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Chapter 1

Introduction

1.1 Foreword

One of the most beautiful results in the field of semi-algebraic geometry is the
theorem of Brécker and Scheiderer. The theorem sets upper bounds for the
so-called stability index of real varieties. Semi-algebraic geometry is a sort
of relaxed version of algebraic geometry. In algebraic geometry, we study
polynomial equalities, whereas in semi-algebraic geometry we study poly-
nomial inequalities. Since inequalities can be used to represent equalities,
in some sense semi-algebraic geometry subsumes algebraic geometry. Many
theorems in algebraic and semi-algebraic geometry overlap. For example,
the definition of the dimension is the same for algebraic and semi-algebraic
sets in this work.

Semi-algebraic geometry is strongly connected to real closed fields. If a
field is real, it roughly means that it resembles real numbers. A field is real
closed if it cannot be extended into a larger real field. Instead of developing
semi-algebraic geometry in real numbers, we develop the theory in a more
general setting considering real closed fields.

Let R be a real closed field. We define a real variety to be the subset
V' C R"™ which is a solution set for some polynomial equalities. Our main
object is to study sets of form

S={zeV| fi(z)>0,..., fr(x) >0}
and
S={zeV|fi(x)>0,..., fi(x) >0},

where f1,..., fn € R[X1,...,X,] are polynomials in n variables with coef-
ficients in R. The sets like S are called basic open semi-algebraic sets and
respectively sets like S are called basic closed semi-algebraic sets. Now the
fascinating result of Brocker and Scheiderer is the following.

Theorem 1.1.1 (Theorem of Brocker and Scheiderer for basic open semi-al-
gebraic sets). Let V' be an algebraic subset of R™ with dimensiond > 0. Then



every basic open semi-algebraic subset U C V' can be defined by d simultane-
ously strict inequalities. In other words, if k > 0 and

U={ze€V|gi(z)>0,...,9k(x) >0}

where g; € R[X1,...,X,] for 1 <i <k, then there exist f1,..., fq € P(V)
so that

U:Z/[(fl,...,fd):{xEV‘f1($)>0,...,fd(1‘)>0}.

In this work we consider the theorem of Brécker and Scheiderer for basic
open semi-algebraic sets. On the other hand, there is a similar result for
basic closed semi-algebraic sets. In other words, we can state the content of
these two theorems in the following way.

Theorem 1.1.2. For an algebraic variety V the number of polynomials,
which represent a non-empty basic semi-algebraic set S C'V (or S C V), is
finite and bounded.

Even if the constant k in the definitions of S and S is large, we can always
theoretically reduce the number of polynomials under the bounds. The the-
orem consists of two parts which provide two upper bounds depending if the
semi-algebraic set is basic open or basic closed. Besides, these bounds are
proved to be tight and they only depend on the dimension of the algebraic
variety V.

The theorem of Brocker and Scheiderer is a deep result. In this work,
we prove the result for basic open semi-algebraic sets. To prove the result
for the basic closed semi-algebraic sets requires surprisingly much machinery
from semi-algebraic geometry and a real spectrum. This work aims to be
self-sufficient and to provide a comprehensive introduction to the theorem
with suitable prerequisites in semi-algebraic geometry. We demonstrate the
main theorem with simple one- and two-dimensional examples to illustrate
how it works in the low-dimensional cases. This work also represents some
of the most important literature related to the theorem.

1.2 Motivation of theorem of Brocker and Schei-
derer

In 2018 I started as a summer intern at the Unified Database Management
Systems research group in the University of Helsinki. The problem we re-
searched was a classical relational database problem. We wanted to estimate
size bounds of conjunctive queries when they are executed over a relational
instance. The problem is relatively well-studied [1, 2| and it was already
partially solved. Basically, the size bound can be solved in such cases when



we do not have functional dependencies or we have a single functional depen-
dency between tables in a relational database. The general case of arbitrary
functional dependencies appeared to be hard.

In [1] the authors formulated solutions to the two simple cases based on
a so-called coloring number which is a simplified version of the information
theoretical entropy. In the case of arbitrary functional dependencies they
formulated the size bound problem using entropy. Practically all the formu-
lations produced a linear programming problem. The solution to the linear
program provides the optimal exponent to a certain size bound inequality.
Although the solution to the general case is theoretically accurate, it has a
problem related to the information theoretical entropy. This problem makes
the proposed solution practically infeasible to solve.

Of course, this is just one example where the linear programming prob-
lems become combinatorically very challenging because of a huge number of
constraints. It should be easy to find other examples everywhere in science.
Any of these examples motivates to study and understand the theorem of
Brocker and Scheiderer. The theorem states that there always exists rela-
tively few constraints which describe the same linear program. The "rela-
tively few constraints” means that the number of the constraints depends on
the dimension of the space. Still, the reformulation of the constraints might
not be useful because the constraints become non-linear and infeasible large.

The practical problem in the theorem of Brocker and Scheiderer is that it
is purely existential result. It does not provide an algorithm to perform the
reduction of inequalities. Anyway, we will study of one constructive algo-
rithm in the two-dimensional space. It is an open question if such algorithm
exists for higher dimensions. Developing such algorithm would require very
throughout understanding of the theorems and their proofs. One of the mo-
tivations behind this work is to open the proof of the theorem of Brocker and
Scheiderer in a way which would enable better understanding and provide
algorithmic methods to reduce the number of polynomials.



Chapter 2

Introduction to algebra

2.1 Basics of algebra and radicals

This section introduces some selected and advanced concepts from algebra
that are used throughout the work. We assume that the reader is familiar
with the basics of algebra such as monoids, groups, rings, ideals, maximal
ideals, fields, modules, and various homomorphisms related to these struc-
tures. In this section, we assume that rings are always commutative. The
content of this section is based on [3] which is also a comprehensive intro-
duction to algebra.

Definition 2.1.1 (Integral domain). Let I be a ring and a,b,c € I and
a # 0. The ring I is an integral domain if the property ab = ac, implies
b=c

Definition 2.1.2 (Generating set). A set S is a generating set of a ring A
if A is the intersection of all the rings containing the set S. An element of
the set S is called a generator.

Definition 2.1.3 (Zero divisor). Let A be a commutative ring. An element
a € Ais a zero divisor if there exists a nonzero x € A such that ax = 0.

Definition 2.1.4 (Characteristic of ring or field). Let R be a ring (or a
field), 1 be its neutral element of multiplication and 0 be its neutral element
of addition. If n is the smallest positive number for which > (1 = 0, then
the characteristic of R is n. If there does not exist such a number, the
characteristic of R is 0.

When we will study quadratic forms in the following chapters, we utilize
some basic properties of radicals. Informally, we can describe radicals as
ideals that contain "not-good” elements of the underlying ring. Radicals
are represented as classes that are homomorphically closed, closed under
extensions, and they satisfy a certain inductive property. The following
definition is from [4].



Definition 2.1.5 (Radical class of rings). A radical class of rings is a col-
lection A of rings so that the following properties are satisfied:

1. The collection A is homomorphically closed. This means that if a ring
A € A and there exists a ring homomorphism A — B, then B € A.

2. The collection A is closed under extensions. This means that if I1 C
... C I C...is an ascending chain of ideals of a ring A € A and each
I; € A, then U;I; € A.

3. The collection A has an inductivity property. This means that if I is
an ideal of the ring A and both I € A and A/I € A, then A € A.

A ring A is called radical if it belongs to some radical class of rings.

Definition 2.1.6 (Nilpotent element). Let A be a ring. An element z € A
is milpotent if ™ = 0 for some n > 0.

The following radical serves as an example of a radical and we will utilize
it later in this work.

Definition 2.1.7 (Nilradical of ring). A nilradical N of a ring A is the ideal
consisting of nilpotent elements i.e.

N ={z e A|z2" =0 for some n > 0}.

The nilradical of a ring is also sometimes called K6the’s nilradical. Histor-
ically it is the first radical that was found in 1930 by Austrian mathematician
Gottfried Kéthe. For the proof that the nilradical is a radical see Example
2.1.6 in [4].

2.2 Special ideals, dimension and R-algebras

This section introduces some special ideals such as prime ideals and real
ideals.

The concept of a dimension is important throughout this work. In some
sense, there exists a foundational definition for the dimension in algebra
which we represent in this subsection. Usually, the dimension is tied to the
length or size of certain elements in the bases. In our algebraic definition,
the dimension is connected to the length of prime ideal chains.

In the end of this subsection, we define and discuss the basics of R-
algebras. The content of this subsection is based on [3, 5].

Definition 2.2.1 (Prime ideal). Let I be an ideal of a commutative ring
A. The ideal I is a prime ideal if it holds that whenever ab € I, then either
ac€lorbelandl #A.

Definition 2.2.2 (Minimal and maximal ideals). An ideal I of a ring A is
minimal (resp. mazimal) if it is minimal (resp. maximal) in the set of ideals
of A ordered by set inclusion.



Definition 2.2.3 (Real ideal). An ideal I of a commutative ring A is called
real if the following condition holds for all elements ay,...,a, € A:

a+...+aiel=aclfori=1,...,n.

Based on prime ideals, we define a dimension of a ring. In many cases
the dimension of a ring is infinite. The dimension of a ring will be the foun-
dational definition for any dimension concept which appears in this work.

Definition 2.2.4 (Dimension of ring). Let A be a ring. We define that a
prime ideal chain Iy C ... C I,, where Iy,..., I, are prime ideals of the ring
A, has a length n. Note that the number n is the number of strict inclusions
in the chain, not the number of prime ideals. The dimension dim(A) of the
ring A is the supremum over all the lengths of the prime ideal chains of the
ring A. The dimension of a ring is also often called the Krull dimension.

Next we proceed to R-algebras. See Chapter 15, Section 6 in [3]| for more
details about R-algebras.

Definition 2.2.5 (R-algebra i.e. associative algebra). Let R be a commu-
tative ring. An associative R-algebra A is a ring that also has R-module
structure. In R-algebra the ring addition and module addition are the same
operation. Besides R-algebra A satisfies

re(zy) = (r-a)y =a(r-y)

for all r € R and z,y € A. An R-algebra of finite type is an R-algebra that
has finitely many generators. Recall Definition 2.1.2 of generators.

Equivalently, an R-algebra A is a ring together with a ring homomor-
phism h: R — Z(A) where Z(A) the center of A. The center of A consists
of the elements which commute with respect to the multiplication in A.
Then the scalar multiplication - of the R-module structure is defined by
r-x = h(r)x.

Let A be a finitely generated R-algebra with aq,...,a, as generators.
Then there exists an algebra homomorphism f: R[X1,..., X,] — A so that
coefficients of a polynomial p € R[X1,...,X,] are mapped using the ring
homomorphism h: R — Z(A) in Definition 2.2.5 and the variables z; are
mapped to the generators a;, for ¢ = 1,...,n. The algebra homomorphism
f is surjective.

Definition 2.2.6 (R-algebra homomorphism). Let A; and Az be two R-

algebras. An R-algebra homomorphism ¢: Ay — A is the R-linear ring
homomorphism that satisfies properties

o (r-z)=r-9(x),

e d(z+y)=9(x)+ oy),
o p(xy) = ¢(x)p(y) and
i ¢(1R1) = 1R2

for all r € R and x,y € A;.



2.3 Quotient structures

Different kinds of quotient structures have an important role in algebra as
well as in this work. Along with quotient structures we always have the
associated canonical homomorphisms.

Definition 2.3.1 (Quotient ring). Let I be an ideal of a ring A and a,b €
A. The quotient ring A/I consists of equivalence classes defined by the
equivalence relation

a~bif and only if b —a € I.
The corresponding equivalence class is denoted by
a=a+I={a+r|rel}.

It is a well-known algebraic fact that A/I becomes a ring and that there
exists a canonical surjective homomorphism A — A/I that sends an element
of A to the element’s equivalence class in A/I.

Using the dimension of a ring in Definition 2.2.4 we define a dimension
of an ideal.

Definition 2.3.2 (Dimension of ideal). Let I C A be an ideal. The dimen-
sion of the ideal I is the dimension of the quotient ring A/l i.e. dim(/) =
dim(A/I).

Recall Definition 2.2.2 of a maximal ideal.

Definition 2.3.3 (Residue field). Let A be a commutative ring and I a
maximal ideal of A. A residue field of A at I is the quotient ring A/I.

We do not prove here that when I C A is a maximal ideal, the quotient
ring A/I becomes a field. For the proof of this result see the section of
commutative rings in [3].

Definition 2.3.4 (Field extension). Let L be a field. If K C L is a subfield
of L, then L is a field extension of K. We denote the field extension by
L/K.

Definition 2.3.5 (Algebraic extension). A field extension L/K is called
algebraic if every element of L is algebraic over K. This means that every
element of L is a root of a non-zero polynomial with coefficients in K.

Theorem 2.3.1. The following conditions are equivalent:

1. A field F is algebraically closed.
2. Every non-constant polynomial of F[X] is a product of linear (first
degree) polynomials.

10



3. Ewvery irreducible polynomial in F[X] is linear i.e first degree polyno-
mial.

4. Every non-constant polynomial in F[X] has a root in F.

5. Every polynomial of prime degree in F[X] has a root in F.

Proof. See Theorem-Definition 1.23 in [6], and [7] for the last part. O

Definition 2.3.6 (Algebraically independent subset). Let F' be a field and
S C F a subset. The set S is algebraically independent over F' if for all
nonzero polynomials f € F[Xi,...,X,] and for all distinct z1,...,x, € S,
it holds that f(z1,...,2,) # 0. A mazimal algebraically independent subset
S over F' is the maximal subset with respect the set inclusion in the set of
all the algebraically independent subsets over F'.

Definition 2.3.7 (Transcendence base and degree). Let L/K be a field
extension. A maximal algebraically independent subset S C L over the field
K is called a transcendence base for the extension L/K. The transcendence
degree of the extension L/K is the cardinality of the transcendence base S.

Note that transcendence degree is defined for field extensions since the
algebraically independent subset S is defined over the subfield K. Consid-
ering Definition 2.3.5, we see that an extension is algebraic if and only if
its transcendence degree is 0. In that case, the empty set serves as a tran-
scendence base. Because it is often very difficult to show if elements are
algebraically independent, the transcendence degree is difficult to determine
in practice. For example, it is not known if the transcendence degree of the
extension Q(m,e) is 1 or 2 since 7 and e might be algebraically dependent.

In the following definition, we mention multiplicative submonoids. A
multiplicative submonoid of a ring A simply means a subset of A that is a
monoid with respect to the multiplication operation.

Definition 2.3.8 (Ring of fractions). Let A be a commutative ring. Let S be
a multiplicative submonoid of A. We define an equivalence relation on A x S
by setting that (a,s) ~ (@', s') if there exists s; € S so that s1(s’'a—sa’) = 0.
The set of equivalence classes, denoted by Q(A) or S~'A, is called the ring
of fractions at S and it satisfies the ring properties.

For the following definition recall Definition 2.1.3 of zero divisors.

Definition 2.3.9 (Total ring of fractions). A total ring of fractions Q(A)
of a commutative ring A is the ring of fractions of A where S is the set that
does not include any zero divisors of A.

The total ring of fractions is also called a total quotient ring. Next we
prove that the canonical homomorphism from the ring A to its total ring of
fractions is always injective.

11



Theorem 2.3.2. The ring homomorphism i: A — S™'A is injective if S
does not contain any zero divisors of A.

Proof. Assume that S does not contain any zero divisors. The canonical
homomorphism 4:: A — S~'A maps the element a € A to the equivalence
class represented by the element (a,1). Assume i(a) = i(a') for a,a’ € A.
By Definition 2.3.8, this means that there exists a nonzero s € S so that
s(a — a’) = 0. Recall Definition 2.1.3 of zero divisors. Because by the
assumption s cannot be a zero divisor, there does not exists a nonzero element
a € A so that sa = 0. Thus it must be that a —a’ = 0. This proves the
injectivity. O

The implication of Theorem 2.3.2 holds to another direction as well, but
we do not need that direction in this work.
For the following definition recall integral domains from Definition 2.1.1.

Definition 2.3.10 (Field of fractions). Let I be an integral domain. The
field of fractions Frac(I) = I x I/~ is the field that consists of equivalence
classes where the equivalence is defined

(a,b) ~ (a',b') < abl = a'b
for a,b,a’,t/ € I and b # 0.

We do not explicitly prove that the field of fractions is a field. The total
ring of fractions in Definition 2.3.9 generalizes the field of fractions so that
the integral domain is replaced by a commutative ring. The field of fractions
Frac(I) is the smallest field where I can be embedded. We commonly use
the field of fractions of the polynomial ring F[X7, ..., X,] which is called a
field of rational functions.

Definition 2.3.11 (Field of rational functions). Let F' be a field. The field
of rational functions F(Xi,...,X,) in variables Xi,..., X, is the field of
fractions of the polynomial ring F[X1, ..., X,].

Informally both a ring of fractions and a field of fractions introduce "de-
nominators” to the structures. The ring of fractions and the field of fractions
are special cases of a mathematical construction called localization [8]. Local-
ization can also be defined using category theoretical universal constructions.

Often we consider cases when the set S is an ideal of A. If A is an integral
domain, then its total ring of fractions coincides with its field of fractions.
The classical result in algebra states that every total ring of fractions is a
certain kind of a factorial ring. In a factorial ring, every element has a unique
factorization. The result is not discussed in standard introductory textbooks
to algebra. The following formulation of the factorial theorem of total ring
of fractions is from [5]. Recall Definition 2.2.2 of minimal prime ideals.

12



Theorem 2.3.3 (Factorial theorem of total ring of fractions). Let A be a
Noetherian reduced ring with the minimal prime ideals p1,...,pn. Then the
total ring of fractions Q(A) of the ring A is isomorphic to the product of the
total ring of fractions Q(A/p;) at the minimal prime ideals p; fori =1,...,n

1.e.
n

Q) =TT Q(A/p).

i=1
Proof. See Chapter V, §1.3, Corollary 1 on page 309 in [5]. O

We will utilize the factorization theorem later in the proof of the theorem
of Brocker and Scheiderer.

13



Chapter 3

Fundamentals of semi-algebraic
geometry

3.1 Introduction

The story of real algebra starts from Hilbert’s famous publication [9] of
23 problems which he collected and formulated in 1900. Ten of them he
presented at a conference in Paris. From the real algebraic perspective, the
17th problem is the most important.

Problem 1 (Hilbert’s 17th problem). Let f € R[X},...,X,] be a real poly-
nomial in n variables and f(x) > 0 for all x € R™. Does there necessarily
exists a presentation of f as a sum of squares in real rational functions i.e.
in the form

where r; € R(X1,...,Xy,) fori=1,...,m are rational functions?

A rational function r(x) is a simply a function of form r(X) = p(X)/q(X)
where p(X) and ¢(X) are polynomials in R[X7,...,X,] and ¢(X) # 0 for
all z € R. Artin [10] represented proof to the 17th problem in the 1920s.
To prove the Hilbert’s 17th problem, he developed the theory of ordered
fields that is foundational for real algebra. The theory of real fields and real
closed fields dates back to Artin and Schreier’s work [11]. The material in
this chapter is based on [12].

3.2 Real closed fields

We recall that a relation R C X x X is called total if for all elements a,b € X
either (a,b) € R or (b,a) € R. In this section we first define a real field and
then a real closed field.

14



Definition 3.2.1 (Ordered field). Let F be a field and z,y € F. The
ordered field F is a field that has a total order relation < which satisfies the
following conditions:

o Ifxr <y, thenax+2<y+zforal zeF.
o [f0 <z and 0 <y, then 0 < zy.

In this work, we will follow a convention that F denotes an ordered field.

The most familiar examples of ordered fields are the real numbers R and
the rational numbers Q with their natural orderings. On the other hand, the
complex numbers C cannot be ordered so that they form an ordered field.

Definition 3.2.2 (Cone, positive cone, and proper cone). Assume that F is
an ordered field. A subset P C F is called a cone if it satisfies the following
properties:

1. If x,y € P, thenx+y € P.
2. If x,y € P, then zy € P.
3. If z € F, then 2% € P.

The cone P is a proper cone if additionally —1 ¢ P. The subset
P.={zeF|z>0}
is called a positive cone of F.

Note that a positive cone is a proper cone. The concepts of a cone and
a proper cone can be defined for a commutative ring A when we replace the
field F in Definition 3.2.2 with a commutative ring A.

Definition 3.2.3. The set of the sum of squares of elements of F is denoted
by ©F2.

Lemma 3.2.1. The set ©F? is a cone and it is contained in every cone of

F.

Proof. If a®,b?> € ©F?, then a? 4+ b*> € X F? by the definition. Also, we have
a?b? = (ab)? € X F2. Finally, if z € F, then 22 € SF? by the definition.
Let P C F be a cone. Let z € ©F?. Now x = a? + ...+ a2. Since
a; € Fforalli=1,...,n, then a? € P for all i« = 1,...,n by Definition
3.2.2. Besides, * = a? + ... + a2 € P again by Definition of a cone. Thus
YF?CP. O

The following theorem will serve as a basis for the definition of a real
field. We use Zorn’s lemma in the proof and assume that the reader is
familiar with it. Informally, the idea of Zorn’s lemma is that a partially
ordered set, where every chain of ordered elements has an upper bound,
contains a maximal element. See Zorn’s lemma in |3, 13| for more detailed
descriptions.
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Theorem 3.2.2. Let F be a field. The following claims are equivalent:
1. The field F can be ordered.

2. The field F has a proper cone.

3. It holds that —1 ¢ SF2.

4. For every x1,...,xn € F, it holds: if Y 1", :v? =0, thenxy = ... =
x, = 0.

Proof. Condition 1. tmplies condition 2. If F can be ordered, then it has a
subset P = {x € F | x > 0} which is a proper cone by Definition 3.2.2.

Condition 2. implies condition 8. Assume that P is a proper cone of F
that by Definition 3.2.2 means —1 ¢ P. We see that F? C P because L.F>
is contained in every cone of F by Lemma 3.2.1. Thus —1 ¢ SF2.

Condition 3. implies condition 4. Assume —1 ¢ Y F? and x1,...,2, € F.
Assume Y ;22 = 0 and z; # 0 for some 1 < j < n. Now for the indexes
I={1,...,n}\ {j} we have >, 2% = —x? € BF2% By Lemma 3.2.1, the
set XF? is a cone and 1/273 € X F2. Thus we have —333(1/1‘3) =-1eXF2
This is a contradiction. Thus z1 = ... =z, = 0.

Condition 4. implies condition 3. Assume condition 4. holds. As-
sume that —1 € X F2. Then there exist elements y,...,y, € F such that
> yf = —1. Now > 1", yl2 4+ 1 = 0 which contradicts with condition 4.
Thus —1 ¢ XF2.

Condition 3. implies condition 1. If —1 ¢ XF?, then ©F? is a proper
cone by Definition 3.2.2. We claim that XF? is contained in a positive cone
of F. This positive cone induces ordering to F. The collection of proper
cones of F is partially ordered by inclusion and every chain of inclusions has
an upper bound. After applying Zorn’s lemma, we obtain that there exists
a maximal proper cone @ that contains X F%. We show that QU —Q = F
where —Q = {z | —z € Q}. Since @ is a proper cone, this proves that @ is
a positive cone.

Let a € F be such that a ¢ Q. We prove that —a € Q. Now Q[—a] =
{x —ay | z,y € Q} is a proper cone because if —1 € Q[—a] then either —1 =
r—ayand -1 € Q,ora = (z+1)/y = (1/y*)y(x +1) € Q. The both
outcomes are contradictions. Thus Q[—a] is a proper and ) = Q[—a] because
@ is a maximal proper cone. This implies that —a € (. This proves that
QU —Q = F. Thus condition 3. implies condition 1. O

Definition 3.2.4 (Real field). A field F satisfying Theorem 3.2.2 is called
a real field.

The real fields are called real because they resemble real numbers in the
sense that the equation 2 + 1 = 0 does not have a solution. Part 4. in
Theorem 3.2.2 shows that the characteristic (Definition 2.1.4) of every real
field is always 0. For the next definition recall Definition 2.3.5 of algebraic
extensions. A real field is closed in a similar manner as a ring or a field is
closed.
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Definition 3.2.5 (Real closed field). A real field F is closed if it does not
have a nontrivial algebraic extension F’ D F.

Ezample 1. Besides that real numbers R and algebraic real numbers Rajg
form real closed fields, we represent a non-trivial example. An interesting
example of a real closed field is a field of Puiseux series. A Puiseux series
with coefficients in R is a generalization of power series of the form

00
Z CLiXi/n,

i=ko

where a;, € R, k € Z and n € IN\ {0}. For more details and the proof that
the field of Puiseux series with coefficients in C is algebraically closed see
§3. Factorial power series in [14]. The ordering on the field of Puiseux series
with coefficients in R is inherited from the ordering of R and defined by the
condition

oo

Z al-Xi/" >0& Qg > 0.

i=ko
Theorem 3.2.3. Let P(X) = ¢, XP + ... + c1X1 + ¢o be a polynomial with
coefficients in an ordered field R and c, # 0. If x € R is sufficiently large,

namely
P
o> 2
i=0

then P(x) and cpzP have the same sign.

7 (3.1)

G
Cp

Proof. Let x € R and assume that Inequality (3.1) holds for z. Especially,
it implies that |z|> 2. Dividing the polynomial P(x) by ¢pzP # 0, we obtain

p—1
Po) g 5 i

cpxP c
P i=0 P

We may estimate

-1
P p
 ERED U [
Cpx 1o
p i
>1— (D= (a7 4 2P
i=0 | P
1
21—5(1+yg;\ L |z
1/ 1—|x|P
=1-= 0
2(1—\xr—1>>



where 1 (%) < 1 because we assumed Inequality (3.1). Because the
fraction P(z)/cp,aP is positive, it proves that P(z) and cp,a? have the same

sign. O

The following theorem is important and it originates to [11]. This version
is a combination of theorems presented in [12, 15|. The theorem is interesting
because it characterizes real closed fields in multiple equivalent ways which
are seemingly different.

Theorem 3.2.4. Let F be an ordered field. Then the following properties
are equivalent:

1. The field F is real closed in the sense of Definition 3.2.5.

2. There is a unique ordering of F whose positive cone is the set of squares
YF? and where every polynomial of F[X] of odd degree has a root in
F.

3. Let i = «/—1. The ring Fli]| = F[vV—1] = F[X]/(X?+ 1) is an
algebraically closed field.

4. The field F has an intermediate value property: Let f € F[X] be a
polynomial and a,b € F be elements such that a < b and f(a)f(b) < 0.
Then there exists x €]a,b| for which f(z) = 0.

Proof. Condition 1. implies condition 2. Let a € F. In the case that a is
not a square, the field extension F[/a] = F[X]/(X? — a) is a non-trivial,
algebraic extension of F. By part 1. the field F is real closed which means
that it does not have real, algebraic extensions. Hence it follows that F[/a]
cannot be real. By Theorem 3.2.2, we obtain that —1 € $F[/a]?> which
implies that

n

n n
-1= Z(l‘l +Vay;)? and —1= ZLL’? JraZy?,
=1 =1

=1

where the later equation holds in F. Because F is real, —1 ¢ XF? by
Theorem 3.2.2 and thus —1 # Y | #?. Hence we must have Y, y? # 0.
When we solve —a, we obtain that

n -1 n
—a= (Z y§> (1 + Zw?) € NF2.
=1 =1

Thus we see that —XF2 U XF? = F. We know that YF? is exactly the
positive cone defined in Definition 3.2.2. Compare this argument to the
similar one we made in the last part of the proof of Theorem 3.2.2. The
unique ordering is defined by the condition: z < y if and only if y—x € XF2.

Next we show that every polynomial of F[X] of odd degree has a root
in F. Let f € F[X] be an odd degree polynomial of degree d > 1 so that
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every odd degree polynomial of degree less than d has a root in F. Suppose
towards contradiction that f does not have a such root. Since f is an odd
degree polynomial, it has an irreducible factor of odd degree. The quotient
F[X]/(f) is a non-trivial algebraic extension of F[X] since we assumed that f
does not have a root in F. Because F[X]/(f) is not real, —1 € S(F[X]/(f))?
by Theorem 3.2.2. That is a similar argument as we used in the previous
part. We obtain that

n
—1=> hi+fg, (3.2)
i=1
where deg(h;) < d. Now >_" | h? is a polynomial that has a degree less
or equal than 2max {deg(h;) |[i=1,...,n} < 2(d —1) = 2d — 2. Thus the
polynomial ¢ must be an odd degree polynomial whose degree is less or equal
than d — 2 because

0 = deg(—1) = deg() _ h7) — deg(f)deg(g) < 2d — 2 — d — deg(g)
=1

which implies deg(g) < d —2. By the assumption we made in the beginning,
the polynomial g has a root x in F. Hence, using Equation (3.2), we obtain

—-1= Zhi(%)2 + f(@)g(x) = Zhi(ﬂﬁ)2

which implies —1 € F2. By Theorem 3.2.2, this contradicts with the fact
that F is real.

Condition 2. implies condition 3. Let f € F[X] be a polynomial of degree
d = 2™n with n odd. We show by induction on m that f has a root in
F[v/=1]. When m = 0, f is an odd degree polynomial and by part 2. it has
a root in F C F[y/—1]. Now assume that the claim is true for m — 1. Let

Y1, ---,Yq be the roots of f in an algebraic closure of F and define
gn = [ [(X =i — y; — hwayy),
1<j

where h € Z. Now g, € F[X]. The polynomial g, is a product of polynomi-
als of degrees 1,...,d — 1 and thus its degree is the sum 1+ ...+ (d—1) =
d(d —1)/2 = 2™ !n/ where n/ is an odd number. By induction assump-
tion, gy has a root in F[y/—1]. Because of the root, one of the terms in the
polynomial is zero which leads to the fact that there exist ¢ and j so that
0 = y;+y; +hyy; € F[v/—1]. Because there are infinitely many integers and
only finitely many indexes ¢ and j between 0 and d, it follows that there exist
i, 7, h and b/ with h # R’ so that y;+y;+hy;y; € F[vV/—1] and y;+y;+h y;y; €
F[v/—1]. This implies that y; +y; € F[v/—1] and y;y; € F[v/—1]. For exam-
ple, the calculation y;+y; +hyiy; — (yi+y;+h'yiy;) = (h—h)ysy; € FlV-1]
shows that y;y; € F[v/—1].
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Now (X —yi)(X —y;) = X? =y X — y; X + yiy; € F[V—1][X] so we
see that y; and y; are solutions to a quadratic equation with coefficients in
FIV/—1]. Because (X — y;)(X — y;) is part of the factorization of f, the
polynomial f has a root in F[y/—1].

Let us take a complex number perspective and define i = v/—1. Then
the conjugate is a +bi = a — bi for a,b € F. Consider the field F[/~1]
as F[i]. Assume f € F[i]. We define the conjugate polynomial f to be the
polynomial where the coefficients of f are replaced with their conjugates.
Because ff € F[X], ff has a root z in F[i]. Then either x is a root of f or
it is a root of f in which case the conjugate Z is the root of f. This proves
that F[y/—1] is algebraically closed.

Condition 3. implies condition 4. Assume that f € F[i][X] is a polyno-
mial. Because F[i] is assumed to be algebraically closed, the polynomial f
factors into linear factors over F[i] by Theorem 2.3.1. If z = a + b is a root
of f, then the complex conjugate & = a —ib is a root as well. We can deduce
this easily when we note that a = a € F and use the properties of complex
conjugates

n—1 n—1 n—1 n—1
f(z) = Zaz‘@)i = Z%’E: Zﬁ: Zaixi :mz 0=0.
i=0 i=0 i=0 i—0

Hence the irreducible factors of f are either linear or form (X — ¢)? 4 d? =
(X —c—id)(X —c+1id). If f(a) and f(b) have opposite signs, then some
linear factors ¢g(a) and ¢(b) of the polynomial f have opposite signs. Thus
the root of ¢ is in ]a, b].

Condition 4. implies condition 1. By Theorem 3.2.3, the polynomial X?—
y € F[X] has a positive sign for sufficiently large x and it has a negative
sign at zero. By the intermediate value property, the polynomial has a root
which is the square root of y. Similarly an odd degree polynomial has a
positive sign for sufficiently large x and a negative sign for sufficiently small
y by Theorem 3.2.3. Thus it has a root by the intermediate value property.
Since F is assumed to be ordered, by Definition 3.2.5 this proves that F is
a real closed field. O

Real numbers R is a real closed field since every polynomial of odd degree
has a root and ¥R? has the unique ordering defined by x < y if and only if
y — 2 € YR2. On the other hand, rational numbers Q form a real field but
not a real closed field since, for example, the polynomial 2> — 2 has no root

in Q.

3.3 Semi-algebraic sets

In this section, we introduce the basics of semi-algebraic sets. Throughout
the chapter, we assume that R is a real closed field. As the name semi-
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algebraic suggests, we relax the equality requirement in algebraic sets and
include inequalities. This section is based on [12].

Definition 3.3.1 (Algebraic set). Let F' be a field. An algebraic set has a
form of
Z(P)={zeF"| f(x)=0forall f e P},

where P is a set of polynomials in F[Xq,...,X,]. The set Z(P) is the set
of zeros of P.

Definition 3.3.2 (Polynomials vanishing on S). Let F' be a field and let
S C F™ be a subset. We denote by

I(S) ={f € F[X1,...,X,] | f(z) =0 for all z € S}
the ideal of polynomials vanishing on the set S.

We omit the proof that Z(.S) is an ideal. The following definition is from
[16].

Definition 3.3.3 (Boolean combination of polynomial equations and in-
equalities). Let R be a real closed field and y € R™. A boolean combination
of polynomial equations and inequalities B(y) is a finite boolean expression
of polynomial equations and inequalities in the variable y with coeflicients
in Z that are composed of negations, conjunctions, and disjunctions.

Now we define semi-algebraic sets which are the main interest and the
cornerstone of this work.

Definition 3.3.4 (Semi-algebraic sets I). Semi-algebraic sets S, are the
smallest class of subsets of R that satisfy the following two conditions.

1. If f € R[X1,...,X,] is a polynomial, then
{zeR"| f(x) =0} €S, and {z e R" | f(x) >0} € S,,.
2. fAeS,and B€ S, then AUB€ S,, ANB €S, and R"\ A € S,.

A semi-algebraic set is a set belonging to S,. In the other words, if f(z) <
0, f(z) > 0, f(z) = 0 are sign conditions on the polynomial f, then a
semi-algebraic set is defined by a boolean combination (Definition 3.3.3) of
polynomial equations and inequalities of the sign conditions involving a finite
number of polynomials.

On the other hand, in [12] is represented a slightly different definition for
semi-algebraic sets.
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Definition 3.3.5 (Semi-algebraic sets II). Semi-algebraic set is a subset of
R"™ that has the form

ny n2
U {zeR| fij(=) O, 0},
i=1j=1
where f; ; € R[X1,...,X,] and the square [J; ; corresponds either > or =

for1 <i<mnjand1l<j<no.
The following formulation for semi-algebraic sets is useful.

Theorem 3.3.1 (Finite union formulation). Every semi-algebraic set of R™
can be written as a finite union of semi-algebraic sets of form

{r eR"| fi(x) =0, i=1,...,m and g;(x) >0, j=1,...,1}, (3.3)
where fi, g € R[X1,...,Xy] fori=1,....mandj=1,...,L

Proof. The collection of the unions of the sets of form (3.3) is closed un-
der finite unions and intersections. Also, it is closed under complements
because (AU B)¢ = A°N B¢ by De Morgan’s laws. For example, if A =
{z € R™| f(x) < 0}, then the complement R"\ Ais {x € R" | f(z) =0} U
{r € R™| f(x) > 0} which has the right form. Hence the complement of the
set of form (3.3) has again the same form. O

The theorem of Brocker and Scheiderer is a results about basic open
semi-algebraic sets. Thus they have an important role in this work.

Definition 3.3.6 (Basic open semi-algebraic set). A basic open semi-algebraic
set of R™ has a form

{z eR"| fi(x)>0,i=1,...,m},
where f; € R[X1,...,X,] fori=1,...,m.

Next, we define a dimension of a semi-algebraic set. To motivate the defi-
nitions here, we discuss how the concepts of dimension are defined in various
contexts in algebra. The idea behind the dimension of a semi-algebraic set
is to give a definition that coincides with the definition of a dimension of
an algebraic set. The definition is algebraic in the sense that we do not, for
example, count sizes of basis elements. Because the definition is algebraic,
it does not give much of an intuition behind its geometric interpretation.

Recall that the dimension of ring is defined in Definition 2.2.4 and the
ideal Z(A) is defined in Definition 3.3.2.

Definition 3.3.7 (Dimension of semi-algebraic (and algebraic) set). Let
A C R"™ be a semi-algebraic set and

P(A) =R[X1,...,Xn]/Z(A)
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be the ring of polynomial functions on A where Z(A) is the ideal of poly-
nomials vanishing on A. The dimension dim(A) of A is defined to be the
dimension of the ring P(A) i.e. the maximal length of chains of prime ideals

of P(A).

Every algebraic subset is also a semi-algebraic set. In this work, the
definition of the dimension of a semi-algebraic set also defines the dimension
of an algebraic set. This definition is not standard in algebraic geometry, but
both definitions are equivalent. In algebraic geometry the following theorem
is usually provided as a definition for the dimension of an algebraic set, for
example, see Definition of dimension in §6.1 in [17].

Recall Definition 2.3.2 of the dimension of an ideal. Often we do not say
that the dimension of the semi-algebraic set A is the dimension of the ring
P(A) but the dimension of the ideal Z(A). This is naturally the equivalent
formulation because P(A) = R[X1,..., X,]|/Z(A).

Recall Definition 2.3.10 of field of fractions and Definition 2.3.7 of the
transcendence degree.

Theorem 3.3.2 (Field of fractions and dimension of algebraic set). Let
V C R™ be an algebraic subset. Let KK(V') be the field of fractions of the
polynomial ring P(V'). The dimension of V is the transcendence degree of

K(V') over the field R.

Proof. We can use the normalisation theorem of Noether (Theorems 1.17 and
1.18 in [17], or also Corollary 1, Chapter 5, §14.G in [8], or also Theorem
1.8A, Chapter I, §1 [18]). By Definition 3.3.7, dim(V) = dim(P(V)) =
dim(R[X71,...,X,]/Z(V)). Because P(V) is especially an integral domain
which is a finitely generated R-algebra, the result follows immediately from
the normalisation theorem of Noether. O

As described in [17], the dimension of an algebraic set is motivated by
the famous normalization theorem of Noether. We used the normalization
theorem to prove that our Definition 3.3.7 for a semi-algebraic (and algebraic)
set coincides with the common definition (Theorem 3.3.2) for the dimension
of an algebraic set given in literature, for example, in [17].

3.4 Basics of quadratic forms

This section introduces the basics of quadratic forms and it is based on [19].
The set F* = F'\ {0} denotes the multiplicative group of F'. We develop the
theory of quadratic forms further when we are studying Pfister forms. The
Pfister forms are very useful when we are proving the theorem of Brocker
and Scheiderer for basic open semi-algebraic sets.
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Definition 3.4.1 (Quadratic form). Let F be a field. A quadratic form f
over F'is a homogeneous polynomial in F[X7y,..., X,] of degree 2 i.e.

n n
f(Xl, e ,Xn) = Z Zai,inXj,

i=1 j=1

where a;; € F for i,j = 1,...,n. The constant n is the dimension of f,
denoted by dim(f).
If My = (ai)ij=1,..n is the symmetric n x n matrix, then the quadratic
form can be written
flz) =2 M;x.

For example, 2X? + XY — 3Y? is a quadratic form. Quadratic forms
have strong connection to linear algebra. We see that every quadratic form
f defines a symmetric bilinear form

¢p(w.y) =" Mpy (3.4)
on the F-vector space F(™).

Definition 3.4.2 (Equivalence on quadratic forms). The quadratic forms f
and g over the field F' are equivalent, denoted by f = ¢, if dim(f) = dim(g)
and PT M P = M, for some invertible n x n matrix P over F.

Clearly, = is an equivalence relation over the quadratic forms over F'.

Definition 3.4.3 (Diagonal form). If a quadratic form f € F[Xy,..., X,]
has form .
f=) X},
i=1

then f is called a diagonal form and denoted by (ai,...,an).

Although we can define a tensor product for general quadratic forms, in
this work we need the tensor product only for diagonal forms. The reason
is that in the following chapters we are dealing with Pfister forms which are
special kinds of diagonal forms. The reader, who is interested in the general
definition of a tensor product for quadratic forms, can see section Kronecker
product of quadratic spaces in [20)].

Definition 3.4.4 (Tensor product of diagonal forms). Let a = (a1,...,ay)
and b = (b1,...,by) be two diagonal forms over a field F. We define the
tensor product of a and b as a diagonal form

a®b= <a1b1,a2b1, sy apbi, . a1by, . .,anbm>.
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The following theorem is in the heart of quadratic forms. It states that
every quadratic form is equivalent to some diagonal form. In other words,
this means that every symmetric matrix is diagonalizable. In the most of
the cases, we can assume that a quadratic form is expressed in its equivalent
diagonal form. In this work, we will use the result in the proof of Witt’s
cancellation theorem.

Theorem 3.4.1. Let f be a quadratic form of dimensionn. Then there exist
ai,...,an € F* such that f = {(ay,...,ay).

Proof. We use the bilinear form for f defined in Equation (3.4). The idea of
the proof is to show that there exists a basis 1, ..., x, such that ¢¢(z;, z;) =
0 for all ¢ # j. In other words, the basis is orthogonal with respect to the
bilinear form of f. When we choose a; = ¢¢(x;, ;) = f(2;), we obtain that

f={aq,...,a,). This can be easily seen when we write the forms open
T T T i $1|—Mf331 x]—fog ... xIMfa:n
My | @ | = : ' . :
Tn, Tn, i x;Lerxl x;erxn,l x;';Mfa:n
[ leMfazl 0o ... 0
i 0 .0 mIfon
i al 0 e 0
| 0 ... 0 ayn
= <a1, N ,an>.
where xl—-erxj = 0 for all ¢ # j because we chose the elements x1,...,z, so

that ¢¢(z;,2;) = 0 for all i # j. Now only the diagonals are left and these
are exactly the elements a; = ¢ (x4, ;) = f(24).

Let us prove that the suitable basis 1, ..., z, exists. First we note that
every basis of F(™ is orthogonal with respect to ¢ ¢ if for all vectors x € F®)
holds f(x) = 0. Thus let z; € F(™ be such that a; = f(x1) # 0. We define
a set

U= {x e F | gp(wy,7) = o} .

Now U is a subspace of F(" because ¢y is bilinear form. Besides F) —
Fri®U. Let v € F™) be a vector. We define

U =7v— 7¢f($17v)$1.
ai
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Then we can calculate

bp(r1,u) = ¢f(x1,v) — ¢p(w1,v)5 (21, 71) /a1
= ¢s(w1,v) — ¢p(w1,v) f(21) /01
= ¢f(x1,v) — ¢p(x1,v) = 0.

This shows that z; is not in the basis of U which means that dim(U) =
n—1. If we assume that by induction the subspace U already admits a basis
T2,..., Ty with respect to ¢ restricted to U, then this proves the claim that
Z1,...,Ty, is the orthogonal basis for F) = Fz, ®U with respect to ¢pp. O

The following definition of a signature of a quadratic form at an ordering
is from [21].

Definition 3.4.5 (Signature of quadratic form at ordering). Let R be a
real closed field with an ordering a.. Let f be a quadratic form over R. The
signature of f at « is the number of coefficients in a diagonal form of f that
are positive with respect to the ordering o minus the number of coefficients
that are negative with respect to the ordering a.

Theorem 3.4.1 shows that a signature can always be defined. Although
the diagonal representation for a quadratic form is not unique, the number
of positive and negative elements in the diagonal form stays the same. We
can easily see this from the proof of Theorem 3.4.1. There we chose a; =
¢f(xi, x;) = f(x;) for a basis x1,...,2,. Because the difference of positive
and negative elements in the basis needs to stay the same and the quadratic
form is a linear mapping, it indicates that the difference of the positive
and negative elements in (ai,...,a,) stays the same. This motivates the
definition of a signature.

Definition 3.4.6 (Orthogonal sum). The orthogonal sum of the quadratic
forms f and g over the field F' is defined by the block matrix

o= [ Tag ]

The following theorem provides the connection between orthogonal sums
and tensor products.

Lemma 3.4.2. Let ¢ = (b1,...,by) be a diagonal quadratic form and a €
F*. Then

dlagp = (1,a) @ ¢.
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Proof. We can calculate that the bilinear forms are equal. By Definition
3.4.6 of an orthogonal sum, we have

_ | My O
¢La¢—[ 0 Maqs]
by 0 0 0 ]
lo b, O 0
1o 0 ab; 0
0 0 0 ab, |

= <b1, . ..bn,abl,. . .,abn>.

On the other hand, by Definition 3.4.4 of tensor product of diagonal quadratic
forms, we obtain

<1>a>®¢: <17a>®<b17--'7bn>
= <b1,ab1,...,bn,abn>
= <b1,...bn,ab1,... ,abn).

The calculations prove the claim. O

Definition 3.4.7 (Multiplicative quadratic form). Let f be a quadratic form
of dimension n over the field F'. The form f is said to be multiplicative if for
all x € F(™ such that f(z) # 0, it follows f(z)f = f.

Recall that the set F* denotes the multiplicative group of F.

Definition 3.4.8 (Nondegenerate quadratic form). Let f(z) = 2" Mz be
a quadratic form. If det(My) # 0, the form f is called nondegenerate. A
diagonal quadratic form (ai,...,a,) is nondegenerate if ay,...,a, € F*.

Sometimes nondegenerate quadratic forms are called regular [19].

Definition 3.4.9 (Isotropic and anisotropic quadratic forms). Let f be a
quadratic form of dimension n over F. Let b € F. If there exists = € F(n)
such that f(z) = b, we say that f represents b. If there exists an element
x # 0 such that f(z) = 0, we say that f is isotropic. Otherwise f is
anisotropic.

We will use isotropic and anisotropic quadratic forms when we are dealing
with Pfister forms.

Lemma 3.4.3. 1. Leta € F*. Then (a,—a) = (1,—1).
2. If the diagonal form (a,b) represents c € F*, then (a,b) = (1, ab).
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Proof. By Definition 3.4.2, the explicit calculation

1fat+1 a=1]\'[1 0 J(1[a+1 a-1
21l a—1 a+1 0 -1 2la—1 a+1
_lla+1l —a+1 a+1 a-1
T 4|la—-1 —a-—1 a—1 a+1

-[5 %]

proves the first part of the lemma. For the second part, we calculate
U v a 0 u —bv | 1 0
—bv au 0 b v au | S| 0 ab |’

which proves the second part. ]

The following theorem is a special version of Theorem 3.4.1. We show
that we can choose the first two elements of the diagonal form to be 1 and
—1if f is isotropic.

Theorem 3.4.4. Let f be a nondegenerate quadratic form of dimension n
over F'. The quadratic form f is isotropic if and only if there exist elements
as,...,an € F* such that f =2 (1,—1,as,...,ay).

Proof. If f =2 (1,—1,as,...,a,) holds, then f is isotropic because
f(1,1,0,...,0)=0.

Let f be an isotropic and nondegenerate quadratic form. By Theorem
3.4.1, we can write f = (a1, aq,...,a,) for a; € F* fori =1,...,n. Because
f is nondegenerate, det(My) # 0 and thus a; # 0 for i = 1,...,n. Because
f is isotropic, there exists such € F, that  # 0 and )", aiz? = 0. We
can assume 1 # 0. By dividing x; and subtracting the first term of the sum
on the both sides, we obtain

n 2
Z L
—a] = a; | — .
I

i=2
This means that (ag,...,a,) represents —a;. The proof of Theorem 3.4.1
shows that if (ag,...,ay,) represents —aj, then there exists bs,...,b, € F*
so that
(ag,as,...,an) = (—ay, bz, ..., by).

In other words, in the proof of Theorem 3.4.1 we chose f(z1) = a; which
means that f represents a;. Then the proof showed that f = (aj,...,an).
In this case, f = (aq,...,a,) and we can choose b; = a; for i = 3,...,n.
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By the first part of Lemma 3.4.3, we obtain

f = <a17a27' . '7an> = <a1>J_(a2, s aan> = <a1>J—<_a17b37 .. abn>
= <a1,—a1>J_<bg, . ,bn> = <1, —1>J_<b3, . ,bn> = <1, —1,b3, ce ,bn>,

which proves the result. O

3.5 Witt’s cancellation theorem

In this section, we prove Witt’s cancellation theorem. The proof is based
on [19] but one can find it also from [3]. The action of cancellation is done
over the equivalence relation on quadratic forms defined in Definition 3.4.2.
Witt’s cancellation theorem enables us to cancel certain quadratic forms in
orthogonal sums.

Lemma 3.5.1. Let A and B be n x n matrices over F and ¢ € F be a
constant. Let P be an (n+ 1) x (n+ 1) matriz over F so that

P. (3.5)

Then there exists n x n matriz Q) over F' so that

B=Q"AQ.

2]

where S is an n x n matrix, d € F, and v,w € F™ are column vectors.
The block matrices can be multiplied and manipulated similarly as ordinary
matrices. By the assumption that the matrix P satisfies Equation (3.5), we
can calculate

Proof. We write

- [ d|w' ] ed | ev’
| Aw | AS
[ ed? +w' Aw ‘ cdv’ +wT AS
| cdv + ST Aw ‘ covl +STAS |-
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When we compare the blocks we obtain the system of equations

c=cd®>+w'Aw,
B=cov" +STAS,
0=cdv' +w'AS and
0= cdv+ ST Aw.

From Equations (3.6) we obtain that

STAS =B —cov' and
w' Aw = ¢(1 — d?).

Let Q = S+ Awv' where the constant A € F can be chosen later. Now we
can continue calculating

QTAQ = (S + Mwv")A(S + Mwv ™) (3.7)
= STAS + AST Awv" + Mow ' AS + Now " Awv " (3.8)
=B —cov’ + Xedvv’ — hedvv’ + N2e(1 — d?)vo’ (3.9)
=B+ (A1 —d?) —2d\ — 1)cov” (3.10)
=B+ ,ucva,

where we denote
p=XN(1—d* —2d\— 1=\ — (d\+ 1)

Equation (3.7) follows from the definition of the matrix Q. Equation (3.8)
follows from Equation (3.7) when we open it. Equation (3.9) follows from
Equations (3.6). Finally, Equation (3.10) is just rearranged form of Equation
(3.9).

Now we choose lambda so that u =0 i.e.

\ L ifd#1,
- ifd=1

When p = 0, we have QT AQ = B which proves the lemma. O

Theorem 3.5.2 (Witt’s cancellation theorem). Let f, g, h be quadratic forms
over F. If h1 f = hlg, then f = g.

Proof. By Theorem 3.4.1, we can assume that the matrices corresponding
the quadratic forms f, g and h are diagonal. Let f = (f1,...,fn), g =
(g91,--.,9n) and h = (hi,..., hg). We apply Lemma 3.5.1 dim(h) = k times.
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Let 1 < ¢ < k be the indexing how many times we have applied Lemma
3.5.1. Following the notation in Lemma 3.5.1 and considering the first ap-
plication of the lemma i.e. the step ¢ = 1, we choose that

B:<h2,...,hk,f1,...,fn>,A=<h2,...,hk,gl,...gn> andc:hl.

Initially, there exists a matrix P because we assumed that hl f = hlg and
thus the Equation (3.5) is satisfied by Definition 3.4.2. Each time when we
apply Lemma 3.5.1, the element h;, for 1 <+ < k, vanishes from the diagonal
representation. For the general step ¢, the matrix P in Lemma 3.5.1 is always
the matrix );_1 which we obtained from the previous application of Lemma
3.5.1. Thus the assumptions of Lemma 3.5.1 are always satisfied. Finally,
the lemma gives us a matrix ) such that QTMgQ = M. This does not yet
prove that @ is invertible which is required by Definition 3.4.2.

Next we argue why there exists an invertible n x n matrix (1 so that
Q]—Mng = M. We can write f = (f1,..., fn) and g = (g1,..., gn) so that
we collect the zeros at the beginning. Without loss of generality, we can
assume fi=...=f,=0and gy =... =gs =0 for r < s.

By the previous reasoning we obtained an n x n matrix (o so that
QJ MyQo = My and thus the assumptions of Lemma 3.5.1 are satisfied
and we can apply the lemma again.

We apply Lemma 3.5.1 again r times. At every step, Lemma 3.5.1 re-
moves a zero in the diagonal representations of f and g. Finally, we obtain
the representation

fr-i—l o 0 g1 - 0
0 - £ 0 - gn

The determinant of the matrix

frer o0 0
0 - fy
is non-zero because all the elements f,11,..., fn are non-zero. Thus also the
determinant
gr+1 -+ 0 gr+1 -+ 0
det [ST| - | S| =det (ST) det c | ] det(8)
O A gn 0 . .. gn

is non-zero and det(S) # 0. This proves that S is invertible. Hence
(fre1y--sfn) = (gr+1,- -, gn). Furthermore, this implies that f = g. This
finalizes the proof of the Witt’s cancellation theorem. O
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3.6 Tsen-Lang theorem

Recall isotropic quadratic forms from Definition 3.4.9. Because Tsen-Lang
theorem does not have a big role in this work, we omit its proof.

Theorem 3.6.1 (Tsen-Lang). Let L be an algebraically closed field and F' a
finitely generated field extension of transcendence degree n over the field L.
Then every nonzero polynomial f € F[Xq,..., X,,| where m > deg(f)™ has
a nontrivial zero in F™. Besides, every quadratic form over F of dimension
greater than 2™ is isotropic.

Proof. See Theorem 3.4.1 in [19] or Theorem 6.4.16 in [12]. O
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Chapter 4

Pfister forms

4.1 Introduction to Pfister forms

The German mathematician Albrecht Pfister introduced Pfister forms in
1965. Pfister forms are special kinds of quadratic forms that have a crucial
role in the proof of the theorem of Brocker and Scheiderer for basic open
semi-algebraic sets. As in the previous chapters, we only focus on those
definitions and properties of Pfister forms which will be useful to prove the
main theorem.

In this chapter, F' is a field whose characteristic is different from two.
Recall Definition 2.1.4 of characteristic. The set F* = F'\ {0} denotes the
multiplicative group of F'. Recall Definition 3.4.4 of the tensor product for
diagonal forms. The content of this section is based on [12, 19].

Definition 4.1.1 (Pfister form). Let F' be a field and aq,...,a, € F. A
Pfister form ¢ is a quadratic form

p=(la1)®(l,a2) ®...®(1,a,)

of dimension 2" over the field . We denote ¢ = ((a1,...,an)). The form of
dimension 2" — 1

¢ = {(a1,...,an,a109,...,a1a3 .. .ay,)

is called a pure subform of the Pfister form ¢. We note that the only dif-
ference between the form ¢ and the pure subform ¢’ is the element 1 in the
beginning of the diagonal representation. Thus we see that ¢ = (1) L¢'.

Example 2. For example, ®] ,(1,1) is a Pfister form. We can write open
some simple Pfister forms:

e ((a)) = (1,a) = X?> +aY? and
o ({a,b)) = (1,a) @ (1,b) = (1,a,b,ab) = X2 + aY? + bZ2 + abK?2.
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In Definition 3.4.8 we defined nondegenerate quadratic and diagonal
forms. Similarly, we can define nondegenerate Pfister forms.

Definition 4.1.2 (Nondegenerate Pfister form). A Pfister form ({(aq,...,ay))
is nondegenerate if ay,...,a, € F* = F\ {0}.

Because a Pfister form is a special kind of diagonal form, this definition is
clearly equivalent with Definition 3.4.8. Recall that we defined multiplicative
quadratic forms in Definition 3.4.7.

Theorem 4.1.1 (Multiplicative Pfister forms). Every Pfister form over a
field F is multiplicative.

Proof. Let ¢ be a Pfister form of dimension 2" over the field F. We prove
the claim by induction with respect to n. Let n = 0. Then ¢ = (1) is a
Pfister form of dimension 1 and ¢(X) = X2. If ¢(z) # 0, then ¢(z) is an
invertible element in F' and thus ¢(x)¢ = ¢.

The induction assumption is that the Pfister form ¢ of dimension 27!
is multiplicative. It then suffices to prove that (1,a) ® ¢ for a € F* is
multiplicative. By Theorem 3.4.2, we have ¢ Lagp = (1,a) ® ¢. When the
quadratic form is evaluated in points z,z’ € F2", we obtain ¢ Lag(z @ z') =
¢(x) + ap(z’). By Definition 3.4.7, we assume ¢(x) + ag(x’) # 0. We need
to prove that

(¢Lag(z ® 2))(¢Lag) = (6(x) + ad(a'))pLap = ¢ Lag.  (4.1)

We divide the proof into three cases. First, assume that ¢(z’) = 0. Then
Equation (4.1) becomes ¢(x)(¢Lap) = ¢(z)pLad(x)p = ¢ Lagp where we
use the induction assumption ¢(x)¢p = ¢.

Second, assume ¢(z) = 0 and ¢(a’) # 0. In this case Equation (4.1)
becomes

ag(a')(¢Lag) = (ag(a')¢) L(a*¢(a")¢) = ¢ La’d = ¢ Lao,

where we again use the induction assumption ¢(x')¢ = ¢.
Third, assume both ¢(z) # 0 and ¢(z') # 0. Now we have

(6(x) + ad(z))(¢Lad) = (¢(z) + ad(a’)) (¢ Lag(z)$(2')9) (4.2)
= (¢(z) + ag(2) (L ad(z)d()) @ ) (4.3)
= (¢(x), ap(2')) ® ¢ (4.4)
= p(z)pLag(z')¢ (4.5)
= ¢ Lag. (4.6)

Equivalence (4.2) follows from the induction assumption that ¢ is multi-
plicative i.e. ¢p(z)p(a’)p = ¢. Equivalence (4.3) follows from Theorem 3.4.2.
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Then Equivalence (4.4) follows from the second part of Lemma 3.4.3. Equiv-
alence (4.5) follows again from Theorem 3.4.2 and the last equivalence follows
from the induction assumption. We have proved that every Pfister form is
multiplicative. O

We need the following short lemma. The lemma can be viewed as a
Pfister version of Lemma 3.4.3.

Lemma 4.1.2. 1. Ifa, b, a+be F*, then ((a,b)) = ((a + b, ab)).
2. If b € F* and b is represented by the Pfister form ¢, then ¢ @ ({a)) =
¢ @ ((ab)).

Proof. The first part follows immediately from Lemma 3.4.3 when we choose
c=a+b.

This follows from the property that ¢ is multiplicative. More precisely,
because b is represented by the Pfister form ¢, there exists € F' such that
¢(x) =b# 0. Thus

¢ ® ((ab)) = ¢ ® (1,ab) = abp Lo = ad(x)pLd = ap Lo = ¢ & ({a))

where we utilized Lemma 3.4.3 and multiplicativity of ¢. This proves the
second part. ]

Theorem 4.1.3. Let ay,...,a, € F*. For eachi=1,...,n we denote ¢; =
((a1,...,a;)) the Pfister form. Let uy be a square in F*. Fori = 2,...,n
let u; denote the element represented by ¢;—1. Let b; = Z;‘:l a;ju; for each
i=1,...,n. Ifallby,... b, belong to F*, then ¢, = ((by,a1ba, ..., an—1bn)).

Proof. In this proof we use decreasing induction with respect to k. We prove
that
¢n = d)k ® <<bk+17 ak+1bk+2a s 7an—1bn>>

holds for 0 < k < n—1. We get the wanted result when k£ = 0 and ¢¢ = (1).
First we prove that the claim holds in the case k =n — 1. Then we assume
that it holds for the case k& and prove that it also holds for the case k£ — 1.
Then by induction it holds for all 0 < k <n — 1.

Especially in the case n — 1, we have b, = a,u, where u, # 0 because
b, € F*. Since u,, is represented by ¢,_1, we obtain the following

bn = ((a1, -, an)) = Pn-1®@((an)) = dn-1@((antn)) = Gn-1@((bn)) (4.7)

where the equivalence follows from the the second part of Lemma 4.1.2. The
equivalence

n = ¢n—1 & <<bn>>

is exactly the wanted equivalence when we substitute & = n — 1 to the
Equivalence (4.7). This proves that the claim holds in the case n — 1.

35



We assume that the claim holds in the case k meaning

bn = O @ ((brg1, Ak1bk42, - - - Gn—1bn)), (4.8)

and we study the case k — 1. We have ¢ ® ((br+1)) = dr—1 @ ((ag, br+1))
by the definition of ¢;. Thus it is sufficient to show that

-1 ® ({ar, bry1)) = dr—1 ® ((br, arbry1)), (4.9)

because when we add the terms agy1bk42,...,an—1by to the both sides of
Equivalence (4.9) we obtain the case k in Equivalence (4.8) which holds by
the induction assumption.

First assume ug # 0. We can manipulate the form ¢r_1 ® ({ag,bg+1))
using parts 1 and 2 in Lemma 4.1.2. We obtain

Pr—1® ({ak, bry1)) = dr—1 @ ((ugar, bry1)) (4.10)
& -1 ® ((apur + b1, agurbri1)) (4.11)
= dp—1 @ (b, arbri1)), (4.12)

where Equivalence (4.10) follows from the first part of Lemma 4.1.2 (choose
b= uy # 0), and Equivalence (4.11) follows from the second part of Lemma
4.1.2 (choose a = agug and b = biy1). Finally, Equivalence (4.12) follows
from the first part of Lemma 4.1.2 and the fact that by definition of b, we
can extract aiug from the sum by

n n
b, = Zajuj = apup + Z a;uj = apuy + bpy1. (4.13)
Jj=k Jj=k+1

Next assume ur = 0. Then by = bgy; which we can immediately see in
Equation (4.13). Now

((ak, brr1)) = ((br, ar)) = ((br, axbry1))
where we use the second part of Lemma 4.1.2. This finalizes the proof. [
We defined pure subforms of Pfister forms in Definition 4.1.1.

Theorem 4.1.4. Let ¢ = ({a1,...,an)) be a Pfister form over the field
F with a; € F* fori =1,...,n. Let by be an element in F* represented
by a pure subform ¢'. Then there exists co,...,c, € F* such that ¢ =

<<b1,CQ, . ,Cn>>.

Proof. We use the same notation as in the poof of Theorem 4.1.3. We recall
that we defined ¢; = ((a1,...,a;)). Now

¢; = (a1) Lagga L -~ Lapi—1, (4.14)
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where ¢ is the pure subform of ¢; for 1 <4 < n. Equation (4.14) is easy to
see, for example, in the case ¢ = 2, we have

gblg = <a1,a2,a1a2> = <a1>J_<a2,a2a1> = <a1>J_a2<1,a1> = <a1>J_a2¢)1.

Because ¢'(x) = by for some = € F, we have b; = ajuy + ... + anu, where
u1 is a square and u; is represented by ¢; for ¢ = 2,...,n. Without loss
of generality we can assume that n is the smallest integer of those integers
i > 1 for which ¢} represents by. Then by,...,b, € F*. By Theorem 4.1.3,
it follows that ¢ = ((b1,aiba,...,an—1by)). This proves the result. O

4.2 Pfister forms over fields of rational functions

To benefit from the theory developed for Pfister forms in the context of the
theorem of Brocker and Scheiderer, we represent some results for Pfister
forms over the field of rational functions F'(X) in the variable X with the
coefficients in the field F'. The following theorems and their proofs are based
on [12]. Recall Definition 3.4.9 of an isotropic quadratic form.

Theorem 4.2.1. Let ¢ be an anisotropic quadratic form over the field F'.
Then ¢ is anisotropic over F(X).

Proof. The theorem can be written equivalently so that if ¢ is isotropic over
F(X), then ¢ is an isotropic quadratic form over the field F'. Let ¢ be an
isotropic quadratic form over F'(X). Then there exist fi,...,f, € F(X)
so that ¢(fi,...,fn) = 0 and not every f; is zero for i = 1,...,n. We
can assume that all f; are defined at 0. If f; is not defined at 0 for some
i=1,...,n, then we can multiply f; by an appropriate power of X. Besides
not all f;(0) are zero for ¢ = 0,...,n. Then (f1(0),...,fn(0)) # 0 but
é(f1(0),..., fn(0)) = 0 which shows that ¢ is an isotropic over the field
F. O

We state the following lemma because the results in this section require
estimations with respect to the degrees of quadratic forms.

Lemma 4.2.2. Let ¢ € F[X] be an anisotropic quadratic form. Then for
all (f1,..., fn) € (FIX])", it holds that

deg(d(f1,..., fn)) = 2max{deg(f;) |i=1,...,n}.

Proof. This lemma follows immediately from the definition of a quadratic
form. Because ¢ is anisotropic, then ¢(f1,..., fn) # 0 for all (f1,...,fn) €
F[X]"™ by Definition 3.4.9. Because deg(f?) = 2deg(f) for any polynomial,
we obtain

deg(¢(f1,- -, fn)) =deg [ D aijfif; | < 2max{deg(f;) [i=1,...,n}.

i=1 j=1
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Because ¢(f1,..., fn) # 0 for all (fi,...,fn) € F[X]", we obtain

deg(d(f1,..., fn)) > 2max{deg(fi) |i=1,...,n}.
This proves the claim. ]

Theorem 4.2.3. Let f € F[X] be a polynomial in a single variable with
the coefficients in the field F. Let ¢ be a nondegenerate quadratic form over
F. If there exists a rational function q € (F(X))" such that ¢(q) = f, then
there exists a polynomial g € (F[X])"™ such that ¢(g) = f. In other words, if
¢ represents f over the field F(X), then ¢ represents f over the ring F[X].

Proof. First, assume that ¢ is isotropic. By Definition 3.4.9, there exists
x # 0 such that ¢(z) = 0. By Theorem 3.4.4, there exist as,...,a, € F*
such that ¢ = (1, —1,as,...,a,). Clearly we can write

F=((f=1/2?=((f+1)/2)*

Now we can evaluate the quadratic form

o(((f = 1)/2)%,((f +1)/2)%,0,...,0)
= (1, —Lag,...an) ((F = 1)/2% ((f + 1)/2)%,0,....,0)
=((f=1)/2° = ((f+1)/2)* = [.
Without even assuming that ¢ represents f over the field F'(X), we see that
¢ represents f over the ring F[X] since ¢ represents every element of F[X]
over F[X].

Next, assume that ¢ is anisotropic and f # 0. We consider the following
representation of f over F'(X)

[= Qs(gl/gﬂv"‘vgn/go)v (4'15)
where g1,...,g, € F[X] and gg # 0. We define a quadratic form
Y= (-f)Lo

of dimension n + 1 over F(X). By Definition 3.4.6, this quadratic form is
evaluated as ¥(u) = — fud+é(ui, ..., up) for u = (ug,...,u,) € (F(X))"+L.
We denote g = (go, - - -, gn) € (F[X])"*!. Using Equation (4.15) we see that

W(g) = —fg2 + &(g1, -, 9n) = —(g1/90, - - -, Gn/90) g8 + A(g1, - - -, gn) = 0.

(4.16)
If we construct such z = (1,p1,...,p,) € (F[X])"™! that ¥(z) = 0, then
o(p1,---pn) = f-
Thus (p1,...,pn) is the wanted representation of f over F[X]. The suitable
zero (1,p1,...,pn) can be constructed using the tuple g.
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We continue by utilizing an Fuclidean division argument. Let g; = ¢;g0+
r; be the Euclidean division decomposition for i = 1,...,n with deg(r;) <
deg(go) orr; =0. If ¢ = (1,q1,...,qn) is a zero of ¥, we are done. Otherwise,
we continue and we can assume (q) # 0. In this case, g; and ¢; for i =
1,...,n are linearly independent in F'(X). We use the bilinear form

By(g,q) = g' Myq,

where the form is defined by Equation (3.4). Now the matrix M, has the
dimension (n 4+ 1) x (n + 1) and the lengths of g and ¢ are n + 1. Thus
the bilinear form is well-defined. Especially, 1(q)g # 2By(g,q)q because
otherwise g and ¢ would be linearly dependent vectors. This makes h =
¥(q)g —2By(g, q)q a nonzero vector of F(X)"1. Now we can calculate that
h is actually a zero of

W(h) = (¥(9)*¢(9) — 4(q)(By(g,9))* + 4(By(g,9))*¢(q) = 0,

because 1(g) = 0 by Equation (4.16). The first component hg of h is

ho = &(a)go — 2By(g, q) = glosb(rl, ), (4.17)

where some of the rq,...,7, is nonzero since otherwise we would have g =
goq in the Euclidean division. We assumed that ¢ is anisotropic and thus
d(r1,...,m) # 0. We can estimate the degrees using Lemma 4.2.2

deg(hogo) = deg(p(r1,...,1m)) = 2max({deg(r;) | i =1,...,n}) < 2deg(go)-

The first equality follows from Equation (4.17), the second follows Lemma
4.2.2 and the final inequality follows from the fact that all r; are part of the
Euclidean division decomposition with deg(r;) < deg(go)-

We conclude that we have constructed a zero h of ¢ so that hg # 0 and
deg(hg) < deg(go). Since the degree decreased, we can iterate the process
and eventually obtain a zero (1,p1,...,pn) € (F[X])""!. This proves the
claim. O

Theorem 4.2.4. Let a € F and by,...,b, € F*. Letn > 1 and ¢ =
(bi,...,by). Assume ¢ is anisotropic. If the form ¢ represents b1 X? + a
over F(X), then the diagonal form ¢' = (ba, ..., by,) represents a over F.

Proof. By Theorem 4.2.3, the form ¢ represents by X2 +a over the ring F[X].
This means that there exists an element f = (f1,..., fn) € (F[X])" such
that

()= biff = X*+a. (4.18)

i=1
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If ¢ is anisotropic over F', then by Lemma 4.2.2, we have

deg | 320,57 | = 2max({deg(f;) | j = L.....n}).
j=1

Hence f; = ¢; X + d; where ¢j,d; € F for j =1,...,n.

Next we show that there exists at least one such e € F that e = (cie +
d1)?. Precisely, if ¢; # 1, then e = d1/(1 — ¢1) € F is a solution to ¢ =
(cre +dp)% If ¢; = 1, then the equation reduces into a form 2die + d3 = 0
which obviously has a solution e = —d; /2 € F. Thus there exists an element
e € F so that e? = (cre +dp)?.

When we substitute the element e into Equation (4.18), we are able to
extract the term bje? from the sum

b1(01€ + d1)2 + Z bj(Cj€ + dj)2 — b1€2 + Z bj(Cj@ + dj)Z — b162 + a,
j=2 7j=2

which means that

Z bj(cje +d;)? = ¢/ (cae + da, ..., cne+dy) = a.
=2

By Definition 3.4.9, this proves that ¢’ represents a over the field F'. This
concludes the proof. O

Theorem 4.2.5. Let ¢ be a quadratic form over the field F' and
feF[Xy,...,Xm). If ¢ represents f over F(X1,...,Xy,), then ¢ represents
flay,...,am) over F for every ay,...,am € F.

Proof. Let ¢ be a quadratic form that represents f over the field
F(Xy,...,Xm)=F(X1,..., Xm-1)(Xm)-

This means that there exists a rational function ¢ € F(X71,..., Xm—1)(Xm)
with coefficients in F'(X1,..., X,,—1) so that ¢(q) = f. By Theorem 4.2.3,
there exists g € F(X1,..., Xm—1)[Xm] so that ¢(g) = f. We can express the
element g with polynomials Ay, ..., A, with coefficients in F/(X1,..., X;—1)
so that f = ¢(A1(Xm)), ..., An(X;)) where n = dim(¢). For every a,, € F
we obtain

f( X1, oo X1, am) = ¢(A1(am)), - .., An(am)).

Thus ¢ represents f(X1,..., Xm—1,am) over F(X1,..., X;n_1).

We can prove the actual result by induction on m. Assume m = 1.
Then the result follows immediately from Theorem 4.2.3. We assume that
the claim holds for the case m — 1 which means that if ¢ represents f
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over F(Xy,...,X,,—1), then ¢ represents f(ai,...,an—1) over F for every
a1,--.,am—1 € F. In the beginning we showed that ¢ represents

f(Xla cee ame].aam)

over F(X1,...,X;;m—1). That result along with the induction assumption
shows that ¢ represents f(ai,...,an) over F for every aq,...,a, € F. This
proves the result. ]

Theorem 4.2.6. Let ¢ = (a1,...,am) and » = (by,...,b,) be diagonal
quadratic forms over a field F where ay,...,am,b1,...,bn € F*. Assume
¢ is anisotropic and represents ¥(X1,...,Xy,) = Y.r b; X2 over the field
F(X1,...,X,). Then there exists a quadratic form 6 over F' such that ¢ is
equivalent to ¥_160. In this case we call that ¢ contains 1.

Proof. Again, we proceed by induction on the dimension m of ¢. When
m = 0, there is nothing to prove. For m = 1, we have ¢ = (a;). Because
¢ represents ¥(X1,...,Xy), we must have n = 1. By Theorem 4.2.5, ¢
represents ¢ (c) for all ¢ € F. Especially (a;) represents by when ¢ = 1. This
means a1z2 = by for some x € F. By Definition 3.4.2, (a1) = (b) in the case
that the dimension of the forms is 1. This proves the claim when m = 1.

Assume m > 0 and the claim holds for the case m — 1. Because ¢
represents ¥ (X1, ..., X,), by Theorem 4.2.5 ¢ represents (a1, ...,a,) for
all a1,...,a, € F'. When we choose a1 = 1 and a; = 0 otherwise, we obtain
that ¢ represents by over the field F. Hence ¢ = (b1)_Lp for some quadratic
form p.

By Theorem 4.2.1, ¢ is anisotropic over F(Xs,...,X,). By the assump-
tion, ¢ represents by X2+ (ba X5+ - -+b, X2) over the field F(Xo, ..., X,)(X1).
By Theorem 4.2.4, the quadratic form p represents (boX3 + --- + b, X2)
over the field F(Xa,...,X,). The form p is anisotropic over F because
¢ = (b1)Lp and ¢ and (by) are anisotropic. It follows from the induction
assumption that p = (be, ..., b,) L0 for a quadratic form 6 over F. Thus

(;5 = <b1>_Lp = <bl>_]_<b2, ‘e ,bn>_L9 = <b1, bz, ey bn>J_9 = ’l/JJ_H,
which proves the result. O

Recall that in Definition 4.1.1 the pure subform ¢ of form ¢ satisfy
¢ = (1)L¢’. In the following proof we also use an argument related to
minimal polynomials. Recall that a minimal polynomial of an element x in
the field F' is the polynomial f with coefficients in F' so that f(z) = 0 and
the degree of f is the lowest among all the polynomials which have x as a
root. More about minimal polynomials can be found in [3].

Theorem 4.2.7. Let F be a field of transcendence degree d over a real
closed field R. Let ¢ = ({(a1,...,ar)) be a Pfister form over the field F
where k > max {d,1}. Let ¢' be a pure subform of ¢. Then ¢’ represents 1
over F'.
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Proof. First, let ¢ be an isotropic form. By Theorem 3.4.4, there exist
as,...,ay € F* such that

(1) L¢' =p 2 (1,-1,a3,...,a,) = (1) L{—1,as,...,a,)

By Witt’s cancellation theorem 3.5.2, we obtain that ¢’ = (—1,as,...,a,).
When we evaluate the form (—1,ag, ..., ay) at the point (1,0,...,0) € F*~1
we see that the pure subform ¢’ represents —1.

Because the pure subform ¢’ represents —1, by Theorem 4.1.4 there exist
ba, ..., b, € F* so that ¢ = ((—1,ba,...,b)). Now we have

(1)Le) = ¢ = (=1, by, ... b)) = (1,—1) @ (1,be) @ ... @ (L,by), (4.19)

where the form (1, —1)®(1, b2)®. . .®(1, b) contains the form (1, —1)®(1, b).
By Theorem 3.4.2, we manipulate the form (1, —1) ® (1, b2) and rewrite it

(1,-1) ® (1,b2) = (1,b2) L — (1,b2) = (1) L (b, —b2). (4.20)
Now we can substitute the form in Equation (4.20) into Equation (4.19):
(1) L' = (1) L{ba, —bo) @ ... @ (1, by).

Again, by Witt’s cancellation theorem 3.5.2 and by the fact that & > 2, it
follows that the subform ¢’ is equivalent to the form (bg, —b2) ® ... ® (1, by)
which contains the form (be, —b3).

The form (ba, —b2) represents 1 when we evaluate it at the point (1/b2,0).
Note that 1/by is defined because by € F*. Thus ¢’ represents 1.

Hence we can assume that ¢ is anisotropic over F. By Definition 4.1.1,
the form ¢ has dimension 2¥(> 2). By Tsen-Lang Theorem 3.6.1, ev-
ery quadratic form of dimension greater than 2% is isotropic over the field
F(y/—1) where /—1 is the solution to the equation X2+ 1 = 0. This implies
that v/—1 ¢ F because otherwise there would exist the anisotropic quadratic
form X2 4 1 which contradicts the fact following from the Tsen-Lang theo-
rem.

Also, we have that ¢ is universal over F'(v/—1)(X,Y) which means that ¢
represents every element of the field F/(v/—1)(X,Y). Especially, ¢ represents
X + +/—1Y. Now every element in F(v/—1)(X,Y) has a form f + (X +
V=1Y)g for some f,g € F(X,Y)?". Because ¢ represents X + /—1Y,
by definition there exist f,g € F(X,Y)?" so that ¢(f + (X + v/—1Y)g) =
X 4+ +v/—1Y. Thus we have

P(9)(X +V=1Y)* + (2By(f,9) — 1)(X + V=1Y) + ¢(f) =0,  (4.21)

where By is the symmetric bilinear form associated to ¢ as defined in Defini-

tion 3.4.1. The rational function g # 0 because otherwise only f € F(X, Y)2k
would represent element X + +/—1Y where /—1 ¢ F. That is not possible.
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Because ¢ is anisotropic over the field F(X,Y) and by Theorem 4.2.1, it
follows that ¢(g) # 0.
We see that the minimal polynomial of the element X + /—1Y is

T? —2XT+ X? + Y2
Because ¢(g) # 0, we can divide Equation (4.21) by ¢(g). We obtain

By(f,9) —1 — o(f)
ol XV + g =0

The last term ¢(f)/¢(g) corresponds to the term X? + Y2 in the minimal
polynomial. Thus we obtain

3(9)(X* +Y?) = o(f).

(X +v/=1Y)2 +2

Because every Pfister form is multiplicative by Theorem 4.1.1 and ¢(g) # 0,
we obtain

o(f) = d(g)(X2+Y?H) = X2+ Y2

Thus the form ¢ represents X2 + Y2 over the field F(X,Y). By Theorem
4.2.6, we have ¢ = (1,1) 16 = (1) L(1).L#. By Witt’s cancellation theorem
3.5.2, we obtain ¢’ 2 (1) Lf. Hence we conclude that ¢’ represents 1 over
the field F'. O

4.3 Quadratic forms over commutative rings

The theory of quadratic forms of fields naturally extends to quadratic forms
over commutative rings. In this subsection, we represent a theorem which
is a generalization of Theorem 4.2.7 in the sense that instead of fields, the
quadratic forms are defined over commutative rings.

The following definitions generalize the previous Definitions 3.4.8 and
3.4.9. The content of this subsection is based on [12].

Definition 4.3.1 (Nondegenerate quadratic form over ring). Let R be a
commutative ring and B be an R-algebra. A quadratic form ¢ = (aq,...,am)
is nondegenerate over B if the image of the product [[;*, a; is invertible in
B.

Definition 4.3.2 (Weakly represented). Let R be aring and B an R-algebra.
Let ¢ = (ay,...,a,) be a quadratic form with coefficients in R. An ele-
ment b € B is weakly represented by ¢ over B if there exist such elements
Tl,...,Tm € B™ that b= ¢(z1) + ... + ¢(Tm).

Recall Definition 2.3.8 of a ring of fractions.

43



Definition 4.3.3 (Regular functions ring). Let A be a ring of fractions of
R-algebra of finite type. The rlng A is a regular functions ring over R if every
element of form 1 + Zz ,a? is invertible in A. The transcendence degree
of the regular functions ring A over R is the maximum of transcendence
degrees of the residue fields of A over R.

Recall that P(V') for an algebraic set V' C R™ denotes the ring of poly-
nomial functions on V' defined in Definition 3.3.7. The following example
clarifies how the weakly represented elements in Definition 4.3.2 are con-
nected to represented elements in Definition 3.4.9.

Ezxample 3. In this example we show a simple example of how to understand
the connection between weak representations and representations defined in
Definition 3.4.9. The example also clarifies the idea behind the proof of the
following theorem.

Let V- C R™ be an algebraic subset. If the element v € P(V) is weakly
represented by a Pfister form ¢ = ((g1,g2)) over the ring P(V'), then the
element v(x) is represented by ¢, = ({g1(x), g2(x))) over the real closed field
R.

By Definition 4.1.1 of a Pfister form, we can open the form

¢ = ((91,92))
= (1,91) ® (1, 92)
= (1,91, 92, 9192)
= X2+ 1Y%+ 2 2% + g1o K2, (4.22)

For simplicity we consider that v is weakly represented by functions f; €
P(V)? and fo € P(V)2. Because v is weakly represented by ¢ over P(V),
then v = ¢(f1) + ¢(f2) by Definition 4.3.2. Moreover, we can evaluate the
form v at the point x € R? using Equation (4.22). We obtain

v =¢(f1) + o(f2)
= ({91, 92)) (1) + ({91, 92))(f2)
= [T+ afi + 92 ff + 919207 + f3 + 91 f5 + 9215 + 19213
=i+ 5+ a7+ 3) + o2(ff + F5) + qg2(ff + f5). (4.23)
Now we note that when we evaluate the polynomials f1, f2, g1, g2 € P(V)?

at the point € R?, we are able to use the field structure of R? in the
calculations. In the field R? we can write

0< fi@)? + fale) = (VA@E T R@?)

Note that such formulation is not possible in the ring P(V)2. Now we use

44



Equation (4.23) and evaluate the forms at the point z. We obtain

(\/fl 2+ fof )) +g1(z (\/f1 2+ fof )>2+
<\/f1 2+ fox )) +g1(z (\/fl 2+ fo( ))2

=y +91( )y® + g2(2)y” + g1(2)g (fr)y2
= (1, 91(%), 92(x), 91(x) g2 (7)) (y)
= ((g1(2), 92(2))) (y) = ¢ (y)

where y = /f1(2)2 + f2(z)2. This shows that the form ¢, = ((g1(x), g2(z)))
represents the element v(x) if the form ¢ weakly represents the element v.

Theorem 4.3.1. Let V. C R™ be an algebraic subset. If the element v €
P(V) is weakly represented by a Pfister form ¢ = ({(g1,--.,gn)) over the ring
P(V), then the element v(x) is represented by ¢ = ({(g1(x), ..., gn(x))) over
the real closed field R.

Proof. Because v is weakly represented by ¢ over P(V), it follows that there
exist elements fi,..., fr € (P(V))" such that v = ¢(f1) + ... + ¢(fx) by
Definition 4.3.2. When we open the Pfister forms as in Example 3, we obtain
that

v(z) = (¢(f1) + .- + o(fr)(2)
= ((g91(2), ., gn(2)))(y)

)

where y = \/fl ()2 + ...+ fr(z)? This shows that ¢, represents element
v(x). O

The following lemma is technical but in some sense, it is the Pfister
version of Theorem 4.1.3. Recall Definition 4.1.2 of a nondegenerate Pfister
form.

Lemma 4.3.2. Let V. C R" be an algebraic subset. Let gi,...,gm € P(V)
be polynomials and let ¢; = ({¢1,-..,9i)) denote the Pfister form for each
i=1,...,m. Let vy be a sum of squares in P(V) and vit1 be an element
which is weakly represented by ¢; over P(V') fori=1,...,m—1. Define w; =
Z;":iﬂ gjvj fori=1,...,m —1. Let ¢ = ((wo, g1w1, - .., gm—-1Wm—1)) be a
Pfister form. Let x € V' be such that both forms (¢m)z = ((g1(z), ..., gm(x)))
and Yy = ((wo(z), grwi(z), ..., gm—1Wm—1(z))) are nondegenerate. Then

Proof. First we argue why the assumptions of Theorem 4.1.3 are satisfied.
We choose by = wo(x), a; = g; and u; = v;. First, vi(x) is a square in
R because v; is a sum of squares in P(V'). Second, v;41(z) is represented
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by (¢;), over R for i = 1,...,m — 1 by Lemma 4.3.1. Third, all w;(z)
are invertible because both forms (¢n,), = ((g1(z),...,gm(x))) and ¢, =
((wo(x), grwr (), ..., gm—1wm—1(x))) are nondegenerate and thus w;(x) =
d i1 95vi(x) #O0fori=1,...,m— 1.

Using the notation in Theorem 4.1.3, we obtain b; 11 = Z;”:H_l aju; =
> itiv1 95vj = wi. We deduce that

where the equivalency of the Pfister forms is based on Theorem 4.1.3. This
proves the theorem. O

The beginning of the proof of the following theorem utilizes nilradicals
and nilpotent elements of a ring that we defined in Definitions 2.1.6 and
2.1.7. The theorem can be viewed as a Pfister version of Theorem 4.2.7
for commutative rings. Recall Definition 2.3.7 of transcendence degree and
Definition 4.3.3 of a regular functions ring.

Theorem 4.3.3. Let A be a regular functions ring of transcendence degree
d over R. Let ¢ = ({ay,...,an)) be a nondegenerate Pfister form with coeffi-
cients in A where n > max(d, 1). Then the pure subform ¢’ weakly represents
the element 1 over A.

Before the theorem we prove two lemmas. Recall Definition 2.1.7 of a
nilradical ideal.

Lemma 4.3.4. Let A be a reqular functions ring of transcendence degree d
over R. Let N be the nilradical of A. Then the quotient ring A/N 1is also a
reqular functions ring of transcendence degree d over R.

Proof. If A is a regular functions ring, then every quotient ring of A is also
regular functions ring because all the elements of the form [1] + Zle[ai]Q
are invertible in the quotient ring. Here the brackets denote the equivalence
classes of A/N.

The transcendence degree for A/N over R is the same as for A because
the transcendence basis for A/N consist of equivalence classes of the tran-
scendence basis of A i.e. there is bijective mapping between the bases. We
consider this more precisely in the following.

Clearly the correspondence between the transcendence basis of A and the
transcendence basis of A/N is surjective since every equivalence class in the
transcendence basis of A/N corresponds some element in A.
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Next, we consider injectivity. If x1,x9 are two distinct elements in the
transcendence basis of A, then it means that they belong to separate equiv-
alence classes in the quotient ring A/N. If the elements belong to the same
class, for example, x1 € xo + N, then 1 — x5 € N. Then by Definition 2.1.7
we have (z1 — z2)" = 0 for some positive n. The condition (x; — z2)" =0
also indicates that there is a polynomial f € R[X,Y] so that f(z1,x2) = 0.
This contradicts the assumption that 1 and xo are algebraically independent
which we defined in Definition 2.3.6. O

Recall that radicals are defined in Definition 2.1.5.

Lemma 4.3.5. In Theorem 4.3.3 it suffices to consider that the reqular
functions ring A is the radical A/N.

Proof. Let N be the nilradical of A. Now we show that if 1 is weakly repre-
sented by ¢’ over the radical A/N, then 1 is weakly represented by ¢’ over
A. Thus, in the context of Theorem 4.3.3, it suffices to consider that A is
the radical A/N.

If 1 is weakly represented by ¢’ over A/N, then there exists a nilpotent
element b € N so that

¢’(a1) + ...+ ¢’(ak) =140,

where a1,...,ar € A. The element 1 4+ b # 0 and thus it is invertible in A.
Also, 1 + b has a square root s in A because it is weakly represented by a
sum of Pfister forms i.e. if we open the sum ¢/(a1) + ...+ ¢'(ax), we obtain
the element s so that s> =1+ b.

Because ¢'(a1) + ...+ ¢'(ax) = s? and by dividing both sides by s, we
obtain the weak representation ¢'(a1/s) + ...+ ¢'(ax/s) = 1. Thus we can
assume that A is radical. O

Now we proceed to the proof of Theorem 4.3.3. Recall Definition 2.3.9
of total ring of fractions.

Proof. We proceed by induction on the transcendence degree d. First, let
d = 0. That means that A is algebraic over R. It also means that A is a
finite product of spaces R. If A is an infinite product of spaces R, then we
can construct an element z € A such that x is not algebraic over A.

Because n > 2, then it is not possible that all the coefficients of ¢’ are
negative in each copy of R since if a; < 0 and a; < 0 are coefficients of ¢’ in
some copy of R, then the coefficient a;a; is positive in R. Without loss of
generality, we assume that the positive coefficient is a;. Then

¢ (1/y/a1,0,...,0) = (a1, ...,an,a1a2,...,a1as...a,) (1/y/az,0,...,0)
o (1/y/a)? =1
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Thus ¢’ represents 1 over A.

Assume then that d > 0 and the claim holds for all regular functions
fields of transcendence degree less than d over R. By Theorem 2.3.2, we can
embed A into the total ring of fractions denoted by K. The ring K consists
of all the elements of A and their multiplicative inverses. By Theorem 2.3.3,
the ring of fractions K is the product of residue fields of A at its minimal
prime ideals. Each of these residue fields has a transcendence degree at most
d over R which we can deduce similarly as in the proof of Lemma 4.3.4.
Thus the transcendence degree of K is at most d.

Now we can apply Theorem 4.2.7 and obtain that ¢’ represents 1 over the
field K. Thus there exists u/f € K such that 1 = ¢/(u/f) where u, f € A.
When we clear the denominator by multiplying f2, we obtain f2 = ¢'(u).
If f is invertible in A, then we immediately obtain 1 = ¢'(u/f) as a weak
representation of 1.

Let us consider the case that f is not invertible. We denote (f) the ideal
of A generated by the element f. The ring A/(f) is a regular functions ring
of transcendence degree less than d over A which we can argue similarly
as in the proof of Lemma 4.3.4. By the induction assumption, 1 is weakly
represented by ¢’ over the ring A/(f). This means that there exist elements
ai,...,ar € A/(f) such that

1—bf =¢'(ar) + ...+ ¢ (ag).

When we reorganize the terms, take the squares and use the previous fact
that f2 = ¢/(u), we obtain

(1—¢'(a1) —... = ¢ (ar)> =1—2(¢'(a1) + ... + ¢ (ar))
+ (¢ (@) + ... + ¢ (ar))?
(

~—
~—
)

+(¢'(ar) + ... + ¢ (a
2 = 6 (u) = & (bu).

When we reorganize the terms, we obtain
1+5° = ¢'(y1) + - + ¢ (Yrr1),

where s = ¢'(ay) + ... + ¢'(ax), y1 = bu, and y;11 = V2a; for i = 1,... k.
By Definition 4.3.3 of regular functions ring, the element 1 + s? is invertible
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in A. Thus we can manipulate the expression the following way

22 _ 2 - oo
1+ = (145> ¢ ()
i=1
k+1 k+1
=> W)+ W)
=1 =1
k+1 k+1
=3 )+ Y& (smi)-
=1 =1

When we divide the expression by (1 + s2)?, we obtain

k+1

k+1
Yi / SYi
1= !
>4 (i) v 27 (7).

which proves that 1 is weakly represented by ¢’ over A.
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Chapter 5

Theorem of Brocker and
Scheiderer

5.1 One-dimensional example

Before we formally present and prove the main theorem, we introduce a
few examples which motivate the result as well as give insights into the
constructive perspectives of the main theorem. The thesis [22] is studying
constructive approaches to the theorem of Brocker and Scheiderer.

We formulate one of the simplest examples in the one-dimensional case
where the reals R serve as the real closed field. Let us fix a basic semi-
algebraic subset

V={zeR|z<l,z>-1}={zeR|1-2>0, 2+1>0} =] —-1,1[.

Now the theorem of Brocker and Scheiderer implies that there exists a
single polynomial f € R[X] so that V = {z € R| f(z) > 0}. It is easy to
see that the polynomial is f(z) = —(1 — z)(x + 1) = 1 — 22 which is a
parabola opening downwards and positive on | — 1, 1[. Often in the construc-
tive methods, one of the polynomials is the product of all the polynomials
that define the basic semi-algebraic set. This leads to the property that
the degree of the reduced polynomials tends to grow large compared to the
original polynomials.

5.2 Two-dimensional example

The author in [22] develops a constructive method for a two-dimensional case
where the polynomials are linear. We demonstrate the constructive method
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Figure 5.1: Semi-algebraic set V' defined by the polynomials f1, fo, f3, f4 and
5

by a concrete example. For example, let the semi-algebraic set be

V={(z,y) e R?*| filz,y) = —y+5>0, folx,y) =y + 5z + 15 > 0,

1 1
fs(,y) = y+52+5 >0, fa(w,y) = y—52+10 > 0, f5(z,y) = —y—a+15 > 0}.
Figure 5.1 shows the semi-algebraic set in the plane. By the theorem
of Brocker and Scheiderer, there exist two polynomials that define the set
V. As in the one dimensional case, the first polynomial is simply f(x,y) =

H?:l fz(xv y)

Next we construct the second polynomial. First, we see that the points,

where the polynomials f1,..., f5 are intersecting, are the following:
e fi intersects with fo at y; = (—4,5),
e fo intersects with f3 at yo = (—20/9,—35/9) ~ (—2.22, —3.89),
e f3 intersects with fi at y3 = (5, —15/2),
e f4 intersects with f5 at y4 = (50/3,—5/3) ~ (16.67,—1.667), and

e f5 intersects with f; at y5 = (10,5).

Following the construction presented in [22], we choose linear functions
gi:R? — R so that g;(y;) > 0 and g;(y;) < 0 for i # j. We can find these
linear functions by solving five systems of linear inequalites. For example,
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the system for the first polynomial g;(x,y) = ax + by + c is

—4a+5b+c>0
—%a—gﬁ;’b+c<0
ba— Pb+c <0
20 2b4+c¢<0

3473
(10a + 5b + ¢ < 0.

For example, we can choose the following polynomials: ¢1(z,y) = —x + vy,
92(2,y) = —z—y—3, gs(x,y) =z -9y —33, ga(z,y) = z— 11 and gs5(z,y) =
x4+ 4y —17.

We set p;(x) = g;(z)? for i 1,...,5. Next, we need to solve the
coeflicients ¢; for j = 1,...,5 from the equation:

5
> epily;) = 1.
i=1

We express the equation as

p1(y1)

p1(ys)

p5(y1)

C1

p5(ys) | |cs 1

The thesis [22] proves that the solution always exists and it is unique. In
this example we obtain the solution

c1 173029/297265948
c2 639747/297265948
c3| = | 3450/74316487
c4 32671/12133304
s 249119/594531896

Then the second polynomial is

5
g(Q?, y) =1- Zcigi(x7y)

i=1
and V = {(z,y) € R*| f(z,y) >0, g(z,y) > 0}. See Figure 5.2 for visual-
ization of these polynomials.

5.3 Theorem of Brocker and Scheiderer for basic
open semi-algebraic sets

The following theorem is the main result of this work. Note that the constant
k > 0 can be much larger than the dimension of the algebraic set. The proof
is based on [12]. Another proof can be found in [23].
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Figure 5.2: The semi-algebraic set V expressed with the polynomials f
and g. The set {(x,y)| f(x,y) > 0} defines the gray area and the set
{(z,y) | g(x,y) > 0} defines the purple area. Their intersection is the set
V.
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Theorem 5.3.1 (Theorem of Brocker and Scheiderer for basic open semi-al-
gebraic sets). Let V' be an algebraic subset of R™ with dimension d > 0. Then
every basic open semi-algebraic subset U C V' can be defined by d simultane-
ously strict inequalities. In other words, if k > 0 and

U={ze€V|gi(z)>0,...,g9k(x) >0} (5.1)

where g; € R[X1,...,X,] for 1 <i <k, then there exist f1,..., fq € P(V)
so that
U={zeV| fi(z)>0,..., fa(x) > 0}.

Proof. Let V be an algebraic subset of R™ with dimension d > 0. It suffices
to prove the theorem in the case when U = U(g1,...,gq+1). For the cases
when we have more than d+1 inequalities, we can iteratively apply the result
until we reach the system of d inequalities. Let

YU={heP(V)|h(x)>0foralzeclU}
be the set of those polynomials which are positive on U. Let
B = (XU)"'P(V)

be the ring of fractions which is well-defined since XU is multiplicative sub-
monoid of P(V). Recall the notation (XU)™'P(V) and the definition of
the ring of fractions in Definition 2.3.8. Considering the notation in the
definition we choose S = XU.

The ring B is a regular functions ring of transcendence degree at most d
over R because the elements 1+ > 1", f? are invertible for f; € B. The fact
that the elements of form 1+ ;" f? are invertible follows immediately from
the construction of B where we include the inverses of the nonzero elements
by Definition 2.3.8.

Next we show that the transcendence degree of B is at most d. By
Definition 3.3.7, we have dim(V') = dim(P(V')). The canonical ring homo-
morphism i: P(V) — (ZU)"'P(V) (see Theorem 2.3.2) shows that

d = dim(V) = dim(P(V)) > dim((XU)"'P(V)) = dim(B).

By Theorem 3.3.2, we obtain that the transcendence degree of B is at most
d.

For nondegenerate Pfister forms recall Definition 4.1.2. The Pfister form
¢ = ({g1,---,94+1)) is nondegenerate over B because g1,...,94+1 € B\ {0}
by assumption that g;(z) > 0 for all z € U and for i = 1,...,d + 1.

In the following we will reformulate Pfister forms so that we can utilize
Lemma 4.3.2. By Theorem 4.3.3, the pure subform ¢ of the Pfister form ¢
weakly represents 1 over the ring B. By Definition 4.3.2, this means that
there exist elements py,...,p; € B such that 1 = ¢/(p1)+...+ ¢ (p;). When
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we multiply the representation by the square (1 — gg11 + gg Jr1)2, we obtain
that

(1=ga+1+9a1)° = ¢ (P1(1=gas1+931)) -+ (0(1=gas1+9341))- (5-2)

Hence ¢/ also weakly represents the square (1—gg+1+ 93 Jr1)2 over the ring B.
Following the convention we denote ¢; = ((g1,...,9;)) fori =1,....d+ 1.
When we repeat Theorem 3.4.2 for the subform ¢’, we can write

¢ =gi(1)Lga1 L ... Lgas10a. (5.3)

We can compare this representation for the similar one we obtained in the
proof of Theorem 4.1.4. When we open the square, we have the following
equation

(1= gas1 +9341)° = A+ 93:1)° — 200+ g311)9a4+1 + Ga11-

Next we evaluate each ¢’ in Equation (5.2) using Equation (5.3). More
precisely, let y; = p;(1 — gg+1 + 9§+1) for 1 <14 <. Using Equation (5.3) we
obtain

&' (yi) = g1 (yi)* + 9201 (Yi) + - - - gar10a(yi) (5.4)

for 1 <17 <. Thus we can calculate

(14 g3 = (p1(1 — gay1 + g341)) + -+ &' (0i(L = gar1 + 9311))
+2(1+ g3, 1)9a41 — 9i (5.5)
= (y) + ...+ (W) + 21+ g3, 1)9a41 — 9in
=2(1+ g341)9d+1 — a1+

I
> (9197 + 9201 (i) + - - + gar10a(i)) (5.7)
=1
I
=g (2%2) + 92 <Z¢1(yi)> +
i=1 i=1
I
+ ga+1 (2(1 +9541) — Gar1 + Z ¢d(yz‘)> (5.8)
i=1

= g1u1 + gou2 + .. + gaua + a1 (uar1 + 2(1 + g341)). (5.9)

We obtain Equation (5.5) by adding the term 2(1 + g7 1)gd+1 — 97,1 on
the both sides of Equation (5.2). Equation (5.6) follows from the property
that we set y; = pi(1 — gg41 + g3.,) for 1 < i < 1. Equation (5.7) follows
from the calculation where we open the forms ¢'(y;) using Equation (5.4)
for 1 < i < [. Equation (5.8) is obtained by reorganizing the terms and
taking g; for 1 <+i < d+1 as a common divisor. Finally, we obtain Equation
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(5.9) by writing that u; = Zi‘:l y? and ujyq = 22:1 ¢j(ys) for j=1,...,d.
We immediately see that u; is a sum of squares in B and wu;y; is weakly
represented by ¢; over B for j =1,...,d.

We note that ug1+2(1+g3 1) is positive on U. When we multiply Equa-
tion (5.9) with suitable squares so that we clear the possible denominators,
we get the following equation in P (V)

wo = g1v1 + G2v2 + ... + Gavd + Gd+1Vd+1, (5.10)

where the setting satisfies the assumptions of Lemma 4.3.2. More precisely,
the element wy is a square in P(V) since it is (1 + g7,,)* multiplied by
squared terms, v; is a sum of squares in P (V) since u; is a sum of squares,
and v;+1 are weakly represented by ¢; over P(V) because u; are weakly
represented by ¢; over P(V) for i = 1,...,d. Besides, vgy1 is positive on U
since ugy1 + 2(1 + g?i_H) is positive on U.

Let w; = Z;l;lﬂ gjvj for i = 0,...,d and ¢ = ((wo, g1v1, ..., gawq)).
Now we can use Lemma 4.3.2. For x € V', we used the notation

Yz = ((wo(z), grwi (), ..., gawa(z)))

in the proof of Lemma 4.3.2. For every x € V so that ¢, and 1, are
nondegenerate, we have that ¢, = ¢,. We define f; = gyw; fori=1,...,d.
Now we are ready to prove that

U=U(f1,....fa) ={z €V | fi(z) >0,..., fa(z) > 0}.

We note that v; are positive for j = 1,...,d on U. This follows from
the fact that v; are the sum of squares divided by suitable positive elements
as the previous construction showed. This means that w; are also positive
for j =1,...,d on U. Thus we can estimate f; = g;w; > g; > 0. Because
gi > 0, it follows that f; > 0 on U. Hence the inclusion to the first direction
follows easily

U=U(g1,---,9d+1)
={zeV|g(z)>0,...,9411(z) > 0}
Cl{z eV | fi(x)>0,..., fq(x) >0}
=U(f1,..., fq)

Next we show that U(f1,...,fq) C U. Let x € U(f1,..., fq). Every
polynomial g1, ..., gg+1 divide the product Hle fi because by definition f; =
giw; for i = 1,...,d. The case that g441 divides the product follows from
the fact that we defined w; = E?;l +19;jv; and the polynomial g4, is a part
of the sum. It follows that the form 1, = ((wo(z), grw1(x), ..., ggwq(x))) is
nondegenerate in the sense of Definition 4.3.1. Because

d+1 d+1
wo = E gjv; = gi1v1 + E gijvj = g1v1 + w1
=1 j=2
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we obtain by multiplying g; that gjwo = giv1 + grw1 = g?v1 + f1 because
we set fi = giwi. Because giwy = givy + f1 is positive on U(f1, ..., f4) and
wp is square, we have wo(x) > 0. Thus the form

Yy = <<w0(x)7 glwl(x)a s 7gm—1wm—1($)>>

is nondegenerate and it has a positive signature. Recall Definition 3.4.5 of
a signature. By the reasoning we did in the beginning of the proof, we
concluded that ¢, =2 1, for nondegenerate forms ¢, and 1,. Thus it follows
that the signature of ¢, is also positive which implies that g;(z) > 0 for
i=1,...,d+ 1 by Definition 3.4.5. Thus x € U. This proves the theorem
of Brocker and Scheiderer for basic open semi-algebraic sets. O

The result is fascinating for a reason. Despite the fact that k£ can be
arbitrarily large, there always exist polynomials f; and their number depends
only on the dimension of V. Generally, we can drop the requirement of
strict inequalities in Equation (5.1). In this case the bound will increase to
d(d + 1)/2. Nevertheless, the bound still depends on the dimension of the
algebraic subset V.

5.4 Conclusion

Semi-algebraic geometry is not as widely studied a topic as algebraic geome-
try. Despite this, we believe that semi-algebraic geometry contains intriguing
results that are also interesting for those mathematicians who are not spe-
cialized in algebraic or semi-algebraic geometry.

The theorem of Brocker and Scheiderer is one of the most fascinating
results in this field. In this work, we represented and proved the theorem of
Brocker and Scheiderer for basic open semi-algebraic sets. We left out the
part of the theorem which shows that a similar bound holds for basic closed
semi-algebraic sets for a fixed algebraic variety.

We aimed to be detailed in the proofs and represent sufficient prerequi-
sites and references. On the other hand, we represented only one version
of how to prove the theorem. We left out many important results from
semi-algebraic geometry that did not have a role in this work. Some of
these results have a connection to the main theorem although they are not
immediately needed in the proof.

Although this work has been abstract, we believe that semi-algebraic
geometry is widely useful in various applications where we rigorously need
to manipulate sets defined by polynomial inequalities. The proofs in semi-
algebraic geometry can provide starting points for the development of con-
structive algorithms which could be used, for example, in linear program-
ming. One of the primary motivations for this work has been to understand
the theorems and write the proofs sufficiently detailed manner so that future
work in the development of constructive methods will be easier.
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