersect is characterized by all the Zjg-circulations of the graph G (see [7] for basic
results on Zjg-circulations). Instead, we can study the partition of Z, given by the sets

= M.\ ( U M, )
j<e—1
The following lemma relates the structure of the system (DFCOL) with the sets Nj.

Lemma 5.3.2. Let { > 1 be a positive integer and let o € Ny. Then, for every edge
{u,v} € E and every r € Zy we have that

a+1(ey —ey) € Nt UNp U N
Moreover, if a4+ 1r'(e, — e,) € Ny_1 for some r' € Zy, then

a+r(e, —e,) ENey UNy Vr € Zy.

Proof. Let a € Ny, {u,v} € FE and r € Zj, be as in the statement. Suppose that a4+ r(e, —
ey) € Nj for some j < ¢ — 1. Hence, there exist some F' C E such that |F| = j and

a+r(e, —e,) = Z Twv (€w — €4).
{u' w'}eF
for some ., € Zj. Hence, if we let F/ = F U {u,v} then
o = Z ru’v’(eu’ - 61}’)7
{uw' W' }eF’

for some r, € Zj. In particular, « € M ; with j+1 < £. This contradicts the definition
of Ay and the claim follows.
Now, suppose that « +1/(e, — €,) € Ny_1 and let F' C E be such that |F| = ¢ — 1 and

a+1r'(e, —ey) = Z Turo (€ — €41).

{v'v'}eF
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Then, for every r € Z; we have

a+r(e, —e,) = Z Tur (€ — €y) + (r — 1) (e, — €,) € My U M,y_.

{u' W'}eF
The claim follows. O]

Lemma 5.3.3. Let o € Ny be such that

a= Z Tuv(€u — €4), (5.3.2)

{uv}eF

for some set of edges F' C E with |F| = { and some r, € Zy \ {0} with {u,v} € F. Then,

1. F is a forest of G.

2. Let T C F be a connected component of F'. Then,

ar = Z Oy € MTI'

veV(T)

In particular, ap has size congruent with zero modulo Zj,.

Proof. 1. Suppose that F has a cycle and let F’ be a spanning forest of F'. Since « is
supported on V(F') by our previous lemma, we can write o as

o= Z rl(ew —ey).

{u,v}eF’
Hence, o € M with |F'| < |F| = ¢ which is a contradiction.

2. Let T' C F be a connected component of F'. Then,

o= Z Tuw(€uw — €y) + Z Tuw(€y — €4).

{u,v}eT {uv}eF\T

As T is a connected component, we see that

o = Z 0y = Z Tuv(€u — €5) € Mgy

veV(T) {uw}eT
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Now, suppose that ar € Nj for some j < |T| and let F’ be a forest of G such that

|F'| = j and
arp = Z (6w —ey)
{u,v}eF’
In particular,
a= Z oy (€y — €y) + Z Tup(€y — €4),
{uv}eF’ {u}eF\T

with |F" U (F'\ T')| < ¢ which is a contradiction.
O
By the above lemma, a multi-index o € Ny can always be described by a labeled forest
having exactly ¢ edges. For instance, if F' is a forest with ¢ edges satisfying (5.3.2), then
we can view « as the forest F' where each vertex u € V' has been given the label «,. Of
course, such description is not always unique as we may find different ways of writing the

multi-index « using ¢ edges of the graph. Nevertheless, as the following lemma shows, if ¢
is small and « has two different descriptions, then the graph must have a small cycle.

Lemma 5.3.4. Let a € N, for some £ > 1. Suppose that F' and F' are two different
forests of G such that |F| = |F'| = ¢ and

o= Z Tuo(€y — €4) = Z rl(ew —€y), (5.3.3)

{uv}eF {u,v}eF’

for some 1y, 1, € Zi \ {0}. Then, F'U F' has a cycle of length less than or equal to 2¢.

Proof. Without loss of generality, let us assume that V' = [n] for some integer n > 1 and

a= Z Tuv(€y — €y) = Z ro(en — €y), (5.3.4)

{u,v}eFu<v {uv}eF u<v
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for some forests F' and F” as in the statement of the lemma. Then,

0= Z ruv(eu - ev) - Z T;U(eu - ev)’

{uv}€eF, {uw}eF’,
u<v u<v
= Y (worlee)t 3 (wle-e)+ Y (i),
—_——— S~~~
{up}eFNF’, — {uv}eF\F, =i {uv}EF\F, =T,
u<v u<v u<v
= Z (6w — €y).
{u,v}eFUF’,
u<v

Thus,

0= Z Z - Z o] ew. (5.3.5)

ueV \ {u,v}EFUF’, {u,v}eFUF’,
u<v v<u

Let F” C F' U F’ be the set of edges {u,v} € F'UF" with u < v such that r//, # 0. Since
F and F’ are different, we have that ” # 0 and hence F” # (). Moreover, by (5.3.5), the

graph G” := (V, F") has no vertices of degree one. Thus, G” contains a cycle of size less
than or equal to |F”| < |F U F'| < 2¢. O

Remark 5.3.5. The above lemma can be strengthened a little more. Indeed, suppose that
F and F' are forests as in the statement where each has at least three leaves, then it is not
hard to see that F'U F" actually has a cycle of length strictly less than 2¢.

If the graph G has no cycles of length less than or equal to 2/, i.e. G has girth at least
20 4+ 1, then for every a € N, there will be a unique forest F'(«) with ¢ edges satisfying
(5.3.2). In particular, we can represent « using the labeled forest F'(«).

Example 5.3.6. Let G = K1y and consider the multi-index oo = (1,4,7,8,3,4,4,5,5,9,0) €
ZiS. Let us find € € [10] such that o € Ny. We can use a simple greedy algorithm to find
this. First, we start by finding pairs of coordinates whose sum is equal to zero modulo 10.
Such pairs are (a; = 1,9 = 9), (a3 = 7,5 = 3) and (ag = ag = 5). Now, we seek triples
of numbers whose sum is congruent to zero in the remaining values as = 4,04 = 8, a6 = 4
and a; = 4. No such triple exists, thus we obtain a partition of the support of a given by
the sets Uy := {1,9},Us := {3,5},Us := {8,9} and Uy = {2,4,6,7}. Since G = Ky, we
see that

a = (e; —eg) + 3(e5 —e3) + bles — eg) + 2(ea — eq) + 2(e2 — €6) + 4(e7 — eg) € M.
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But o ¢ My, otherwise the size of the support of o would be at most 8, however the size
of the support of « is 10. Hence, o € N5. Notice that we can represent o with the forests:

PR
&S

We now state the main result of this section.

Theorem 5.3.7. Let G = (V, E) be non-3-colorable graph with minimal Nullstellensatz
Certificate for (FCOL) of degree d*. If G has girth at least siz, then

d* > 6.

Proof. Suppose that G has girth at least six. We will prove that G has a Dual Nullstel-
lensatz Certificate of degree three for (FCOL). By Theorem 5.2.1 and Corollary 5.2.3 this
implies that a minimal Nullstellensatz Certificate for (FCOL) must have degree at least
SiX.

First, notice that if o € Z} has size |a| € {0,3}, then the support of a has at most three
vertices. In particular, the support of the multi-indexes of the form a+r(e, —e,) for some
{u,v} € E and some r € Z; has at most five vertices. Since G has girth at least six, then
the subgraph induced by the vertices in the support of a+r(e, — €,) is necessarily a forest.

Consider the vector A := (Ay)jaj<¢ defined by the following table.
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’ Type \ « \ A \ Induced Graph ‘

Q) 0 1 B

(ii) ey — €y —2 O—®
(iii) ey + €y + ey % Z@

(iv) 2e, + 2e, + 2e, % i

(V) |ew—€entew—ey| & i i
(Vi) |eu—ey+ew—ey| 3 i—i
(vil) | ew—ey+ew —ey | —3 i—i
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’ Type\ Q@ \ A \ Induced Graph ‘

(viii) €y — €y + Cyr — Ey —% ﬁ
(ix) €y — €y + Ey — Ey % ﬁ
(x) |eute tewtes—ey | —1 i
(xi) |eute,+ey+es—ey | —= Ei i
(xii) | ey + €y + €y + ey — ey —% %—@
a 0 | Any other |a| <6

We claim that A is a Dual Nullstellensatz Certificate of degree 3. Clearly, since A\g = 1 # 0,
we only need to prove the A is a solution to (DFCOL), i.e. we need to verify that the
equation

>‘a + )‘a—l-eu/—eU, + )‘a+evl—eu, =0 (*)

holds for every multi-index o € {0,3} and every {v/v'} € E. Notice that this reduces to
prove that if « is of any of the types (i), ..., (xi) and there exists some edge {u/,v'} € F
such that |a + r(ey — ey)| € {0,3} for some r € Zs, then the equation (%) holds.

In order to ease notation, we will identify each of the variables A, with the labeled graph
induced by the vertices in the support of a. For instance, say we have a multi-index
a:=e, +e,+ e, and an edge {u',v'} € E such that the graph induced by the vertices
u,v,w,u and v’ only contains the edges {u, v}, {v,w}, {v/,v'} and {v/, w} (i.e. a+ey —ey
is of type (xi) in the table). Then, the variable Agie,,—c, (Whose value equals —3) will be
represented by the figure



We will also write equations using these graphs. For instance, the multi-index & has size
three and hence the equation

>\d + )\dJreu/fev/ + )\dfeu/JreU/ =0

appears in (DFCOL) (of degree 3). Thus, the above equation can be written as

5.3.6
+ " —0. (5.3.6)

(3) (=3) (0)

Notice that the multi-index & — e,/ + e,s does not appear on the table so Ag—c¢_, e, = 0.
We continue the proof of the theorem by considering the following cases.

N[

1. Type (i). Suppose that « is of type (i). Then, @ = 0 and for every edge {u,v} € F

the equation
1 1
AO + )\eu_ev + Aeu_eu — ]. - 5 - 5 — 0, (537)

shows that () holds for any multi-index of type (i). Notice that we can write the
above equation using the graph representation of the multi-indexes:

.80

2. Type (ii). Suppose that o := e, —e, is of type (ii). Then, « has size three and hence,
for every {u'v'} € E the equation (%) holds. There are three cases we consider:

1. Suppose that {u,v} = {u/,v'}, then () is the same as equation (5.3.8).
2. Suppose the graph induced by u,v,u’ and v" has two disjoint edges. Thus, ()

is the equation:
I+i i—i—i io (5.3.9)

(=3) () (3)
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3. Suppose the graph induced by u, v, v’ and v" has only two meeting edges. Then

(%) can be either
i . i ) g » (5.3.10)
(—3) (3) (0)
i . i ) g » (5.3.11)
(—3) () (0)

4. Suppose the graph induced by u,v,u’ and v’ has only three edges. Since G has
girth six, such graph cannot have a three cycle. Thus, the equation (%) can be

either
(—3) (0) (3)

(=3) (3) (0)

3. Type (iii). Suppose that o := e, + e, + €, is of type (iii) with {u, v}, {v,w} € E.
Then, for every {u/,v'} € E the equation (%) appears in (DFCOL).

or,

or,

1. If {u/,v'} is equal to either {u,v} or {v,w}, then (%) equals the equation
(5.3.10).

2. If {«/,v'} meets one of {u,v} or {v,w}, then (%) equals to either

AR KV



or,

ORENCEY (0)

3. If {«/,v'} is disjoint from the edges {u, U} or {U w} and no other edge is in the
graph induced by the vertices u, v, w, v’ and v/, then (%) equals to

100, -

4. If {u/,v'} is disjoint from the edges {u,v} or {v,w} and the graph induced by

the vertices u, v, w, v and v’ contains another edge, then (%) is equal to either
i} i i i i (5.3.17)

l _l

(3) 2)

) ) (0)

Notice that the graph induced by the vertices u, v, w,u’ and v" cannot have five
edges as this would imply the existence of a cycle of length less than or equal
to five.

Type (iv). Suppose that « := 2e, + 2e, + 2e,, is of type (iv) with {u,v},{v,w} € E. Since «
has size six and G has no cycles of length three, the only edges {v/,v'} € E for which
lao + ey — ey | € {0,3} are precisely the edges in the graph induced by the vertices
u,v and w. Thus, the only equation on which )\, appears is (5.3.11).

Type (v). Suppose that « = e, — e, + e — e is of type (v) with {u,v},{v,v'} € E. Since
« has size six and there is no edges between the vertices u, v and u/,v’, by the girth
constraints of the graph, the variable A, only appears on equations of the form (5.3.9).
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Type (vi). Suppose that o = e, — e, + e,y — €, is of type (vi) with {u,v},{v/,v},{v,v} € E.
Then, A\, appears in the following equations:

1. The equations of the form (5.3.12).
2. The equations of the form

1903 0l

Type (vii). Suppose that a = e, — e, + e,y — e, is of type (vii) with {u,u'}, {v',v'}, {v,v'} € E.
Then, A, only appears on the equations of the form (5.3.14) and (5.3.19).

Type (viii). Suppose that a = e, — e, + e,y — €, is of type (viil) with {u, v}, {v/,v'}, {v,v'} € E.
Then, A\, only appears on the equations of the form

(a) 1. Equations of the form (5.3.15).
(b) 2. Equations of the form

Type (ix). Suppose that « := e, — e, + e, — €, is of type (ix) with {u,u'}, {v/,v'}, {v/,v} € E.
Then, A\, only appears on the equations of the form (5.3.20).

Type (x). Suppose that o := e, +e,+ e, + e, —ey is of type (x) with {u, v}, {v,w}{u,v'} € E.
Since there are no edges between the vertices u, v, w and u',v', A\, appears only on
the equations of the form (5.3.16).

Type (xi). Suppose that a := e,+e,+e,+e—ey is of type (xi) with {u, v}, {v, w}, {w, v}, {u',v'} €
E. Then, A, only appears on the equations of the form (5.3.17).

Type (xii). Suppose that « := e,+e,+e,+e,—e, is of type (xi) with {u, v}, {v,w}, {v, v}, {v/,v'} €
E. Then, \, only appears on the equations of the form (5.3.18).
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We should point out that the vector A of the above theorem is not a Dual Nullstellensatz
Certificate of degree 6. Indeed, if GG is not 3-colorable, then it has vertex v € V of degree at
least three. Now, suppose that « := 2e, + 2e, + 2e,, is of type (iv), with {u,v},{v,w} € F
and let v' € V' some other neighbor of v. Then, the system (DFCOL) (of degree six) has
the equation

)‘a + )‘a-&-ev/—ev + )\a—evz-i-ev =0.

However, we see that a 4 e,» — e, is of type (ix) and hence

N N Lo (5.3.21)

(3) (0)

—~
N[
~—

We believe that it is possible to find Dual Nullstellensatz Certificates of higher degree
for graphs with large girth and chromatic number. In general, suppose that d := 3r for
some r > 2 and G = (V| F) is a non-3-colorable graph with girth at least 6r + 4. Then,
for every multi-index a of size less than or equal to d and every edge {u,v} € E, the
multi-index o + e, — e, is supported in at most 3r + 2 vertices and its induced graph
is necessarily a forest. We might be able to use such local property to construct a Dual
Nullstellensatz Certificate of degree d from a previously constructed Dual Nullstellensatz
Certificate of degree d — 3.

The existence of graphs with large girth and chromatic number is due to Paul Erdos
[24], who introduced the probabilistic method to the field of combinatorics. However, Lészl6
Lovész [10] was the first to give an explicit construction of such graphs. An important
family of regular graphs with large girth and chromatic number are the non-bipartite
Ramanujan Graphs introduced by Lubotzky, Phillips and Sarnak [13].

Theorem 5.3.8 ([13]). Let p,q € Z be prime numbers congruent with one modulo 4. If
q 18 a quadratic residue modulo p, then there exists a (p + 1)-reqular graph XP9 with the
following properties:

1. XP9 has Q(QQT_I) vertices.

2. X7 has girth greater than or equal to 2log,(q)
) w

3. x(XP9) > N
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Their proof is constructive. In fact X747 is the Cayley Graph Cay(PSL(F 2), S,) where
PSL(]FZ) is the projective special linear group of Fg and S, is a set of p + 1 matrices
determined by some particular solutions (ag, a1, ag, as) of the equation

2, 2 2, 2
ap+ay+a;+az=p.

Example 5.3.9. Let us find out the number of vertices and edges of a non-3-colorable
graph XP1 of girth at least siz. First of all, the chromatic number of X1 should be at least
four, thus
p*+1
2Vp
The smallest prime number p > 62 congruent with one modulo four is p :== 73. Now, the
girth of X1 should be greater than or equal to siz. Thus,

2log,(q) > 6 < g > T3 =380017.

>4 & p>62.

The smallest prime q > 733 congruent with one modulo four and being a quadratic residue
modulo 73 is q := 389297. In conclusion, there exists a mon-3-colorable graph of girth at

least sixz with
n = 29499399488355888 ~ 2.9 x 106

number of vertices and m ~ 1.09 x 10'® number of edges.

5.4 Using Degree-Cutter Equations

We can reduce the size of the certificates by carefully appending redundant polynomial
equations to the systems (FCOL) and (BCOL) as follows. Let us denote by Z¢ the ideal
generated by the polynomials in (FCOL). By the proof of Proposition 5.1.5, the ideal
Zcx and the ideal generated the polynomials in (BCOL) are equal. For any polynomial
p € Zgy and any solution x € K* to (FCOL) we have that p(x) = 0, hence we can append
such equation into the polynomial system and hope to obtain lower degree certificates.
Moreover, we have the following lemma.

Lemma 5.4.1. Let p € Clxy, ...,y be a polynomial that vanishes on every solution to
(FCOL), then p € Zg k. In other words, the ideal Z¢ . is radical.

Proof. By Proposition 2.7 of [15] (page 41), every zero dimensional ideal Z (i.e. V(Z)
is finite) is radical if and only if it contains a square free univariate polynomial. Now,
Tq is clearly zero dimensional and for any u € V' the polynomial 2 — 1 is a square free
polynomial in Zg . The statement follows. O
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Now, one way to obtain polynomials p as in the above lemma is to translate basic ‘graph
theoretic’ statements into polynomial equations and add them to (FCOL). For instance, if
a graph G has a K}, as a subgraph, then we know that every proper k-coloring of G must
use all the k£ colors in such subgraph. We can translate this basic idea into a polynomial
equation as follows.

Lemma 5.4.2. Let G = (V, E) be a non-k-colorable graph. Suppose that G contains a Ky,
as a subgraph and let uy, uq, . .., ug be the vertices of such subgraph. Then, the polynomial

5(2) = (T, Ty - - Ty ) + (=1)F,

is in the ideal Zg k.

Proof. By Lemma 5.4.1 we only need to prove that every solution z € CV to (FCOL) is
a zero of the polynomial s. Since all the vertices uy, ..., u; have an edge in common, for
every solution 7 to (FCOL) the values Z,,; with j € [k] are different, in particular they are
all the possible k-th roots of the unity. Hence,

2711 27 2711
- ~_  2mog2m k—1)25 k+1
Ty Ty -+ - Ty, = € F 2% o @D = (1)kFL

The statement follows. O]

We obtain the following interesting result.

Theorem 5.4.3. Let G = (V, E) be a graph and let k > 2 be an odd integer. Consider the
subgroup
Ipi=(ew, ++eu: u,...,u, €V form a k-clique ) C ZX,

i.e. I'y is the group generated by all the multi-indexes of the form e,, + --- + e,, where
U, Us, . .., uy form a K. If there exists an edge {u,v} € E such that e, — e, € Ty, then G
s not k-colorable.

Proof. Once again, consider the sets

P .= {Pws quv: weV, {u,v} € E}, and

54.1
PF = {ap: |a| <d, pe PF}, (5.41)

for integers d > 1. Let V4 := spanc{P}} be the complex vector space spanned by the
polynomials in P}". By Lemma 5.4.2, there exists some d* such that for every set of vertices
Uy, Us, . . ., U of a k-clique in G, we have

(Tuy Ty -+ Tyy) — 1 € Vg,
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Hence, if A\ € (PX)° is in the annihilator of PL, then

)\ == )\1.

Tuy Tug ---Tuy,

In particular, every solution A to (DFCOL) (of degree d*) satisfies
Aeul“l""‘f'euk - AO'
Moreover, for any given o € Z), we have that
T (Tyy Ty - Ty, — 1) € Viepal-
Thus, every solution A to (DFCOL) (of degree d* + |a|) satisfies the equation

>‘eu1 + e, o = Ao

Now, suppose that there exists some edge {u,v} € F such that e, — e, € T'y. Then, by the
above discussion, for a sufficiently large degree d, every solution A to (DFCOL) (of degree
d) satisfies

>\0 = /\eufev = )\Q(eu—ev) == )\(k—l)(eu—eu)-
Thus, the equation

/\0 + /\eu—ev + /\2(eu—ev) + -+ /\(k—l)(eu—eu) =0

implies that \g = 0 and G has a Nullstellensatz Certificate of degree d for its non-k-
colorability. O

Example 5.4.4. Consider the graph H discussed at the beginning of the chapter. We can
use Theorem 5.4.3 to prove that H is not 3-colorable (see Figure 5.3 below). Indeed, notice
that

69—610:2(€1o+€1+€5)+(61+€2—|—63)+2<62+63+€4)+---
o+ (es+ e+ er) +2(eg +er +eg) + (eg + es + eg).

Thus, eqg — ey € I's and H is not 3-colorable.

Notice that the proof of Theorem 5.4.3 states that if e, — e, € I'y for some edge
{u,v} € E, then there exists some degree d such that every solution A to (DFCOL) (of
degree d) satisfies

/\0 - )\eu—ev = )\Z(eufev) == )\(kfl)(eufev)-

In such case, we would guarantee the existence of a Nullstellensatz certificate of degree d
for (FCOL). For the case of 3-colorability we can find such d using the following lemma:
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4 8

Figure 5.3: The graph H.

Lemma 5.4.5. Let G = (V, E) be a graph, let k = 3 and let X be a solution to (DFCOL)
(of degree d) for some integer d > k. Suppose that u,v and w are the vertices of a 3-cycle
in G and let B € {e, + €, + €w, 26, + 2¢, + 2e,,} C Z) . Then,

)\a - )\OH’/B

for every a € Z) such that

1. |la| <d—k, or
2. |la| =d and ay, + o, + ay > 3, or

3. o) =d, {a, ap,an} ={2,0,0} and f=e, + e, + €.

Proof. Let o and 8 be as in the statement, by Corollary 5.2.3 we may assume that d and
|a| are congruent with zero modulo k = 3. We will prove that system (DFCOL) (of degree
d) contains the equations

/\a = _)‘a+eu+26v - /\a+26u+eua
e A (5.4.2)
= _)\Oé+6u+26w - )\a+2ev+8w7
and
)‘a-‘rﬂ = _>\a+,3+6u+2€v - )\a+ﬁ+26u+eua
= —AatBtent2en — Aatft2en-tews (5.4.3)

- _>‘a+,8+ev+2ew - )‘a+6+26u+ew-
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By the way we have chosen f3, it is not hard to see that if we sum up the equations in
(5.4.2) and (5.4.3), the equation
3)\a - 3)\04-1-5

follows. We consider the three cases separately.

1. Suppose that |a| < d — k and f = e, + e, + €,. Since || < k, we have that
|a+ | < d. Thus, the equations (5.4.2) and (5.4.3) will appear on (DFCOL) as the
edges {u,v}, {u,w} and {v,w} are in G.

Now, suppose that |o| < d — k and 8 = 2e, + 2e, + 2¢,,. It is not hard to see that
for every edge {v/,v'} € {{u, v}, {u,w}, {v,w}} we have
o+ B+ (e, =€) < d.
Indeed, this readily follows from the equation (2,2,2) + (1,2,0) = (0,1,2) mod Z3.
In particular, the equation
Aatpt(el—e,) T Aatpraie,—e) + Aats =0 (5.4.4)

appears in (DFCOL) for every such edge {u',v'}. However, these equations are
equivalent to the equations in (5.4.3). Since |a| < d — k, the equations (5.4.2) appear
in (DFCOL) as well and the statement follows.

2. Suppose that |a| =d, o, + @, + @, > 3 and § =e, + €, + €,,. Then,
[y oy} € {40,1,2), {1, 1,13, {1, 1,2}, {0, 2,2}, {1, 2,2}, {2,2,2}} ,
and
(0w + 1,00 + 1,00 + 1} € {{1,2,0}, {2,2,2},{2,2,0}, {1,0,0}, {2,0,0}, {0,0,0}} .

Hence, if {ow, ay, o} # {1,1,1} then | + 8| < d and the equations (5.4.2) and
(5.4.3) will appear on (DFCOL).
Now, suppose that {ay, a,, a,} = {1,1,1}. Let o :== a — 3, so that |o/| < d —k and
by the above case, the equations

>\o/ = >\O/+ﬁ = Ao/—i—?ﬁ-

hold for every solution A to (DFCOL) (of degree d). In particular, A\, = A,4p and
this case follows as well.
Finally, suppose that |a| = d, o, + @, + @, > 3 and 8 = 2¢, + 2¢e, + 2¢,,. Then,

{ay + 2,00 + 2,0 + 2} € {{2,0,1},{0,0,0},{0,0,1},{2,1,1},{0,1,1},{1,1,1}}.

In particular, |a + | < d for every such a. Hence, the equations (5.4.2) and (5.4.3)
appear in (DFCOL) (of degree d) and the statement follows.
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3. Suppose that |a| = d, {ay, oy, @} = {2,0,0} and 5 = e, + €, + e,,. Then,
{a + 1,00+ 1,0+ 1} = {1,1,0}.

Hence, |a+5| < d and the equations (5.4.2) and (5.4.3) appear in (DFCOL) (of degree
d). Notice that the above is equivalent to case |a| = d, {ay, oy, @} = {1,1,0} and
b = 2e, + 2¢e, + 2¢,,.

]

Example 5.4.6. We can use the above lemma to show that the graph H has a Nullstel-
lensatz Certificate of degree d := 6 for (FCOL) with k = 3 (see Figure 5.4 for a graphic
interpretation of this proof). Thus, let A be a solution to (DFCOL) of degree 6. Now, the
multi-index eg — e1g has size d — k, hence

)‘69*610 = /\69—610+(610+e4+68) = >\€9+€4+€8'
The size of eg + e4 + eg is d — k, hence
/\69+e4+eg = /\69+e4+es+(2ez+263+264) = )‘eg+es+2ez+263-
The size of a := eg + eg + 2e5 + 2e3 is d, however ay + as + ag =4 > 3. Thus,
Aegtes+2e+2e5 = )‘69+es+262+263+(61+e2+63) = Aegtester -
The size of eg + eg + €1 is d — k, hence
/\69+es+e1 = /\69+es+e1+(2es+2e7+268) = )‘eg+61+266+267-
Once again, the size of a 1= eg + €1 + 2eg + 2e7 with as + ag + ay =4 > 3. Thus,
)‘69+e1+2ee+2e7 = )\69"1‘@1+2€6+2€7+(€5+€6+67) = )‘e1+e5+69-
Finally, the multi-index ey + e5 + eg has size d — k and as a consequence
Aertestes = )‘61+e5+69+2(e1+65+69) = Ao

The above proves that Aeg—e,, = Xo. Similarly, one can prove that A\_cyic,, = Ao and the
proof follows.
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Figure 5.4: H has a degree six Nullstellensatz Certificate for (FCOL). Each labelled graph
represents a multi-index (except for the first one).

Proposition 5.4.7 (Odd Wheels). Let n > 3 be an odd integer and let W,, be the wheel
on n + 1 vertices i.e., the graph with vertex set V(W,) = {0,1,...,n — 1,v} and edge
set E(W,) = {{i,i+1}: 1€ Z,} U{{i,v}: i€ Z,}. Then, W, has a Nullstellensatz
Certificate of degree d := 3 for (FCOL) with k = 3.

Proof. Let A be a solution to (DFCOL) (of degree 3). We will prove by induction that the
equations

Ao = /\eo—ei = Aenfl_en—l—i
hold for every i € {0,2,4,...,n — 1}. In particular, since the edge {0,n — 1} is in E(W,,)
and the equations

Ao = Aeg—en 1 = A

€n—1—€0
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hold, the statement follows.

The base case ¢ = 0 is trivial. Thus, assume that the statement holds for i — 2 < n — 3
and let us prove it for i even. Notice that the sets of vertices {i — 2,7 — 1,v}, {i — 1,i,v}
and {n —i+1,n —i,v}, {n —i,n — 1 —4,v} form 3-cycles in G. Thus, by Lemma 5.4.5,
we have that

)\eO_ei = /\60*€z‘+(6i71+€¢+6v) = )\50“!‘51'71"!‘6117

= )\€0+€i—1+ev+2(€i—1+€i—2+ev) = >\30—€i—2

- )\0.
Similarly,
)\en—lfenflfi = Aenfl7en—1—i+(en—l—i+en—i+€v)7
= )\enfl"!‘en—i“!‘ev = Aen—l'f’enfi'i‘ev‘i‘2(en7i'f’e'r7,7i+l"!‘e'u)7
= €n—1—€n_1—(i—2) = >\0‘
The claim follows. O

The following corollary follows immediately.

Corollary 5.4.8 (De Loera et al. [I7]). Let n > 3 be an odd integer and let W, be the
wheel on n + 1 vertices. Then, W,, has a Nullstellensatz Certificate of degree d = 4 for
(BCOL) with k = 3.

Remark 5.4.9. We must point out that the proof in [17] of the above corollary uses differ-
ent techniques. De Loera et al. [19] also proved that W, has a Nullstellensatz Certificate
of degree one for (BCOL) over the field Fy.
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Chapter 6

Final Remarks and Future Work

In this dissertation we gave a concrete study of the applications of Hilbert’s Nullstellen-
satz to some combinatorial problems such as the Mazimum Stable Set Problem and Graph
Colorability Problems. We have seen that, through the lenses of duality, it is possible to ob-
tain a much better understanding of the Nullstellensatz Certificates and the theory behind
them. In particular, when a system of polynomial equations is sparse, the annihilators
of the system are useful if one wants to determine both upper and lower bounds for the
degrees of Nullstellesatz Certificates.

We have introduced new techniques and given new proofs to most of the results known
in the literature. In particular, the results in Section 5.3 shine a new light to the Nullstel-
lensatz Paradigm for Graph Colorability: we have stated a possible structural property a
graph must satisfy in order to have no small degree Nullstellensatz certificates. Although
our results seem to be far from being optimal, we believe that this is the right path to obtain
the so desired family of non-k-colorable graphs with minimal Nullstellesatz Certificates of
large degree.

There are several questions that remain open.

1. Probably the most important open problem is the following:

Problem 6.0.1. For given integers k > 3 and d > k, characterize all non-k-colorable
graphs with minimal Nullstellensatz Certificates for (BCOL) (or (FCOL)) of degree
d.

Moreover, we would like to solve the following problem.
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Problem 6.0.2. Find a non-3-colorable graph whose minimal Nullstellensatz Cer-
tificate for (BCOL) has degree greater than four.

We believe that any non-3-colorable graph of girth at least eight should suffice.

. In Section 5.2.1 we used basic group theory to determine the degree of a minimal
Nullstellensatz Certificate for (FCOL) to prove the non-3-colorability and non-4-
colorability of the complete graphs K, and Kj respectively. Using computing soft-
ware, we could determine the degree of a minimal Nullstellensatz Certificate for the
non-5-colorability of K. However, we could not find a short proof of such finding.
We would like to solve the following problem.

Problem 6.0.3. For every integer k > 6, find the degree of a minimal Nullstellensatz
Certificate for (FCOL) to prove the non-k-colorability of Kyy1.

We believe that such degree should be 2k (for (FCOL)).

. Let G = (V, E)) be a graph and an let £ > 2 be an integer. Consider the functions
Guw € L*(Z)) with {u,v} € F defined as in Section 5, i.e.

1, if ay = ay,
guv(a) = {

0, otherwise.

Then, G is not-k-colorable if and only if the function

hay == Z Guy — 1

{uv}eFE

is non-negative. In particular, if G is not k-colorable, then there exist functions
1,72, ..., Ty € L*(Z)) such that

hor =12 4134 412, (6.0.1)

Thus the functions ry, ..., 7, provide a Sums of Squares (SOS) Certificate for the
non-k-colorability of G.

Problem 6.0.4. Given a non-k-colorable graph G, find SOS certificates r1,...,7y,
with the sparsest Fourier support.
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The above problem is closely related to the recent work of Hamza Fawzi, Pablo Parrilo
and James Saunderson ([25]). We believe this problem can be attacked using their
techniques. It would be interesting to see if these certificates share some relation
with the Nullstellensatz Certificates (e.g. Theorem 5.2.11).

. Let G = (V, E) be a non-k-colorable graph and let A4zq = byg be the Nullstellensatz
Linear System (NLS) of degree d > 0 for (FCOL). That is, the linear system derived
from the equation

ZSU(x)pu(x) + Z Tun (%) quo () = 1,

ueV {uw}eF

where the polynomials s, and r,, have degree at most d and the polynomials p,
and ¢y, are as in the definition of (FCOL). If G has a minimal Nullstellensatz
Certificate of degree d* for (FCOL), then the support of a (sparse) solution z}. to
the (NLS) of degree d* defines a (small) sub-matrix By« of Ag- which encodes the non-
k-colorability of GG. For instance, in Example 5.1.6 and Theorem 5.1.7 we saw that for
the 2-colorability of non-bipartite graphs, the (NLS) contained a much smaller sub-
system encoding an odd cycle in the graph. In particular, this sub-matrix encoded a
well known structural theorem for the 2-colorability of graphs.

Conversely, given a structural theorem characterizing the non-k-colorability of G,
there should exist a corresponding sub-matrix B, or sub-system derived from A, for
some d > d* exposing such structure (e.g. Lemma 5.4.1). However, we do not have
concrete results linking structures that certify the non-k-colorability of G and the
sub-matrices or sub-systems derived from A;. Such results should be helpful as one
might use well known theorems in graph theory to deduce properties of the (NLS).
For instance, Maria Chudnovsky, Alex Scott and Paul Seymour recently proved a
series of beautiful results relating the chromatic number of a graph and the existence
of holes (i.e. an induced cycle of length at least four) of prescribed length.

Theorem 6.0.1 (Scott, Seymour [51]). Let G be a graph with no odd holes. Then,

ow(G)

X(G) <27,
where w(Q) is the size of the mazimum clique of G.

Theorem 6.0.2 (Chudnovsky, Scott, Seymour [ 1]). Let G be a graph with no holes
of length > (. Then,

X(G) < o6, w(@)),
for some constant ¢(¢, w(G)).
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In particular, if a graph G is not ¢(¢,w(G))-colorable, then G must have a hole of
length at least ¢. Such a hole should be implicit in some sub-system derived from Ay
and hence, it is important to study the structure of matrices A, in the presence (or
absence) of even and odd holes.
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