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Introduction

The study of polynomial equations is a canonical subject in mathematics education,
as is illustrated by the following examples: Quadratic equations in one variable (high
school), systems of linear equations (linear algebra), polynomial equations in one vari-
able and their symmetries (algebra, Galois theory), diophantine equations (number the-
ory) and systems of polynomial equations (algebraic geometry, commutative algebra).

In contrast to this, the study of polynomial inequalities (in the sense of “greater than” or
“greater or equal than”) is mostly neglected even though it is much more important for
applications: Indeed, in applications one often searches for a real solution rather than a
complex one (as in classical algebraic geometry) and this solution must not necessarily
be exact but only approximate.

In a course about linear algebra there is frequently no time for linear optimization. An
introductory course about algebra usually treats groups, rings and fields but disregards
ordered and real closed fields as well as preorders or prime cones of rings. In a first
course on algebraic geometry there is often no special attention paid to the real part of
a variety and in commutative algebra quadratic modules are practically never treated.

Most algebraists do not even know the notion of a preorder although it is as important
for the study of systems of polynomial inequalities as the notion of an ideal is for the
study of systems of polynomial equations. People from more applied areas such as
numerical analysis, mathematical optimization or functional analysis know often more
about real algebraic geometry than some algebraists, but often do not even recognize
that polynomials play a decisive role in what they are doing. There are for example
countless articles from functional analysis which are full of equations with binomial
coefficients which turn out to be just disguised simple polynomial identities.

In the same way as the study of polynomial systems of equations leads to the study of
rings and their generalizations (such as modules), the study of systems of polynomial
inequalities leads to the study of rings which are endowed with something that re-
sembles an order. This additional structure raises many new questions that have to be
clarified. These questions arise already at a very basic level so that we need as prereq-
uisites only basic linear algebra, algebra and analysis. In particular, this course is really
extremely well suited to students heading for a teaching degree. It includes several
topics which are directly relevant for high school teaching.

To arouse the reader’s curiosity, we present the following table. It contains on the left
column notions we assume the reader is familiar with. On the right column we name



Vi

what could be seen more or less as their real counterparts mostly introduced in this

course.
Algebra | Real Algebra

Algebraic Geometry | Real Algebraic Geometry
systems of polynomial equations | systems of polynomial inequalities

1" — 7”7 1" 2 7
complex solutions | real solutions
C|R

algebraically closed fields | real closed fields
fields | ordered fields
ideals | preorders
prime ideals | prime cones
spectrum | real spectrum
Noetherian | quasi-compact
radical | real radical
fundamental theorem of algebra | fundamental theorem of algebra
Aachen, Aalborg, Aarhus, ... | Dortmund, Dublin, Innsbruck, ...
..., Zagreb, Ziirich ..., Konstanz, Ljubljana, Rennes

It is intended that the fundamental theorem of algebra appears on both sides of the
table. In its usual form, it says that each non-constant univariate complex polynomial
has a complex root. In Section 1.4, we will formulate it in a “real” way. The difficulties
one has to deal with in the “real world” become already apparent when one asks the
corresponding “real question”: When does a univariate complex polynomial have a
real root? The answer to this will be given in Section 1.6 and requires already quite
some thoughts.

Traditionally, Real Algebraic Geometry has many ties with fields like Model Theory,
Valuation Theory, Quadratic Form Theory and Algebraic Topology. In this lecture, we
mainly emphasize however connections to fields like Optimization, Functional Analy-
sis and Convexity that came up during the recent years and are now fully established.

Throughout the lecture, N := {1,2,3,... } and Ny := {0} UIN denote the set of positive
and nonnegative integers, respectively.
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§1 Ordered fields

1.1 Orders of fields

Reminder 1.1.1. Let M be a set. An order on M is a relation < on M such that for all
a,b,c e M:
a<la (reflexivity)
(a<b&b<c) = a<c (transitivity)
(a<b&b<a) = a=0b (antisymmetry)
and a<borb<a (linearity)

In this case, (M, <) (or simply M if < is clear from the context) is called an ordered set.
Fora,b € M, one defines

a<b:<= a<b&a#hb,
a>b:<— b<a

and so on.

Definition 1.1.2. Let (M, <;) and (N, <) be ordered sets and ¢: M — N be a map.
Then ¢ is called a homomorphism (of ordered sets) or monotonic if

1<1b = ¢(a) <z @(b)

injective

foralla,b € M. If ¢ is {bijective} and if

1<1b <= ¢(a) <7 9(b)

embedding

foralla,b € M, then ¢ is called an { . .
isomorphism

} (of ordered sets).

Proposition 1.1.3. Let (M, <1) and (N, <;) be ordered sets and ¢: M — N a homomor-
phism. Then the following are equivalent:

(@) @ is an embedding
(b) ¢ is injective

() Va,be M : (¢(a) <z ¢(b) = a <1 b)



Proof. (c) = (b) Suppose (c) holds and let a,b € M such that ¢(a) = ¢(b). Then
¢(a) <, ¢(b) and ¢(a) >, ¢(b). Now (c) implies a <; band a > b. Hencea = b.

(b) => (¢) Suppose (b) holds and leta,b € M with a £; b. To show: ¢(a) Z2 ¢(b).
We have a >; b and it suffices to show ¢(a) > ¢(b). From a >; b it follows by
the monotonicity of ¢ that ¢(a) >» ¢(b). From a # b and the injectivity of ¢ we get
¢(a) # @(b).

From (b) <= (c) and (a) <= ((b)&(c)) [+ 1.1.5] the claim now follows. O

Definition 1.1.4. Let K be a field. An order of K is an order < on K such that for all
a,b,c € Kwe have:

a<b = a+c<b+c (monotonicity of addition)
and (a <b&c>0) = ac <bc (monotonicity of multiplication).

In this case, (K, <) (or simply K when < is clear from the context) is called an ordered
field.

Definition 1.1.5. Let (K, <) and (L, <;) be ordered fields.

A field homomorphism (or equivalently, field embedding!) ¢: K — L is called a
homomorphism or embedding of ordered fields if ¢ is monotonic (pay attention to 1.1.3
together with the fact that field homomorphisms are injective). If ¢ is moreover surjec-
tive, then ¢ is called an isomorphism of ordered fields.

If there exists an embedding of ordered fields from (K, <7) into (L, <), then (K, <4
) is called embeddable in (L, <;) and one denotes (K, <;) — (L,<p). If there is an
isomorphism of ordered fields from (K, <7) to (L, <), then (K, <;) and (L, <) are
called isomorphic. This is denoted by (K, <1) = (L, <5).

(K, <1) is called an ordered subfield of (L, <,), or equivalently (L, <;) an ordered ex-
tension field of (K, <y), if (K,<1) — (L, <), a + a is an embedding, that is if K is
a subfield of L and (<;) = (<) N K x K. For every subfield of L there is obviously
a unique order making it into an ordered subfield of (L, <;). This order is called the
order induced by (L, <5).

Proposition 1.1.6. Let (K, <) be an ordered field. Then a®> > 0 for all a € K.

Proof. Let a € K. When a > 0 this follows immediately from the monotonicity of
multiplication [— 1.1.4]. When a < 0 the monotonicity of addition [— 1.1.4] yields
0 =a—a < —a, whence —a > 0 and therefore a*> = (—a)? > 0. O

Proposition 1.1.7. Let (K, <) be an ordered field. Then K is of characteristic 0 and the uniquely
determined field homomorphism Q — K is an embedding of ordered fields (Q, <g) — (K, <).
Hence (K, <) can be seen as an ordered extension field of (Q, <q). In particular, for K = Q it
follows that (<q) = (<L), i.e., Q can only be ordered in the familiar way.

Proof. From 1.1.6 we have 0 < 12 = 1in (K, <). Using the monotonicity of the addition,
we deduce

() 0<1<14+1<1+14+1< ...
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If we had charK # 0, then (%) would give 0 < 1 < 0 by the transitivity of < which
would imply 0 = 1 in K by the antisymmetry of <, contradicting the definition of a
field. Let ¢ denote the field homomorphism Q — K and let a,b € Q witha <g b. To
show: ¢(a) < ¢(b). Writea = £ and b = £ withk, ¢ € Z and n € N. Then
—1 1 Yoy
p(n) =1+ -+ >

= char K=0
n times

and, by the monotonicity of multiplication and Proposition 1.1.6, also

o= (5 <1>> oln) =0

Hence it suffices to show that ¢(a)p(n) < ¢(b)¢@(n). This reduces to ¢(an) < ¢(bn),
that is ¢(k) < ¢(¢), or equivalently ¢(¢ —k) > 0. But due to ¢ — k >q 0 this follows
from (x). O

Proposition and Notation 1.1.8. Let (K, <) be an ordered field. Then for every a € K* there
are uniquely determined sgna € {—1,1} (“sign” of a) and |a| € K59 := {x € K | x > 0}
(“absolute value” of a) such that

a = (sgna)lal.
One declares sgn 0 := |0| := 0. It follows that |ab| = |a||b|, sgn(ab) = (sgna)(sgnb) and
|a+b| < |a| +|b| foralla,b € K.

Proof. The first part is very easy. Let now a,b € K. Then ab = (sgna)(sgnb)|a||b|,
implying |ab| = |a||b| as well as sgn(ab) = (sgna)(sgnb). For the claimed triangle
inequality, we can suppose a + b > 0 (otherwise replace a by —a and b by —b). Then
la+bl=a+b<a+ b <|a|+ |b]. O
Definition 1.1.9. Let (K, <) be an ordered field.

(a) (K, <) is called Archimedean if Va € K: 3N € IN : a < N (or equivalently, Va € K :
AN eN:—-N <a).
(b) A sequence (a,),eN in K is called
e a Cauchy sequence if Ve € K59 : AN € N :Vm,n > N : |a,, —a,| < g,
e convergent toa € Kif Ve € K59 : AN € N : Vn > N : |a, — a| < & (one easily
shows that a is then uniquely determined and writes lim;, . 2, = a),
o convergent if there is some a € K such that lim, . a, = a.

We call (K, <) Cauchy complete if every Cauchy sequence converges in K (by the way
it is immediate that every convergent sequence is a Cauchy sequence).

(c) We call a subset A C K bounded from above if K contains an upper bound for A
(meaning some b € K such that Va € A : a < b). We call (K, <) complete if every
nonempty subset of K bounded from above possesses a lowest upper bound, i.e., a
supremum.
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Proposition 1.1.10. Let (K, <) be an ordered field. Then the following are equivalent:

(a) (K, <) is Archimedean

(b) Va,beK:(a<b = Jc€Q:a<c<D)

Proof. (b) = (a) Suppose (b) holds and let 2 € K. To show: IN € IN : a < N.

WLOG a > 0. To show: IN € N : % < % Choose ¢ € Q such that 0 < ¢ < % Write
c = §; for certain m, N € IN. Then% <g=c< %

(a) => (b) Suppose (a) holds and let a,b € K such that a < b. Choose N € IN such
that ﬁ < N. Then % < b —aand hence a + % < b. Now choose the smallest m € Z

such thata < §. If wehad §; > b, thena + % < y and therefore a < mT_l, contradicting
our choice of m. Therefore a < §; < b. O]

Lemma 1.1.11. Let (K, <) be an Archimedean ordered field. Then
K= { li_r>n ay | (an)nen sequence in Q that converges in K } .
n—oo

Proof. Leta € K. We have to show that there is a sequence (ay)nen in Q that converges
in K to a. Choose for every n € IN according to 1.1.10 some a, € Q such that a <
a, < a-+ % Let ¢ € K<g. Choose N € N such that% < N. For n > N we now have
lay—a)l=a,—a<i< i <e O

Lemma 1.1.12. Suppose (K, <) is an Archimedean ordered field and (a,),en is a se-
quence in Q. Then the following are equivalent:

(@) (an)nen is a Cauchy sequence in (Q, <)
(b) (an)nen is a Cauchy sequence in (K, <)
Proof. This follows easily from 1.1.10. O

Exercise 1.1.13. Suppose (K, <) is an ordered field and (a,),enN, (bx)nen are convergent
sequences in K. Then

Jimantbn) = (fim o) + (fimbe) - and - lim ab) = (fim o) (Jim b
Theorem 1.1.14. Let (K, <) be an ordered field. Then the following are equivalent:

(@) (K, <) is Archimedean and Cauchy complete

(b) (K, <) is complete

Proof. (a) = (b) Suppose (a) holds and let A C K be a nonempty subset bounded
from above. Choose for every n € IN the smallest k,, € ZsuchthatVa € A:a < %” and

seta, 1= %" € Q (use the Archimedean property!). Using again the Archimedean prop-
erty, one can show easily that (a,),en is a Cauchy sequence and therefore convergent
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by hypothesis. We leave it as an exercise to the reader to show that a := lim,_, a, is
the lowest upper bound of A in (K, <).

(b) = (a) We prove the contraposition.

First, suppose that (K, <) is not Archimedean, i.e., the set

A={aeK|VYNeN:a<-N}

is not empty. We claim that A does not have a lowest upper bound: Indeed, if a € K
is an upper bound of A, thensoisa—1 <asince A={a € K|VYN€Z:a <N} =
{1eK|VNeZ:a+1<N}={a—-1|aceKVYNeN:a<N}=A-1

Finally, suppose that (K, <) is not Cauchy complete, say (4,)nen is a Cauchy se-
quence in K that does not converge. We claim that

A={acK|INeN:Vn>N:a<a,}

is nonempty and bounded from above but does not possess a lowest upper bound. We
leave this as an exercise to the reader. O

Lemma 1.1.15. Suppose (K, <) is an Archimedean ordered field and (R, <g) a complete
ordered field. Then there is exactly one embedding (K, <) < (R, <g). This embedding
is an isomorphism if and only if (K, <) is complete.

Proof. Exercise. O

Theorem 1.1.16. There is a complete ordered field (R, <). It is essentially unique, for if
(K, <k) is another complete ordered field, then there is exactly one isomorphism from (K, <)
to (R, <).

Proof. The uniqueness is clear from 1.1.15 together with 1.1.14. We only sketch the proof
of existence and leave the details as an exercise to the reader: Show that the Cauchy
sequences in Q form a subring C of QN and that

[:= {(an)neN €C| lima, = 0}
is a maximal ideal of C. Set R := C/I. Show that
a<b:<= J(an)nen, (bp)ueninC: (a = (ay)pen' &b = (by)nen' &V € N :a, < by)

(a,b € R) defines an order < on R. It is clear that (R, <) is Archimedean. By Theorem
1.1.14 it suffices to show that (R, <) is Cauchy complete. To this end, let (a,),en be a
Cauchy sequence in (R, <). By 1.1.10, there exists a sequence (4, )en in Q such that
|an — gn| < % for n € IN. Now deduce from the fact that (a,),en is a Cauchy sequence
in (R, <) that (g, )nen is such in (R, <) and hence also in (Q, <). Now (g, )nen € C. Set
a:= (qn)neNI . It is enough to show lim,,_, a, = a. Finally show that this is equivalent
to lim, e g4 = a in (K, <) and prove the latter. d

Corollary 1.1.17. (R, <) is an Archimedean ordered field into which every Archimedean or-
dered field can be embedded. Up to isomorphy it is the only such ordered field.
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Proof. The first statement is clear from 1.1.14, 1.1.15 and 1.1.16. Uniqueness: Let (K, <g)
be another such ordered field. Then

(R, <)% (K<) 5 (R <)

and ¢ o ¢ is the by 1.1.15 unique embedding (R, <) — (R, <), i.e.,, o ¢ = id. This
implies that ¢ is surjective. Hence (K, <g) = (R, <). O

Notation 1.1.18. Let A be a ring. Then we often use suggestive notation to describe
certain subsets of A such as the following:

e A2=1{a’|ac A} (“squares”)
o Y AZ={¥!, a? | £ € No,a; € A} (“sums of squares”)

oxﬁT:{ﬂaﬁnMeN@meAneT} (T C A)
(“sums of elements of T weighted by squares”)

e T+T={s+t]|steT} (TCA)

o TT = {st|s,teT} (TCA)

o T={—-t|teT} (TCA)

o T+aT ={s+at|steT} (TCAacA)
Proposition 1.1.19. Let K be a field.

(@) If <is an order of K [— 1.1.4], then P := K>o = {a € K | a > 0} has the following
properties:

(%) P+PCP, PPCP, PU-P=K and PN-P={0}.

(b) If P is a subset of K satisfying (), then the relation <p on K defined by
a<pb:<—= b—acP (a,b € K)
is an order of K.

(c) The correspondence

defines a bijection between the set of all orders on K and the set of all subsets of K satisfying

(%)-
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addition
multiplication
—P = K from the linearity [ 1.1.1] and PN —P = {0} from the antisymmetry [—
1.1.1].

(b) We get reflexivity from 0 € P, transitivity from P + P C P, antisymmetry from
PN —P = {0}, linearity from P U —P = K, monotonicity of addition from the definition
of <p and monotonicity of multiplication PP C P.

(c) Suppose first that < is an order of K and set P := K>(. Then (<) = (<p) since

a<b <= b—a>0 < b—ae€P <= a<pbforallab c K. Conversely, let
P C K be given such that P satisfies (*). We show K> ,¢ = P. Indeed,

Proof. (a) We get P+ P C P from the monotonicity of { } [—1.14], PU

Kspo={a€eK|0<pa}={acK|aecP}=P
O

Remark 1.1.20. 1.1.19(c) allows us to view orders of fields K as subsets of K. We refor-
mulate some of the preceding notions and results in this new language:

(a) Definition 1.1.4: Let K be a field. An order of K is a subset P of K satisfying

P+PCP, PPCP, PU-P=K and PnN-P={0}.

(b) Definition 1.1.5: Let (K, P) and (L, Q) be ordered fields. A field homomorphism
¢: K — Lis called a homomorphism or an embedding of ordered fields if ¢(P) C
Q. One calls (K, P) an ordered subfield of (L, Q) if Kis a subfield of Land P = QNK
(or equivalently P C Q).

(c) Proposition 1.1.6: Let (K, P) be an ordered field. Then K?> C P.
(d) Definition 1.1.9: An ordered field (K, P) is called Archimedean if
Vae K:ANEN:N+a€eP,

(< P-N=K << P+Z =K < P+Q=K).

1.2 Preorders

Definition 1.2.1. Let A be a commutative ring and T C A. Then T is called a preorder
of AIfA2C T, T+ T C Tand TT C T. If moreover —1 ¢ T, then T is called a proper
preorder of A.

Example 1.2.2. (a) If A is a commutative ring, then ) A? is the smallest preorder of A.

(b) Every order of a field is a proper preorder.
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Proposition 1.2.3. Let A be a commutative ring with % € A(ie,2e€ A*). Then

= (5 (45

forall a € A. In particular, A = A2 — A2,

Definition and Proposition 1.2.4. Let A be a commutative ring with % €cAamdT C Aa
preorder. Then the support T N —T of T is an ideal of A.

Proof. T N —T is obviously a subgroup of (the additive group of) A and we have

—_

ININININ e
(e8]

A(TN-T) A2)(TN-T)

(A2
(T - )(Tﬂ T)
(T(TN=T)) = (T(TN-T))
(TT)N (=TT)) + ((=TT)NTT)
(TN-T)+((-T)NT)=(TN-T)+(TNn-T)CTnNn-T.

O
Corollary 1.2.5. Suppose A is a commutative ring with 3 € Aand T C A is a preorder. Then
T is proper <= T # A.

Proof. “==" trivial
“<=" Suppose T # A. Then of course also TN —T # A. Since TN —T is an ideal,
wehavel ¢ TN —T. Since1 = 12 € T, it follows that 1 ¢ —T, i.e., —1 ¢ T. O

Example 1.2.6. In 1.2.3,1.2.4 and 1.2.5, it is essential to require 3 € A. Take for example
A = Fp(X). Then A% = Fp(X?) since F2(X) — F2(X), p — p? is a homomorphism
(Frobenius). Therefore A2 — A2 = Fy(X?) # F2(X). Moreover T := Fp(X?) = Y A% is
a preorder of A but TN —T = F»(X?) is not an ideal of A (since 1 € TN —T # Fa(X)).
Also T is not proper although T # A. The same is true for IF,[X] instead of IF,(X) and
from this one can get similar examples in the ring Z[X] (exercise).

Proposition 1.2.7. Let K be a field and T C K a preorder. Then
T is proper <= TN —T = {0}.
Proof. 1If char K = 2, then —1 =1 € TN —T. Therefore suppose now char K # 2. Then
1¢T & 1¢Tn-T &» TN-T = {0}

Char K 7é2

O]

Lemma 1.2.8. Suppose A is a commutative ring, T C A a preorder and a € A. Then
T + aT is again a preorder.
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Proof. A2 C T C T+aT, (T+aT)+ (T+aT) C(T+T)+a(T+T) C T+aT and
(T+aT)(T+aT) CTT+aTT+aTT +a*TT CT+aT+aT+ A2T C T+a(T+T)+
TTCTH+al4+TCT+HaTlT O

Theorem 1.2.9. Let K be a field and P C K. Then the following are equivalent:
(a) Pisan order of K [— 1.1.20].

(b) P is a proper preorder of K [— 1.2.1] such that PU —P = K.

(c) P isamaximal proper preorder of K.

Proof. (a) = (b) 1.2.2(b)

(b) = (c) Suppose (b) holds and let T be a proper preorder of K with P C T. To

show: T C P. To thisend, leta € T. If a was notin P, then —a € P C T (since
PU —P = K) and thereforea €¢ TN —T 127 {0} in contradiction to 0 = 0% € P.

(c) = (a) Suppose (c) holds. Because of 1.2.7, we have to show only PU —P = K.
Assume PU —P # K. Choose then a € K such thata ¢ P and —a ¢ P. Then P + aP
and P — aP are preorders according to Lemma 1.2.8 and both contain P properly (note
that 0,1 € P). Because of the maximality of P none of P + aP and P — aP is proper,
ie, -1 € P+aPand —1 € P — aP. Write —1 = s +as’ and —1 = t — at’ for certain
s,8',t,' € P. Then —as’ =1+ sand at’' = 1+ t. It follows that —a?s't' =1+ s+t + st
and therefore —1 = s+t + st +a’s't' € P+ P+ PP+ A’PP C P 4. O

Theorem 1.2.10. Let K be a field and T C K a proper preorder. Then there is an order P of K
such that T C P and we have T = ("{P | P order of K, T C P}.

Proof. Consider the partially ordered set of all proper preorders of K containing T. In
this partially ordered set, every chain has an upper bound (the empty chain has T as an
upper bound and every nonempty chain possesses its union as an upper bound). By
Zorn’s lemma, the partially ordered set has a maximal element. Every such element is
obviously a maximal proper preorder and therefore by 1.2.9 an order. Now we turn to
the second statement:

“C"” is clear.

“D”Leta € K\ T. To show: There is an order P of Kwith T C Pand a ¢ P. By 1.2.8,
T — aT is a preorder. It is proper for otherwise there would be s,t € T with —1 = s —at

and it would follow that t # 0, at = 1+sand a = (%)21‘(1 +s) € K2TT C T. By

the already proved, there is an order P of K with T —aT C P. If a lied in P, then
a € PN —P = {0} in contradiction toa ¢ T. O

Definition 1.2.11. A field is called real (in older literature mostly formally real) if it admits
an order.

Theorem 1.2.12. Let K be a field. Then the following are equivalent:

(a) Kisreal.

Version of Thursday 30" August, 2018, 22:11



10

(b) —1¢ LK?
(c) VneN:Vay,...,ap €K: (a3 +---+a2=0 = a;=0)

Proof. (a) = (b) follows from 1.1.6.

(b) = (a) By 1.2.2, Y K?is a preorder. If it is proper, then it is contained in an order
by 1.2.10.

(b) <= (9

~1€Y K> <= IneN:3m,...,an€K: -1=0aj+- +a}
— IneN:3ay,...,a, €K:1>+a5+---+a>=0
— EInE]N:EIaleKX:Ela2,...,aneK:a%+a%+---+afl:0

O]

Example 1.2.13. Because of —1 = i? € Y C?, the field C := R(i) does not admit an
ordering.

1.3 Extensions of orders

Definition 1.3.1. Let (K, P) be an ordered field and L an extension field of K (or in other
words: let L|K be a field extension and P be an order of K). We call Q an extension of the
order P to L if the following equivalent conditions are fulfilled [— 1.1.20(b)]:

(a) (L, Q) is an ordered extension field of (K, P).
(b) Qisan order of L such that P C Q.
(c) Qisanorder of L suchthat QNK = P.

Theorem 1.3.2. Let (K, P) be an ordered field and L an extension field of K. Then the order P
of K can be extended to L if and only if —1 ¢ Y L2P.

Proof. Since every order is a preorder [— 1.2.2], an order of L contains P if and only if it
contains the preorder generated in L by P (i.e., the smallest preorder of L containing P,
or in other words, the intersection of all preorders of L containing P), namely Y L?P. If
Y L?P is not proper, then there is of course no order of L containing it. On the contrary,
if . L?Pis proper, then there is such an order by Theorem 1.2.10. O

Reminder 1.3.3. Let L|K be a field extension with char K # 2. Then
[L:K] <2 <= 3deK:L=K(d)

since for x € L and a,b,c € K with a # 0 and ax? + bx + ¢ = 0 we have (2ax + b)? =
4a(ax? 4 bx) + b* = b? — 4ac =: d and therefore K(x) = K(2ax + b) = K(/d).
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Theorem 1.3.4. Let (K, P) be an ordered field and d € K. The order P can be extended to
K(+/d) ifand only ifd € P.

Proof. 1f \/d € K, thend = (\/d)? € P. Suppose now that v/d ¢ K. Because of P +dP C
Y L2P C P+dP+ Kv/d, wehave —1 ¢ Y. L2P <= —1 ¢ P+ dP. Since P is a maximal
proper preorder by 1.2.9 and P 4 dP is a preorder by 1.2.8, we obtain —1 ¢ P +dP <=
P=P+dP < d € P. Combining, we get —1 ¢ }_ L’P <= d € P and we conclude
by Theorem 1.3.2. O

Example 1.3.5. In 1.3.3, the extension is in general not unique: Q(+/2) admits exactly
two orders, namely the ones induced by the two field embeddings Q(+/2) < R (in the
one /2 is positive, in the other negative). That it does not admit a third one, follows
from the fact that for every order P of Q(1/2) we have by 1.1.16 (Q(v/2), P) — (R, Rxo)
because P is Archimedean since Q(v/2) = Q + Q+v/2 and

2 2 2
Valp 1'% ('@) —<W§_2> < (‘f’) -

[ 1.1.9(a)].

Theorem 1.3.6. If L|K is a field extension of odd degree, then each order of K can be extended
to L.

Proof. Assume the claim does not hold. Then there is a counterexample L|K with [L :
K] = 2n+1 for some n € IN. We choose the counterexample in a way such that n
is as small as possible. We will now produce another counterexample L'|K with [L' :
K] < 2n — 1 which will contradict the minimality of n. Due to char K = 0, we have
that L|K is separable. By the primitive element theorem, there is some a € L with
L = K(a) = K][a]. The condition —1 € Y L2P which is satisfied by 1.3.2 translates via
the isomorphism K[X|/(f) = L, g+ g(a) in

‘
*) 1+ Y aigi =hf
i1

with ¢ € N, a; € P, g;,h € K[X], where f denotes the minimal polynomial of 2 over K
(in particular deg f = [K(a) : K] = [L : K] = 2n + 1) and the g; are chosen in such a
way that deg g; < 2n. Each of the ¢ + 1 terms in the sum on the left hand side of ()
has an even degree < 4n and a leading coefficient from PK?> C P (except those terms
that are zero of course). Since P is an order, the monomials of highest degree appearing
on the left hand side of (*) cannot cancel out. So the left hand side and therefore also
the right hand side of () has an even degree < 4n. It follows that /1 has an odd degree
< 2n — 1. Choose an irreducible divisor /; of 1 in K[X] of odd degree and a root b of h; in
an extension field of K (e.g., in the splitting field of &; over K or in the algebraic closure
of K). Set L’ := K(b). Substituting b in (*) yields —1 = Y_r_; a;g;(b)? € ¥ PL”. By 1.3.2,
P cannot be extended to L'. Since [L' : K] = [K(D) : K] = degirrxb = degh; < 2n —1
is odd, we gain the desired still smaller counterexample. O
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Theorem 1.3.7. Let K be a field. Then every order of K can be extended to K(X).

Proof. Let P be an order of K. Assume that P cannot be extended to K(X). By 1.3.2 we
then have —1 € }_ K(X)2P. Because of #K = oo [ 1.1.7] we can plug in a suitable point
from K (“avoid finitely many poles”) and get —1 € Y K2P =P 4. O

Example 1.3.8. Due to 1.3.7 there is an order on R(X). If P is such an order, then by the
completeness of (R, <) [— 1.1.16], the set R<,x = {a € R | a <p X} is either empty or
not bounded from above (in which case it is IR) or it has a supremum ¢ in R (in which
case it equals (—oo, t) if t >p X or (—oo,t] if t <p X). Hence

Re,x={a€R|a<pX} e {Q}U{(—oo,t) | te R}U{(—o00,t] |t € R}U{R} =:C.
We claim now that the map

®: {P|Porderof R(X)} — C
P IRSPX

is a bijection. It is easy to see that for all I,] € C there is a ring automorphism ¢; ; of
R(X) such that for all orders P of R(X), we have

O(P) =1 <= P(¢1;(P)) =] :

[=R&]=(—00,0]~ @rj: X +— &

IZQ&]: (—O0,0) ~ QL X — %

o [ = (—Oo,t)&]:(—O0,0)W(pI,]ZXHX—l—t
o [ =(—00,t]&]=(—00,0] ~ @rj: X — X+t
o [ =(—00,0)&] = (—0,0] ~ ¢r;: X — —X

other I and ] ~» composition of the above automorphisms

From this we get the surjectivity of ®, since as already mentioned there is an order P of
R(X) and if we set I := ®(P), then ®(¢;;(P)) = ] for all ] € C. For the injectivity of
®, it suffices to show that there is some I € C having only one preimage under ® since
then

#HP | D(P) =]} =#{P | (¢1(P)) = I}
=#{o1y(P) | P(i(P)) =1} =#H{P[D(P) =1} =1
for all ] € C. We therefore fix I := R € C and show that there at most (and therefore

exactly) one order P of R(X) such that ®(P) = I. To this end, suppose ®(P) = I. If
f,g € R[X]\ {0}, then one easily verifies that

R(X)2CP

f; € P & fge€P <= theleading coefficient of fg is positive.
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This uniquely determines P. Consequently, ® is a bijection. We fix the following nota-
tion:

P :=d ()
P :=® ((—co,t)) fort € R
Py := @ }((—oo,t]) fort € R
Py := @ 1(R)

Now {P | Porder of R(X)} = {P-o} U{Pi—, Pi} | t € R} U{Ps}. By easy considera-
tions one obtains,

Po={reR(X)|IceR:Vx € (—oo,c):r(x) >0},
P ={reR(X)|3ecRsp:Vx € (t—¢t):r(x) >0} t € R),
Py ={reR(X)|Je€Rso:Vx € (t,t+¢):r(x) >0} (teR),
Po={reR(X)|3IceR:Vx e (c,00):r(x) >0}

None of these orders is Archimedean.

1.4 Real closed fields

Proposition 1.4.1. Let K be a field. Then the following are equivalent:
(a) K admits exactly one order.

(b) Y. K? is an order of K.

() (LK) U(—YLK?) =Kand -1 ¢ ¥ K>

Proof. (a) = (b) Suppose P is the unique order of K. By 1.2.2 and 1.2.10, we then get
YK2=P
(b) = () is trivial.

(c) = (a) Suppose (c) holds. Using 1.1.20(a) and 1.2.7, we see that }_ K? is an order
of K, and it is the only one by 1.2.2 and 1.2.9(c). O

Example 1.4.2. Q and RR possess exactly one order.

Convention 1.4.3. If K is a field admitting exactly one order, then we will often under-
stand K as an ordered field, that is we speak of K but mean (K, Y K?).

Definition 1.4.4. A field K is called Euclidean if K? is an order of K.
Remark 1.4.5. If K is Euclidean, then K? is the unique order of K.

Example 1.4.6. R is Euclidean but not Q.
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Notation and Remark 1.4.7. (a) Let (K, <) be an ordered field. If 4,b € K such that
a = b?, then we write \/a := |b| € K> [+ 1.1.8] (this is obviously well-defined). If
a € K\ K?, we continue to denote by /4 € K\ K an arbitrary but fixed square root
of a in the algebraic closure K of K. One shows easily thata < b <= +/a < v/b for
alla, b € K2.

(b) If K is an Euclidean field (with order < [— 1.4.3,1.4.5]), then in particular \/a € K>¢
and (y/a)? = aforalla € K59 = K2 = Y K2.
(c) We write 1 := v/—1. If K is a real field, then K(i) = K & Ki as a K-vector space
Proposition 1.4.8. Let K be a real field. Then the following are equivalent:
(a) K is Euclidean.
(b) K= —K2UK?
(c) K(1) = K(1)?
(d) Every polynomial of degree 2 in K(1)[X] has a root in K(1).
Proof. (d) = (c) is trivial.
(c) => (b) Suppose (c) holds and let a € K. Write a = (b + ic)? for some b, c € K.
Then a = b*> — c? and bc = 0 [~ 1.4.7(c)]. Therefore a = b? or a = —c>.
(b) = (a) Suppose (b) holds. It suffices to show K? + K? C K2. For this purpose,

leta,b € K. To show: a? + b? € K?. If we had a? + b*> ¢ K?, then a® + b*> € —K?, say
a? +b? + ¢® = 0 for some ¢ € K and 1.2.12(c) would imply ¢ = 0 5.

(a) => (c) Suppose (a) holds and let 4,b € K. By 1.4.7(c), we have to show a + bi €
K(1)%. Set r := Va2 + b2 € K>q according to 1.4.7(b). Then 72 = a? + b*> > a® = |a|> and
therefore r > |a| by 1.4.7(a), i.e., ¥ £a > 0. It follows that \/@, \/g € K> and the
calculation

2
r+a r—a r+a 12 — a2 r—a b
j: i — :i: 1 — = :l: —
(V 2 V 2”) A S S ZL

shows a + bi € K(i)>.
(c) = (d) follows from X2 +bX +c= (X + 5)> + (c - %2) for b,c € K(1). O

i=a+|bli

Definition 1.4.9. Let R be a field. Then R is called real closed if R is Euclidean [— 1.4.4,
1.4.8] and every polynomial of odd degree from R[X] has a root in R.

Example 1.4.10. RR is real closed by the intermediate value theorem from calculus and
by 1.4.4.

Remark 1.4.11. We now generalize the fundamental theorem of algebra from C = R(1)
to R(1) for any real closed field R. The usual Galois theoretic proof goes through as we
will see immediately.
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Theorem 1.4.12 (“generalized fundamental theorem of algebra”). Let R be a real closed
field. Then C := R(1) is algebraically closed.

Proof. Let z € C. To show: z € C. Choose an intermediate field L of C|C withz € L
such that L|R is a finite Galois extension (e.g., the splitting field of (X? + 1) irrg z over
R). We show L = C. Choose a 2-Sylow subgroup H of the Galois group G := Aut(L|R).
From Galois theory we know that [LY : R] = [G : H] is odd. Hence L = R since every
element of LY has over R a minimal polynomial of odd degree which has a root in R
and therefore must be linear. Galois theory then implies G = H. Hence G is a 2-group.
Therefore the subgroup I := Aut(L|C) of G is also a 2-group. By Galois theory, it is
enough to show I = {1}. If we had I # {1}, then there would exist, as one knows
from algebra, a subgroup | of I with [I : J]] = 2. From this we get with Galois theory
[LJ:C]=[L: L' = [I:]] =2, contradicting 1.4.8(d). O

Theorem 1.4.13. Let R be a field. Then the following are equivalent:

(a) R isreal closed.

(b) R # R(1) and R(1) is algebraically closed.

(c) R is real but there is no real extension field L # R of R such that L|R is algebraic.

Proof. (a) = (b) follows from 1.4.12.

(b) = (c) Suppose (b) holds. In order to show that R is real, it is enough to show
by Theorem 1.2.12 that }_ R> = R? since —1 ¢ R? because R # R(i). To this end, let
a,b € R. To show: a? + b € R2. Since R(i) is algebraically closed, we have a + bi €
R(1)?, that is there are ¢,d € R such that a + bi = (c + di)? and it follows that a? + b* =
(a+bi)(a —bi) = (c+di)*(c —di)? = ((c +di)(c — di))? = (¢ +d*)? € R% Now
let L|R be an algebraic field extension and suppose L is real. To show: L = R. Since
L(1)|R(1) is again algebraic and R(1) is algebraically closed, we obtain L(1) = R(1). For
this reason L is a real intermediate field of R(1)|R and it follows that L = R.

(c) => (a) Suppose (c) holds. Choose an order P of R according to Definition 1.2.11.
Foralld € P, R(\/d) is real by 1.3.4 and therefore R(+/d) = R. It follows that P C R? C
P and hence P = R?, i.e., R is Euclidean. According to Definition 1.4.9 it remains to
show that each polynomial f € R[X] of odd degree has a rootin R. Let f € R[X] be of
odd degree. Choose an irreducible divisor g of f in R[X] of odd degree. Choose a root
a of ¢ in an extension field of R. Since [R(a) : R] = degg is odd, R(a) is real by 1.3.6
and therefore R(a) = R. Thus a € R satisfies g(a) = 0 and hence f(a) = 0. O

Theorem 1.4.14 (“real version of the generalized fundamental theorem of algebra”). Let
R be a field. Then the following are equivalent:

(a) R is real closed.

(b) {f € R[X] | f is irreducible and monic} =
{X—alaeR}U{(X—a)>+*|abeR,b+#0}
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Proof. (a) = (b) Suppose (a) holds.

“D" is clear since R is real.

“C” Let f € R[X] be irreducible and monic of degree > 2. Since R(1) is algebraically
closed by 1.4.12, there are a,b € R such that f(a + bi) = 0. Due to R # R(i) we can
apply the automorphism of the field extension R(1)|R given by i + —1 in order to
obtain f(a — bi) = 0. By observing a + bi # a — bi (since b # 0 because f € R[X] is
irreducible of degree > 2), we get

f=X—-(a+bi))(X—(a—bi))g
(X—a)2+b2eR[X]

for some ¢ € R(i)[X]. But then g € R[X] and hence even g = 1.
(b) = (a) Suppose (b) holds. We will show 1.4.13(b), i.e., that R # R(1) and R(1) is

algebraically closed. The first claim R # R(i) follows from the irreducibility of X?> +1 =
(X —0)2+1% € R[X]. Now suppose f € R(i)[X] is of degree > 1. Consider the ring
automorphism

RA)[X] = RW)[X], pr= p*

givenby a* = afora € R, 1* = —iand X* = X. Then f*f € R[X]. If f*f has a root
a € R, then f(a) = 0or f*(a) = 0 and then again f(a) = 0. Suppose therefore that f* f
has no root in R. Then there exist a,b € R with b # 0 such that (X — a)? + b? divides
f*fin R[X]. Because of (X —a)? +b?> = (X — (a+bi))(X — (a — bi)), a + bi is a root of
forof f*. If f*(a+bi) =0, then f(a—1b) = f*((a +1b)*) = (f*(a +1b))* = 0* = 0.
Therefore a + ib or a — ib is a root of f in R(1). O

Notation and Terminology 1.4.15. Let (K, <) be an ordered field.

(a) We extend the order < in the obvious way to the set { —co} U KU {oo} by declaring
—oo <a<coforalla € K.

(b) We adopt the usual notation for intervals

(a,b) := (a,b)g := {x €e KU{£oo} |a < x < b} (a,b € KU {%oo})
(“interval from a to b without endpoints”)
[a,b) :=[a,b)x :== {x € KU{£oo} |a < x < b} (a,b € KU {xo0})

(“interval from a to b with a and without b”)

and so forth.

(c) We use terminology like

f>0onS:<= VxeS:f(x)>0 (f €K[Xq,...,Xu],S CK")
(“f is nonnegative on S”)
f>0onS:<= VxeS:f(x)>0 (f € K[Xq,...,Xu],S CK")

(“f is positive on S”).
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Corollary 1.4.16 (“intermediate value theorem for polynomials”). Let R be a real closed
field, f € R[X] and a,b € R such that a < b and sgn(f(a)) # sgn(f(b)). Then there is
c € [a,b]gr with f(c) = 0.

Proof. WLOG f is monic. By 1.4.14, all nonlinear monic irreducible polynomials in
R[X] are positive on R. Hence f = gl—ﬂ'(:l (X —a;)% withk € Ny, a;, € R, a; € N,
a; < --- < ap and some g € R[X] that is positive on R. On the sets (—o0,a1), (a1,a2),
.o, (ag—1,a;) and (ay, 00) each X — a; and therefore f has constant sign. Hence a and b
cannot lie both in the same such set. Consequently, thereisan i € {1,...,m} such that
a; € [a,b]. Set ¢ := a;. O

Corollary 1.4.17 (“Rolle’s theorem for polynomials”). Suppose R is a real closed field, f
R[X] and a,b € Rwitha < band f(a) = f(b). Then there exists a ¢ € (a,b)g such that

f(e) =o0.

Proof. WLOG f #0, f(a) = 0= f(b) and Px € (a,b) : f(x) = 0. Write
f= (X a)(x - b

for some a, B € N and ¢ € R[X] with Vx € [,b] : g(x) # 0. We find

fr=(X-a)B(X=b)fTg+a(X—a)* (X = b)fg+ (X —a)*(X - b)’g’
= (X—a)* (X =0b)f'n

where hh := B(X —a)g+a(X —b)g+ (X —a)(X —b)g’. Hence it suffices to find ¢ €
(a,b) such that h(c) = 0. We can apply the intermediate value theorem 1.4.16 because

h(a) = a(a—b)g(a) and (k) = B(b— )3 (D)
and again by 1.4.16 we have sgn(g(a)) = sgn(g(b)). O

Corollary 1.4.18 (“mean value theorem for polynomials”). Let R be a real closed field,
f € R[X]and a,b € Rwitha < b. Then there is some ¢ € (a,b)g satisfying f'(c) = M

—a

Proof. Setting g := (X —a)(f(b) — f(a)) — (b —a)(f — f(a)), we get g(a) = 0 = g(b)
and g’ = f(b) — f(a) — (b —a)f’. Rolle’s theorem 1.4.17 yields ¢ € (a,b) such that
<'(c)=0. O

Definition 1.4.19. (a) Let (M, <;) and (N, <) be ordered sets. A map ¢: M — N is
called anti-monotonic [— 1.1.5] if

a<1b = g¢(a) >, ¢(b)

foralla,b € M.
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monotonic
anti-monotonic

(b) If (K, <) isanordered field, f € K[X]and I C K, then we say that f is { injective

monotonic
anti-monotonic

onlifl - K, x+— f(x)is { injective

f<0
} monotonic on [a,b]. If f' has no root on (a,b), then f is

>
Corollary 1.4.20. Let R be a real closed field, f € R[X]| and a,b € R. If {f - 0} on (a,b)

[— 1.4.15(c)], then f is {anti—

injective on [a, b].

Proof. The statement is empty in case a > b, trivial in the case 2 = b and it follows from
the mean value theorem 1.4.18 in case a < b. O

1.5 Descartes’ rule of signs

Notation 1.5.1. Let A be a commutative ring with 0 # 1 and d € R. We denote
AXy, ..., Xnla:={f € A[Xq,..., Xn] | deg f < d}

(where deg 0 := —o0).

Proposition 1.5.2 (“Taylor formula for polynomials”). Suppose K is a field of characteristic
0,d € Ny, f € K[X]jand a € K. Then

d £k) (g
fzzf ()(X—a)k.

Proof. Since K[X| — K[X], p — p’ commutes with the ring automorphism K[X] —
K[X], p — p(X +a), we can WLOG suppose a = 0. But then the claim follows from
the definition of the (formal) derivative. O

Lemma 1.5.3. Suppose (K, <) is an ordered field, k € N, c1,...,c0 € KX, aq,..., 0 €
No, &1 < ... < agand f = Y5 ;X

(a) sgn(f(x)) = (sgnx)* sgn(cg) for all x € K satisfying |x| > max {1 M}

[ek|

(b) sgn(f(x)) = (sgnx)* sgn(cy) for all x € K* satisfying ﬁ > max {1 M}

[ea]

Proof. (a) Forall x € K with |x| > max {1 M} we have

]

g k—1

- 1<|x] 2 i) el
;|| x| S ci x| = || [ ZELE ) x)® < o).
i=1 i=1 =1

11,
<

i
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(b) Forall x € K* with & > max {1,w},we have

|x| [e1]

x|<1

118 k lx[<1 Kk ke
S E|Ci||x’zxi S Z’Ci||x|¢x1+1 — |C1| (Zzz |Cz|) ’x|o¢1+1 < |c1x"‘1\.
i=2 i=2

|c1

k
PN
i=2

g
Reminder 1.5.4. Let K be a field, f € K[X] and a € K. Then
u(a, f) := sup{k € Ny | (X — a)* divides f in K[X]} € NoU {0}
is called the multiplicity of a in f. We have

u(a, f) =c0 <= f=0
and
W f) 21 < fla)=0.
We call a a multiple root of f if u(a, f) > 2 and we call it a k-fold root of f (k € IN) if
#(a, f) = k. In case char K = 0, one has
ua, f) = supfk € No | f0(a) = ... = f*V(a) = 0}
as one can see easily.

Definition 1.5.5. Let (K, <) be an ordered field and 0 # f € K[X].

(@) The number of positive roots counted with multiplicity of f is

u(f) ==Y ulaf) € No.

a€Ksp

Writing f = ¢TT"% (X —a;) withay, ..., a4, € Ky and g € K[X] with g(x) # 0 for
all x € K-, we therefore have u(f) = m.

(b) Writing f = Zf:l ;X% withcg,...,cp € KX and &y, ...,a; € INg such that
o < ... < g,

we define the number of sign changes in the coefficients of f
o(f):=#{ie{l,...,k—1} | sgn(c;) # sgn(ci+1)} € No.

Proposition 1.5.6. Let R be a real closed field and f € R[X] \ {0}. Then u(f) and o(f) have
the same parity.

Proof. Write f = YX_ , ¢;X% = ¢[T" (X —a;) with c1,...,cc € RX, aq,..., 4 € Ny,
ai,...,am € Rypand ¢ € R[X] such thata; < ... < &, and g(x) # 0 for all x € R~.
Since R is real closed, WLOG g(x) > 0 for all x € R by the intermediate value
theorem 1.4.16. But then by Lemma 1.5.3, both the lowest and highest coefficient of g is
positive. Now the claim follows from p(f) = m, sgn(c;) = (—1)" and sgn(cx) =1. O
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Lemma 1.5.7. Let R be a real closed field and f € R[X] \ R. Then u(f) < u(f’) + 1 and
o(f) <o(f)+1.

Proof. The second statement is easy to prove. For the first statement, suppose ay, ..., a, €
R are the positive roots of f and a; < ... < a,. Since R is real closed, there ex-
ist roots by,...,by—1 € R of fsuch that a; < by < ap < ... < by_1 < ay by
Rolle’s Theorem 1.4.17. Now u(f') = Yaeko, w(a, f1)y > Y0 w(a;, f) —|—Z?:11 u(bi, f') >
Yitaplai f1) +m—1=Y"(play, f) = 1) +m—=1=Y"  u(a, f) —1=p(f) -1. O

Remark 1.5.8. In the situation of Lemma 1.5.7, o(f’) < o(f) holds trivially but u(f’) <
1(f) fails in general as the example f = (X — 1)? + 1 shows.

Theorem 1.5.9 (Descartes’ rule of signs). Let R be a real closed field. Then u(f) < o(f) for
all f € R[X]\ {0}.

Proof. Induction on d := deg f € .
d=0 p(f)=0=0(f)

15.7 induction 15.8
d—1—d (deNp) u(f) < wu(f)+1 < c(fY+1 < o(f)+1and
hypothesis
therefore y(f) < o(f) by Proposition 1.5.6. O

Example 1.5.10. Let R be a real closed field and f := X* —5X3 — 21X% 4+ 115X — 150 €
R[X]. Then o(f) = 3 and therefore u(f) € {1,3} by 1.5.9 and 1.5.6. For f(—X) =
X* 4+ 5X% — 21X? — 115X — 150, we have o(f(—X)) = 1 and therefore u(f(—X)) = 1.
One can verify that u((1+ X)?f) = 1 from which we get u(f) = u((1+ X)2f) = 1.
Hence f has exactly two roots in R, namely two simple (i.e., 1-fold [ 1.5.4]) ones, one
positive and one negative.

Definition 1.5.11. Let R be a real closed field. We call a polynomial f € R[X] real-rooted
if it has no root in R(1) \ R [— 1.4.12].

Proposition 1.5.12. Let R be real closed field and f € R[X]. Then the following are equivalent:
(a) f is real-rooted.

(b) Thereared € No,c € R* and ay,...,a; € R such that f = c]_[flzl(X —a;).

Proof. For (a) = (b) use the fundamental theorem 1.4.12 or 1.4.14. O

Theorem 1.5.13. [— 1.5.8] Suppose R is a real closed field and f € R[X] \ R is real-rooted.
Then f' is real-rooted and u(f') < u(f).

Proof. Using 1.5.12, write f = ¢/ (X —a;)% withc,a1,...,a, € Rand ay,..., 0, € N
such that ¢ # 0 and
al < oo < Eln.

Since R is real closed, there exist roots by, ..., b,—1 € R of f’ such that

m<bh<am<..<b,_1<ay,
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by Rolle’s Theorem 1.4.17. We have yu(a;, f) = a; and therefore

way f') = ;i —1

foralli € {1,...,n}. It follows that

n n—1 n
d%U@Z;M%J3+;V%J52;ﬂwjﬁ+w%

= Y (&~ 1)+ 1~ 1= deg(f) — 1 = deg(f'),

whence
n n—1
®ﬁﬁ=;M%ﬁ+;M%ﬁ
and
u(bi, f1) =1

foralli € {1,...,n —1}. It follows that
{x € R(H> ‘ f,(x) = 0} g {a1,b1,ﬂ2,...,bn_1,ﬂn} g Rr

in particular f’ is real-rooted. Choose k € {1,...,n + 1} such that ay,...,a, are the
positive roots of f’. Then

g {bk—l/ak/- . ~rbn—1/an} if k Z 2

ER|f(x)=0,x>0 .
xeR[f(x)=0x }{:{mjhnthb%} k=1

If Kk > 2, then
n(f) < Y (pbioa, f) + plai f1) = u(f).
= —— ==
=1 :]4(11,',_]()71
If k = 1, then one sees similarly that p(f') = u(f) — 1 < u(f). O

Theorem 1.5.14 (Descartes’ rule of signs for real-rooted polynomials). Let R be a real
closed field. Then u(f) = o(f) for all real-rooted f € R[X].

Proof. By Theorem 1.5.9, it is enough to show p(f) > o(f) for all real-rooted f € R[X]
by induction on 4 := deg f € INo.

d=0 pu(f)=0=0(f)

1513 ﬁl}}ggtc}tliec;rils 157
d—1—d (de€ Ny u(f) > u(f) > of') > o(f) —1 and therefore
1513
u(f) > o(f) by Proposition 1.5.6. O
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Example 1.5.15.

1-X 0 1
det| 0 —2-X 1 |=(1-X)2+X)X+2+X+X-1
1 1 =X

=24+ X-2X-X)X+2X+1=-X>-X*+4X +1 € R[X]

is real-rooted since it is the characteristic polynomial of a symmetric matrix. By Descartes’
rule 1.5.14, it has exactly one positive root.

1.6 Counting real zeros with Hermite’s method

Reminder 1.6.1. (a) Let A be a commutative ring with 0 # 1and f € A[Xy,..., Xy
Then f is called homogeneous if f is a an A-linear combination of monomials of the
same degree. Moreover, f is called a k-form (k € INp) if f is an A-linear combination
of monomials of degree k (i.e., if f = 0 or f is homogeneous of degree k). One often
says linear form instead of 1-form and quadratic form instead of 2-form.

(b) If K is a field, one can identify the K-vector subspace of K[Xj, ..., X,| consisting

of the { linear

qua dratic} forms introduced in (a) via the isomorphism f — (x — f(x))

(K™)*
Q(K")
of a linear or quadratic form introduced in (a) differs only insignificantly from the
corresponding notion from linear algebra.

with the K-vector space { introduced in linear algebra. Hence the notion

(c) Let Abeasetand M = (a;j)1<i<m € A™" amatrix. Then MT := (a;)1<jcy € A"
1<j<n 1<i<m

is called the transpose of M. The elements of SA™" := {M € A™" | M = M'} are
called symmetric matrices.

(d) Let K be a field. Then (ay,...,a,) — 41X + ...+ a, X, (a; € K) defines an isomor-
phism between K1xn =~ K" and the K-vector space of the linear forms in K[ Xy, . .., X,].
If char K # 2, then (a;j)1<ij<n — ZZj:l a;iX;X; (a;; € K) defines an isomorphism be-
tween SK"*" and the K-vector space of the quadratic forms in K[X,..., X,]. If
f € K[Xj,...,Xy] is a linear of quadratic form, then we call the preimage M(f)
of f under the respective isomorphism the representing matrix of f. This is the rep-
resenting matrix of f in the sense of linear algebra with respect to the canonical
bases.

(e) Suppose K is a field satisfying charK # 2, g € K[Xj,...,X,] a quadratic form,
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l,..., 0y € K[Xy,...,Xy] linear forms and A4, ..., A, € K. Then

-0

m
q=Y Mly < M(q) =P" O
k=1 .
Am
where
M(t)
P:= : e K"*",
M(C)
Here P is invertible if and only if m = n and ¢y, ..., {;, are linearly independent.
(f) Let K be a field satisfying char K # 2 and g € K[Xj, ..., X;,] a quadratic form. One

can easily calculate linearly independent linear forms ¢y, ..., ¢,, € K[X3, ..., X,] and
At,...,Am € Ksuchthatg =37 4 /\kﬁi. Indeed, one can write

X} +aXi X+ +a, X1 X, (a; €K)

as (X1+L122X2+---+512"X,i)2— (LIZZX2+---+QZ"XH>ZJand

0 €K[X2,00, X ]

X1 Xp4+a3XiXs+ ... +a, X0 X, + 03X X5+ ...+ 0, X0 X,

as

(X1 +b3Xs+ ...+ b, Xy ) (Xo+a3X3+ ...+ a, Xy, )
hl hZ
- (a3X3+...+aan) (b3X3+a..+ann)

€K[X3,..., Xy

hy+hy\2 hy—h
whereh1h2:(1—£ 2>—<12 2
2] 2
place one or two variables in one or two squares and the arising linear forms are
obviously linearly independent. Consider g := 2X1 X, +2X;X3 + 2X5X3 + 2X3Xy

as an example:

2
) [ 1.2.3]. In this way one can in each step

q:.= 2(X1X2 + X1 X5 + X2X3) +2X3Xy
= 2((X1 + X3)(Xo + X3)) — 2X3 +2X3Xy
—— N —
I Iy

1 1 5 5
= o ((m+h)*—(h—h)?*) -2 (X3—7x4> L2 ox,2
2 —— )~ 5 2
b } \_fz Ay T ~ 4,

A==\, l3

>
Fs
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(8)

Hence g = Y M2 = L(Xq + Xo +2X3)2 — (X1 — X2)? — 2(X3 — 1X4)? + 1 X2
and by (e)

0110
1010|  _r
110 1|=FPP
0010
where
1 1 2 0 10 0 o0
1 =10 o0 _lo =3 o0 o
P'_001—% and D.—O 0 —2 0
0 0 0 1 0 0 0 1

Translating (f) into the language of matrices, one obtains for each field K with
char K # 2 and each M € SK"*" the following: One can easily find a P € GL,(K) =
(K™")* and a diagonal matrix D € K"*" such that M = PLDP. This is the diago-
nalization of M as a quadratic form which is much simpler than the diagonalization
of M as an endomorphism where one wants to reach M = P~!DP (in case K = R
perhaps even with P~! = PT).

Let K be an Euclidean field [+ 1.4.4] and g € K[Xj, ..., X,] a quadratic form. Ac-
cording to (f), one can then easily compute linearly independent linear forms

glz---zgs/gs—i-l;---rgs-l-t € K[Xl,...,Xn]

satisfying ¢ = Y54 (2 — Z§:1 Eirj. By completing /1, ..., 451 to a basis 41,...,¢,
of the vector space of all linear forms in K[Xj,...,X,| and by writing ¢ = 1-
Yo 02+ (1) Z§:1 Egﬂ +0- Y} ;1 (2, one sees for the rank rk(q) := rk M(q) of

q that rk(q) © s + t. We define the signature of q as sg(q) := s — t. This is well-

defined by Sylvester’s law of inertia: If ¢}, .. .,E;,,E;,H, ... ,E;,th, € K[Xy,...,X,] are
other linearly independent linear forms satisfying ¢ = Y5, (/2 — 2;/:1 0z, ;» then
'+t = rk(gq) = s+t and one sees again by completing to a basis and (e) that
there are subspaces U, W, U’, W’ of K" such that 4(U) C Ko, dimU = n — ¢,
g(W\ {0}) € Kep, dimW = ¢, g(U’') C Kxo, dimU" = n —t, q(W'\ {0}) C Ko,
dim W' = t'. One deduces UNW’' = {0} and U’ "W = {0}, whence (n — t) +t' <
nand (n —t') + t < n. Therefore t = ' and thus s = ¢'.

Let Kbe a field and f = X? +a; (X9 +...+ a9 € K[X] withd € Npand g; €

K. The companion matrix Cy of f is the representing matrix of the K-vector space
endomorphism

K[X]/(f) = KIX]/(f), p=Xp  (p€K[X])
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with respect to the basis 1, ..., X%-1, ie.,

O O = O

0

O vrvrrreeenns 0 —ag
0. : —a
Q- crvvnne 0 1 —a4_1

One sees easily that f is the minimal polynomial and therefore for degree reasons
also the characteristic polynomial of C;. Now suppose furthermore that f splits

into linear factors, i.e.,

f= sz(X — xx)"

for some m € Ny, ax € N and pairwise distinct xy,..., X, € K. Then Cy is similar
to a triangular matrix with diagonal entries

X1, -

X1, X2,..0,X2, oo, Xmyeees Xm -

—_—— N — ———

51

Then C is for every i €
are '
X, ..

31

In particular, we have tr(

for all ¢ € K[X].

153 Xm

INo similar to a triangular matrix whose diagonal entries

i i i
X1 Xo,ee,Xa, e, Xpyeeo, X
N——

/%] Xm

C}) = Y7L, axxi for all i € Ny and consequently

tr(3(Cp)) = Zzlakgm)

() If Kis a field and xy, ..., x,;, € K are pairwise distinct, then the Vandermonde matrix

1 x ... x;”’l
eKme
-1
1 xpy ... x5

is invertible since it is the representing matrix of the injective and therefore bijective

linear map

[— 1.5.1] with respect to

p(x1)
K[X]p-1 — K", p—

p(m)

the canonical bases.
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(k) Let K be a field and let x4, ..., x,, € K be pairwise distinct. Furthermore, let d € Ny
with m < d. Consider for k € {1,...,m} the linear forms ¢ = Y4, x'T; €
K[Ty,..., T4]. Thenty, ...,y are linearly independent. Indeed, because of (d) this is
equivalent to the linear independence of the vectors (x,...,x{ 1) (k € {1,...,m})
in K. But already the truncated vectors (x,((), e, x?’l) (k € {1,...,m}) are linearly
independent by (j).

Definition 1.6.2. Let K be a field and f, g € K[X] where f is monic of degree d. Then
the quadratic form

Ztr (CHCT)TT € KTy, ..., T4
i,j=1

is called the Hermite form of f with respect to g. The quadratic form H(f) := H(f,1) is
simply called the Hermite form of f.

Remark 1.6.3. Let K be a field with char K # 2 and let f,¢ € K[X] where f is monic of
degree d. Then M(H(f,g)) [ 1.6.1(d)] is called the Hermite matrix of f with respect to g.
This is a Hankel matrix, i.e., of the form

Furthermore, M(H(f)) is called the Hermite matrix of f.

Proposition 1.6.4. Let K be a field and f, g € K[X]. Suppose x1, ..., xy € Kanday, ..., am €
N such that f = TT{_1(X — x¢)* and d := deg f. Then

d ' 2
H(f,g) =), (Z g (x0)x, 2) T,T; = Zakg Xx) (in%) :
i,j=1 1 i=1
Proof. 1.6.2 and 1.6.1(i). O

Theorem 1.6.5 (Counting roots with one side condition). Let R be a real closed field, C :=
R(1), f,g € R[X] and f monic. Then

tkH(f,g) =#H{x € C|[ f(x) =0,g(x) #0}  and
sgH(f,g) = #{x € R| f(x) = 0,¢(x) > 0}
—#{x e R| f(x) =0,g(x) <0}.
Proof. Denote by p — p* again the ring automorphism of C[Ty, ..., T;] with x* = x for

all x € R, 1* = —1and X* = X. Using the fundamental theorem of algebra 1.4.14 and
this automorphism, we can write

n n

f= p<x ) T — 2P T(X — 2)

t=1 t=1
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for some m,n € No ay, ft € N, x € R, z; € C\ R and Xlyeoo s XimsZ1 e Zns 29+ -1 2

pairwise distinct. By renumbering the z;, we can find € {0,...,n} such that g(z1) #
0,...,8(zr) #0and g(z;+1) =0,...,8(zs) = 0. By 1.6.4, 1.6.1(k) and 1.4.8(c), we obtain
linear forms ¢1, ..., 4w, §1,---,%r, h1, ... hy € R[T, ..., T4] such that

r

H(f,g) = kz nig () 6 + té(gn iR+ Y (g — i)

t=1

r r
> 8t —2) i
= t=1

m
=) g ()02 + 2
=1 =1

where (1,..., 0y, g1 + 11,81 —1ih,..., g +1hy, g — 1h, € C[Ty,..., T4 are linearly in-
dependent. Due to C(g; + ih;) + C(g; — 1h;) = Cg; + Ch;, we have that

el/---/englz--wgr/hlz---/hr

are also linearly independent in C[Ty, ..., T;] and therefore also in R[Ty, ..., T,]. It fol-
lows that

tkH(f,g) =#{ke{1,...,m} | g(xx) #0}+2r
=#{ke{l,...,m}|g(xx) #0} +2#{t € {1,...,n} | g(z:) # 0}
=#{xeC| f(x)=0,g(x) #0} and
sgH(f,g) =#{ke{l,...,m} | g(xx) >0 —#{ke{l,...,m} | g(xx) <O} +r—r
=#{xeR|f(x)=0,g(x) >0} —#{x e R| f(x) =0,g(x) <0}.
O

Corollary 1.6.6 (Counting roots without side conditions). Let R be a real closed field, C :=
R(1) and suppose f € R[X] is monic. Then

tkH(f) =#{x e C| f(x) =0}  and
sgH(f) =#{x € R| f(x) =0}.

Corollary 1.6.7 (Counting roots with several side conditions). Let R be a real closed field,
m € No, f,81,...,8m € R[X] and f monic. Then

o L sgH(AE g =#{x € R| (1) =0,81() > 0,...,gu(x) > 0}

ae{1,2}m
Proof. The left hand side equals

o L X sen((s g ) = oy X T Tsen(sex) + (sgnl(g(x)?)
1

xe{12}m xeR XER k=
fx)=0 f(x)=0 {o if g(x) <0

12 if gx(x) >0
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1.7 The real closure

Definition 1.7.1. Let (K, P) be an ordered field. An extension field R of K is called a real
closure of (K, P) if R is real closed, R|K is algebraic and the order of R [— 1.4.3, 1.4.4] is
an extension of P [— 1.3.1].

Proposition 1.7.2. Let (R, P) be an ordered field. Then R is real closed if and only if there is
no ordered extension field (L, Q) of (R, P) such that L # R and L|R is algebraic.

Proof. One direction follows from 1.4.13(c). Conversely, suppose that every ordered
extension field (L, Q) of (R, P) with L|R algebraic satisfies L = R. To show:

(a) Ris Euclidean.
(b) Every polynomial of odd degree from R[X] has a root in R.

For (a), we show P = R2. To this end, let a € P. By 1.3.4, we can extend P to R(y/a).
Due to the hypothesis, this implies R(y/a) = R and therefore a = (1/a)? € R>.

To show (b), let f € R[X] be of odd degree. Choose in R[X] an irreducible divisor g
of f of odd degree. Choose a root x of ¢ in some extension field of R. Then R(x) is an
extension field of R with odd [R(x) : R] so that P can be extended to R(x) by 1.3.6. By
hypothesis, this gives R(x) = R. In particular, g and therefore f has a root in R. O

Theorem 1.7.3. Every ordered field has a real closure.

Proof. Let (K, P) be an ordered field. Consider the algebraic closure K of K and the set
M := {(L,Q) | L subfield of K, Q order of L, (K, P) is an ordered subfield of (L, Q)}
which is partially ordered by declaring

(L,Q) =< (L',Q") : « (L, Q) is an ordered subfield of (L', Q")
P20 cr&Qc Q)

for all (L,Q), (L, Q") € M. In M every chain possesses an upper bound: The empty
chain has (K, P) as an upper bound. A nonempty chain C C M has

(UitTw@ecyUiel L ec) em

as an upper bound. By Zorn’s lemma, M possesses a maximal element (R, Q). Of
course, K is also the algebraic closure of R and therefore each algebraic extension of R
is (up to R-isomorphy) an intermediate field of K|R. The maximality of (R, Q) in M
signifies by 1.7.2 just that R is real closed. Because of (R, Q) € M, the field extension
R|K is algebraic and the order Q is an extension of P. O

Lemma 1.7.4. Let (K, P) be an ordered subfield of the real closed fields R and R’ [— 1.4.3]
and f € K[X]. Then f has the same number of roots in both R and R’.
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Proof. WLOG f is monic. The number in question is by 1.6.6 equal to the signature of
H(f) that can be calculated already in (K, P) [— 1.6.1(h)]. O

Theorem 1.7.5. Let (K, P) be an ordered subfield of (L, Q) such that L|K is algebraic. Let ¢
be a homomorphism of ordered fields from (K, P) into a real closed field R. Then there is exactly
one homomorphism ¢ of ordered fields from (L, Q) to R with p|x = ¢.

Proof. Choose a real closure R’ of (L, Q) according to 1.7.3.

Existence: Using Zorn’s lemma, one reduces easily to the case where L|K is finite.
We denote the different field homomorphisms from L to R extending ¢ by 91, ..., u
(m € INp). Assume that none of these is a homomorphism of ordered fields from
(L,Q) to R (for example if m = 0). Then there are by,...,b, € Q such that ¢1(b;) ¢
R?%,...,¢m(by) ¢ R By the primitive element theorem there exists

b;€QCR"

ael :=L(b,...,v/by) C R

such that L’ = K(a). The minimal polynomial of a over K has by 1.7.4 the same number
of roots in R" and R and therefore in particular a root in R. Hence there is a field
homomorphism ¢: L’ — R extending ¢. Choose i € {1,...,m} with ¢|p = ¢; (in
particular m > 0). Then y;(b;) = ¢(b;) = ¢(/b;)*> € R? 4.

Unicity: Leta € L. Choose f € K[X]\ {0} with f(a) = 0. Choose a3, ..., a4, € R’ with
1 < ...<aysuchthat {x € R'| f(x) =0} = {a1,...,an}. Since ¢: K — ¢(K) C R
is an isomorphism of ordered fields, we can suppose WLOG that (K, P) is an ordered
subfield of R and ¢ = id. By 1.7.4 there are by,...,b,, € Rsuch thatb; < ... < by
and {x € R| f(x) =0} = {by,...,bn}. Choose now i € {1,...,m} such thata = a;.
We show that each homomorphism ¢ of ordered fields from (L, Q) to R with |x = id
satisfies 1(a) = b;. To this end, fix such a ¢. By the already proved existence statement,
there is a homomorphism of ordered fields o: R’ — R such that ¢|, = 3. Since ¢ is
an embedding, we have {0(a1),...,0(am)} = {b1,...,bn} and by the monotonicity we
even get ¢(a;) = bj forallj € {1,...,m}. We deduce (a) = ¢(a;) = o(a;) = b;. O

Corollary 1.7.6. Let R and R’ be real closures of the ordered field (K, P). Then there is exactly
one K-isomorphism from R to R’.

Proof. The K-isomorphisms from R to R’ are obviously exactly the isomorphisms of or-
dered fields from R to R’ whose restriction to K is the identity. For this reason, the claim
follows easily from 1.7.5 (for the surjectivity in the existence part use either 1.4.13(c) or
the unicity of K-automorphisms of R and of R’ [ 1.7.5]). O

Notation and Terminology 1.7.7. Because of 1.7.6, we speak of the real closure (K, P) of
(K, P). It contains by 1.7.5 (up to K-isomorphy) every ordered field extension (L, Q) of
(K, P) with L|K algebraic.
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Theorem 1.7.8. Suppose (K, P) is an ordered field, L|K an algebraic extension, R a real closed
field and ¢ a homomorphism of ordered fields from (K, P) to R. Then

{¢ | ¢: L — R homomorphism, {|x = ¢} — {Q | Q is an extension of P to L}
gy (R
is a bijection.
Proof. The well-definedness is easy to see. To verify the bijectivity, let Q be an extension
of P to L. We have to show that there is exactly one homomorphism ¢: L — R with

|k = ¢ fulfilling the condition ¥~} (R?) = Q that is equivalent to i being a homomor-
phism of ordered fields from (L, Q) to R since

- 1P
VIR) =Q =y (R y(L) = Q" XY R ny(L) = p(Q)
R2Mp(L)
= PQCRNY(L) = pQ CR
order of (L)
Hence we get the unicity and existence of i from 1.7.5. O

Corollary 1.7.9. Suppose (K, P) is an ordered field, R := (K, P) and L|K a finite extension.
Let a € L with L = K(a) and f be the minimal polynomial of a over K. Then

{x € R| f(x) =0} — {Q| Qisan extension of P to L}
x i {g(a) | g € K[X],g(x) € R?}
is a bijection.
Proof. By 1.7.8 it is enough to see that
{xeR| f(x) =0} = {¢| ¢: L — Risa K-homomorphism}
x = (gla) = g(x)) (g€ K[X])
is a bijection. This is easy to see. O

Example 1.7.10. Let (K, P) be an ordered field with 2 ¢ K2. Denote by /2 one of the
two square roots of 2 in the algebraic closure K of K [ 1.4.7(a)]. Then there are exactly
2 orders of K(1/2) that extend P, namely the two induced by the field embeddings
K (ﬁ) — (K, P) (in one of which V2 is positive and in one of which it is negative).
In particular, this is true if (K, P) is not Archimedean [— 1.1.20(d)] and in this case we
cannot argue with R instead of (K, P) as we did in 1.3.5.

Proposition 1.7.11. Let R be a real closed field and K a subfield of R that is (relatively) alge-
braically closed in R (i.e., no element of R is algebraic over K). Then K is real closed.

Proof. Apply the criterion from 1.7.2: Every ordered extension field (L, Q) of (K, R NK)
such that L|K is algebraic is contained in R up to K-isomorphy [— 1.7.5, 1.7.7] and
therefore equal to K. O

Tentative Lecture Notes



31

Example 1.7.12. The field R,; := {x € R | x algebraic over Q} of real algebraic numbers
is the algebraic closure of Q in R. By 1.7.11, R4 is real closed and therefore the real
closure of Q [— 1.4.3]. Hence IR, is uniquely embeddable in every real closed field by
1.7.5. In this sense, R is the smallest real closed field.

1.8 Real quantifier elimination

Remark 1.8.1. Let M, I and J; for each i € I be sets and suppose AjCM foralli € I

and j € J;. Defining the empty intersection as M (thatis N;cg ... := (1© := M), one has

JNai= N U
ieljej; (i)ier€llier Ji 1€l
NUA= U N4
ieljej; (i)ier€lTier Ji 1€1

CUDAij:ﬂUEAij and
icl jej; icl jeJ;

CAU A5 =UMCA;
icl jej; icl jeJ;

where the complement of A C M is given by (A := (A := M\ A.
Definition and Proposition 1.8.2. Let M be a set and &7 (M) its power set.

(a) Wecall ¥ C (M) a Boolean algebra on M if
e e,
e vVSc.7:0se.7,
e V5,5, €. :5NSy € .S and
e V5,5 €. ¥:5 U85, €.¥.

intersections unions
elements of ¢4 and their complements (with (@ := M) is obviously the smallest Boolean
algebra . on M with ¢ C .. It is called the Boolean algebra generated by ¢ (on M). Its
elements are called the Boolean combinations of elements of 4.

(b) Let ¢ C P(M). Then the set of all finite { wrtions } of finite {mtersectzons} of

Definition and Remark 1.8.3. In the sequel, we let (K, P) always be an ordered field,
for example (K, P) = (Q, Qx0) unless otherwise stated. Moreover, we let % be a set of
real closed fields containing (K, P) as an ordered subfield. For n € Ny, we set

Ky = {(R,x) |R € #,x € R"}.

Thereby we have R® = {@} = {0} and we identify %, with %Z. A Boolean combination
of sets of the form

{(R,x) € Zu | p(x) 20(GnR)}  (p€K[Xy,..., X))

is called a
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o K-semialgebraic set in R" if # = {R}, and

e an n-ary (K, P)-semialgebraic class if % is “potentially very big” (in any case big
enough to contain all real closed ordered extension fields of (K, P) that are cur-
rently in the game).

We identify K-semialgebraic sets in R" with subsets of R". Thus these are simply the
subsets of R" that can be defined by combining finitely many polynomial inequalities

with coefficients in K by the logical connectives “not”, “and” and “or”. A semialgebraic
set in R" is an R-semialgebraic set in R". A semialgebraic class is a Q-semialgebraic class.

Remark 1.8.4. (a) On the first reading, the reader might want to think of # = {R} or
even of Z = {R} in order to have a good geometric perception. Initially one can
therefore think of (K, P)-semialgebraic classes as K-semialgebraic sets.

(b) One can conceive Z as the “set” of all real closed ordered extension fields of (K, P).
Unfortunately, this is not a set (otherwise Zorn’s lemma would yield real closed
tields having no proper real closed extension field in contradiction to 1.3.7 com-
bined with 1.7.3) but a proper class. But we do not want to get into the formal no-
tion of a class and instead adopt a naive point of view from which sets and classes
are synonymous where “big” sets often tend to be called classes.

(c) Whoever gets vertiginous from (b), has several ways out: Our resort here is that
Z is a honest set that is at any one time sufficiently big (often ## = 1 is enough
and almost always ## = 2 is enough). Alternatively, one could learn the subtle
non-naive handling of sets and classes. As a third option, one could work, instead
of with (K, P)-semialgebraic classes, with formulas of first-order logic in the lan-
guage of ordered fields with additional constants for the elements of K. The last
two options are technically very involved.

Remark 1.8.5. Obviously, @ and Z are the only 0-ary (K, P)-semialgebraic classes

Proposition 1.8.6. Every (K, P)-semialgebraic class is of the form

k
U{(R x) € Zn | fi(x) = 0,81 (x) >0,...,8im(x) > 0}

i=1

for some n,k,m € No, f;, gij € K[X1,..., Xq].
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Proof. By 1.8.3 and 1.8.2(b) such a class is a finite union of classes of the form

{(R,x) € Zn | (x) 20,...,hs(x) > 0,hs11(x) <O0,..., hsye(x) <0}
_ U Lwyem, TN =00 sgnlln(0) =0

sepory | " —hs1(x) > 0,..., —hsit(x) > 0
y h? x) =0, ) hi(x 0,

= U {Rx) ez L)) i&§<)>

se{o)s =0 o=t
Cen(x) > 0,y Bt (x) > 0

for some s, t € Ng and h; € K[X;, ..., X,] O

Proposition 1.8.7. Let m,n € Ny, hy,...,hy, € K[Xy,...,Xy| and S C %y, a (K, P)-
semialgebraic class. Then {(R,x) € %, | (R, (h1(x),..., hu(x))) € S} isa (K, P)-semialgebraic
class.

Proof. 1t S = U5 {(R,y) € Zu | fily) = 0,81(y) > 0,...,gi(y) > 0} with m,k, ¢ €
N, fl/gz] € K[Yl,. . ,Ym] so that

{(R,x) € %, | (hi(x),..., hu(x)) € S}

k
= J{(Rx) € B | (fi(hr,..., hw))(x) =0,
i=1
(gﬂ(hl,...,hm))(x) > O,...,(gig(hl,...,hm))<x> > O}
O

Corollary 1.8.8. Let R be a real closed field. Preimages of semialgebraic subsets of R™ under
polynomial maps R™ — R™ are again semialgebraic in R".

Lemma 1.8.9. For every s € N,

d .
{(R,x) ERgi1 |0 <Z xiT’> = s with respect to R[T]}
i=0
is a semialgebraic class.
Proof. The class in question equals
U {(R,x) € Zy11 | sgng(x0) = do,...,sgng(x4) =4}.

se{-1,01}"
0’( Z?:o 5Tt ) =s with respect to R[T]
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Remark 1.8.10. We will now need the simultaneous diagonalization of a symmetric ma-
trix as a quadratic form and as an endomorphism [— 1.6.1(g)]. The reader should know
this over R from linear algebra but we will now need it more generally over an arbi-
trary real closed field. Later in this chapter, we will provide methods from which it
becomes immediately clear that, for each fixed matrix size, the class of all fields R € Z,
over which the corresponding statement is true, is a 0-ary semialgebraic class. Since the
statement is true over IR, it must then by 1.8.5 also hold true over every real closed field.
In a similar way, we will soon be able to carry over a great many statements from R to
all real closed fields. Unfortunately, we are not that far yet and therefore we have to
check if the proof from linear algebra goes through over an arbitrary real closed field.
Some of the proofs of the diagonalization in question use however proper analysis in-
stead of just the fundamental theorem of algebra. Since the whole analysis is built on
the completeness of R [— 1.1.16], those proofs do not generalize without further ado.
Thus we give a compact ad-hoc-proof.

Theorem 1.8.11. Let R be a real closed field and M € SR"*". Then there is some P € GL,(R)
satisfying PTP = I, such that PT MP is a diagonal matrix.

Proof. Call a symmetric bilinear form V x V — R, (v, w) — (v, w) on an R-vector space
V positive definite if (v,v) > 0 for all v € V \ {0}. Call an R-vector space together
with a positive definite symmetric bilinear form a Euclidean R-vector space. Call an
endomorphism f of a Euclidean R-vector space V self-adjoint if (f(v), w) = (v, f(w))
forallv,w € V.

Claim 1: Let V be a Euclidean R-vector space, f € End(V) self-adjoint and v an
eigenvector of f. Then U := {u € V | (u,v) = 0} is a subspace of V with v ¢ U and
f(U) C u.

Explanation. Choose A € R with f(v) = Av and let u € U. Then (f(u),v) =
(u, f(v)) = (u,Av) = A{u,v) = A0 =0.

Claim 2: Let V # 0be a finite-dimensional Euclidean R-vector space and f € End(V)
self-adjoint. Then f possesses an eigenvalue in R.

Explanation. Assume f has no eigenvalue. By Caley-Hamilton and the fundamental
theorem 1.4.14, there are a,b € R with b # 0 such that (f — aidy)? + b?id, has a
non-trivial kernel. Since f is self-adjoint, ¢ := f — aidy is so. Choose v € V with
¢%(v) = —b*v. Then 0 < (g(v),g(v)) = (g*(v),v) = (—b%*v,v) = —b*(v,v) < 0. 4

Claim 3: Let V be a finite-dimensional Euclidean R-vector space and f € End(V)
self-adjoint. Then there is an eigenbasis vy, ..., v, for f with ((v;,v}))1<ij<n = In-

Explanation. Use Claim 1, Claim 2 and induction over the dimension V.

In virtue of (x,y) := Y/"; x;y; (x,y € R"), R" is an Euclidean R-vector space and
f+R" — R", x — Mx is self-adjoint. By Claim 3, there is an eigenbasis vy,...,v,
for f such that ((v;,v}))1<ij<n = In. Set P := (v1...v,) € GL,(R). Then

T
1

PlP=|:|(» ... o) =1

vy
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and P is the change-of-basis matrix from (vy,...,v,) to the standard basis. It follows
that PTMP = P~!MP is the representing matrix of f with respect to (vy,...,v,). O

Corollary 1.8.12 (Determination of the signature using Descartes’ rule of signs). Let R
be a real closed field, ¢ € R[Th, ..., T;] a quadratic form and h := det(M(q) — X1;) € R[X]
the characteristic polynomial of the representing matrix [— 1.6.1(d)] of . Then we have:

(a) his real-rooted [— 1.5.11]

(b) sgq = u(h) —u(h(=X)) [ 1.6.1(h), 1.5.5(a)]

(© s = o(h) — o(h(~X)) [ 15.5(b)]

Proof. Using 1.8.11, choose P € GL4(R) such that PTP = I; and PTM(q)P is diagonal,

Al O
PTM(q)P = O .'...
.Ad

with A; € R. We have

h = hdet(PTP)
= (det(P"))(det(M(q) — XI;))(det P)

AM— X O
= det(PTM(q)P — XPTP) = det O = li[()\i - X),

from which (a) follows immediately. Because of

A
M@) =P | ()" 0 P!

0,

and PT € GL;(R), it follows from 1.6.1(e) that
sgg=#{ie{l,...,d} | A >0} —#{ie{l,...,d} | A <0} =u(h) —uh(—X)),

which proves (b). Finally, (c) follows from (a) and (b) due to the exactness of Descartes’
rule of signs for real rooted polynomials [— 1.5.14]. O

Remark 1.8.13. Combining 1.8.12 with 1.6.7, one can reduce the count of real roots of
polynomials without multiplicity with side conditions by means of the Hermite method
from §1.6 to the count of roots of real-rooted polynomials with multiplicity by means
of Descartes’ rule from §1.5.
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Lemma 1.8.14. Letm,n,d € Noand f,g1,...,9m € K[X1, ..., Xy+1]. Then
{(R,x) € Z, |deg f(x,X;41) =d &
Ixp1 € R: (f(x,x41) = 0& g1(x, x541) > 0& ... & g (X, x11) > 0)}
is a (K, P)-semialgebraic class.

Proof. Write f = ZZ o hi XHJrl for some D € Ny, D > d and h; € K[X3, ..., X,]. WLOG
hy # 0. Then

fo _Zh 1 €EK(Xq, .., X)) [Xn]

is monic of degree d. For every a € {1,2}", we consider also g* - - - g"

in X, 1 with coefficients from the field K(X, ..., X;) and set
hy = det(M(H(fo, 83 grm)) — X1y) € K(Xy, ..., Xn)[X].
By construction [ 1.6.1(i), 1.6.2, 1.6.3], there is some N € IN such that
hWhy € K[X4,..., Xys1]

as a polynomial

forall « € {1,2}". Now the class from the claim can be written by 1.6.7 as

{(R,x) € %n [hp(x) = ... = hg1(x) =0 # ha(x) &

Z SgH(fo(X,Xn+1), (g g%m)(xrxm+1)) > 0}

ae{1,2}m

But

{(sz) € % | ha(x) #0& ) sgH(folx, Xni1), (81" -~ ') (%, Xins1)) > 0}

ae{l1,2}m
Lel2 {(R,x) € S | ha(x) #0& Y (0(ha(x, X)) — 0(ha(x, —X))) > o}
/\ ae{lz}m
ha(x) #0,
= U ﬂ (R,x) € Zy | o(hYhy)(x, X)) = s4,
(30 )acqaaym (tadacaayn €404} 0" a& {12} o ((h}'ha)(x, = X)) = ta

Yac{1,2)m (Sa—ta)>0

is (K, P)-semialgebraic by 1.8.9 and 1.8.7. Here the warning sign A indicates where an
important argument flows in:

ha(x, X) = det(M(H(fo(x, Xus1), (87" - - &) (%, Xn41))) — XIa)

since evaluating in x commutes with building companion matrices, Hermite forms and
with taking determinants [— 1.6.2, 1.6.1(i)]. O
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Lemma 1.8.15. Let R be a real closed field, m € Ny and g1,...,¢m € R[X]. Setting
g:=g1--gmand f:= (1 —g¢*)¢’, we have

(a) Thereis an x € R satisfying g1(x) > 0,...,gm(x) > 0if and only if there is such an
x € R satisfying in addition f(x) = 0.

(b) If f=0and g1 #0,...,9m #0,thengy,...,gm € R.

Proof. (b) Suppose f = 0. Then g> = 1 or ¢’ = 0. In both cases it follows g € R and thus
Q1,---,9m € Rprovided that g1 #0,...,9n # 0.

(a) Let x € R such that g1(x) > 0,...,gm(x) > 0. Denote by ay,...,a, where r € Ny
and a1 < ... < a, the roots of ¢ in R.

First consider the case where r = 0. By the intermediate value theorem 1.4.16 each of
the g; is positive on R. It suffices therefore to show that f has a root in R. By Definition
1.4.9, ¢ has even degree. If g has degree 0, then ¢’ = 0 and we are done. So suppose
now deg g > 2. Then the degree of g’ is odd so that ¢’ and in particular f has a root in
R by Definition 1.4.9.

From now on suppose that > 0. By the intermediate value theorem 1.4.16 each of
the g; has constant sign on each of the intervals (—o0,a1), (a1,a2), ..., (a,-1,4r), (ar, ).
It is therefore enough to show that f possesses in each of these sets a root. By Rolle’s
theorem 1.4.17, ¢’ and therefore f has on each of the sets (a;,4;11) (1 < i <r—1)a
root. WLOG f # 0. Then ¢’ # 0 and g has degree > 1. Consequently, 1 — ¢? has
a leading monomial of even degree with a negative leading coefficient. By Lemma
1.5.3(a), (1 —¢*)(y) < 0 for all y € R with |y| sufficiently big. On the other hand,
(1—¢%)(a1) =1 = (1 — ¢?)(as). By the intermediate value theorem 1.4.16, 1 — ¢g*> and
therefore f has a root on each of the sets (—co,a;1) and (a,, o). O

Lemma 1.8.16. Let m,n € Ngand g1,...,gm € K[X3, ..., X;41]. Then
{(R,x) € Zy | Ixps1 € R: (g1(x, xp41) > 0& - - - & gm(x, xy+1) > 0)}
is a (K, P)-semialgebraic class.

Proof. Set g :=g1---gmand f := (1 —gz)a)?Tgﬂ. Denote by D := degy  f € {—oco} U
N the degree of f considered as a polynomial in X, ;1 with coefficients from K[X3, . .., X;].
The class in question equals because of 1.8.15

f(x/ xn+1) =0&

D gl(xzxn+1) >0&
U< (Rox) € %y | deg f(x, Xy41) =d & Ixyq € R:
d=0

Sm(x,xp41) >0
U{(R,x) € %, | f(x,Xy11) =0&g1(x,0) >0& - - & gm(x,0) > 0}

and therefore is (K, P)-semialgebraic by 1.8.14. O
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Theorem 1.8.17 (Real quantifier elimination). Suppose n € Ng and S is an (n + 1)-ary
(K, P)-semialgebraic class. Then {(R,x) € %y | Ixps1 € R : (R, (x,Xp41)) € S} and
{(R,x) € %y | Vxp+1 € R: (R, (x,x,11)) € S} are n-ary (K, P)-semialgebraic classes.

Proof. Because the second class is the complement of
{(R,x) € %, | Ixy11 €R: (R, (x,x,41)) € CS},

it is enough to consider the first class. By means of 1.8.6, one can assume WLOG that S
is of the form

S={(R,(x,x441) € Zns+1 | f(x,xp41) = 0,81(x, x451) >0,...,gm(x,x41) > 0}

for some f,g; € K[Xy, ..., Xy+1]. Setting D := deng f, we obtain

{(R,x) € %y | Ixy11 € R: (R, (x,x441)) € S}

f(x/ xn+1) =0&

D 21(x,xp41) >0&
= U (R,x) € %y | deg f(x, Xp41) =d & Ixy41 €R:
d=0

gm<x, xn+1) >0

U ({(R2) € % | f(x, Xii1) = O}
{(R,x) € Zy | Ixp+1 € R: (g1(x, xp41) > 0& - - - & gm(x, x441) > 0)}

which is (K, P)-semialgebraic by 1.8.14 and 1.8.16. O

Theorem 1.8.18. [— 1.8.8] Let R be a real closed field. Images of semialgebraic subsets of R"
under polynomial maps R"* — R™ are again semialgebraic in R™.

Proof. Let S C R" be semialgebraic and let hy,..., hy, € R[Xy,...,X,]. We have to
show that {y e R” | 3x e R" : (x € S&y1 = (%) & ... &y = hy(x))} is again
semialgebraic. But this follows by applying n times the quantifier elimination 1.8.17.

O

Example 1.8.19 (Tarski principle). The real quantifier elimination 1.8.17 can be used
together with 1.8.5 to generalize many statements from R to other real closed fields.
This has already been advertised in 1.8.10. To give the reader a sense of the type of
statements admitting such a generalization, we give several examples.

(@) (“intermediate value theorem for rational functions”) [ 1.4.16] From analysis, we
know for R =R: If f,¢ € R[X],a,b € Rwitha <, g(c) # 0forall c € [a,b] and

sgn (%) # sgn ({;EZ;), then there is a ¢ € [a,b] with f(c) = 0. We claim that this
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is valid even for all real closed fields R. To this end, it is enough to show that for
eachd € N

Vxo, .-, X4, Yo, ---,Ya,a,b € R:

(a<b & (Veelabl: Ty yic'#0) & (%)
Re%x ‘ sgn((zf?:() xi“i>(Z?:oyibi»?ésgn((zglo xibi)(2?=0 yiai))

d .
= Jeefab]:) xicd = 0}(**)
i=0

(k)

is a semialgebraic class because then R € S; implies by 1.8.5 S; = #. Fixd € IN.
Applying the quantifier elimination 1.8.17 2d + 4 times, it is enough to show that
the following class is semialgebraic:

{(R, (x0,---,%4,Y0,---,Y4,4,b)) € R (k% %)} =
E{(R/ (xO/---/xd/yO;u-/yd/a/b)) € ’%2d+4 | (*)}
S/
U{(R/ (XO,-~~,xd/y0/---/yd/ﬂ,b)) € <@Zd+4 ’ (**)}
SN

It is thus enough to show that S’ and S” are semialgebraic. We accomplish this in
each case by applying the quantifier elimination 1.8.17. We explicate this only for
S’ since it is analogous and even simpler for S”:

S/ = {(RI (XOI'“dely0/~~'/yd/a/b)) | b—ll 2 0}ﬂ

(k%)

d .
{(R, (x0,---, X4, Yo,---,Ya,a,b)) |[Ve € R: (c € (a,b) = ) yic' #0)}N
i=0

sgn( (T, xiaf><z¢=oyfbf)>_a,} .

sgn( (Z‘f:o xibi> (Z?:o yia') )ZE

U {(R,<XO;---,xd/]/0;---,]/d,ﬂ,b» ’

5,e€{-1,0,1}
O#e

By quantifier elimination it is enough to show that

{(R, (x0,---,%X3,Y0,---,Y4,a,b)) | (x%%x)}

is semialgebraic. But this class equals
{(R,(x0,---,X4,Y0,.--,Y4,a,b)) | a <c,c<b}U

d .
{(R, (X0, Xa, Yo, - -, Ya,8,b,0)) | Y yic' # 0}
i=0
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(b)

()

(d)

Let R be a real closed field and f € R[X] with f > 0 on R. We claim that the sum
g:=f+f + f"+... of all derivatives of f satisfies again ¢ > 0 on R. We show
this first for R = R: In this case, we have for all x € R

dg(x)e ™ _ _ _ _

ST (e — glx)e™ = (g/(x) — g(0))e™ = —f(x)e ™ <0,
from which it follows that i: R — R, x — g(x)e™* is anti-monotonic [— 1.4.19].
From this and the fact that lim,_,c 1(x) = limy_,«(g(x)e™) = 0, we deduce that

h(x) > 0 and therefore g(x) > 0 for all x € R. Thus the claim is proved for R = R.
To show it for all real closed fields R, it is now enough to show that for all d € IN

d .
Sy = {Re%\Vuo,.-.,adeR: ((WeR:ZaileO) =

i=0
d d .
Vx € R: ZZi(i—l)---(i—k—i—l)aix”k 20)}
k=0 i=k

is semialgebraic since then by 1.8.5R € S; implies S; = #. This can be shown for
each d € N by applying the quantifier elimination d + 3 times.

We can reprove 1.8.11 since for R = R it is already known from linear algebra and
it suffices to show for fixed n € IN that

Van,alz,...,ann €ER:
(Vl,] - {1,...,n} : lZl']' = a]-i) —
Elbllzbu/u-/bnn € R:Vike {1,...,11}:

n
Sp:={ReR| bibie — b &
=1

]

n
Vi, l e {1,...,11} : <i # = Z b]‘ia]'kbkg = 0>
jk=1
is semialgebraic. We manage to do so by implementing the quantifications over
i,],k, ¢ as finite intersections of semialgebraic classes and by eliminating the quan-
tification over ayy, . . ., by, by applying 2n? times 1.8.17.

By 1.8.5, {R € # | R archimedean} [— 1.1.9(a)] is not a semialgebraic class (if Z is

big enough) since it contains R but not (R(X), P) where P is an arbitrary order of
R(X).

1.9 Canonical isomorphisms of Boolean algebras of

semialgebraic sets and classes

In this section, we fix again an ordered field (K, P) and a set Z of real closed extensions
of (K,P) [~ 1.8.3].
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Definition 1.9.1. Let M; and M be sets, .1 a Boolean algebra on M; and .%; a Boolean
algebra on M. Then ®: .1 — .5 is called a homomorphism of Boolean algebras if (D) =
@, @ (CS) = Lo(S), D(SNT) = ®(S)NP(T) and P(SUT) = ®(S) UP(T) for all

injective embedding
S, T € /1. If ® is in addition < surjective », then ® is called an < epimorphismus  of
bijective isomophism

Boolean algebras.

Lemma 1.9.2. Suppose .77 and .% are Boolean algebras and ®: .4 — .#3 is a homo-
morphism. Then the following are equivalent:

(@) ® is an embedding.
b) VS e A (P(S) =0 = S=0)

Proof. (a) = (b) Suppose (a) holds and consider S € .#; such that ®(S) = @. Then

P(S) = @ = (D) and hence S = @ by the injectivity of .
(b) = (a) Suppose (b) holds and let S,T € .} such that ®(S) = ®(T). Then

O(S\T) = ®(SNLT) = &(S) NCP(T) = @ and therefore S\ T = @. Analogously,
weobtain T\ S = @. Then S = T. O

Notation 1.9.3. Let n € INo. From now on, we denote by .#,; the Boolean algebra of all
n-ary (K, P)-semialgebraic classes. For every R € %, we let furthermore .#, g denote
the Boolean algebra of all K-semialgebraic subsets of R" (i.e., %, r = % for Z = {R}).
We call the map Setg: . — Sr, S +— {x € R" | (R, x) € S} the setification to R for
every R € Z.

Theorem and Definition 1.9.4. Let n € INg and R € Z%. The setification
Setr: S — Sur
is an isomorphism of Boolean algebras. We call its inverse map
Classg := Setg': S r — S
the classification.

Proof. 1t is clear that Setg is an epimorphism. Suppose @ # S € .. By Lemma 1.9.2, it
suffices to show Setg S # @. By the quantifier elimination 1.8.17,

T:={R e#|3dxeR": (R, x)eS}
is (K, P)-semialgebraic and hence by 1.8.5 either empty or Z. From S # @, we have of

course T # @. Therefore R € # = T, i.e., there is some x € R" with (R,x) € S. Then
x € Setgr S and thus Setg S # Q. O
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Corollary and Definition 1.9.5. Let n € Ng and R,R' € Z%. Then there is exactly one
isomorphism of Boolean algebras Transferg r/: ./, r — 7 g Satisfying

Transferg p/({x € R" | p(x) > 0}) = {x € R | p(x) > 0}
forall p € K[Xy, ..., X,]. We call Transferg g the transfer from R to R’
Proof. The uniqueness is clear since .}, r is generated by
{x e R" [ p(x) 2 0} [ p € K[Xy, ..., Xa]}

[ 1.8.2(b)]. Existence is established by setting Transferg g/ := Setg o Classg. In-
deed, let p € K[Xj,...,X,] and set S := {(R,x) € %, | p(x) > 0in R}. Then the
claim is that Transferg r/(Setg S) = Setr/(S) which is clear since Transferg r/(Setg S) =
(Setgr o Classg)(Setr S) = Seth((%R oSetg)(9)). O

i,
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§2 Hilbert’s 17th problem

2.1 Nonnegative polynomials in one variable
Theorem 2.1.1. Suppose R is a real closed field and f € R[X]. Then the following are equiva-
lent:
(@ f>0o0onR[—14.15]
(b) f isasum of two squares in R[X].
(c) f € LR[X]? [~ 1.1.18]
Proof. (b) = (c) = (a) is trivial. In order to show (a) = (b), we set C := R(1) and
consider the ring automorphism
CIX] - C[X], p—p*

givenby a* = afora € R, 1* = —1and X* = X. WLOG f # 0. By the fundamental
theorem of algebra 1.4.14, there exist k,/ € INo,c € R*, ay,...,ar € R, by,..., by € R*,
a1,...,0¢ € IN and pairwise different dy, . ..,d; € R such that

k V4
e ([T a4 ) [T 0

j=1

k k ¢
= (H(X — (lll' + bﬂl))) (H(X — —b;jn ) H
i i=1 j=1
Suppose now f > 0 on R. Then we have 0 < sgn(f(x)) = (sgnc) Hle(sgn(x —d;))%
for all x € R. From this, we deduce easily a; € 2N and ¢ € R2. Setting

k 4

g:=+/c (H(X — (a; + biﬁ))> [T(x—4d )

i=1 =1

N‘\,

€ C[X],

we have now f = g*g. Writing ¢ = p + 19 with p,q € R[X], this amounts to f =
(p—iq)(p +1iq) = p* +4* O
Theorem 2.1.2 (Cassels). Let (K, <) be an ordered field. Suppose £ € Ny, f1, ..., fr € K[X],
g1, € K[X]\ {0} and ay,...,a; € K=o with ¥f_, a; (g)z € K[X]. Then there are
p1, .., pe € K[X] such that

Z <f> ﬁ:ﬂpz

i-1 \&i
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Proof. WLOG a; > O foralli € {1,...,¢} and g1 = ... = g4 It suffices to show:
Let h € K[X] a polynomial for which there exists some g € K[X] of degree > 1 and
fi,---, fo € K[X] satisfying hg? = Y_r_; a;f?. Then there is some G € K[X] \ {0} with a
degree that is smaller than that of g and Fy, ..., F, € K[X] satisfying hG*> = Yf_, a; F2.
We prove this: Write f; = g;¢ + r; with g;,r; € K[X] and degr; < degg foralli €
{1,...,0}. Ifr, = 0foralli € {1,...,¢}, then we set G := 1 and F; := g, for all
i€ {l,...,4} and have

1 2
?h

hG?*=h =

1 )4 ) V4 fz 2 Y ) ¢ )
= e Lo = Lo () = past= Do
8 i3 i—1 8 i—1 i—1

In the sequel, we suppose that the set I := {i € {1,...,¢} | r; # 0} is nonempty. Now
wesets := Y! aq? —h,t == Y _ja;fiqi —gh, Fi := sf; — 2tq; fori € {1,...,¢} and
G := sg — 2t. Then we obtain

hG? = szth — 4stgh + 4t°h

_522 a;f? — 4st(t + gh) +4t3(s + h)

¢
=2 Z 1fl — 4st E aifiqi + 412 Z ﬂz'ﬁ],z
i i=1
¢
=Y ai(sf; — 2tq;)* 2111—"2

i=1

It remains to show that G # 0 and deg G < deg g. To this end, we calculate

)

[

oqQ
&-
x_
:QN

I
—_

—gh— 22 a;fiqi +2gh

i=1

1 V4
=—| &) agi+gh— ZgZ J:%)
g i=1 i=1
1 ) V4 V4
= <g Y aig? +Z aif} 2g2ﬂ:ﬁéﬁ>
i=1 i=1
1< )
==Y ai($Pq7 — 2(89i) fi + )
g
i=1
—lfa(gq f')z—li LY e
8ix sttt 8ia g icl

If we had G = 0, then this would mean Y ;; a;7# = 0. Since the leading coefficient of a;r7
is positive for all i € I # @, this is impossible. Hence G # 0. Because of degr; < deg g
foralli € I, wehave deg G < 2degg — degg = degg. O
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2.2 Homogenization and dehomogenization

Definition 2.2.1. [— 1.6.1] Let A be commutative ring with 0 # 1.

(@) If k € Ng and f € A[Xy,...,X,], then the sum of all terms (i.e., monomials with
their coefficients) of degree k of f is called the k-th homogeneous part of f. This is a
k-form [— 1.6.1(a)].

(b) If f € A[X3,...,Xu] \ {0} and d := deg f, then the d-th homogeneous part of f is
called the leading form LF(f) of f. We set LF(0) := 0.

(€ If f € A[Xy,...,Xy], d := degf € Noand f = Y¢{_, fx with a k-form f; for all
k € {0,...,d}, then the homogenization f* € A[Xo, ..., Xu] of f (with respect to Xj)

is given by f*:= Y¢_, Xg_kfk = Xif (%, . ,%) We set 0% := 0.

(d) For homogeneous f € A[Xy,..., X,], we call f = f(1,Xy,...,Xy) the dehomoge-
nization of f (with respect to Xp).

Remark 2.2.2. Let A be a commutative ring with 0 # 1.
(@) LE(f) = f*(0,Xy,...,X;,) forall f € A[Xy, ..., Xul.

(b) For f,g € A[Xy,...,Xn|, we have (f +¢)* = f*+ ¢* in case deg f = degg =
deg(f + g) and we always have (fg)* = f*g*.

() AlXo,..., Xn] = AlXq,..., Xu], fr— fis a ring homomorphism.

(d) Forall f,g € A[Xy,...,Xn], we have LF(f + g) = LE(f) + LF(g) in case deg f =
deg ¢ = deg(f + g) and we always have LF(fg) = LF(f) LE(g).

(e) Forall f € A[Xy,...,Xy], we have]?’: = f.

(f) If f € A[Xo,...,Xu] \ {0} is homogeneous and m := max{k € Ny | X£ | f}, then
X f =1

Lemma 2.2.3. Suppose K is a field, n,d € Ny, f € K[Xj,...,Xy]gand letI;,..., I, C K

be sets of cardinality at least d + 1 each such that f(x) = 0forallx € I; X ... x I,. Then

f=0.
Proof. Induction by n.
n=0 Vv
n—1-—=n (ncN) Write f=Y4_ fiXt with f, € K[X,..., X, 1] For all

(x1,...,xn,1) el x...xI,_q,

the polynomial f(x1,...,x,-1, Xn) = Zi:o fr(xg, ... ,xn_l)Xfl € K[X,], is a polynomial
with at d 4 1 roots. Thus fi(x1,...,x,-1) =0forallk € {0,...,d} and (x1,...,x,-1) €
I; x ... % I,_1. By induction hypothesis, fy = 0 forallk € {0,...,d}. O
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Remark 2.2.4. Let K be a real field, ¢,n € Ny, p1,...,p¢ € K[X3,...,X,] and

A
f=Y r
i=1

(@ If f =0, then p; = ... = py = 0. This follows from 2.2.3 together with 1.2.12(c).
Instead of 2.2.3, one can alternatively employ the fact that K(Xj,...,X,) is real
which is clear by applying 1.3.7 n times.

(b) 1f £ 0, then deg f = 2 with d := max{deg(pi) | i € {1,....,(}} since otherwise
Zl 1,deg(p;)=d LF(P ) =0, Contradlctmg (a).

(c) If d € Ny and f is a 2d-form, then every p; is a d-form. This can be seen similarly to
(b) by considering the homogeneous parts of the p; of smallest (instead of largest)
degree.

(d) We have f* € Y K[Xo, .. ., X,4]?. More precisely, f* is a 2d-form for some d € Ny
that is a sum of ¢ squares of d-forms since

X, X ¢ X4 X, \\?
=X ) = (X (o
f 0f<X0’ ’X0> . ( 0PI\ X, X,

i=1

7 X
pi # 0 (note that deg p; < d by (b)).

Proposition 2.2.5. Let (K, <) be an ordered field and f € K[X,..., X,] with f > 0 on K".
Then f has an even degree except if f = 0, and we have LE(f) > 0 on K".

Proof. WLOG f # 0. Then g := LF(f) # 0. Setd := degg. Forall x € K", f, :=
f(Tx) € K[T]is a polynomial in one variable with fy > 0 on K whose leading coefficient
is g(x) in case that g(x) # 0. Choose xg € K" with g(xg) # 0 [— 2.2.3]. Then fy, has
degree d and because of f,, > 0 on K, it follows that d € 2Ny by 1.5.3(a). Now let
x € K" be arbitrary such that g(x) # 0. Again by 1.5.3(a), it follows from f, > 0 on K
that ¢(x) > 0. O

and Xgpl( L. &> = Xd degplp* € K[Xo,...,Xy] foralli € {1,...,¢} with

Proposition 2.2.6. Let (K, <) be an ordered field and f € K[Xq, ..., Xy
(@ f>00nK" < f*>0onK"!
b) fe€LK[Xy,..., X,]? < f* e TK[Xo,..., X2

Proof. (a) “<= "If f* is nonnegative on K"*!, then also on {1} x K".

“==" Suppose f > O on K". WLOG f # 0. By 2.2.5, we can write deg f = 2d with

d € Np. Due to f* 2l Xde( . ,))g ) we deduce f* > 0 on K* x K". It remains

to show f* > 0 on {0} x K" Wthh is equivalent by 2.2.2(a) to LF(f) > 0 on K". The
latter holds by 2.2.5.

(b) “=" has been shown in 2.2.4(d).
“<«=" follows from 2.2.2(c). O
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2.3 Nonnegative quadratic polynomials

Definition 2.3.1. Let (K, <) be an ordered field.

(@) If f € K[Xy, ..., X;] is homogeneous [ 1.6.1(a)], then f is called
positive semidefinite (psd) . > 0 on K"
{ positive definite (pd) | OV KIS (S gon kn\ {01 [

(b) If M € SK™", then M is called {I;Sc?

by M [— 1.6.1(d)] is {i‘f}, ie., xTMx {

} (over K) if the quadratic form represented

> 0 for all x € K"
> 0forall x € K"\ {0} "

Proposition 2.3.2. Let K be an Euclidean field and q € K[Xy, ..., Xy] a quadratic form. Then
the following are equivalent:

(a) qis psd [— 2.3.1(a)]

(b) g € Y K[Xy,..., Xu)? [ 1.1.18]

(c) q is a sum of n squares of linear forms [— 1.6.1(a)].
(d) sgq =rkq[— 1.6.1(h)].

Proof. (d) = (c) = (b) = (a) is trivial. Now suppose that (d) does not hold. We
show that then (a) also fails. Write g = Y7_, (? — Z§:1 2 +j with s, £ € Np and linearly
independent linear forms ¢1, ..., 4, ls41,. .., bsrt € K[X3,...,Xy]. Since s —t = sgq #

rkg = s +t, wehave t > 1. By linear algebra,

l1(x)
@: K" = Kt x :
es—&-t(x)
0
is surjective. Choose x € K" with ¢(x) = 0 .Theng(x) = -1 < 0. O
1

Proposition 2.3.3. Let K be an Euclidean field and M € SK"*". Then the following are
equivalent:

(a) Mispsd[— 2.3.1(b)].
(b) Is€Np:JAC K" : M = ATA
(c) JAc K" : M= ATA

(d) All eigenvalues of M in the real closure (K, K?) are nonnegative.
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(e) All coefficients of det(M + XI,,) € K[X] are nonnegative.
(f) If M = (aij)1<ij<n, then forall 1 C {1,...,n}, we have det((aij)(i,]-)elxl) >0

Proof. Using 1.6.1(e) and 2.2.4(c), one sees that (a), (b) and (c) are nothing else than the
corresponding statements in 2.3.2.

(a) = (f) follows from applying (a) = (c) to the submatrices of M in question.
(f) = (e) Each coefficients of det(M + XI,,) is a sum of certain determinants ap-

pearing in (f).
(e) = (d) is trivial.
(d) = (a) follows easily from 1.8.11. O

Terminology 2.3.4. [~ 1.5.1, 1.6.1(a)] Let A be a commutative ring with 0 # 1. Poly-
nomials from A[Xy,..., X,|s [ 1.5.1] are called constant for d = 0, linear ford = 1,
quadratic for d = 2, cubic for d = 3, quartic for d = 4, quintic ford =5, ...

Proposition 2.3.5. Let K be an Euclidean field and q € K[X1,...,Xu|2. The following are
equivalent:

(@) g > 0on K"
(b) q € ZK[XL . -/)(l’l]2

(c) qisasumof n+ 1 squares of linear polynomials.

Proof. (a) =) g* > 0 on K™+ 222 (0) = (b) — (a) O

2.4 The Newton polytope

Definition and Proposition 2.4.1. Let (K, <) be an ordered field, V a K-vector space and
A C V. Then A is called convex if Vx,y € A : VA € [0,1]x : Ax+ (1 —A)y € A. The
smallest convex superset of A is obviously

m m
conv A := {Z)wci | me N, A € Kz(),xi S A,Z)\Z‘ = 1},
i=1 i=1

called the convex set generated by A or the convex hull of A. We call finitely generated convex
sets, i.e., convex hulls of finite sets, polytopes. A polytope is thus of the form

m m
conv{xy,..., Xp} = {Z)\ixi | Ai € K>0, ) A = 1}

i=1 i=1

for some m € No and x1,...,x, € V. If Ais a convex set, then a point x € A is called an
extreme point of A if there are no y,z € A such that y # z and x = yzj Extreme points of
polytopes are also called vertices of the polytope.
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Exercise 2.4.2. Suppose (K, <) is an ordered field, V a K-vector space, A C V,x € A
and A € (0,1)k. Then the following are equivalent:

(@) xis an extreme point of A.
(b) There arenoy,z € Asuchthaty #zand x = Ay + (1 — A)z.

Lemma 2.4.3. Let (K, <) be an ordered field, V a K-vector space, m € Ny, x1,..., Xy €
V, P :=conv{xy,..., Xy} and suppose P # conv({x1,...,xu} \{x;}) foralli € {1,...,m
Then P is a polytope and x, ..., x;; are its vertices.

Proof. To show:
(a) Every vertex of P equals one of the x;.

(b) Every x; is a vertex of P.

For (a), let x be a vertex of P. Write x = }/"; A;x; with /\ € Kspand Y"1 A = 1.
WLOG A; # 0. Then Ay = 1 for otherwise y = Y/, A; = 1—XA; > 0 and x =
m .
AMx1+u < E &xi ) , contradicting 2.4.2(b).
2l

econv{xy,.... Xm }
To prove (b), we let y,z € P with x; = yzj To show: y = z. Write y = Y./"; Ajx;
and z = Y, pix; with Aj,u; € Ksgand Y"1 A = 1 = Y77, p;. We show that
A1 =1 = . Itis enough to show )”ﬂ“ = 1. If we had M < 1, then it would
follow from (1 — #) =3y, A ﬂ‘ Lx; that x; € conv{xz, ..., Xy} and therefore
P =conv{xy,..., xn} = conv{xz, .. xm} 5. d

Corollary 2.4.4. Every polytope is the convex hull of its finitely many vertices.

Definition and Proposition 2.4.5. Suppose (K, <) is an ordered field, V is a K-vector space
and let A and B be subsets of V. Then A+ B := {x+y | x € A,y € B} is called the
Minkowski sum of A and B. We have (conv A) + (conv B) = conv(A + B). Let now A
and B be convex. Then A + B is also convex. If z is an extreme point of A 4 B, then there are
uniquely determined x € A andy € B such that z = x +y, and x is an extreme point of A and
y is one of B.

Proof. “C” Let x1,...,%Xm € A, Y1,...,Yn € B, A1,..., Am € K0, pi1,..., in € K59 and
i A =1=Ypj. Then 0, Yol Aipj = (X2 Av) (Z?:ll‘j) =1-1=Tand

m n n m m
3 A+ 3y = (m) $ (m) 5 = 5 Ao ),
i—1 =1 =1 i—1 i=1 i—1j=1

“2” is trivial.
Let now A and B be convex. Then A + B = (conv A) + (conv B) = conv(A + B)
is convex. Finally, let z be an extreme point of A+ B and let x € A and y € B with

Version of Thursday 30" August, 2018, 22:11



50

z = x+y. Then x is an extreme point of A since if we had x = *17*2 with different
X1,Xx2 € A, then it would follow that z = Ww and x1 +y # x2+y 4. In the
same way, ¥ is an extreme point of B. Suppose now that x’ € A and iy’ € B such that
z =x+4y. Thenz = %"/ + %yl and %"/ is also an extreme point of A which is
possible only for x = x’. Analogously, y = v'. O

Notation 2.4.6. Suppressing # in the notation, we denote by X := (Xy,...,X,) a tuple
of variables and set A[X] := A[Xj, ..., X,] for every commutative ring A with 0 # 1 in
A. Fur o € NJJ, we write |a] := a1 + - - - +a, and X* := X' -+ - X"

Definition 2.4.7. Let K be a field and f € K[X]. Write f = Y jeny aa X" with a, € K.
Then the finite set supp(f) := {a € INj | a, # 0} is called the support of f and its
convex hull N(f) := conv(supp(f)) C R" the Newton polytope of f.

Definition 2.4.8. Let K be a field, f € K[X] and a € K. We say that a is a vertex coefficient
of f if there is a vertex a« of N(f) such that aX* is a term of f.

Remark 2.4.9. Since every vertex of the Newton polytope of a polynomial lies by 2.4.3
in the support of the polynomial, vertex coefficients are always # 0.

Theorem 2.4.10. Let K be a field and f,g € K[X]. Then N(fg) = N(f) + N(g) and every
vertex coefficient of f g is the product of a vertex coefficient of f with a vertex coefficient of g.

Proof. “C” supp(fg) C supp(f) +supp(g) S N(f) + N(g) and therefore N(fg) =
conv(supp(fg)) € N(f) + N(g) since N(f) + N(g) is convex by 7.4.19.

“2” By 7.4.19, N(f) + N(g) is a polytope. By virtue of 2.4.4, it suffices to show that
its vertices lie in N(fg). Consider therefore a vertex v of N(f) + N(g). We even show
that v € supp(fg). By 7.4.19, there are uniquely determined « € N(f) and 8 € N(g)
such that v = a« + B, and « is a vertex of N(f) and p a vertex of N(g). By 2.4.9, we have
a € supp(f) and B € supp(g). Because of unicity of « and B, the coefficient of X7 in fg
equals the product of the respective coefficients of X* and XPin f and g, respectively,
and hence is in particular # 0. Thus N(fg) = N(f) + N(g) is shown. Also the extra
claim follows from the above. ]

Proposition 2.4.11. Let K bea fieldand f,¢ € K[X]. Then N(f + g) C conv(N(f) UN(g)).
Proof. supp(f +g&) < supp(f) Usupp(g) € N(f) UN(g) implies

N(f +g) = conv(supp(f +g)) € conv(N(f) UN(g))-

O
Theorem 2.4.12. Let (K, <) be an ordered field and f,g € K[X] such that all vertex coeffi-

cients of f and g have the same sign. Then N(f + g) = conv(N(f) U N(g)) and all vertex
coefficients of f + g also have this sign.
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Proof. “C”is2.4.11

“2” We have that conv(N(f) UN(g)) = conv(supp(f) Usupp(g)) is a polytope. Let
« be one of its vertices. By 2.4.4, it is enough to show that &« € N(f + g). We even show
that « € supp(f + g). By 2.4.3, a lies in at least one of the sets supp(f) and supp(g). If
« lies only in one of these two, then the claim is clear. If on the other hand « lies in both,
then « is a vertex of both conv(supp(f)) = N(f) and conv(supp(g)) = N(g) and the
coefficients of X* in f and in ¢ and hence also in f + ¢ have the same sign, from which
it follows again that « € supp(f + ¢). Thus N(f + ¢) = conv(N(f) UN(g)) is proven.
The extra claim follows from what was shown. O

Lemma 2.4.13. Let (K, <) be an ordered field, V a K-vector space and A a convex subset
of V.Then A+ A =2A:={2x | x € A}
Proof. “2” trivial

“C” Letx,y € A. Thenx+y:2¥ € 2A. O
Theorem 2.4.14. Let (K, <) be an ordered field and f € K[X]. Then N(f?) = 2N(f) and all

vertex coefficients of f? are squares of vertex coefficients of f and therefore positive.

Proof. N(f?) = 2N(f) follows from 2.4.10 and 2.4.13. Suppose 1 is a vertex of N(f?) 240

N(f) + N(f). By 7.4.19, there are uniquely determined &, € N(f) with v = a + .
Due to v = B + a, it follows that « = B. But then the coefficient of X7 in f? is just the
coefficient belonging to X* in f squared. O

Theorem 2.4.15. Let (K, <) be an ordered field, ¢ € No, p1,...,pe € K[X] and f := YI_; p?.
Then N(f) = 2conv(N(p1) U...UN(py)) and all vertex coefficients of f are positive.

Proof. Foreachi € {1,...,¢}, wehaveby2.4.14 that N(p?) = 2N(p;) and that all vertex
coefficients of p? are positive. By 2.4.12,

N(f) = conv(N(p?)U...UN(p?)) = conv(2N(p1) U...U2N(p,))
=2conv(N(p1) U...UN(py))

and all vertex coefficients of f are positive. O

Example 2.4.16. For the Motzkin polynomial f := X*Y? + X?Y* —3X?Y? +1 € R[X, Y],
wehave f > 0onR?>but f ¢ Y R[X, Y]. At first we show f > 0 on IR? in three different
ways:

(1) From the inequality of arithmetic and geometric means known from analysis, it
follows that vabc < 1(a+b+c) for all 4,b,c € Rsg. Setting here a := x%?,
b := x*y* and ¢ := 1 for arbitrary x,y € R, we deduce x?y? < L(x*y? + x?y* +1).
(2)
(1+X3)f = X2+ X237 - 3X2Y2 + 14 X072 + X*y* — 3Xx4y? + X2
=1-2X2Y% + X*Y* + X2 - 2X2Y% + XY+ XPY? - 2XHY? 4 XOY?
= (1-XY2)2+ X2 (1 - Y2+ X*Y?(1 - X*)? € Y R[X, Y]
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(3)
F(X3,¥7%) = XY+ X°Y"? —3X°Y° +1
—_ X4Y2 _ X8Y4 _ X6Y6 =+ lxl2y6 4 1X10Y8 + lx&ylo

4 2 4
1 1 1

+ X2Y4 _ X6Y6 _ X4Y8 + 1X10Y8 4 EXBYlO + ZLX6Y12
+1- XY - XYt 4 %XSY“ + %XW(’ + %X‘*YS

3 84 3 646 3 4,8
+ 4X Y 2X Y® + 4X Y

3 3 3

2 x10y8 _ Z x8y10 4~ x6y12
+ 4 2 + 4

3 3 3

7x12y6 . 7x10y8 7x8y10
+ 4 2 * 4

2
= [ X%y — 1X‘*W - 1X61/3
2 2

2
+ <XY2 - %X3Y6 — ;XSY‘*)

+(1- 1>(21/4 - 1X‘*YZ ’
2 2

3 (24 12\ ?
+1(XY XY)
+Z(x3y6_x5y4)2

+ 2(X4Y5 o X6Y3)2

Now we show f ¢ Y R[X, Y]%:

N(f) = conv(supp(f)) = conv{(4,2),(2,4),(2,2),(0,0)}
— conv{(4,2), (2,4), (0,0)}.

Assume f = Y| p? with ¢ € Ngand py, ..., p; € L R[X,Y]. Then

N(p;) C conv(N(p1)U...UN(py)) = %N(f) = conv{(2,1),(1,2),(0,0)}
by 2.4.15 and hence supp(p;) € N3N N(p;) € N3 Nconv{(2,1),(1,2),(0,0)} =
{(0,0),(1,1),(2,1),(1,2)} for all i € {1,...,¢}. The coefficient of X?Y? in p? is
therefore the coefficient of XY in p; squared and therefore nonnegative. Then the
coefficient of X2Y? in f is also nonnegative 4. This shows f ¢ Y R[X,Y]?. Thus
one can neither generalize 2.1.1(a) = (c) to polynomials in several variables nor
2.3.5(a) = (b) to polynomials of arbitrary degree. Note also that exactly the same
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proof shows even f +c¢ ¢ Y R[X,Y]? for all c € R. By 2.2.6, the Motzkin form
f* o= X4Y? + X2Y* — 3X2Y?72% + 76 is psd [— 2.3.1] but is likewise no sum of
squares of polynomials. Again by 2.2.6, the dehomogenizations f*(1,Y,Z) = Y? +
Y4 —3Y272 + Z8and f*(X,1,Z) = X* + X2 — 3X?Z? + Z° are also polynomials that
are > 0 on R? but that are no sums of squares of polynomials.

2.5 Artin’s solution to Hilbert’s 17th problem

Lemma 2.5.1. Let R be a real closed field and f,p,q € R[X]. Suppose ¢ # O, f = g,
p>0onR"and g > 0on R". Then f > 0 on R".

Proof. Using the Tarski principle 1.8.19, one can reduce to the case R = IR. But then the
subset {x € R" | f(x) < 0} of {x € R" | g(x) = 0} is open in R" and therefore empty
since otherwise g = 0 would follow from 2.2.3. O

In the year 1900, Hilbert presented his famous list of 23 seminal problems at the Inter-
national Congress of Mathematicians in Paris. In 1927, Artin gave a positive solution
to the 17th of these problems. This corresponds to the case K = R in the following
theorem.

Theorem 2.5.2 (Artin). Suppose R is a real closed field and (K, <) an ordered subfield of R.
Let f € K[X]. Then the following are equivalent:

(@ f>0o0onR"
(b) f € Y K=0K(X)?

Proof. (b) = (a) follows from Lemma 2.5.1. We show (a) = (b) by contraposition.
Suppose f ¢ Y K>oK(X)2 To show: 3x € R" : f(x) < 0. Since ¥ K>0K(X)? is now
a proper preorder of K(X) [— 1.2.1, 1.2.5], there is by 1.2.10 an order P of K(X) with
f & P. Set R" := (K(X),P). Then there is an x € R™ with f(x) < 0 namely x :=
(X1,...,Xy) since f(x) = f < 0in R". Due to K>g C P C R, (K, <) is an ordered
subfield of R’. Since the K-semialgebraic set {x € R | f(x) < 0} is nonempty, its
transfer {x € R" | f(x) < 0} to R [ 1.9.5] is also nonempty. O

Corollary 2.5.3. [— 2.1.2] Suppose R is a real closed field and (K, <) an ordered subfield of
R. Let f € K[X]. Then the following are equivalent:

(@ f>0o0nR
(b) f € LK>oK[X]?

Proof. (b) = (a) is trivial.
(a) = (b) follows from 2.5.2 and 2.1.2. O
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2.6 The Gram matrix method

Theorem 2.6.1. Let K be an Euclidean field, f € K[X] and IN(f) NINE C {a1,...,an} C
IN® (for instance set {a;,...,a,} equal to N(f) NINZ or to {a € N | 2|a| < deg f}).

X

Set v := . |. Then the following are equivalent:
X&m

(@) f € LK[X]?

(b) There is a psd matrix [~ 2.3.1(b)] G € SK™ ™ (“Gram matrix”) satisfying f = v’ Go.
(c) fisasum of msquares in K[X].

Proof. (a) = (b) Let? € Npand py,...,p, € K[X] with f = Y./, p?. By 2.4.14, we
have supp(p;) € AN(f) N"INE C {ay,...,an}. Hence thereis an A € K" such that

P1
Av = |
pe
P1
It follows that f = (p1 ... po) | 1 | = (Av)TAv = vTATAv = vTGov where G :=
Pe

ATA € SK™ ™ By 2.3.3, G is psd.
(b) => (c) Let G € SK™ " be psd with f = vTGv. Choose according to 2.3.3 an

A € K™ ™ satisfying G = AT A. Write

P1
Av=| :
Pm
Then py, ..., pm € K[X] and
P1 m
v'Gu=0"ATAv = (Av)"Av=(pr ... po)| : | =) pi
e i=1
(c) = (a) is trivial. O

Example 2.6.2. Let K be an Euclidean field and f := 2X} +5X} — X2X? + 2X}X;, €
K[Xj, X2]. Then N(f) = conv{(4,0), (0,4)} and therefore

3N NG = {(2,0),(1,1), 0.2))
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X2 2 1 a
Setv:= | X1Xp |. From {G € SK¥3 | f = 0vlGo} ={ |1 —2a—1 0| |aeKy,
X3 a 0 5

we obtain

2 1 a
fe ZK[Xl,Xz]Z < dueK: (1 —2a—1 O) psd.
a 0 5

For all 2 € K, we have

24T 1 a
det 1 T—2a-1 0 :(2+T)(T—2a—1)(5+T)—aZ(T—Za—l)—5—T
a 0 5+ T

=(T>~2aT+T—4a—2)5+T)— (1+a*)T+2a°+a> -5
=T%—2aT?+ T? — 4aT — 2T +5T% — 10aT + 5T — 20a — 10 — (1 +a*)T +2a° +a* — 5
=T°+(6—2a)T* + (2 — 14a — a*)T — 15 — 20a + a* + 24°

and by 2.3.3(e), we obtain
2 1 a 203 +a* —20a — 15 > 0
1 —2a—1 0] psd < & —a*>—14a+2>0
a 0 5 & —2a+6>0

Seta:= —3.Then2a® +a?>—-200—15=-2-274+94+60—15= —54+9+60—15 =0,
—a>—14a+2 = —9+4+42+2 =35 > 0and —2a+6 = 12 > 0. For this reason
f € Y K[X3, X2]?. The quadratic form

2 1 a T
q:= (T1 T T3) 1 —-2a—1 0 T, | € K[Tl, T, T3]
a 0 5 T3
obviously satisfies
2 1 a
(X2, X1 X0, X3) =0T [1 —2a—1 0]ov="F.
a 0 5

Because of

2.32(d) 2 1 -3
sgq = rkgq=rk|[ 1 5 0 | =2

-3 0 5

g is a sum of 2 squares of linear forms in K[Tj, T, T3] and thus f a sum of 2 squares
of polynomials. To compute this representation explicitely, we employ the procedure
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from 1.6.1(f):

q=2T} +2T T, — 6T T3+ 5T5 + 5T
3 1

2 2

- 2(T1 + %Tz — ng,)z —2<7T2 — §T3)2+5T22+5T§
-2 2°

4

9 1
=203+ T3 + 30T+ = T3

2 2
9 1 2 9
o2 1 o2 22

123

1 1
= E(2T1 + Tr — 3T3)* + E(3T2 + T3)>.

Hence f = 3(2X2 + X1 X» — 3X3)2 + 3(3X1 X2 + X2)2.
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8§83 Prime cones and real Stellensatze

3.1 The real spectrum of a commutative ring

In this section, we let A, B and C always be commutative rings.
Reminder 3.1.1. Anideal p of A is called a prime ideal of A if
1¢p and VabeA:(abep = (ac€porbeyp)).
We call spec A = {p | p prime ideal of A} the spectrum of A. If I is an ideal of A, then
I € spec A <= A/Iis an integral domain.

Because every integral domain extends to a field (e.g., to its quotient field) and every
tield to an algebraically closed field (e.g., to its algebraic closure), spec A consists exactly

integral domains
of the kernels of ring homomorphisms of A in fields Every

algebraically closed fields
ring homomorphism ¢: A — B induces a map
spec ¢: spec B — spec A,q — ¢ 1(q),

for if g € spec B, then p := ¢~ 1(q) € spec A since ¢ induces an embedding A/p < B/q
by the homomorphism theorem. If ¢: A — Band ¢: B — C are ring homomorphisms,
then

spec(ip o ¢) = (specg) o (specy)).
Notation 3.1.2. If A is an integral domain, then

qf A= (A\{0}) 1A = {% [abe Ab#0}
denotes its quotient field.

Definition 3.1.3. We call sper A := {(p, <) | p € spec A, < order of qf(A/p)} the real
spectrum of A.

Remark 3.1.4. Every ring homomorphism ¢: A — B induces a map
sper ¢: sper B — sper A, (q,<) — (¢ (a), <),

where <’ denotes the order of qf(A/p) with p := ¢~!(q) which makes the canonical
embedding qf(A/p) — qf(B/q) into an embedding (qf(A/p), <') — (qf(B/q), <) of
ordered fields. If ¢: A — B and ¢: B — C are ring homomorphisms, then we have
again

sper(y o ¢) = (sper ¢) o (sper ).
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Example 3.1.5. Since R[X] is a principal ideal domain, the fundamental theorem 1.4.14
implies

specR[X] = {(0)}U{(X —a) |ac R}U{((X —a)> +b*) | a,b € R,b # 0}
=(X—(a+bi))(X—(a—bi))

where (X —a)?+b?) = (X —d')?>+1?) < (a=d &|b| = |V'|) foralla,d’,b b €
R. The spectrum of R[X] therefore can be seen as consisting of

e one “generic point”,
e the real numbers, and
o the unordered pairs of two distinct conjugated complex numbers.

Because of qf(R[X]/(0)) = qf(R[X]) = R(X), qf(R[X]/(X —4a)) = R[X]/(X—a) =R
foralla € R and gf(R[X]/((X —a)?>+b?) 2 R[X]/((X —a)®>+1b*) 2 Cforab € R
with b # 0, we obtain in the notation of 1.3.8 (and with the identification R[X]/(0) =
R[X])

sper R[X] = {((0), P-c), ((0), Peo) } U{((0), Pa-) [ @ € R} U {((0), Pat) | @ € R}
U{((X=a),(RX]/(X —a))*) | a € R}
The real spectrum of R[X] thus corresponds to an accumulation consisting of
e the two points at infinity,
e for each real number two points infinitely close, and
e the real numbers.
Definition 3.1.6. We call supp: sper A — spec A, (p, <) +— p the support map.

Definition 3.1.7. [— 1.1.19(a), 3.1.1] A subset P of A is called a prime cone of Aif P4+ P C
P,PPCP,PU—-P=A,-1¢PandVa,be A: (abe P = (ac Por —b e P)).

Proposition 3.1.8. Every prime cone of A is a proper preorder of A [— 1.2.1].

Proof. Suppose P is a prime cone of A and a € A. To show: a?> € P. Duetoa € A =
PU —P,wehavea € Por —a € P. In the first case we get a? = gqa € PP C P and in the
second a?> = (—a)? = (—a)(—a) € PP C P. O

Proposition 3.1.9. Suppose P C A satisfies P+ P C P, PP C Pand PU —P = A. Then the
following are equivalent:

(a) Pisaprime cone of A.
(b) -1¢ PandVa,bc A:(abe P = (a€ Por —b € P))
(c) PN —Pisa prime ideal of A
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Proof. (a) <= (b) is Definition 3.1.7.

(b) = (c) Suppose (b) holds and set p := PN —P. Then p is obviously a subgroup
of A and we have Ap = (PU—-P)p = PpU—Pp = P(PN—-P)U—-P(PN—-P) C
(PPN —PP)U(—PPNPP) C (PN—-P)U(—PNP)=PN—P =p,ie.,pisan ideal of
A (if % € A this follows alternatively from 3.1.8 and 1.2.4). From —1 ¢ P we get1 & p.
It remains to show Va,b € A: (ab€p = (a€porb € p)). Tothisend, leta, b € A
witha ¢ pand b € p. To show: ab & p. WLOG a ¢ P and —b ¢ P (otherwise replace
a by —a and/or —b by b, taking into account —p = p). By hypothesis, we obtain then
ab ¢ P and thus ab ¢ p.

(c) = (b) Suppose (c) holds. Dueto PU—-P = A, wehavel € Por —1 € P. If

—1 € P, thenagain1 = (—1)(—1) € PP C P. Hence 1 € P. If we had —1 € P, then
lep:=PN—-P ¢cspecA . Thus =1 € P. Let now a,b € A such thata ¢ P and
—b ¢ P. To show: ab ¢ P. Because of PU—P = A, wehavea € —Pand b € P from
which —ab = (—a)b € PP C P. If we had in addition ab € P, then ab € p and thus
aepCPorbepC —P 4. Henceab ¢ P. O

Remark 3.1.10. If K is a field, then 3.1.9 signifies because of spec K = {(0)} just that the
prime cones of K are exactly the orders of K [— 1.1.20].

Lemma 3.1.11. Let P be a prime cone of A and p := PN —P [— 3.1.9(c)]. Then
ZlaeAseA
P, := {Sp|a€ ,8 € \p,asEP}

is an order (i.e., a prime cone [— 3.1.10]) of gf(A/p).
Proof. To show [— 1.1.20(a)]:

(@) P, + P, C B,

(b) PP, C Py,

(c) P,U—P, =qf(A/p), and

(d) P,N—R, = (0).

(fl) Suppose that a,b € A and s,t € A\ p with as, bt € P define arbitrary elements
%,% € P,. Then - B
a» b*  at"  bs"  at+4bs’

¥ P s st st
since at +bs € A, st € A\ p and (at + bs)st = ast® + bts*> € PA? + PA> C PP + PP C
P+PCP.
(b) Letagaina, b € Aands,t € A\ p satisfy as, bt € P. Then

3

ab®  ab’

P e ClF
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sinceab € A, st € A\ p and abst = (as)(bt) € PP C P.

(c)Leta € Aand s € A\ p define an arbitrary element ¢ € qf(A/p). Because of
PU-P=A,wehaveas € Por —as € P,ie., —2= 2 c Pyor L € P,.

(d) Suppose a,b € Aand s, t € A\ p with as, bt € P satisfy

Q|

ar b*

5v i

Then at + bs € p and therefore ast? + bts? = st(at + bs) € p C —P,i.e., —ast> — bts> € P.
From ast?> = (as)t?> € PA? C P and bts®> = (bt)s*> € PA> C P we deduce —ast?, —bts* €
P. Consequently, ast?, bts? € p and thus a,b € p. We obtain

= A
sp tr
as desired. O

Lemma 3.1.12. [— 1.1.19] Let (p, <) € sper A. Then {a € A | @» > 0} is a prime cone of
A.

Proof. Set P := {a € A | a» > 0}. Then P+P C P, PP C P, PU—-P = A and
PN —P =p € spec A. Now P is a prime cone of A by 3.1.9(c). O

Proposition 3.1.13. [— 1.1.19(c)] The correspondence
(p,<)—{acAla >0}
(P N —P,Ppm,p) <~ P
defines a bijection between sper A and the set of all prime cones of A.

Proof. The well-definedness of both maps follows from Lemmata 3.1.11 and 3.1.12.
Now first let (p,<) € sperAand P := {a € A | a0 > 0}. We show (p,<) =
(PN —P, Ppn_p). Itis clear that p = P N —P. Finally,

ar

Ppr_p =P, = {ip|a€A,s€A\p,aSEP}
ar

= {Sp|a€A,s€A\p,aspZO}

={§§|aeA,seA\p,‘;‘jzo}z{xeqf<A/p>|sz}.

Conversely, suppose that P is a prime cone of A and p := PN —P. We show
P={acAl|a >0}.

Here “C” is trivial. To show “2”, let a € A such thata» > 0. Then there are b € A and
s € A\ psuch that bs € Pand @ = L. It follows that as?" = bs® and thus as? € bs +p C

P+p C P+ P C P. Since P is a prime cone, we deduce a € P or —s2 € P. If we had
—s2 € P, thens? € PN —P = p (since s> € A% C P) and therefores € p 4. O
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Remark 3.1.14. [— 1.1.20] As a result of 3.1.13, we can see elements of the real spectrum
as prime cones. We reformulate some of the above in this new language:

(a) Remark 3.1.4: Let ¢: A — B be a ring homomorphism. Then ¢ induces the map
sper ¢: sper B — sper A, Q — ¢ 1(Q). Suppose namely that Q € sperB, q :=
QN—Q, P:= ¢ (Q)and p := PN—P. Then ¢ '(q) = ¢~ (Q) N —¢ 1 (Q) =
PN —P = pand the embedding qf(A/p) — qf(B/q) induced by ¢ is an embedding
of ordered fields (qf(A/p),P,) — (qf(B/q), Qq) because fora € Aands € A\ p
with as € P we have ¢(a) € B, ¢(s) € B\ q, ¢(a)¢(s) = ¢(as) € ¢(P) C Q.

(b) Definition 3.1.6: The support map is supp: sper A — specA, P — PN —P [—
3.1.13]. In particular, the Definitions 3.1.6 and 1.2.4 are compatible.

Definition 3.1.15. For every (p, <) € sper A, we call the real closed field
Rp,<) = (qf(A/p), <)
the representation field of (p, <) and the ring homomorphism
Qp<)t A Rppc) amr @
the representation of (p, <).

Proposition 3.1.16. Let P € sper A. Then P = ¢, (R%) and supp P = ker op.

Proof. 0p"(R3) = {a € A | gp(a) > 0inRp} = {a € A | awp? € Pyyppp} *L° pand

therefore

suppP = PN —P = g,'(Rp) N —0p' (Rp) = 0p'(RE N —R}p) = 05" ({0}) = ker gp.

Proposition 3.1.17. [— 3.1.1] Let P be a set. Then the following are equivalent:
(@) P € sper A

(b) There is an ordered field (K, <) and a ring homomorphism ¢: A — K such that P =
-1
¢~ (K>0).

(c) There exists a real closed field R and a ring homomorphism ¢: A — R such that P =
~1(R2
¢~ (R%).

trivial 3114(ﬂ)
—

Proof. (a) 22 () 22 (b) ) 0
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3.2 Preorders and maximal prime cones

Throughout this section, let A be a commutative ring.

Proposition 3.2.1. Let T be a proper preorder of A [— 1.2.1]. Then the following are equiva-
lent:

(a) T is a prime cone of A.
(b) Va,be A:(abeT = (ac€Tor —beT))

Proof. (a) = (b) is trivial by Definition 3.1.7.
(b) => (a) Suppose (b) holds. By Definition 3.1.7, it suffices to show TU —T = A.

But for all a € A it follows from (b) thata € T or —a € T because of aa = a> € T. O

Theorem 3.2.2. [— 1.2.9] Suppose T is a maximal proper preorder [— 1.2.1] of A. Then T is
a prime cone of A.

Proof. We show 3.2.1(b). For this purpose let a,b € A satisfya ¢ T and —b & T.
Then T + aT and T — bT are preorders of A [— 1.2.8] that properly contain T. Due to
the maximality of T, therefore neither T + aT nor T — bT is proper as a preorder, i.e.,
—1leT+aTand -1 € T —bT. Chooses,t € Tsuchthat —ase€ 1+ Tandbt €1+ T.
Then —abst € (1+T)(14+T) C 1+ T and thus —1 € T +abst C T + abT. Since T is
proper, we conclude that ab ¢ T as desired. O

Corollary 3.2.3. Every proper preorder of A is contained in a maximal prime cone of A.

Proof. Use 3.2.2 and Zorn’s lemma. O

Proposition 3.2.4. Let P,Q < sper A such that P C Q and set q := supp Q. Then Q =
PUq.

Proof. “2” is trivial.
“C”"Leta e Q\P.Toshow:a € q. From —a € P C Qwegetac QN —Q =g. O

Proposition and Terminology 3.2.5. Let P € sper A. Then “the spear”

{Q esperA|PCQ}

is a chain in the partially ordered set sper A that possesses a largest element (“a spearhead”).

Proof. Let Q1,Q2 € sper A with P C Qq and P C Q. Suppose Q1 € Q>. To show:
Q2 € Qj. Choosea € Q1 \ Q2. Letb € Qp. Toshow b € Q1. Wehavea —b ¢ Q (or
elsea € Qy 4)and thusa — b ¢ P because of P C Q. Thenb —a € P C Q; and thus
b € Q. The existence of the “spearhead” follows now from 3.2.3. O
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3.3 Quotients and localization

Throughout this section, we let A be a commutative ring.

Proposition 3.3.1. {Prezmages} of preorders [— 1.2.1] under {homomorp hzsms} of com-
Images epimorphisms

mutative rings are again preorders.

Proof. Exercise. O

Proposition 3.3.2. Let I be an ideal of A. The correspondence

T—T :={a|acT}
{acA|areP} P

preorders [— 1.2.1]

defines a bijection between the set of {prime cones [ 3.1.7]

of{ preorders }ofA/I.

prime cones

} T of Awith I C T and the set

Proof. Exercise. O

Lemma 3.3.3. Let S C A be multiplicative and T C A a preorder. Let

L:A—>S_1A,a+—>§

denote the canonical homomorphism. Then the preorder generated by «(T) in S7'A
equals ST = {& |acT,seS}. This preorder is proper if and only if T N -S2=0.

Proof. Exercise. O
Proposition 3.3.4. Let S C A be multiplicative. The correspondence
P S72P
{a €Al % c Q} “~Q
gives rise to a bijection between {P € sper A | (supp P) NS = @} and sper(S~1A).

Proof. Let P € sper A with (suppP) NS = @. By 3.3.3, S™2P is a proper preorder of
S~1A since PN -S> C (PN —-A%)N(=S) € (PN—-P)N(=S) = (suppP) N —S =
—((suppP) NS) = —@ = @. To show that S~2P is a prime cone of S™1 A, we verify
the condition from 3.2.1(b) where we use that for any two fractions in S~'A, one can
find a common denominator from S2. Leta,b € A and s € S with S% . S% € S2P. To
show: 5 € S72P or —S% € S72P. Choose ¢ € P and u € S with Z—ff = .5. Then there
is v € S such that abu?v = cs*v and therefore (au?)(bv?) = abu?v? = cs*v? € P. Since
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P is a prime cone, it follows that au?> € P or —bv* € P. Hence z = a’ e S=2P or

(su)?
~4 = -y es72P.

Conversely, let Q € sper(S~'A). Fori: A — S71A, a — 4§, we have [ 3.1.14(a)]

{a €A % € Q} = (spert)(Q) € sper A.

Ifwehads € Swithf € QN—Q,thenl=£=1.2 € 5 1A(suppQ) CsuppQ 4.

S
It remains to show that the maps are inverse to each other:

(a) If P € sper A with (suppP) NS =@, thenP = {ac A| % € S72P}.
(b) If Q € sper(S7'A), thenQ = {5 |ac A, § € Qs € S}.

To show (a), let P € sper A with (suppP) NS = Q.

“C” is trivial.

“D” Leta € Awith € S72P. Chooseb € Pands € S with § = S% Then there is
t € S such that as?t = bt and thus as*t? = bt?> € P. It follows that a € P or —s*t> € P.
The latter would lead to s*#* € (supp P) N S4. Hence a € P.

To show (b), consider an arbitrary Q € sper(S~1A).
“D" is trivial.
“C”Letbe Aand s € Swithg € Q. Then fora :=sb € A,wehaveg = % =% and

52

t=f=()tea a

3.4 Abstract real Stellensatze
Definition 3.4.1. Let A be a commutative ring. We call the ring homomorphism

A— 1 Ry <), a v (@: (p, <) — av)
(p,<)esper A

the real representation of A. For a € A, we say that 7 is the function represented by a on
the real spectrum of A.

Theorem 3.4.2 (abstract real Stellensatz [Kri, Ste, Pre]). Suppose A is a commutative ring,
I C Aanideal, S C A amultiplicative set and T C A a preorder. Then the following conditions
are equivalent:

(@) There does not exist any P € sper A satisfying

Vael:a(P)=0,
Vs € S:5(P) #0 and
vVt € T:t(P) > 0.

(b) Therearea € I,s € Sand t € T such that a + s>+t = 0.

Tentative Lecture Notes



65

Proof. (b) = (a) is trivial.

(a) = (b) Replacing T by the preorder T + I, we can suppose WLOG I = (0).
Suppose (b) does not hold. By 3.3.3, S72T is then a proper preorder of S~'A. Con-
sequently, S72T is contained in a prime cone Q of S™'A by 3.2.3. Now 3.3.4 yields
P:={acA|$e€Q} € sperA and (suppP)NS = @. Forall s € S, we have
S(P) = swe? # 0in Rp [ 3.1.15, 3.1.13] since s ¢ supp P. For all t € T, we have
t(P) > 0 because t € P. O

Terminology and Notation 3.4.3. (a) We call a pair (A, T) consisting of a commutative
ring A and a preorder T of A a preordered ring.

(b) If (A, T) is a preordered ring, then we define its real spectrum

sper(A,T) :={P €sperA|T C P}.

(c) [— 1.4.15(c)] If A is a commutative ring, a € A and S C sper A, then we write

a>0onS:<= VPeS:a(P)>0,
a>0onS:<= VYPeS:a(P) >0,

and so forth.

Corollary 3.4.4 (abstract Positivstellensatz). Let (A, T) be a preordered ring and a € A.
Then the following are equivalent:

(@) @ > 0onsper(A,T)

b) T tac1+T

() teT:1+t)acl+T.

Proof. (b) => (c) Ift,t' € T satisfy ta =1+, then
A+t+ta=tat+(1+t)a=1+t+ta> c1+T.

(c) = (a) is trivial.
(a) = (b) follows by applying 3.4.2 on the ideal (0), the multiplicative set {1} and
the preorder T — aT. O

Corollary 3.4.5 (abstract Nichtnegativstellensatz). Let (A, T) be a preordered ring and a €
A. Then the following are equivalent:

(@) @ > 0onsper(A,T)
(b) IteT:IkeNg:taca®*+T

Proof. (b) = (a) is trivial.
(a) = (b) follows by applying 3.4.2 on the ideal (0), the multiplicative set {1,a,4?,...}
and the preorder T — aT. O
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Corollary 3.4.6 (abstract real Nullstellensatz [Kri, Du2, Ris, Efr]). Let A be a commutative
ring, I C A anideal and a € A. Then the following are equivalent:

(@) a=0o0n {P e€sperA|IC suppP}
(b) IkeNg:Isec L A2:a +se]

Proof. (b) = (a) is trivial.

(a) = (b) follows by applying 3.4.2 on the ideal I, the multiplicative set {1,a,4%,... }
and the preorder } A2. O

3.5 The real radical ideal

Throughout this section, we let A be a commutative ring.

Definition 3.5.1. [— 1.2.12(c)] A is called real (or real reduced) if
Vn e N :Vay,...,a, 6A:(a%+---+a%=0 = a1 =0).

Remark 3.5.2. We have

A#{0}real = —1¢) A? 1%) sper A # @.
z.z(a

Here “==" cannot be replaced by “ <= ” (in contrast to the case where A is a field [
1.2.12]) as the example of A = R[X]/(X?) shows.

Definition 3.5.3. An ideal I C A is called real (or real radical ideal) if A/I is real, i.e.,
VneN:Vay,...,a, €A: (a3 +...4+a2 €] = ny €1).

Proposition 3.5.4. Let p € spec A. Then the following are equivalent:

(@) pisreal [— 3.5.3]

(b) qf(A/p)is real [— 1.2.11]

(c) dP € sper A : p = supp P [ 3.1.14(b)]

Proof. (a) = (b) Suppose (a) holdsandletn € IN,ay,...,a,,5s € A/pwiths # 0such

that (‘%)2 +...+ (%")2 = 0. Then a? + ... +4a2 = 0. Since A/p is real, it follows that
a; = 0 and therefore & = 0.

(b) => (¢) Suppose (b) holds. Then qf(A/p) possesses an order <. According to

Definition 3.1.3, we have (p, <) € sper A and of course p = supp(p, <) by Definition
3.1.6.

(c) = (a) Suppose p = supp P for some P € sper A. Letn € Nanday,...,a, € A
satisfy a2 + ...+ a2 € p. Then a;(P)*+... 4+ ,(P)?> = 0 and thus a@;(P) = 0, ie,
a € p. O
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Definition 3.5.5. The real radical rrad I of an ideal I C A is defined by
rrad [ := (| {p € rspecA | I C p}

where rspec A := {p € spec A | pisreal} and N QD := A.

Remark 3.5.6. Since every intersection of real ideals of A is obviously again a real ideal
of A, for every ideal I C A, the set rrad I is a real ideal of I.

Theorem 3.5.7. [— 3.4.6] For every ideal I of A,
adl={acA|FeNy:Ise )y A +sel}.

Proof. 3.5.4 shows that this is just a reformulation of 3.4.6. O

Remark 3.5.8. Let I C A be an ideal. Then by 3.5.6, rrad I is the smallest real ideal of A
containing I.

Definition 3.5.9. We call rnil A := (rspec A = rrad(0) the real nilradical of A.

Corollary 3.5.10. We have

{acAla=0t=milA={acA|FkeN:Ise) A?:a* +5s=0}.

3.6 Constructible sets

In this section, we let (A, T) always be a preordered ring [— 3.4.3(a)]. At the moment
it is a general one but after Proposition 3.6.2, we will further specialize (A, T).

Definition 3.6.1. [— 1.8.3] A Boolean combination [— 1.8.2(b)] of sets of the form
{P € sper(A,T) |ac P} (a e A)

is called a constructible subset of the real spectrum of (A, T). We denote the Boolean al-
gebra of all constructible sets of sper(A, T) by € 4 r). The analogous definition remains
in force for a commutative ring instead of a preordered ring (A, T).

Proposition 3.6.2. [— 1.8.6] Every constructible subset of sper(A, T) is of the form
k

U {P € sper(A,T) | a;(P)

i=1

0,b1(P) >0, ..., Bym(P) > o}

for some k,m € Ny, a;,b;; € A.
Proof. Completely analogous to 1.8.6 using thata € P L a(P) > 0foralla € Aand
P € sper A. O
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For the rest of this section, we fix an ordered field (K, <), denote by R := (K, <) its
real closure, we let n € INg and set A := K[X] and T := Y K>9A%. Then (A,T) is a
preordered ring and for all P € sper(A, T) there is by 1.7.5 exactly one homomorphism
from R to the representation field Rp of P extending op|x [ 3.1.15]. In virtue of this
homomorphism, which is of course an embedding of ordered fields, we interpret R as
an (ordered) subfield of Rp. In particular, we write R = Rp if it is an isomorphism.

Proposition and Notation 3.6.3. The correspondence
P xp:= (0p(X1),...,0p(Xy))
{feAl|f(x) >0} =Py <+ix
defines a bijection between {P € sper(A,T) | Rp = R} and R™.
Proof. We first show that both maps are well-defined. For every P € sper(A, T) with

Rp = R, we have xp € R" under the identification of Rp and R. Conversely, let x € R".
Consider the ring homomorphism

p: A—R, f— f(x).

Then P, = ¢~ }(R?) = (sper ¢)(Rxo) € sper A [ 3.1.4,3.1.14(a)]. Obviously, Ko C Py
and therefore P, € sper(A,T). In order to show Rp, = R, we set p := supp Py and
consider the homomorphism of ordered fields

@A/, (P)y) = (R D), & 5 88 (aeasc Al
induced by ¢ according to 3.1.4 taking into account 3.1.14. Since R is real closed, this
homomorphism extends (uniquely) to a homomorphism of (ordered) fields

p: Rp, = (qf(A/p), (Pr)y) = R.

We obviously have i|x = id and therefore | is a K-endomorphism of the real closure
R of (K, <) which can only be the identity by 1.7.5. The injectivity of ¢ now implies
Rp, = R as desired. For later use we note that i = idg implies

() Fr=97 () =97 (f(0) = f(x)
forall f € A.
It remains to show that both maps are inverse to each other. This means:

(@) P = Py, forall P € sper(A, T) with Rp = R

(b) x = xp, forall x € R"

To show (a), let P € sper(A, T) such that Rp = R. Then
Py, ={f € A| f(er(X1),...,0p(Xn)) = 0in R}

~

={feAlo(f) =20inRp} ={f € A[f(P) =0} =P.

To show (b), we let x € R". Then Z’“T’* © x; € Rforalli € {1,...,n}. Conse-
quently, xp. = (0p,(X1), ..., 0p,(Xn)) = (X", .., X, "PP) = (x1,...,x,) =x. O
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Theorem and Definition 3.6.4. [~ 1.9.3, 1.9.4] Let n € INg and denote again by .%, r the
Boolean algebra of all K-semialgebraic subsets of R". Then

Slim : CK(A,T) — yn,R/ Cr {X € R" | P, € C}

is an isomorphism of Boolean algebras. We call Slim the despectrification or slimming (in
German: Entspeckung) and
Fatten := Slim !

the spectrification or fattening (in German: Verspeckung). For all f € A, one has
Sim({P € sper(A,T) | f € P}) ={x € R"| f(x) > 0}.

Proof. It is obvious that Slim is a homomorphism of Boolean algebras [— 1.9.1] satisfy-
ing Sim({P € sper(A,T) | f€ P}) ={x € R"| f € P} = {x € R" | f(x) > 0} for
all f € A. Let Z O {Rp | P € sper(A, T)} be a set of real closed fields that are ordered
extension fields of (K, <) [ 1.8.4(b)]. Let .#, again denote the Boolean algebra of all
(K, <) -semialgebraic classes [~ 1.9.3] and consider

®: Sy — Cary, S {P €sper(A,T) | (Rp, (ep(X1),--.,0r(Xn))) € S}.

It is obvious that ® is a homomorphism of Boolean algebras satisfying

®({(R',x) |R' € Z,x e R", f(x) >0in R'})
= {P e sper(A,T)| flop(X1),...,0p(Xn)) > 0in Rp}
= {P e sper(A,T) | op(f) > 0inRp}

~

={P esper(A,T)| f(P) >0} ={Pesper(AT)|fecP}

for all f € A. From this one sees, in the first place, that ® is surjective and, secondly,
that Slim o @ = Setg [— 1.9.3] which is an isomorphism of Boolean algebras by 1.9.4.
Along with Setg, ® is also injective. We conclude that & is an isomorphism and with it
Slim = (Slimo ®) o &1, O

Example 3.6.5. In 3.1.5, we have already described sper R[X]. Now we describe sper R[X]
as a set of prime cones [ 3.1.14] while using 1.3.8: For t € R, we set

P :={feR[X]|Fe€Rsg:Vx € (t—¢gt): f(x) >0},
Po:={f eR[X]|f(t) >0} and
Py :={feR[X]|Fe€Rso:Vx € (tt+e): f(x) >0}

Finally, we set

P o:={feR[X]|IceR:Vxe (—o0o,c): f(x) >0} and
Po:={fe€R[X]|IceR:Vx € (c,o): f(x)>0}.
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Then
sper R[X]| = {P-w, P} U{P— |t e R}U{P, |t € R} U{Py | t € R}.
The fattening of the semialgebraic set [0,1) C R is the set

C:={P, Pt} U{P- |t (0,)}U{P |t e (0,1)}
U{Py | t€ (0,1)}u{P_} C sperR[X].

In particular, C is constructible. In contrast to this, C"' := C\ {P;_} is not constructible
for otherwise C and C’ would have the same slimming in contradiction to 3.6.4.

3.7 Real Stellensatze

Remark 3.7.1. Let A be a commutative ring.

ideals an ideal
(a) Since every intersection of ¢ multiplicative sets » of A is again ¢ a multiplicative set
preorders a preorder

a smallest ideal
of A, there exists for every subset E C A { a smallest multiplicative set » of A con-
a smallest preorder

ideal
taining E. It is called the ¢ multiplicative set » generated by E.
preorder

An ideal
(b) {A multiplicative set} of A is called finitely generated if it is generated by a finite
A preorder
subset of A.

ideal
(c) The { multiplicative set » generated by ay,...,a,, € A (i.e, by {a1,...,a,} C A)is
preorder

Aay + ...+ Aay,
{al'---ayr |a € NI} 3.

2 & 1)
Ysefonym L A%ay - ayy

an ideal
(d) If § amultiplicative set » of A is generated by E C A, then it is the union over all
a preorder

ideals
multiplicative sets » of A generated by a finite subset of E.
preorders
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an ideal I
(e) If ¢ amultiplicativesetS » C A is generated by E C A and if P € sper A, then
a preorder T

Vael:a(P)=0 Va € E:a(P)
{VseS:?(P) 7&0} = {VSEE:?(P)
Vte T:HP) >0 Vt € E: (D)

anideal I

Remark 3.7.2. Let (L, <) be an ordered field and K a subfield of L. If { a multiplicative set S

a preorder T
K[X] is generated by E C K[X] and if x € L", then

Vgel:g(x)=0 VgeE:g(x)=0
VheS:h(x) 0% «= {VheE:h(x)£0 5.
{VfGTif(X)>0} {VfEEif(X)>0}

Remark and Terminology 3.7.3. (a) “over B generated by E” stands for “generated by
BUE”

(b) “over B finitely generated” stands for “generated by B U E for some finite set E”

(c) If (K, <) isan ordered field and n € Ny, then the preorder generated by p1,...,pm €
K[X] over K>¢ equals Y sc (0,1} Y KoK [X]2p - - - por [— 3.7.1(0)].

Proposition 3.7.4. Let (K, <) be an ordered field, R := (K, <) and n € INo [— 3.6.3]. Let I be
an ideal, S a finitely generated multiplicative set and T a preorder of K[X] finitely generated
over K>g. Then

{P € sperK[X] | (Vg € [: §(P) =0),(Vh € S: h(P) #0),(Vf € T: f(P) > 0)}
is a constructible subset of sper(K[X], ¥ K>oK[X]?) whose slimming is the K-semialgebraic set
{xeR"|(Vgel:g(x)=0),(VheS:h(x)#0),(VfeT:f(x)>0)}

Proof. By Hilbert’s basis theorem, I is finitely generated as well. Now use 3.7.1, 3.6.4
and 3.7.2. O

Theorem 3.7.5 (real Stellensatz [Kri, Ste, Pre]). [— 3.4.2] Let (K, <) be an ordered subfield
of the real closed field R, n € Ny, I an ideal of K[X], S a finitely generated multiplicative
set of K[X] and T a preorder of K[X] finitely generated over K>. Then the following are
equivalent:

(a) There does not exist any x € R" satisfying

Vgel:g(x)=0,
VheS:h(x)#0 and
Vte T:t(x)>0.
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b) 0€I+S?>+T
Proof. (b) = (a) is trivial.

(a) = (b) WLOG R = (K, <) [ 1.7.11]. Because the fattening of the empty set is
empty by 3.6.4 [— 1.9.1], (a) implies Condition 3.4.2(a) from the abstract real Stellensatz
applied to A := K[X]. O

Corollary 3.7.6 (Positivstellensatz). [— 3.4.4] Let (K, <) be an ordered subfield of the real
closed field R, n € Ny, T a preorder of K[X] finitely generated over K>,

S:={xeR"|VpeT:px) >0}
and f € K[X]. Then the following are equivalent:
(@ f>0o0nS
(b) IteT:tfel+T
() HeT:(1+t)fel+T

Proof. Alternatively from 3.7.5 (as 3.4.4 from 3.4.2) or from 3.4.4 (as 3.7.5 from 3.4.2
using 3.6.4). O

Corollary 3.7.7 (Nichtnegativstellensatz). [— 3.4.5] Let (K, <) be an ordered subfield of the
real closed field R, n € Ny, T a preorder of K[X] finitely generated over K-,

S:={xeR"|VpeT:px)>0}
and f € K[X]. Then the following are equivalent:
(@ f>0o0nS
(b) IteT:3keNg:tfe fA+T

Proof. Alternatively from 3.7.5 (as 3.4.5 from 3.4.2) or from 3.4.5 (as 3.7.5 from 3.4.2
using 3.6.4). O

Remark 3.7.8. In the special case T = }_ K>(K[X]?, the Nichtnegativstellensatz 3.7.7 is
obviously a strengthening of Artin’s solution 2.5.2 to Hilbert’s 17th problem in which
Condition (b) is refined. This refinement has the advantage that the proof of (b) = (a)
does not require a real argument as it was the case in 2.5.2. The proof of 3.7.7 requires
prime cones of rings instead of just preorders of fields and therefore is substantially
more difficult as the proof of 2.5.2.

Corollary 3.7.9 (real Nullstellensatz [Kri, Du2, Ris, Efr]). [— 3.4.6] Let K be a Euclidean
subfield of the real closed field R, n € Ny, I an ideal of K[X] and

Vi={xeR"|Vpel:p(x)=0}

Then {f € K[X] | f=00nV} =rrad L.
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Proof. Using the description of rrad I from 3.5.7, this follows alternatively from 3.7.5 (as
3.4.6 from 3.4.2) or from 3.4.6 (as 3.7.5 from 3.4.2 using 3.6.4). O

Definition 3.7.10. [— 1.7.1] Let K be field. An extension field R of K is called a real
closure of K if R is real closed and R|K is algebraic.

Remark 3.7.11. For two fields K and R, the following are equivalent:

(a) Ris areal closure of K.

(b) There is an order < of K such that R = (K, <).

Theorem 3.7.12 (variant of the real Stellensatz). [— 3.7.5] Let K be a field, n € INy, I an
ideal of K[X], S a finitely generated multiplicative set of K[X] and T a finitely generated
preorder of K[X]. Then the following are equivalent:

(@) There does not exist a real closure R of K and an x € R" such that

Vgel:g(x)=0,
VheS:h(x)#0 and
VfeT: f(x)>0.

b)0cI+S*>+T
Proof. (b) = (a) is trivial.

We show (a) = (b) by contraposition. Suppose (b) does not hold. We have to show
that (a) does not hold. By the abstract real Stellensatz 3.4.2, there is some P € sper K[X]
such thatVg € I : g(P) =0,Vh € S: h(P) # 0and Vf € T : f(P) > 0 all hold at the

same time. Now consider the real closure R := (K, KN P) of K and the preordered ring
(K[X], (KN P)K[X]?). The set

U:={xeR"|(Vgel:g(x)=0),(VheS:h(x)#0),(VfeT:f(x)>0)}

is K-semialgebraic by 3.7.1(e) since I, S and T are finitely generated. We will show
that U # @. We have chosen P to be an element of the constructible subset of the real
spectrum of this preordered ring which is the fattening of U, i.e., P € Fatten(U) in the
notation of 3.6.4. In particular, Fatten(U) # @ and thus U # @ by 3.6.4 O

Remark 3.7.13. Wherever the hypothesis “finitely generated” appears in this section,
it cannot be omitted. For instance, assume that the Positivstellensatz 3.7.6 holds with
the weaker hypothesis “K>o C T” instead of “T finitely generated over K>¢”. Consider
then K := R := R, n := 1 and the preorder of R[X] generated by

E:={X-N|NeN}.

ThenS:={x e R|Vp € T:p(x) >0} = @and thus f := —1 > 0 on S. It follows
that 3t € T: tf € 1+ T and thus by 3.7.1(d) even 3t € T' : tf € 1+ T’ for a preorder
T’ C T generated by a finite set E’ C E. The trivial direction of 3.7.6 then yields —1 > 0
onS :={xeR|VpeT :p(x) >0} "E {xeR|VpekE:p(x)>0}=[Nw)for
some N € IN.
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Remark 3.7.14. [— 1.2.10] Let A be a commutative ring and T C A a proper pre-
order. Exactly as in the field case, there exists some P € sper A such that T C P
[— 3.2.3]. In sharp contrast, to the field case we do in general however not have that
T = Nsper(A,T). As an example, take A := R[X,Y], T := Y R[X,Y]? and consider
the Motzkin polynomial f := X4Y? + X2y* —3X2Y?2 + 1. By 2.4.16, we have f ¢ T and
S:={(x,y) € R?| f(x,y) > 0} = R2 By 3.6.4, the fattening

C:={PesperA|fecP}CsperA=sper(AT)

of S equals the whole of sper A, i.e., f € (sper(A,T).
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§4 Schmudgen’s Positivstellensatz

4.1 The abstract Archimedean Positivstellensatz

Definition 4.1.1. [— 1.1.20(d)] A preordered ring (A, T) is called Archimedean if
Vace A:dNeEN:N+aeT,

which is equivalentto T —IN = Aand alsoto T + Z = A.

Definition 4.1.2. Let A be a commutative ring.

(a) A preorder T of A is called Archimedean if (A, T) is Archimedean.

(b) A is called Archimedean if (A, " A?) is Archimedean.

Theorem 4.1.3 (abstract Archimedean Positivstellensatz [Sto, Kad, Kri, Dul]). [— 3.4.4]
Let (A, T) be an Archimedean preordered ring and a € A. Then the following are equivalent:

(@) @ > 0onsper(A,T)
(b)) AINEN:Nacl+T

Proof. (b) = (a) is trivial

(@) => (b) For the multiplicative set S := N -1 C A, (S 'A,S72T) is again an
Archimedean preordered ring [ 3.3.3] and we have [— 3.3.4]

a>0on sper(A,T) < (%) > 0 on sper(S~1A,S72T).
We can therefore suppose N - 1 C A* and therefore have a homomorphism
Q=N"1Z - 4, ZHZ (p€Z,geN).

Suppose now that (a) holds. By the abstract Positivstellensatz 3.4.4, there is some t € T
such that ta € 1+ T. Since T is Archimedean, there are N € N with N —t € T and
r € Nwitha+r € T. Now you can decrease r € &Ny a finite number of times by &
until it gets negative since

1 N
a+<r—N> —ﬁ((N—j)(a+r)+(ta—1)+ rt )eT
€T €T €T €T

as long as r > 0. It follows a — % € TandthusNac 1+ T. O
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Corollary 4.1.4. Let A be a commutative ring and P € sper A. Then the following are equiv-
alent:

(a) Pis Archimedean and a maximal prime cone. [— 4.1.2(a)]

(b) (qf(A/p), P,) is Archimedean where p := supp P. [ 3.1.11]

(¢) Rpis Archimedean. [— 3.1.15]

(d) There exists a homomorphism ¢: A — R such that P = (sper ¢)(R>o).

Proof. (a) = (b) Suppose (a) holds and leta € Aands € A\ p. Toshow: IN € N :
Z + N € P,. WLOG s € P. Since P is maximal, we have sper(A, P) = {P} and thus
§ > 0 onsper(A,P). By 4.1.3, there is N’ € IN such that N's € 1+ P. Choose N” € N
such thata + N” € Pand set N := N'N”. Thena+ Ns =a+ N'N'sca+ N"+P C
P+ P C P and thus (a + Ns)s € PP C P. It follows that %‘j +N= ”Jgsp € D,.

(b) => (c) If (b) holds, then (qf(A/p), P,) — (R,R>¢) by 1.1.17 [ 1.1.5] and

Rp = (qf(A/p), Py) = (R, Rx0)

by 1.7.5.
(c) = (d) Choose an embedding:: Rp — R according to 1.1.17. We have ;1 (R>¢) =
(Rp)>0 because ¢ is an embedding of ordered fields. Now set ¢ := 10 gp. Then

¢ '(R0) = 05" (1" (Rx0)) = 05 (Rp)20) "= P.

(d) = (a) Suppose ¢: A — R is a homomorphism with P = ¢~ !(IR>o). Then P
is Archimedean for if 2 € A, then one can choose N € IN with ¢(a) + N > 0 and it
follows thata + N € ¢ 1(IR>g) = P. In order to show that P is maximal, let Q € sper A
with P C Q. Toshow: P = Q. If wehad a € Q\ P, then ¢(a) < 0 and thus ¢(Na) < —1
for some N € N from which it would follow that ¢(—1 — Na) > 0 and thus —1 — Na €
PCQand —-1=(-1—-Na)+NaecQ+QCQjs. O

4.2 The Archimedean Positivstellensatz [ §3.7]

Lemma 4.2.1. Suppose (K, <) is an ordered subfield of R, n € Npand K>o C T C K[X].
Then the correspondence

x—evy: K[X] =2 R, p— p(x)
(P(X1), -, 9(Xn)) = @

defines a bijection between S := {x € R" | Vp € T : p(x) > 0} and the set of all ring
homomorphisms ¢: K[X] — R satisfying ¢(T) C R>o.

Proof. It is obviously enough to show that every ring homomorphism ¢: K[X] — R
with ¢(T) C R> is the identity on K. But this is clear by 1.1.15 since the identity is the
only embedding of ordered fields (K, <) — (R, R>). O
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Theorem 4.2.2 (Archimedean Positivstellensatz). [— 4.1.3, 3.7.6] Suppose (K, <) is an
ordered subfield of R, n € Ny, T C K[X] is an Archimedean preorder containing K>,
S:={xeR"|VpeT:p(x)>0}and f € K[X]. Then the following are equivalent:

(@ f>0o0nS
(b) INEN:fe£+T
Proof. (b) = (a) is trivial.

(a) = (b) Suppose that (a) holds. It is enough to show that j? > 0 on sper(K[X], T)

due to the abstract Archimedian Positivstellensatz 4.1.3 using & = N (%)2 To this
end, let P € sper(K[X], T). Choose a maximal prime cone Q of K[X] such that P C Q
by 3.2.3. Along with P, also Q is of course Archimedean. By 3.2.3, we have Q = P U q
where q := supp Q. It follows that Q \ —Q C P\ —P and therefore it is enough to show
that f € Q\ —Q. By 4.1.4(d) and 4.2.1, there is some x € S satisfying Q = ev;!(R>o) =

{p € K[X] | p(x) > 0}. From f(x) > 0, we deduce now f € Q\ —Q as desired. O

Remark 4.2.3. If T is finitely generated over K-¢ in the situation of 4.2.2, then one
can reduce 4.2.2 alternatively by fattening to 4.1.3. This ultimately uses unnecessarily
the heavy artillery of real quantifier elimination 1.8.17 and is not applicable if T is not
finitely generated over K>(. The principal reason why the real quantifier elimination is
not needed here is 1.1.17.

4.3 Schmudgen’s characterization of Archimedean preorders of
the polynomial ring

Definition and Proposition 4.3.1. Let (A, T) be a preordered ring. Then
Bary:={a€ A|INEN:N+aeT}

is a subring of A which we call the ring of with respect to T arithmetically bounded elements
of A.

Proof. One sees immediately that B4 1) is a subgroup of the additive group of A. It is
clear that 1 € B(4 ). Finally, we have B4 1)B(a1) C B(a,) as one sees immediately
from the identity

3N>’+ab=(N+a)(N+b)+N(N—a) +N(NFb) (Ne€N,abcA).
Lemma 4.3.2. Let (A, T) be a preordered ring such that 3 € A. Then
a2 € B(A,T) — ac B(A,T)

foralla € A.
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Proof. Choose N € N with (N —1) —a? € T. Then

2 2
N+a=(N-1)—-a*+ Gia) +3<;> eT.

O]

Remark 4.3.3. If (A, T) is a preordered ring, then T is Archimedean if and only if
B(A,T) = A

Lemma 4.3.4. Suppose (K, <) is an ordered subfield of R, n € Np and T C K[X] is a
preorder containing K. Then the following are equivalent:

(a) T is Archimedean.
b)) INEN:N-Y" X2cT
(0 ANeN:Vie{l,...,n} : NEX; €T
Proof. (a) = (b) is trivial.
(b) => (c) If (b) holds, then N — X? € T and thus X? € B foralli € {1,...,n}.

Now apply 4.3.2.

(c) = (a) Since (K, <) is Archimedean and K>y C T, we have K C B(a,r)- If now
moreover (c) holds, then K[X] = B(a,1)- O

Theorem 4.3.5 (Schmiidgen’s Theorem [Sch, BW]). Suppose (K, <) is an ordered subfield
of R, n € Ng and T a preorder of K[X|] which is finitely generated over K>q. Write

S:={xeR"|VpeT:p(x)>0}.

Then
T Archimedean <= S compact.

Proof. [BW] “=" Let T be Archimedean. By 4.3.4(b), there is some N € IN with N —
Y7 . X? € T. Then S is contained in the ball of radius v/'N centered at the origin and
thus bounded. Anyway S is already closed. Consequently, S is compact.

“&=" Let S be compact. Write r := Y/ ; X? and choose N € N such that N —r > 0
on S. By the Positivstellensatz 3.7.6, we find t € Tsuchthat (1+¢)(N—r) € 1+T C T.
We know that T’ := T + (N — r)T is a preorder of K[X] that is Archimedean by 4.3.4.
Wehave (1+ T C Tand N—r+ Nt = (1+t)(N—r)+tr € T+ T C T. Choose
N’ € Nwith N —t € T'. Then

A+N)YN =)= A+ (N —t) + (N =2 € 1+ )T +TCT+TCT

from which N’ — t € T follows because of 1757 = (1+ N') (1 JrlN,)2 € T. We conclude
that

N(N'+1)—=r=NN'+N—-r=(N—r+tN)+N(N' —t) e T+ TCT.
Now 4.3.4 implies that T is Archimedean. O
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Corollary 4.3.6 (Schmiidgen’s Positivstellensatz). [— 4.2.2] Suppose (K, <) is an ordered
subfield of R, n € Ny, T a preorder of K[X] which is finitely generated over K>o. Suppose
S:={xeR"|VpeT:p(x)>0}iscompactand f € K[X]. Then the following are
equivalent:

(@ f>0o0nS
(b) INEN:fe&+T

Proof. By Schmiidgen’s Theorem 4.3.5, T is Archimedean. But then the Archimedean
Positivstellensatz 4.2.2 proves the equivalence of (a) and (b). O

Remark 4.3.7. (a) Exactly as in 3.7.13, one sees that the hypothesis “T finitely gener-
ated over K>(” cannot be replaced by the weaker hypothesis “K>o C T”.

(b) If one drops the requirement that S is compact, then 4.3.6 gets wrong as the example
K:=R,n:=1,T:=YR[X]?+ Y R[X]?X3 and f := X + 1 shows: We have f > 0
on S = [0,00) but f ¢ T for degree reasons as one sees from 2.2.4(b).

(c) In the situation of 4.3.6, we unfortunately do not have in general
f>0onS <= feT.

For this, consider K := R, n:= 1, T := Y R[X]?> + LR[X]?X3(1 — X) and f := X.
Then f > Oon S = [0,1]. Assume f € T. Write f = };p? + 147 X°(1 — X) for
some pj, q; € R[X]. Evaluating in 0, yields 0 = ¥; p;(0)? and thus p;(0) = 0 for all i.
Write p; = Xp] for some p} € R[X]. Then X = f = X2 (L p2 + 52X (1 - X)) 4.
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§5 The real spectrum as a topological space

5.1 Tikhonov’s theorem

Remark 5.1.1. Any finite intersection of unions of certain sets is a union of finite inter-
sections of such sets [— 1.8.1].

Reminder 5.1.2. [— 1.8.2] Let M be a set.

(a) Aset 0 C (M) is called a topology on M if
e Mc 0,
o YVA,Ay e 0 :A1NAy € 0 and
VA CO:\Ud EO.

In this case, (M, 0) is called a topological space and the elements of & are called its
open sets.

(b) Let ¥ C &(M). Then the set of all unions of finite intersections of elements of ¢
(where N @ := M) is obviously the smallest topology ¢ on M such that 4 C & It
is called the topology generated by & (on M).

, ) ) coarser .. [OC0O
(c) If &' and &' are topologies on M, then & is called { finer } than 0" if { 6> 0

(d) The finest topology on M is the discrete topology 0 := P (M).

(e) The coarsest topology on M is the trivial topology (in German: Klumpentopologie)
0 :={0,M}.

Reminder 5.1.3. Let (M, ¢) and (N, &) be topological spaces and f: M — N be a map.
Then f is called continuous if f~}(B) € ¢ for all B € 2.

Reminder 5.1.4. Let M be a set, (N;, &)1 a family of topological spaces and (f;)ie;
a family of maps fi: M — N; (i € I). Then there exists a coarsest topology ¢ on
M making all f; (i € I) continuous. One calls & the initial topology (or weak topology)
with respect to (f;)ic;. If I = {1,...,n}, then & is also called the initial topology with
respect to fi, ..., fu. This topology & is generated by {f, *(B;) | i € I, B € &;}. More
generally, the following holds: If &; is generated by ¥; for i € I, then 0 is generated
by {f/'(B) | i € I, B € ¢;}. It holds that & is the unique topology on M having the
following property: For every topological space (M’, ¢’) and every g: M’ — M, the
map g is continuous if and only if all the maps f; o ¢ with i € I are continuous.
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Example 5.1.5. (a) Let (N, Z?) be a topological space and M C N. Then one endows
M with the initial topology & with respect to M — N, x — x. One calls ¢ the
topology induced by & on M and (M, ©) a subspace of (N, &?). We have

6 ={MnNB|B¢c 2}

(b) Let (Nj, Z)ic; be a family of topological spaces. Then there exists a coarsest topol-
ogy 0 on N := [];c; N; making all projections 71;: N — N, (xj)jer = x; (i € I)
continuous. One calls & the product topology of the &; (i € I) on N and (N, 0) the
product space of the (N;, P;) (i € I). The elements of & are exactly the unions of sets
of the form [];c; B where B; € & fori € Iand #{i € I | B; # N;} < 0.

Remark 5.1.6. The constructions (a) and (b) in Example 5.1.5 commute in the following
sense: Let (Nj, Z)ic; be a family of topological spaces and (N, &) its product. Fur-
thermore, let (M;);c; be a family of sets such that M; C Nj for each i € I and set
M := T1;c; M;. Then & induces on M the product topology of the topologies induced
on the M; by the &7;.

Definition 5.1.7. Let M be a set and .#” a Boolean algebra on M [— 1.8.2] (for instance
S = P(M)). Aset F C .7 is called a filter in .¥ (or filter on M in case .’ = Z(M)) if

e O¢& F MeZF,
e VU, VeZF:UNV € .Zand
eVUec F:VWes: (UCV = VeF).
If in addition VU € . : (U € Z or CU € .7), then .7 is called an ultrafilter.

Proposition 5.1.8. Let . be a Boolean algebra on the set M and .F a filter in .#. Then the
following are equivalent:

(a) F is an ultrafilter.
b) VU, Ve (UUVeF = (Ue ForV eF))

Proof. (a) = (b) Suppose that (a) holds and let U,V € . such that UUV € #
and U ¢ F. To show: V € .Z. Since .Z is an ultrafilter, we have CU € .# and thus
(UUV)NCU € .Z. Because of (UU V) NCU C V it then also holds that V € .#

(b) = (a) is trivial. O
Example 5.1.9. Let (M, €) be a topological space and x € M. Then
U :={Ue P M)|FA€ 0. xc ACU}

is a filter on M. One calls %, the neighborhood filter of x and its elements the neighborhoods
of x. In general, %, is not an ultrafilter since [—1,1] = [-1,0] U [0, 1] is a neighborhood
of 0in R as opposed to [—1,0] and [0, 1].
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Definition 5.1.10. Let (M, &) be a topological space and .# a filter on M. For x € M,
one says that .# converges to x and writes # — x if %, C #. If % converges to exactly
one point x, one calls this the limit of .# and writes x = lim .%.

Example 5.1.11. Let (M, €) be a topological space and (a,),eN a sequence in M. Then
F={Ue€ M) |3INeN:{a, | n>N} C U} is a filter on M. For x € M, the
sequence (a,),eN converges to x if and only if .# converges to x.

Definition and Lemma 5.1.12. Suppose f: M — N is a map and .# a filter on M. Then
the image filter f(F) :=={V € Z(N) |3U € # : f(U) C V}isafilteron N. If # is an
ultrafilter, then so is f(.%#).

Proof. One sees immediately that f(.#) is a filter. Now let .% be an ultrafilter. Suppose
VC NandV ¢ f(Z). Toshow: 0V € f(F). For U := f~1(V), one has f(U) C V
and thus U ¢ #. But then f~1(CV) = (U € #. From f(CU) C CV, we obtain thus
Cv € f(£). O

Lemma 5.1.13. Let M be a set endowed with the initial topology with respect to a family
(fi)ie; of maps f;: M — N; (i € I) into topological spaces N; (i € I). Let .# be a filter
andx € M. Then ¥ — x <= Vie l: fi(F) — fi(x).

Proof. “==" Suppose .7 — x and leti € I. To show: fi(#) — fi(x). Let V € % . To
show: V € £;(). Since f; is continuous, we have U := f; (V) € % and thus U € 7.
From f;(U) C V,wegetV € fi(.F).

“<=" Suppose fi(#) — fi(x) foralli € I. Let U € %,. To show: U € %. Choose
n €Ny, i,..., i € Iand Vi openin N;_(k € {1,...,n}) such that

xefil(v)n..nfi(Vy) C U

Since .# is a filter, it is enough to show that fizl(Vk) € Zforallk € {1,...,n}. Fix
therefore k € {1,...,n}. Since Vi is an (open) neighborhood of f; (x) in N;j,, the hy-
pothesis yields Vi € f; (.#). Hence there is Uy € .# such that f; (Uy) C Vi. Now
everything follows from Uy C flk_l( fi,(Up)) € fik_l(Vk). O

Definition 5.1.14. Let (M, &) be a topological space. Then (M, ©) is called a Hausdorff
space if every two distinct points of M can be separated by disjoint neighborhoods, i.e.,

Vy,yeM:(x#y = U % :IVe:UNV=0).
We call (M, €) quasicompact if every open cover of M possesses a finite subcover, i.e.,
VA o (M=o — IBC S (#F <o & M={]2)).

Furthermore, we call a quasicompact Hausdorff space compact.

Proposition 5.1.15. Suppose M is a set, . a Boolean algebra on M and 7% a filter on .#. Then
the following are equivalent:
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(a) % is an ultrafilter in .7.
(b) % is a maximal filter in ..

Proof. (a) = (b) Suppose that (a) holds and let .# be a filter in . such that % C .#.

In order to show % C % ,wefixU € %. If wehad U ¢ %,WewouldgetCUG w C.F
and thus® =UNCU € .7 4.

(b) => (a) Suppose that (b) holds and let U € .# satisfy U ¢ % . To show: (U € % .
It is enough to show that . := {V € .¥ | 3A € % : ANCU C V} is a filter in .%¥
because then it follows from % C .Z that CU € .% = % . For this, it suffices to show
@ ¢ F.1f we had @ € .Z, then there would be an A € % satisfying ANCU = @ and

from A C U it would follow that U € % 4. O

Theorem 5.1.16. Let M be a set, . a Boolean algebra on M and # a filter in .. Then there
is an ultrafilter % in . such that % C % .

Proof. By 5.1.15, it suffices to show that the set {.#' | .#’ Filter in ., .% C %'} partially
ordered by inclusion has a maximal element. This follows from Zorn’s lemma since the
union of a nonempty chain of filters in . is again a filter in .~ O

Theorem 5.1.17. A topological space M is quasicompact if and only if each ultrafilter on the
set M converges in M.

Proof. Let M be a topological space. We show the equivalence of the following state-
ments:

(a) M is not quasicompact.
(b) There is an ultrafilter on M that does not converge.

(a) => (b) Suppose that (a) holds. Then for each x € M, there is obviously an open
set Ay C M with x € A, in such a way that U,ep Ax = Mand Ay, U...UA,, # M for
alln € N and xq,...,x, € M. Then

F:={UePM)|IneN:3xy,...,x, € M: (CA,)N...N (CA,,) C U}

is a filter on M that can be extended by 5.1.16 to an ultrafilter %7 on M. Let x € M. We
show that % does not converge to x. If we had % — x, then Ay € % in contradiction
toCA, € %.

(b) = (a) Suppose that (b) holds. Choose an ultrafilter 7 on M that does not
converge. Then for every x € M there is an U, € %, such that U, ¢ . WLOG Uy is
open for every x € M. Of course M = J,cp Uy. If n € N and xy,...,x, € M, then
CUyu...uly,) = (CUy,)N...n (CUy,) € % and thus @ # C(Uy, U...UUy,), ie.,

M#U, U...UU,,. 0

Theorem 5.1.18 (Tikhonov). Products of quasicompact topological spaces are quasicompact
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Proof. Let (N;);c; be a family of quasicompact topological spaces and M := [];c; N; the
product space [ 5.1.5(b)]. Consider for each i € I the canonical projection 7r;: M —
Nj. According to 5.1.17 it suffices to show that every ultrafilter on M converges. For
this purpose, let % be an ultrafilter on M. By 5.1.12, the image filters 7;(% ) (i € I)
are again ultrafilters and therefore converge. Accordingly, we choose (x;);c; satisfying
(%) — x; for each i € I. From 5.1.13, we now get % — (X;)ic]- O

Corollary 5.1.19. Products of compact spaces are compact.

Remark 5.1.20. Let M be a topological space. { In 5.1.17, we have shown }

Using 5.1.16, one shows as an exercise

that M is { quasicompact at least
a Hausdorff space

one point of M. Therefrom, M is compact if and only if each ultrafilter on M converges

to exactly one point of M.

} if and only if every ultrafilter on M converges to {

Reminder 5.1.21. Let M be a topological space and A C M. Then A is called closed in

M if CA is open in M. We call A {quasmompact} if A furnished with the subspace
compact

. quasicompact
topology [— 5.1.5(a)] is a { compact

sicompact if and only if each open cover of A in M possesses a finite subcover, i.e.,

} topological space. Consequently, A is qua-

v Co:(Acd — IBC o (1< & AC|JH)).

quasicompact

compact } topological spaces are

It follows immediately that closed subsets of {

: { quasicompact }
again :
compact

5.2 Topologies on the real spectrum

Definition 5.2.1. Let A be a commutative ring. We call the topology generated by
{{P €sperA |a(P) >0} |ac A}

on sper A the spectral topology (or Harrison-topology) on sper A. Moreover, we call the
topology generated by €4 [— 3.6.1] or, equivalently [ 3.6.2], by

{{PesperA|a(P)=0}|ac A} U{{P esperA|a(P) >0} |ac A},

the constructible topology on sper A. Unless otherwise indicated, we endow sper A al-
ways with the spectral topology. It is coarser than the constructible topology.

Reminder 5.2.2. Let M and N be topological spaces. A bijection f: M — N is called
a homeomorphism if both f and f~! are continuous. One calls M and N homeomorphic if
there exists a homeomorphism from M to N.
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Theorem 5.2.3. Let A be a commutative ring. Then sper A is compact with respect to the
constructible topology.

Proof. We endow the two-element set {0,1} with the discrete topology [— 5.1.2(d)].
Then {0,1} is compact and so is {0,1}* = [T;c4{0,1} with respect to the product
topology by Tikhonov’s Theorem 5.1.18. For every B C A, we denote by

0 ifa¢B

1g: A — {0,1}, a
B {01} {1 ifacB

the corresponding characteristic function. Consider S := {1p | P € sper A} C {0,1}4
endowed with the subspace topology of the product topology. Obviously,

sperA — S, P+ 1p

is a homeomorphism. Since {0,1}” is compact by 5.1.19, it suffices to show that S is
closed in {0,1}4 since then S and consequently sper A is compact [+ 5.1.21]. Encoding
3.1.7 in characteristic functions, we obtain

5= {Xe {0,134 | x(a) = 0 or x(b) = 0or x(a+b) = 1}m
a,be A

f {X € {0,1}* | x(a) =0or x(b) =0 or x(ab) = 1} N
a,bcA

N {X e {0,1}* | x(a) =1 or x(—a) = 1}ﬂ
aceA

{xe Ix-1n=0}n

N {x € {01} | x(ab) =0or x(a) = Tor x(~b) =1}

acA

Being thus an intersection of closed sets, S is itself closed. O
Corollary 5.2.4. Let A be a commutative ring. Then sper A is quasicompact.

Proof. Every open cover of sper A is in particular an open cover with respect to the finer
constructible topology. By 5.2.3, it possesses therefore a finite subcover. O

The interior A° .
The closure A } of A (in
M)is the { | union overall 4 oPen subsets of Ain M, ie., the largest open subset
intersection closed supersets smallest closed superset
of A in M. One shows immediately

Reminder 5.2.5. Let M be a topological space and A C M. {

A={xeM|3Ue % :UC A} and
A={xeM|VUE X :UNA #Q}.
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Therefore one calls the elements of A also nierior points of A. One says that A
A adherent

is dense in M if A = M or, equivalently, if every nonempty open subset of M contains
an element of A.

Remark 5.2.6. Let A be a commutative ring and let P, Q € sper A. Then

PCQ <= VacA:(@P) >0 = a(Q)>0)
Vae A:(a(Q) <0 = a(P) <0)
Vac A:(~a(Q) <0 = ~a(P) <0)

a(
= a(
=
< Vac A:(a(Q) >0 = a(P) >0)
=
=
=

—~~ ~~

VUE%Q:PEU
VU € % :UN{P} £
Qe {P}.

Thus if there are P, Q € sper A with P C Q, then sper A ist not a Hausdorff space. For
example, sper R[X] is not a Hausdorff space [ 3.6.5].

Remark 5.2.7. Suppose A and B are commutative rings and ¢: A — B is a ring homo-
morphism. Then

sper ¢: sper B — sper A, Q — ¢ 1(Q)
is continuous with respect to the spectral topologies on both sides as well as with re-
spect to the constructible topologies on both sides because for a € A, we have

(sper @)~ ({P € sper A | 4(P) > 0}) = {Q € sper B | @((sper ¢)(Q)) > 0}
= {Q e sperB | a(¢~'(Q)) > 0}
={QesperBlac o (Q\—¢ (Q}
={QesperB|ac ¢ (Q\-Q)}
={Q e sperB | ¢(a) € Q\ -Q}

-

= {Q e sperB | ¢(a)(Q) > 0}

and analogously

(sper @) "' ({P € sper A | a(P) > 0}) = {Q € sper B | ¢(a)(Q) > 0}.
Remark 5.2.8. Let (A, T) be a preordered ring [— 3.4.3]. Then
sper(A,T) = (| {P € sper A | {(P) > 0},
teT

as an intersection of closed sets, is again closed in sper A, namely with respect to
the spectral but also with respect to the constructible topology on sper A. By 5.1.21,
sper(A, T) is thus quasicompact with respect to the spectral and compact with respect
to the constructible topology.
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5.3 The real spectrum of polynomial rings

As in §3.6, we fix in this section an ordered field (K, <), we denote by R := (K, <) its
real closure, we let n € Ny, A := K[X] = K[X3,...,X,] and T := ¥ K>oA2. More-
over, we denote by . := .%}, r the Boolean algebra of all K-semialgebraic subsets of R"
[— 1.8.3, 1.9.3] and by ¢ := %4 1) the Boolean algebra of all constructible subsets of
sper(A, T) [ 3.6.1]. Consider again the isomorphisms of Boolean algebras

Slim: ¢ — ./,C+— {x € R" | P, € C}
and Fatten := Slim ! [— 3.6.4].

Theorem 5.3.1. Let S € .. Then Fatten(S) is the closure of {Py | x € S} in sper(A,T) (or
equivalently in sper A [— 5.2.8]) with respect to the constructible topology.

Proof. For the duration of this proof, we endow sper(A, T) with the constructible topol-
ogy. Since C Fatten(S) € ¥ is open, Fatten(S) is closed. Because of

S = Slim(Fatten(S)) "2 {x € R" | Py € Fatten(S)},

we have {P, | x € S} C Fatten(S) and thus {P, | x € S} C Fatten(S). In order to
show Fatten(S) C {P, | x € S}, we let P € Fatten(S) and U € %p. To show: U N
{Py | x € S} # @. WLOG U is open. WLOG U C Fatten(S) (because Fatten(S)
is open and P € Fatten(S), one can otherwise replace U by U N Fatten(S) € %p).
WLOG U = {Q € sper(A,T) | F(Q) = 0,51(Q) > 0,...,5,(Q) > 0} for certain
f,81,...,8n € A. Since Slim is an isomorphism of Boolean algebras by 3.6.4, it follows
from @ # U C Fatten(S) that @ # Slim(U) C Slim(Fatten(S)) = S. Taking into
account that Sim(U) = {x € R" | f(x) = 0,¢1(x) > 0,...,gx(x) > 0}, there is
thus an x € S satisfying f(x) = 0,41(x) > 0,...,gs(x) > 0. This translates into

f(P,) =0,81(P;) >0,...,8m(P,) > 0and thus into P, € U. O

Corollary 5.3.2. {P, | x € R"} lies dense in sper(A, T) with respect to the constructible
topology and thus also with respect to the spectral topology.

a filter

an ultrafilter

ar
Lemma 5.3.3. Let.% be { an ultrafilter

}iny. Then {Fatten(S) | S € y}is{ a filter }

‘ 1\ .. | nonempty
in ¢ and ({Fatten(S) | S € F} is {a Singleton}'

Proof. The first part follows immediately from the fact that Fatten is according to 3.6.4
a filter

an ultrafilter}

5.1.7. Since Fatten(S) is for each S € .# closed with respect to the constructible topol-

ogy, it would follow from N{Fatten(S) | S € F} = @ together with the compact-

ness of sper(A, T) with respect to the constructible topology [— 5.2.8] that there would

ben € N and Sy,...,S, € # such that Fatten(S1) N ... N Fatten(S,) = @, which

an isomorphism of Boolean algebras combined with the definition of {

Tentative Lecture Notes



89

would imply Fatten(S1N...NS,) = @ and thus @ = S;N...NS, € # 4. Hence
N{Fatten(S) | S € #} # @. Finally, let .# and thus {Fatten(S) | S € .#} be an ul-
trafilter and fix P, Q € N{Fatten(S) | S € .#}. Assume P # Q. Since sper(A,T) is a
Hausdorff space with respect to the constructible topology, there is some C € % such
that P € C but Q ¢ C. Since {Fatten(S) | S € .Z} is an ultrafilter in €, we obtain
C = Fatten(S) or CC = Fatten(S) for some S € .#. In the first case, it follows that
Q ¢ Fatten(S) 4, in the second that P ¢ Fatten(S) 4. O

Lemma 5.3.4. Let % be an ultrafilter in .. Then

Py ={feA|{xeR"|f(x) >0} € %} €sper(AT)
and N{Fatten(S) | Se %} = {P#}.
Proof. By Lemma 5.3.3, there is some Q € sper(A, T) satisfying

({Fatten(S) | S € 7} = {Q}.

-~

We show Py, = Q. If f € Py, then Q € Fatten({x € R" | f(x) > 0}),1ie., f(Q) > 0and
hence f € Q. If on the other hand f € A\ Py, then {x € R" | f(x) < 0} € Z (since
7 is an ultrafilter) and thus Q € Fatten({x € R" | f(x) < 0}),1ie., f(Q) < 0 and hence
feQ. O

Lemma 5.3.5. Let P € sper(A, T). Then

Up:={Se€.”| If €esuppP:Im e N:3¢y,...,gm € P\ —P:
{xeR"| f(x)=0,81(x) >0,...,gm(x) >0} C S}

is an ultrafilter in . and we have {S € .7 | P € Fatten(S)} = %p.

Proof. Since {C € ¢ | P € C} is an ultrafilter in ¢ and Slim: ¥ — .# is an isomor-
phism of Boolean algebras, {S € ./ | P € Fatten(S)} is an ultrafilter in .. From the
description of K-semialgebraic subsets of R” implied by Theorem 1.8.6, one gets that
this ultrafilter equals

{Se 7|38 CS:3f,q1,.--,gmEA:
S'={xeR"| f(x)=0,g1(x) >0,...,gm(x) >0} & P € Fatten(S')} = %p

since Fatten is an isomorphism of Boolean algebras. O
Theorem 5.3.6 (Brocker’s ultrafilter theorem [Bro]). The correspondence

U — Py [—534]
U <+ P [=535

defines a bijection between the set of ultrafilters in . and sper(A, T).
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Proof. To show: (a) If % is an ultrafilter in .7, then % = %p,,.
(b)If P € sper(A, T), then P = Py,.

In order to show (a), we let % be an ultrafilter in .. By 5.3.5, we have to show that
{S§ € ¥ | Py € Fatten(S)} = % . Since Fatten is an isomorphism of Boolean algebras
by 3.6.4, {S € . | Py € Fatten(S)} is a filter in .. Since % is a maximal filter in .7 [~
5.1.15], it suffices to show that Z C {S € ./ | Py € Fatten(S)}. To thisend, let S € %.
Then {Py } C Fatten(S) by 5.3.4 and thus P € Fatten(S).

For (b), we let P € sper(A,T). By 5.3.4, N{Fatten(S) | S € %p} consists of exactly
one element, namely Py,. Therefore it is enough to show P € N{Fatten(S) | S € %»}.
Thus fix S € %p. By 5.3.5, we then obtain P € Fatten(S). O

Proposition 5.3.7. Every semialgebraic subset of R" [— 1.8.3] is even K-semialgebraic.

Proof. To begin with, we show that all one-element subsets of R are K-semialgebraic.
For this, let a € R. To show: {a} is K-semialgebraic. Since R|K is algebraic, there is
f € K[X]\ {0} with f(a) = 0. Setk := #{x € R | f(x) = 0} and choose j € {1,...,k}
such that a is the j-th root of f when the roots of f in R are arranged in increasing order
with respect to the order <r of R. By applying the real quantifier elimination 1.8.17 k
times, we obtain that

{a} ={yeR|Ixy,..., s €R: (x1 <R ... <R % &f(x1) =... = f(xx) = 0&x; =y)}

is K-semialgebraic. Now consider an arbitrary p € R[X]. It suffices to show that {x €

R" | p(x) > 0} is K-semialgebraic. Write p = Y jenr 4, X" [— 2.4.6] with d := degp
|| <d

and a, € R. Since all {a,} are K-semialgebraic by what has already been shown, real

quantifier elimination yields that

{x e R" | p(x) >0} = {x € R" |3 family (Ya)juj<q in R

(et Xyt 20) |
a|<

la|<d
is K-semialgebraic. O
Theorem 5.3.8. sper R[X] — sper(A,T), P +— PN A is bijective.

Proof. Because of 5.3.7, we obtain from applying the ultrafilter theorem of Brocker twice
(once in the special case K = R) that

sper R[X] — sper(A, T)
{feRX][{xeR"[f(x) 20} e %} = {f c Al{x e R"| f(x) 20} e %}
(7 an ultrafilter in .¥)

is a bijection. O
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Corollary 5.3.9. sper R(X) — sper(K(X), Y. K>oK(X)?), P — PN K(X) is bijective.

Proof. In the commutative diagram

P PNK(X)
sper R(X) sper(K(X), £ K>0K(X)?)
P — PNR[X] P—PNA
{P € sperR[X] | suppP = (0)} P PAA {P € sper A | suppP = (0)}

both vertical arrows represent bijections by Proposition 3.3.4. It therefore suffices to
show that the lower horizontal arrow represents a bijection. Because of the bijection
from 5.3.8, it therefore suffices to show that every P € sper R[X] with supp P # (0)
satisfies even supp(P N A) # (0). Thus fix P € sper R[X] and f € p := supp P with
f # 0. Since K has characteristic 0, there exists an extension field L of K containing all
coefficients of f such that L|K is a finite Galois extension. By extending the action of
the Galois group Aut(L|K) from L to L[X], we obtain & := [Tecaurx) 8f € A\ {0}
Obviously, h € pN A = supp(P N A). O

Theorem 5.3.10. Let (L, <') be an ordered extension field of (K, <). Then
sper (L[X], Y LsL[X]*) — sper(A,T), P— PNA
is surjective.

Proof. Let .”” denote the Boolean algebra of all L-semialgebraic subsets of R where
R’ := (L,Lsy). The Boolean algebra .7/ C " of all K-semialgebraic subsets of R™
is isomorphic to . in virtue of the Transfergg/: . — ./ [ 1.9.5]. Now let Q €
sper(A, T) be given. We show that thereis P € sper(L[X],} L>L[X]?) withQ = PN A.
By 5.3.5, %g is an ultrafilter in .. Since %, is a filter in .,

F:={8" € " |3S € U, : Transferg r (S) C "}

is a filter in .””". Choose by 5.1.16 an ultrafilter % in .’" such that % C % . By Brocker’s
ultrafilter theorem 5.3.6, there is P € sper(L[X], ¥ L>L[X]?) such that % = %p. We
have

Q2 Py, ={fe Al {xeR"| f(x) 20} € %)}

= {f € A | Transferg g/ ({x € R" | f(x) > 0}) € {Transferg z/(S) | S € %5}}

S {fEA|{xeR"|f(x)>"0} €U} =Py NA=Py,NA 2PN A

where <" denotes the unique order on R’ and the equality flagged with an exclamation
mark follows from the claim

% N = {Transferg r/(S) | S € %}
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The inclusion “2” in this claim is trivial. The other inclusion “C” follows the fact that
{Transferg z/(S) | S € %y} is an ultrafilter and thus a maximal filter in .’ and that
w N is a filter in .7, O

5.4 The finiteness theorem for semialgebraic classes

In this section, we fix a real closed field R (in the applications, one mostly has Ry =
R or Ry = Ryg [ 1.7.12]). Moreover, we let % denote the class of all real closed
extension fields of Ry [— 1.8.4(b)] (that is the class of all real closed fields in case Ry =
Raig). Whoever gets vertiginous from this [— 1.8.4(c)] can take for Z a set of real closed
extension fields of Ry that is sufficiently large to contain all representation fields Rp of
prime cones P € sper Ro[X] [ 3.1.15] (which we perceive as an extension fields of R
in virtue of the representation ¢p of P, confer the discussion before 3.6.3).

Theorem 5.4.1 (Finiteness theorem for semialgebraic classes). Let n € INg and & a set of
n-ary Ro-semialgebraic classes. Then the following are equivalent:

(a) U@@:%n
b) FkeN:3Sy,...,5 €E:5U...US, = Zo.
(c) dkeIN:35q,...,5, € & SetRO(Sl) U... USetRO(Sk) = Rg [— 1.9.3].

Proof. (b) <= (c) is clear because the setification Setg,: ./, — #,r, [ 1.9.3] and thus

also the classification Classg, = Set1§01: SRy, — n is an isomorphism of Boolean
algebras [— 1.9.4].

(b) = (a) is trivial.
(a) = (b) Suppose that (a) holds. In 3.6.4, we have shown that

b: .S — CgROB{]’ S+ {P € sperRo[X] ‘ (Rp, (Qp(Xl),. . .,Qp(Xn))) € S}
is an isomorphism of Boolean algebras. Moreover, we have
{@(S) | S € &} = sper Ry[X]

by the definition of ®. From 5.2.3, we get the existence of k € N and S;,...,5, € &
satisfying ®(S1) U... U P(Sx) = sper Ro[X]. Since P is an isomorphism, we deduce
S1U...US = %,. O

Corollary 5.4.2. Let n € INg and & a set of n-ary Ro-semialgebraic classes satisfying
V51,5, € &:355€ &:5,US, C Ss.
Then the following are equivalent:

(a) Uéa:%n
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(b) S =%, forsomeS € &
(c) Setg,(S) = R for some S € &

Remark 5.4.3. In practice, 5.4.2 is mostly applied in the following context: One has
a certain true statement about real numbers (for example that R is Archimedean [—
1.1.9(a)]). Now one is interested in one of the following questions:

(@) Does the statement hold for all real closed extension fields of R? (In our example:
Is every real closed field extension of R Archimedean?)

(b) Does the statement hold in a strengthened form (with certain quantitative addi-
tional information, so called “bounds”) for every real closed extension of R? (In
our example: Is there an N € IN such that we have for all real closed field exten-
sions R of R and all 2 € R that |a| < N?)

(c) Does the statement hold in the strengthened from (that is “with bounds”) for the
real numbers? (In our example: Is there some N € IN such that for all 2 € R one
has |a| < N?)

5.4.2 establishes under certain circumstances a connection between these three ques-
tions. For this aim, one tries to express the statement in such a way that for n numbers
a certain “semialgebraic event” occurs where the event is the existence of a bound. The
set of events is &.

Example 5.4.4. Forn:=1,Rp:=Rand & := {{(R,a) €« % | -N <a <N} | N € N},
5.4.2 says that the following are equivalent:

(a) For every real closed extension field R of R and every a € R, there is some N € IN
with |a| < N, i.e., every real closed extension field R of R is Archimedean.

(b) There is some N € IN such that for every real closed extension field R of R and
every a € R we have |a| < N.

(c) There is some N € N such that for every a € R we have |a| < N.

Since (c) obviously fails, we see that (a) also fails. Thus we see (once more) that there
are non-Archimedean real closed (extension) fields (of R).

Theorem 5.4.5 (Existence of degree bounds for Hilbert’s 17th problem). For all n,d €
Ny, there is some D € IN such that for every real closed field R and every f € R[X]s [— 1.5.1]

2
with f > 0on R", there are py, ..., pp € R[X|p and g € R[X]\ {0} with f = Y2, (%) .

Proof. Letn,d € INp. Set N := dim R[X]; and write {a € N} | |&| < N} = {ay,...,an}.
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Set Rp := Ry and

N

(Vx €R": Zaixi‘“ R 0) =
i=1

There are families (b;, )1<i<p and (C'X)szISD #0in R

Sp = (R, (al,...,aN)) € XN |a|<D

such that

(Be) (o) £ (5 00)

for each D € IN. Obviously, Sp is for each D € IN an Ry-semialgebraic class since the
polynomial identity in the last part of its specification can for example be expressed
by finitely many polynomial equations in the 4;, b;, and c,, the requirement on the
existence of the two finite families and the quantification “Vx € R"” is allowed because
of the real quantifier elimination 1.8.17. Set & := {Sp | D € IN} and observe that
VDy,D; € N : 3D3 € N : Sp, USp, C Sp, (take D3 := max{Dj,D,}). By Artin’s
solution to Hilbert’s 17th problem 2.5.2, we have |J & = %x. Now 5.4.2 yields Sp = Zn
for some D € IN. O

Remark 5.4.6. Recently, Lombardi, Perrucci and Roy [LPR] managed to prove that one
can choose in 5.4.5

D o 222d4n
We will neither use nor prove this in this lecture.

Definition and Proposition 5.4.7. Let (K, <) be an ordered extension field of R. Then
Ok<) =Bk =1a €K|IN€N:|a| <N}

is a subring of K [— 4.3.1] with a single maximal ideal

1
= : < —
mg <) {aEK]VNEIN \u]_N}

with group of units
1

{ % (K,<) } { finite }
We call the elements of ¢ mg <) the { infinitesimal p elements of (K, <). For every
K \ % (K,<) infinit

a € Ok <), there is exactly one st(a) € R, called the standard part of a, such that

a—st(a) € mg <.
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The map Ok <) — R, a — st(a) is a ring homomorphism with kernel m <. Ifa,b € ﬁ(K,g)
satisfy st(a) < st(b), then a < b. The standard part st(p) of a polynomial p G Ox,<)|X] arises
by replacing each coefficient of p by its standard part. Also O <\[X] — R[X], p = st(p) is

a ring homomorphism.

Proof. The existence of the standard part follows easily from the completeness of R
[— 1.1.16] and its uniqueness is trivial. The rest is also easy. We show exemplarily:

(a) st(ab) = (st(a))(st(b)) foralla,b € Ok <)
(b) st(a) <st(b) = a<bforalla,be Ok«
To show (a), leta,b € Ok <). Because of a —st(a), b — st(b) € mg <), we have
ab — (st(a))(st(b)) = (ab — (st(a))b) + ((st(a))b — (st(a))(st(b)))
= (a —st(a))b+ (st(a))(b —st(b)) € mk <) + Mg <) € Mg <)
For (b), we fix again a,b € (g <) with st(a) < st(b). Choose N € IN with
st(b) — st(a) > ~.
N
Then |a — st(a)| < 5% and |b —st(b)| < 5k and thus

a=a—st(a) +st(a) < |a—st(a)] +st(a) < 1 + st(a) — st(b) + st(b)

2N
1 1 1
<ﬁ—ﬁ+st(b)——ﬁ+st(b)—b+b
1 1 1
< - — [ - =
< 2N+|b st(b)| +b < 2N+2N+b b

O]

Example 5.4.8 (Nonexistence of degree bounds for Schmiidgen’s Positivstellensatz [—
4.3.6]). For every € € R~(, we have X + ¢ > 0 on [0, 1] so that Schmiidgen’s Positivstel-
lensatz 4.3.6 together with 2.1.1(b) yields p1, p2, 41,2 € R[X] such that

(x)  X+e=pi+p+(i+5)X01-X).

One can ask the question if there is in analogy to 5.4.5a D € IN such that foralle € R+
there are p1, p2, 41,92 € R[X]p satisfying (). To this end, consider for each D € IN

¢>0 = dJby,...,bp,by,...,bp,co,.--,cp, ¢l ---,p €ER:
D 2 D 2
X+e= Zbix) +<Zb<Xi) +
Sp: =< (R,¢) € % <i—0 =

((ﬁ)cixi>2 <Zch> )X3 1-X)
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As in the proof of 5.4.5, one shows that Sp is for each D € IN an R-semialgebraic class.
Set & := {Sp | D € IN}. We claim that the answer to the above question is no. Assume
it would be yes. Then Setr(Sp) = R for some D € N and thus & = %#; by 5.4.2.
Choose a non-Archimedean real closed extension field R of R and an ¢ > 0 which is
infinitesimal in R. Then there are p1, p2, 41,92 € R[X] satisfying (x). It suffices to show
that all coefficients of these four polynomials are finite in R [ 5.4.7] since then X =
st(X +¢) = (st(p1))? + (st(p2))* + ((st(q1))? + (st(g2))?) X3(1 — X) in contradiction to
4.3.7. It therefore suffices to show that the coefficient c of biggest absolute value among
all coefficients of the four polynomials is finite. Assume it were infinite. Then % would

o=t (T ) = () 4 () (1) (7)) wa X>)
+((s ( )+ (s ( ) )R-

() (+(2))

It follows that p1 = pp = g1 = g2 = 0on (0,1) and thus p1 = p2 = 1 = g2 = 0,
contradicting the choice of ¢ 4.

Remark 5.4.9. Completely analogous to 5.4.5, one can prove the existence of degree
bounds for the real Stellensitze 3.7.5, 3.7.6 and 3.7.7 in the case K = R.
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§6 Semialgebraic geometry

Throughout this chapter, we let R be a real closed field and K a subfield of R. Moreover,
“n denotes for each n € INj the Boolean algebra of all K-semialgebraic subsets of R"
[— 1.9.3,1.8.3].

6.1 Semialgebraic sets and functions

Reminder 6.1.1. [— 1.8.6, 1.8.4(a)] Every K-semialgebraic subset of R" is of the form
k
U{xeR"| fi(x) =0,ga(x) >0,...,8im(x) > 0}
i=1
for some k, m € No, f;, gij € K[Xy,..., Xnl.
Reminder 6.1.2. [~ 1.8.17] Foralln € Ngpand S € .%;,,1,
{xeR"|JyeR:(x,y) €S}, {xeR"|VyeR:(x,y) €S} €.

Definition 6.1.3. Letm,n € Npand A C R™. Amap f: A — R"is called K-semialgebraic
if its graph
Tp:={(xy) € AXR" |y = f(x)} CR"™

is K-semialgebraic. We say “semialgebraic” for “R-semialgebraic”.

Remark 6.1.4. The domains of K-semialgebraic functions are K-semialgebraic. Indeed,
if AC R"and f: A — R" is K-semialgebraic, then by 6.1.2 also

{xeR" |y eR": (x,y)€lf}=A
is K-semialgebraic.

Definition 6.1.5. We equip R with the order topology which is generated [— 5.1.2(b)]
by the intervals (a,b)g with a,b € R [— 1.4.15(b)]. Moreover, we endow R" with the
corresponding product topology [— 5.1.5(b)] which is generated according to 5.1.4 by
the sets [T ;(a;, b;)r with a;, b; € R.

Remark 6.1.6. For R = R, the topology introduced in 5.1.4 on R" = IR" is obviously the
usual Euclidean topology on IR".
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Exercise 6.1.7. Let m,n € Ny, A C R"and f: A — R" amap. Then f is continuous [
5.1.3,5.1.5(a)] if and only if

Vxe A:Ve€Ryp:3I0E€R gV EA: ([x—Yllw < = |If(x) — f(¥)]le <€)

0 ifk=0
oo :=

max{|x1],..., x|} ifk>0

where

for x € R,

Proposition 6.1.8. The maps

R*> > R, (a,b) —a+b,
R?> = R, (a,b) — ab,
R\ {0} =R, arsa’l,
R — R,a+ |a] [— 1.1.8],
Rso = Ra—+va  [—147]

are Q-semialgebraic and continuous.

Proof. 1t is clear that these maps are Q-semialgebraic. Because of the real quantifier
elimination 1.8.17, the class of all real closed fields for which the claim holds is semial-
gebraic [— 1.8.3]. Since the claim is known to hold for R = R, it holds also for all real
closed fields [— 1.8.5]. O

Corollary 6.1.9. Polynomial maps R™ — R" are continuous.

Corollary 6.1.10. R" — R, x > [|x|| := [|x||]2 := \/x3 + ... 4+ x2 is continuous.

Remark 6.1.11. Because of 6.1.10 and 6.1.7, there is to every ¢ € R>p some § € Ry
such that Vx € R" : (||x]lo < 6 = ||x]| < €). On the other hand, ||x| < x|
for all x € R". It follows that the topology on R" is also generated by the open balls
{x e R" | |[x—y| <€} (y € R", ¢ > 0) and that 6.1.7 holds also with ||.|| instead of

[-[feo-

Remark 6.1.12. (a) By 6.1.9 and 6.1.11, R" is obviously endowed with the initial topol-
ogy with respect to all maps R” — R, x — p(x) (p € R[X]) [ 5.1.4].

(b) Because of (a), the topology on R" is obviously generated by the sets
{xeR"[p(x) >0} (peR[X]).
(c) Viewing R" in virtue of the injective map
R" — sperR[X], x — Py = {f € R[X] | f(x) >0}

as a subset of sper R[X], the topology on R" is due to (b) induced by the spectral
topology [— 5.2.1] on sper R[X].
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Theorem 6.1.13. (a) If A C R™and f: A — R" is K-semialgebraic, then f(B) € ., for all
Be Sy withBC Aand f~1(C) € Sy forall C € 7.

(b) IfA C R!,B C R™, f: A— Band g: B — R" are K-semialgebraic, then go f: A — R"
is again K-semialgebraic.

(c) If A € #,, then the K-semialgebraic functions A — R form a subring of the ring R of all
functions A — R.

Proof. (a) Let A C R™ and f: A — R" be K-semialgebraic. By 6.1.2, with Ty also
f(B)={y€R"|Ix € R": (x € B& (x,y) € Iy)}isforall B € ./, withB C A
K-semialgebraic, and f~1(C) = {x € R" | 3y € R" : (y € C& (x,y) € [f)} is for
all C € .}, also K-semialgebraic.

(b) Suppose A C R, BC R"and f: A — Baswellas g: B — R" are K-semialgebraic.
Then Ty € Sy and I'y € Sy4 and thus

Tgop = {(x,2) € AXR" [ Fy € R": ((x,y) € Ty & (y,2) € Ig)} € L
Hence g o f is K-semialgebraic.

(c) If A€ ¥ and fi, fo: A — R are K-semialgebraic, then also

A = R x— (fi(x), f2(x))

is K-semialgebraic. Now apply 6.1.8 and (b).
O

Example 6.1.14. If R is a non-Archimedean (real closed) extension of R, then [0, 1] is
not compact [ 5.1.14]. Indeed, if ¢ € mg [ 5.4.7] with e > 0O, then

[Orl]R g U (ﬂ—E,H+S)R,
ﬂE[O,l]R

but thereisno N € N and a4, ...,ay € [0,1]g with [0,1]g C U,I{V:](ak —¢,ar + €)g (for
otherwise [0, 1]r = st([0, 1]r) C {st(a1),...,st(an)} ).

Definition 6.1.15. Let A C R". We call A bounded if there is b € R with ||x| < b
for all x € A [— 6.1.10]. Moreover, A is called K-semialgebraically compact if A € .7,
and A is bounded and closed. We simply say “semialgebraically compact” instead of
“R-semialgebraically compact”.

Remark 6.1.16. From analysis, one knows for R = R: A K-semialgebraic set A C R" is
compact if and only if it is K-semialgebraically compact.

Proposition 6.1.17. Let A € .%;,. Then the following are equivalent:
(a) A is bounded.
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b) e R:Vxe A:|x]| <b
(c) FbeR:VxeA:|lx|eo <Db
(d) IbeK:VxeA:|x|]| <b
() IbeK:Vxe A:|lx|lo <D

Proof. WLOG A # @. We have (a) P (b) P2 (c) <= (e) <= (d). It remains to show

(b) = (d). Suppose therefore that (b) holds. The set
S:={llxll | x € A} € Rxo

is K-semialgebraic by real quantifier elimination [— 1.8.17]. Hence S can be defined by
finitely many polynomials [— 1.8.6] with coefficients in K and by Lemma 1.5.3(a) we
find some b € K. such that each of these polynomials has constant sign on the interval
(b, 0)R. Then either (b,c0)g NS = @ or (b,c0)g C S. But the latter is impossible due to
(b). Hence Vx € A : ||x|| < b. O

Theorem 6.1.18. Let A C R™ and suppose f: A — R" is K-semialgebraic and continuous.
Then for every K-semialgebraically compact set B C A, the set f(B) is also K-semialgebraically
compact.

Proof. If B € ., with B C A, then f(B) € ., by 6.1.13(a) since f is K-semialgebraic.
For the rest of the claim we can suppose that K = R. We fix a “complexity bound”
N € N and fix m,n € INg but no longer fix A and f. By 6.1.1, it suffices to show the
following:

N (*) Fgr all fl: .. -/fN/g111g12/ ...,8NN € R[X1, ce, X, Y4, .. -/Yn]N and

fl/ .. .,fN,gn,glz, .. .,§NN S R[Xl, .. -/Xm]N; if we set

N
I:=J{(x,y) € R" xR"| fi(x,y) = 0,8n(x,y) >0,...,gin(x,y) > 0},
i=1
A={xeR"|3yeR":(x,y) €T} and
N
B:=|J{x € R"| fix) = 0,8n(x) > 0,...,&in(x) > 0},
i=1

then

I' is not the graph of a continuous function from A to R" or

B is not a subset of A or

B is not closed in R™ or

B is not bounded in R™ or

{yeR"|Ix e R™: (x € B&(x,y) €T)} is closed and bounded in R".
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We now in addition no longer fix R. One can easily figure out why the class of all real
closed fields R for which (x) holds is semialgebraic. For this aim, one applies many
times the real quantifier elimination 1.8.17, for example for introducing the finitely
many coefficients of the f;, gij,ﬁ, gij by universal quantifiers. By 1.8.5, (*) now holds
either for all or for no real closed field R. Therefore it is enough to show (x) for R = R.

But we know this from analysis due to 6.1.16. O
. open . . . .
Exercise 6.1.19. (a) The closed semialgebraic subsets of R are exactly the finite unions

of pairwise disjoint sets of the form {

a,b € R.

(—OO, OO)R’ (—OO,a)R, (ll, OO)R and (IZ, b)R .
(—00,00)R, (—00,a|R, [a,00)r and [a, b]r } with

(b) The semialgebraically compact subsets of R are exactly the finite unions of pairwise
disjoint sets of the form [a, b]g witha,b € R.

6.2 The Lojasiewicz inequality

Proposition 6.2.1. Let a € K and suppose h: (a,00)r — R is K-semialgebraic. Then there is
b€ KNla,0)gand N € N such that |h(x)| < xN for all x € (b, c0)R.

Proof. Using 6.1.1, we write

k
Tw=U{(xy) € R?| filx,y) = 0,81 (x,y) > 0,..., gim(x,y) > O}
i=1
with k,m € INg and f;, g;; € K[X, Y] where we suppose each of the k sets contributing
to this union to be nonempty. We must have k > 0 and deg, f; > Oforalli € {1,...,k}
(for otherwise there would be x,c,d € R with ¢ < d and {x} x (¢,d)g C I';, which is
impossible since T}, is the graph of a function). Write [T¥_, f; = Z?:o p;Y' withd > 0,
po,---,pa € K[X] and p; # 0. By rescaling one of the f; if necessary, we can suppose
that the leading coefficient of p, is greater than 1. Choose ¢ € KN [4,00)r such that
ps > 1on (c,00)g [+ 1.5.3(a)]. Because of Y%, pi(x)h(x)" = 0 and py(x) # 0 for all
x € (c,00)g, we have

|h(x)] < max {1, [Po(x)] jLI;'?,;z'(;L)”pdl(x)'

for all x € (c,0)r [ 1.5.3(a)]. Now the existence of b is easy to see. O

} <1+ |po(x)| 4+ ...+ [pa—1(x)]

Theorem 6.2.2 (Lojasiewicz inequality). Let n € INg and suppose A C R" is K-semialgebraically
compact and f,g: A — R are continuous K-semialgebraic functions satisfying

Vxe A: (f(x) =0 = g(x) =0).
Then thereis N € IN and C € K> such that
vx € A:[g(x)|N < Clf(x)l.
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Proof. With A also A; := {x € A | |g(x)| = }} is K-semialgebraically compact for each
t € Rug. SetI:={t € Roo| At # @}. Foreacht € I,

fei=min{[f(x)] | x € Ar}

exists by 6.1.18 and 6.1.19(b). Apparently, we have to show that there exist N € IN and

C € K>psuch that Vt € I : (%)N < Cf;. By hypothesis, we have f; > 0 forall t € I.
Furthermore,

0 iftél

R.og— R, t—
>0 {}r iftel

is K-semialgebraic. Thus, by 6.2.1 there are b € Ko and N € IN such that

(5) LV

fr —

forallt € I N (b, c0)g. Since

pim{rcallizf= U 4

fEIﬂ(O,b]R

is K-semialgebraically compact, we can choose according to 6.1.18 and 6.1.17 some C €
K> satisfying

Y _

fl
for all x € B (note that f(x) # 0 for all x € B). We deduce

() L < CN
t

forallt € IN (0, b]r. Together with (x), we obtain (*x) even for all t € I as desired. [

Lemma 6.2.3. (“shrinking map”, in German: “Schrankungstranformation”) Let n € Ny,
B:={xeR"|||x|| <1} and S:= {x € R" | ||x|| = 1}. The maps

go:R”—)B,x»—)L and
1+ [[x|]?

n y
p:B Ry —L
1=yl

are Q-semialgebraic, continuous and inverse to each other. For all A € .}, we have

Aclosed <= ¢(A)US is K-semialgebraically compact.
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Proof. From 6.1.8, the Q-semialgebraicity and the continuity are clear. For all x € R",
we have

o(x)) = \/1+H [ 1+||><H2
\/ 1+||XH2
Forall y € B, we have
\/ Y \/ Y
1-|ly[* 1=y [*
1T+ z
1=yl 1=yl

Now let A € .. To show: A closed <= ¢(A)US closed.

“<=" Suppose ¢(A)US is closed. Then ¢(A) = (¢(A)US) N B is closed in B (with
respect to the topology induced from R") and thus also A = ¢~ (¢(A)) in R™.

“=" Let A be closed. Then ¢(A) = 1~ 1(A) is closed in B and hence ¢(A) = CN B
for some closed set C C R". WLOG C C BUS (otherwise replace C by CN (BUS)).
WLOG S C C (otherwise replace Cby CUS). Now ¢(A)US C C C (CNB)U(CNS) =
¢(A)US. Hence ¢(A)US = Cis closed. O

Corollary 6.2.4. Let n € INg and suppose that A C R" is closed and f,g: A — R are
continuous K-semialgebraic functions satisfying

Vxe A: (f(x) =0 = g(x) =0).
Then there are N,k € IN and C € K¢ such that
Vx € A:[g(x)|N < C(L+ x| (x)]-

Proof. By 6.1.4, A is K-semialgebraic. If A is bounded, then A is K-semialgebraically
compact and the claim follows (with k := 1) from the Lojasiewicz inequality 6.2.2. Now
suppose that A is unbounded. Since {||x|| | x € A} C R is K-semialgebraic, there is
then some a € K such that (a,00)r C {||x| | x € A}. The functions

f:(a,00)r = R, t — max{|f(x)| | x € A, |x| =t} and
$: (a,00)r = R, t — max{|g(x)| | x € A, ||x]| = t}
are semialgebraic By 6.2.1, there are b € KN [a,00)g with b > 1 and ¢ € N such that

f(t)y < 1+ ) and §(t) < (14 ) forallt € (b,o0)g C R>1. Now consider the
continuous K-semialgebraic functions

. f(x) g(x)
for: A—= R, x— a7 [« and g0:A—=R, x+—>—(1+”x”2)£+1.

We have Vx € A : (fo(x) =0 = go(x) = 0) and obviously it is enough to show
that there are N € IN and C € K> such that Vx € A : [go(x)|N < C|fo(x)]| (set then
k := max{1,(N —1)(£+1)}). The advantage of fy and gy over f and g is that there
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is for all ¢ € R a semialgebraically compact set B C A such that |fo(x)| < € and
|go(x)| < eforall x € A\ B. With the notation of Lemma 6.2.3, the K-semialgebraic
functions

~ 0 ifyesS
: AYUS R, d
fro(A)US = Ry H{fo(llf(y)) tyeoa)
0 ifyes

g p(A)US =Ry — {go(q,(y)) ify € p(A)

are continuous. For example, for fone sees this as follows: Since fj o 1], () is contin-
uous and ¢(A) = (¢(A)US) N Bisopenin ¢(A)US, it suffices to show by 6.1.7 and
6.1.11 that

Vo €S:Ve€Rop:36 €ERsp:Vy € @A) : (lvo—vyll <6 = [fo(p(y))| < ¢).

To this end, let yp € S and ¢ € R-g. Choose a semialgebraically compact set B C A
with |fo(x)| < e forall x € A\ B. Then ¢(B) is semialgebraically compact by 6.1.18
and consequently SU ¢(A\ B) = (SU@(A)) \ ¢(B) is openin ¢(A) US. Thus there is
€ Roowith{y € p(A)US ||lyo—y| <o} CSU@(A\B),ie,

{y € o(A) | llyo—yl <5} S p(A\B).

Now lety € ¢(A) with [[yo —y|| < J. Theny € ¢(A\ B) and thus ¢(y) € A\ B. Hence
|fo((y))| < €. This shows the continuity of f. For all y € ¢(A), we have obviously

fy) =0 = folp(y)) =0 = g(y(y)) =0 = Z(y) =0.

Altogether, Vy € ¢(A)US : (f(y) = 0 = 3(y) = 0). Since ¢(A)US is K-
semialgebraically compact by 6.2.3, we get from the Lojasiewicz inequality 6.2.2 N € IN
and C € Ry with Vy € ¢(A)US : |g(y)|N < C|f(y)|. In particular, we obtain

Vyde {P(zc‘ll) tI0(w()IY < Clfo(y(y))| which means Vx € A : |go(x)|Y < leo(x[)]|

6.3 The finiteness theorem for semialgebraic sets

Definition 6.3.1. Let n € INj. A subset S of R" is called K-basic {c(;s s:d} if thereare m €

Ny and g1, ..., gm € K[X] satisfying S = {x € R" | g1(x) {i}o,...,gm(x) {i}o}

Remark 6.3.2. Every K-basic OPEN 4 subset of R” is K-semialgebraic and open
closed closed
in R".
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Theorem 6.3.3 (Finiteness theorem for semialgebraic sets). Let n € Ng and S € .7,

Open . . . . _ . Open .
{close d}' Then S is a finite union of K-basic {close d} subsets of R".

Proof.

S is a finite union of K-basic open subsets of R"
<= S is a finite union of finite intersections of sets of the form {x € R" | ¢(x) > 0}
(g € K[X])
<= (S is a finite intersection of finite unions of sets of the form {x € R" | g(x) > 0}

(g € K[X])

£24 (S is a finite union of finite intersections of sets of the form {x e R" | g(x) >0}

(g € K[X])
<= (S is a finite union of K-basic closed subsets of R".
It is thus enough to show the claim for open S. Write

k

S=|J{xeR"| fi(x) =0,8n(x) >0,...,&im(x) > 0}
i=1

according to 6.1.1 with k,m € Ny, fi, gij € K[X]. Fixi € {1,...,k}. Itis enough to find
a K-basic open set U C R" such that

{xeR"| fi(x) =0,81(x) >0,...,8im(x) >0} CUCS.
Consider the closed set A := R"\ S € .%, and the continuous K-semialgebraic functions
fr A= R x— (fi(x))? and
m
g+ A= R x> [T(Igi5(x)| + gi(x)).
i=1
We have Vx € A : (f(x) =0 = g(x) = 0). By 6.2.4, there thus exist N,k € N

and C € K¢ such that Vx € A : |g(x)|N < C(1 + ||x|*)¥f(x). For all x € A satisfying
gi1(x) >0,...,&im(x) > 0, we thus have (2" [T, gij(x))N < C(1+ i sz-)kfi(x)z. Set

k
u:= {x eR"|C <1 + fo) fi(x)* < <2mHgi]-(x)>
=1 =1

]

N
,&i1(x) >0,..., gim(x) > 0} .

ThenUNA=Qand {x € R" | fi(x) =0,gn(x) >0,...,gim(x) >0} CUCS. O

Example 6.3.4. The “slashed square” S := (—1,1)% \ ([0, 1]g x {0}) is K-semialgebraic
and open. By 6.3.3, it is thus a finite union of K-basic open subsets of R?. Indeed,

S={(x,y) eR?| -1<x<1,—(y+1)y*(y—1) >0}U

{(x,y) € R? | <x+ ;>2+y2 < (;)2}
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is a union of two K-basic open sets. However, S is not K-basic open. To show this, we
assume

S={(xy) € R?|g1(x,y) >0,...,8m(x,y) > 0}
with m € Ny, g; € K[X,Y]. For continuity reasons, we have g;(x,0) > 0 for all x €
[0,1]g and i € {1,...,m}. Because of ([0,1]gr x {0}) NS = @, we have thus [0, 1]z =
P {x € [0,1]r | gi(x,0) = 0}. WLOG #{x € [0,1]r | g1(x,0) = 0} = oo. Then
21(X,0) = 0 and consequently (R x {0}) NS = @ in contradiction to (—1,0)g x {0} C
S.

Theorem 6.3.5 (Abstract version of the finiteness theorem for semialgebraic sets). Let
R|K be algebraic, i.e., R be the real closure of (K, KN R?). Let n € Ng and write A := K[X]
and T := Y K>0A? so that we are in the setting described before 3.6.3. Denote by

Fatten: %) — ¢ := 6 (a1)

again the fattening [— 3.6.4,5.3.1]. Let S € .%,,. Then

open \ . n open \ .
S {closed} in R" <= Fatten(S) {closed} in sper(A,T).

Proof. It is enough to show: S open <= Fatten(S) open.

“<=" By definition of the spectral topology [ 5.2.1], Fatten(S) is a union of sets of
the form {P € sper(A,T) | g1(P) > 0,...,8m(P) > 0} (m € No,81,-..,8m € A). By
5.2.3 and 5.1.21, Fatten(S) is quasicompact [— 5.1.14] with respect to the constructible
topology [— 5.2.1]. Hence Fatten(S) is a finite union of sets of the described form, i.e.,

k
(%) Fatten(S) = | J{P € sper(A,T) | g1 (P) > 0,...,gim(P) > 0}
i=1

with k,m € Ny, g;; € A. It follows by 3.6.4 that

k
() S=[J{xeR"|ga(x)>0,...,&m(x) > 0}.
i=1

In particular, S is open.
“=" By the finiteness theorem for semialgebraic sets 6.3.3, we can find k,m € Ny

and g;; € A such that () holds. It follows that (xx) holds. In particular, Fatten(S) is
open. O

Remark 6.3.6. The description of 6.3.5 as an abstract version of 6.3.3 is motivated by
the fact that one can easily retrieve the latter from the first: Note first that one can
reduce in 6.3.3 to the case where R|K is algebraic by using the transfer between R and
(K, KN R>p) [ 1.9.5]. For this, one has to argue that this transfer preserves openness
which can be accomplished by real quantifier elimination 1.8.17. Thus let now R|K be
algebraic, n € INp and S € .}, open (by the first part of the proof of Theorem 6.3.3, it
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suffices to treat the case of open sets). We have to show that S is a finite union of K-basic
open subsets of R". As seen in the easy part “<=" of the proof of 6.3.5, for this purpose,
it suffices to show that Fatten(S) is open. This follows from the difficult part “=" of
6.3.5.

Corollary 6.3.7 (Strengthening of 5.3.8). Let R|K be algebraic, i.e., R be the real closure of
(K, KN Rx). Let n € No and write A := K[X] and T := ¥ K>0A?. Then

sper R[X] — sper(A,T), P— PNA

is a homeomorphism with respect to both, the spectral as well as the constructible topology on
both sides.

Proof. The map is continuous with respect to both topologies by 5.2.7 and bijective by
5.3.8. According to the definition of a homeomorphism 5.2.2 and the definition of both
topologies in 5.2.1, it suffices to show that for all C € Gxx) we have {PNA | P € C} €
%(a,r) and that this latter is set is open in sper(A, T) whenever C is open in sper R[X].
For this purpose, let C € %y[x). The slimming {x € R" | P, € C} [ 3.6.4] of Cis
then a semialgebraic subset of R" and thus even K-semialgebraic by 5.3.7 since R|K is
algebraic. By 6.1.1, we thus find k, m € INg and f;, g;; € K[X] such that

k

{xeR"|P,eC}=|J{xeR"| fi(x) =0,81(x) >0,...,&m(x) >0},
i=1

where one can even choose f; = ... = fy = 0 by the finiteness theorem for semialge-
braic sets 6.3.3 in the case where C is open. Fattening this, we obtain

k
C = [J{P e sperR[X] | fi(P) =0,81(P) >0,...,&8m(P) >0}
i=1
and therefore [— 5.2.7]

k
{PNnA|PeC}=|J{Pesper(AT)] fi(P)=0,...,81(P) >0,...,Zim(P) > 0}
i=1
c (g(A,T)-
If C is open, then sois {PN A | P € C} because of the choice of f; = 0. O
Remark 6.3.8. In the situation of 6.3.5, one can obviously generalize 6.1.12 as follows:

(a) R"isequipped with the initial topology with respect to all maps R” — R, x — p(x)
(p e A).

(b) The topology on R" is generated by the sets {x € R" | p(x) > 0} (p € A).
(c) Viewing R" in virtue of the injective map [— 3.6.3]
R" — sperA, x — Py ={f € A| f(x) >0}

as a subset of sper A, the topology on R" is induced by the spectral topology on
sper A [— 6.3.7].
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§7 Convex sets in vector spaces

In this chapter, K denotes always a subfield of R equipped with the order and the
subspace topology [— 5.1.5(a)] induced by R unless otherwise specified.

7.1 The isolation theorem for cones

Definition 7.1.1. Let V be a K-vector space. A subset C C V is called a (convex) cone
(inV)if0 e C,C+C C Cand K5oC C C[— 1.1.18]. A cone C C V is called proper if
C#V.

Example 7.1.2. Let T be a preorder [— 1.2.1] of K[X] with K>9 C T. Then T is a cone.
Moreover, T is proper as a preorder [ 1.2.5] if and only if T is proper as a cone.

Proposition 7.1.3. Let V be a K-vector space and C C V. Then the following are equivalent:
(a) Cisa cone.

(b) Cis convex [ 2.4.1], C # @ and K>oC C C.

Proof. (a) = (b) is trivial.

(b) => (a) Suppose that (b) holds. From C # @ and 0C C C, we get 0 € C. To

show: C+C C C.Letx,y € C.Then + % € Cand thusx+y =2(3 + %) € C. O

Definition 7.1.4. Let C be a cone in the K-vector space V and u € V. Then u is called a
unit for C (in V) if for every x € V there is some N € IN with Nu + x € C.

Example 7.1.5. [~ 7.1.2] Let T be a preorder of K[X] with K~¢ C T. Then T is Archimedean
[— 4.1.2(a)] if and only if 1 is a unit for T.

Proposition 7.1.6. Let C be a cone on the K-vector space V and u € V. Then the following are
equivalent:

(@) u is a unit for C.

(b) V=C—Nu

(c) V=C—Kxou
(d)ueCandV =C+Zu

(e) ue CandV =C+Ku
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(f) VxeV:deeKspg:u+exeC

Proof. (a) = (b) = (c) is clear.
(c) = (d) Suppose that (c) holds. Then u € C — K>ou and thus (1 + K>o)u € C

and sou € C. Fixnow x € V. To show: x € C 4 Zu. Choose A € K>g withx € C — Au.
Choose N € N with A < N. Then (N — A)u € C and hence

x=x—-—(N-MNu)+(N-MNue(C—Au—(N—AN)u)+C
CC—NuCC—-—NucCC+ Zu.

(d) = (e) is trivial.
(e) = (f) Suppose that (e) holds and let x € V. Choose A € Ksuchthatx € C— Au.

If A <0, then x € C and consequently u +ex = u+x € C+C C Cwithe := 1. If
A>0,thensets::%>O.Thenu+£x€sC§C.

(f) = (@) Suppose that (f) holds and let x € V. To show: IN € N : Nu +x € C.
Choose ¢ € K+ with u +ex € C. Choose N € IN with % < N. From (f), it follows
also that u € C and hence (N—1)u € C. Now Nu+x = (N—-Du+2lu+x €

C+i(u+ex)CC+IiCCC+CCC. O

Corollary 7.1.7. Let u be a unit for the cone C in the K-vector space V. Then u € C and
V=C-C

Remark 7.1.8. The units for a cone in K" are exactly its interior points [ 5.2.5, 7.1.6(f)].

Definition 7.1.9. Let V be a K-vector space, C C Vand u € V. A state of (V,C,u)isa
K-linear function ¢: V — R satisfying ¢(C) C R>¢ and ¢(u) = 1. We refer to the set
S(V,C,u) C RV of all states of (V,C, u) as the state space of (V,C,u).

Example 7.1.10. Set K := R, V := R[X], C := Py € sper R[X]. Then the cone C does
not possess a unit in V and we have S(V,C,u) = @ forallu € V. Indeed, letu € V.
Choose d € N with d > degu. Then u — eX? ¢ Cforalle > 0. By 7.1.6(f), u is thus not
a unit for C. Assume ¢ € S(V,C,u). Then ep(X?) — 1 = ¢(eX? — u) € ¢(C) C R for
alle >0 4.

Example 7.1.11. Set K :=Q, V := Q?, C := {(x,y) € Q* | y > v/2x}. All elements of C
except 0 are units for C [— 7.1.8]. There isno ¢ € V*\ {0} satisfying ¢(C) C Qx¢ but
foreachu € C\ {0}, we have #5(V,C,u) = 1.

Lemma 7.1.12. Let u be a unit for a proper cone C in the K-vector space V. Then
0: V>R, x—sup{r € K|x—AueC}

is well-defined and we have o(x) + 0(y) < o(x + y) as well as o(Ax) = Ao(x) for all
x,y € Vand A € K>o.
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Proof. Let x,y € V and A € K>g. For the well-definedness of 9, we have to show
that I := {A € K | x — Au € C} is nonempty and bounded from above [— 1.1.9,
1.1.16]. Since u is a unit for C, we have I # @ and furthermore there is N € IN such
that —x + Nu € C. Then A < N + 1 for all A € I since otherwise, if A € I satisfied
A > N +1, then

—u=Nu— (N+1u=(—x+Nu)+x—(N+1)u
eC+x—Au+(A—(N+1))u
gC—FC—i—KZngC.

Butnow —u ¢ C for otherwise C 7150) V. Now choose sequences (A, ) en and (fn)nen
in K such that x — A,u,y — pou € C for all n € N and lim, s Ay = 0(x) as well
as lim, e pn = 0(y). Then we have (x +y) — (Ay + un)u € C+C C C and thus
An+pn < 0(x+y) forall n € N. It follows that

o(x) +o(y) = (lim An) + (lim pn) = lim (A + i) < 0(x +1).

n—o0

Moreover, Ax — AA,u € AC C C and thus A\, < o(Ax) for all n € IN. It follows that
Ao(x) = Alimy e Ay = limy 0 AL, < 0(Ax) and analogously 1o(Ax) < o (F(Ax)) if
A #0,1e., Ao(x) = o(Ax). O

Theorem 7.1.13 (Isolation theorem for cones). Let u be a unit for the proper cone C in the
K-vector space V. Then S(V,C,u) # @.

Proof. Since the union of a nonempty chain of cones in V' is again a cone in V, we can use
Zorn’s lemma to enlarge C to a cone of V that is maximal with respect to the property
of not containing —u. WLOG suppose that C has already this maximality property.

Claim1: CU-C =V
Explanation. Let x € V with x ¢ —C. To show: x € C. Due to the maximality of

C it is enough to show that the cone C + K>ox does not contain —u. But if we had
—u =Y+ Axforsomey € Cand A € Ko, then A > 0and x = %(—u—y) e —Cy.

Consider for each x € V, the sets

L:={AeK|x—AueC}land Jy:={A €K |x—Au e —C}.

Claim2: Vx c V:VA e L :Vue [y : A<
Explanation. Letx € V,A € Iyand y € J,. Then x — Au € C and pyu — x € C. Thus,
(M—AMu=(pu—x)+(x—Au) e C+C C C.Ifwehad y < A, thenwehad —u € C 4.

Consider now ¢: V — R, x — sup I, [ 7.1.12].
Claim 3: —¢(x) =sup{A € K|x—A(—u) € —C}forallx € V

Explanation. Let x € V. From I, U ], ! g and Claim 2, we get

¢(x) = sup I, = inf ],
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and hence

—¢(x)=—infJy =sup{-A | A €K x—Au € —C} =sup{Ar € K| x+ Au € —C}.

From 7.1.12, we obtain ¢(x) + ¢(y) < ¢(x+y) and ¢(Ax) = Ag(x) forall x,y € V
and A € K>. Since —u is a unit for the proper cone —C, 7.1.12 and Claim 3 yield also
—¢(x) —@(y) < —¢@(x+y) forall x,y € V. It follows that

e(x) + o) < px+y) < p(x) + @(y)

and therefore ¢(x) + ¢(y) = ¢(x +y) for all x,y € V. In particular, ¢(x) + ¢(—x) =
¢(0) = 0 and hence ¢(—x) = —¢(x) for all x € V from which we deduce

P((=A)x) = ¢(=Ax) = —9(Ax) = =Ag(x) = (=A)p(x)

forall x € V and A € K>¢. Altogether, ¢(Ax) = A¢(x) forallx € Vand A € K5oU
K<p = K, ie., ¢ is K-linear. Obviously, ¢(C) C Rs¢ and ¢(u) = 1. Therefore ¢ €
S(V,C,u). O

Lemma 7.1.14. Let C be a cone in the K-vector space V and x € V. Then
xe€C < xe(C—Ksox.

Proof. “=""is trivial.
“<=" Let x € C — K>x, for instance x = y — Ax withy € Cand A € K>¢. Then

O]

Corollary 7.1.15. Suppose u is a unit for the cone C in the K-vector space V and x € V. If
¢(x) > 0forall 9 € S(V,C,u), then x € C.

Proof. Suppose x ¢ C. To show: J¢p € S(V,C,u) : ¢(x) < 0. By 7.1.14, the cone
C — K>ox is proper. Since u is a unit for C, it is of course also a unit for C — K>ox. By the
isolation theorem 7.1.13, there is ¢ € S(V,C — K>ox,u). We have ¢ € S(V,C,u) and
p(x) <0. O

Exercise 7.1.16. [— 7.1.9] Let V be a K-vector space, C C V and u € V. We equip
the R-vector space R" of all functions from V to R with the product topology [—
5.1.5(b)]. Then S(V,C,u) is a closed convex subset of RV which we equip with the
subspace topology [— 5.1.5(a)]. This topology is at the same time also the initial topol-
ogy [— 5.1.4] with respect to the functions

S(V,C,u) = R, ¢ — ¢(x) (x e V)

[— 5.1.6].
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Theorem 7.1.17. Let u be a unit for the cone C in the K-vector space V. Then the state space
S(V,C,u) is compact [— 5.1.14].

Proof. Choose for each x € V an Ny € IN such that £x + N,u € C. Then we have for all
¢ € S(V,C,u)and x € V that £¢(x) + Ny = ¢(£x + Nyu) > 0 and thus

@(x) € [—Nx, Ny

Thus S(V,C,u) C [1,cy[—Nx, Ny]. From analysis (cf. 6.1.16) and Tikhonov’s theorem
5.1.18, [ Trev [—Nx, Ny] is compact with respect to the product topology. But the product
topology on JTycy[—Nx, Ni] is induced by the topology of RV [— 5.1.6]. By 7.1.16,
S(V,C,u) is thus closed in the compact space [T,cy[—Nx, Nx| and hence is compact
itself [— 5.1.21]. O

Exercise 7.1.18. Let M and N be topological spaces and f: M — N be continuous. If M
is quasicompact [— 5.1.14], then so is f(M) [— 5.1.21]

Corollary 7.1.19. Let M be a nonempty quasicompact topological space and f: M — R be
continuous. Then f takes on a minimum and a maximum, i.e., there are x,y € M with

flx) < f(2) < f(y)
forallz € M.

Proof. f(M) is compactby 7.1.18. Hence f(M) is nonempty, bounded and closed. From
the first two properties, it follows that inf f (M), sup f(M) € R exist [— 1.1.9(c), 1.1.16].
The last property yields inf f(M) = min f(M) and sup f(M) = max f(M). O

Theorem 7.1.20 (Strengthening of 7.1.15). [— 4.2.2] Let u be a unit for the cone C in the
K-vector space V and x € V. Then the following are equivalent:

(@) Vo € S(V,C,u) : ¢(x) >0

(b) INEN:x€e Lu+C

(c) xisa unit for C.

Proof. (b) = (a) is trivial.

(a) = (b) Suppose that (a) holds. If S(V,C,u) = @, then C = V by 7.1.13 and
we can choose N € IN arbitrarily. Suppose therefore that S(V,C,u) # @. Then the
continuous function S(V,C,u) — R, ¢ — ¢(x) takes on by 7.1.17 and 7.1.19 a min-
imum p for which ¢ > 0 holds by (a). Choose N € N such that < p. Then
¢(x—%u) = ¢(x)—% > pu—% > 0forall ¢ € S(V,C,u). Now 7.1.15 yields that
X — %u eC.

(b) = (c) Suppose that (b) holds and let y € V. To show: 3N € N : Nx+y € C.
Choose N’, N € N with x € %u + Cand N"u+y € C. Setting N := N’'N”, we obtain
Nx+y € N'N (fu+C)+yCN'(u+C)+yCN'u+y+CCC+CCC.

(c) = (a) Suppose that (c) holds and let ¢ € S(V,C,u). To show: ¢(x) > 0.
Choose N € N with Nx —u € C. Then N¢(x) —1 = ¢(Nx —u) > 0 and thus
¢(x) > & >0forall g € S(V,C,u). O

Version of Thursday 30" August, 2018, 22:11



114

7.2 Separating convex sets in topological vector spaces

Definition 7.2.1. A K-vector space V together with a topology on V' [— 5.1.2(a)] is called
a topological K-vector space if V.xV — V,(x,y) — x+yand KxV =V, (A, x) — Ax
are continuous and {0} is a closed set in V.

Example 7.2.2. (a) If I is aset, then K! (endowed with the product topology [— 5.1.5(b)])
is a topological K-vector space.

(b) A K-vector space V together with the discrete topology on V is a topological vector
space if and only if V = {0}. Indeed, if y € V' \ {0}, then

{(Ax) eKxV [ Ax =y} ={(MAly) | A € K*}
isnotopenin K x V.

(c) From analysis, one knows that every normed R-vector space, in particular every
R-vector space with scalar product, is a topological R-vector space.

Lemma 7.2.3. Let V be a K-vector space and A C V be convex. If 0 ¢ A # @, then A
generates a proper convex cone, i.e., Y c4 K>ox # V.

Proof. Suppose that A # @ and ) ,c4 K>ox = V. We show 0 € A. Choosey € A
and write —y = Y7, Ajx; with Aq,..., A, € Ksp and xq,...,x, € A. Setting p :=
1+ Y/ A >0, wehave then0 = Ly + ¥/ fix; € Asince s + Y0 J =L =1 O
Lemma 7.2.4. [— 7.1.8] Let V be a topological K-vector space, C C V a convex cone
and u € C° [— 5.2.5]. Then u is a unit for C [— 7.1.4].

Proof. We show Vx € V : de € Kyo: u+ex € C[— 7.1.6(f)]. For this aim, fix x € V.
From Definition 7.2.1, it follows that K x V, A — u 4 Ax is continuous. Choose an open
set A C Vsuchthatu € A C C. Then {A € K| u+ Ax € A} is open and contains 0. In
particular, there is ¢ € K- such thatu +ex € A C C. O

Example 7.2.5. Consider the R-vector space V := C([0,1],R) of all continuous real
valued functions on the interval [0,1] C R together with the scalar product defined by

1
(f.8) = [ FRg@ix  (fgev).

By 7.2.2(c), this is a topological vector space. The constant functionu: [0,1] - R, x +— 1
is a unit for the cone C := C([0,1],R>0) of all functions nonnegative on [0, 1] by 7.1.19
(since [0, 1] is compact by 6.1.16). But u does not lie in C° since for every ¢ > 0 there is

some f € V with [[u — ]| = \/ [i (u(x) — f(x))%dx < cand f ¢ C.

Remark 7.2.6. From Definition 7.2.1, it follows that for every topological K-vector space
Vthemaps V — V, x = Ax +y (A € K¥,y € V) are homeomorphisms [— 5.2.2].
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Lemma 7.2.7. Suppose V is a topological K-vector space and ¢: V — IR is K-linear.
Then the following are equivalent:

(a) ¢ is continuous.
(b) ¢ 1(IR~o) is open.
(c) ¢ 1(Rxp) is closed.

Proof. (b) <= (c) follows from ¢ '(R>9) = —¢ '(R<p) = —(V \ ¢ }(R~p)) since
V =V, x = —xis a homeomorphism by 7.2.6.

(a) = (b) is trivial.

(b) = (@) WLOG ¢ # 0. WLOG choose 1 € V in such a way that ¢(u) = 1
(otherwise scale @). Suppose that (b) holds. Then the set ¢ !(R~,) = au + ¢~ (R~p)
is open and hence ¢ ! (R._,) = —¢ !(IR-,) is open for all a € K [ 7.2.6]. So the set
¢ 1((a,b)R) = ¢ 1 (R=,) N ¢ 1(Ry) is open for all a,b € K. Since every open subset
of R is a union of intervals (a,b)r with a,b € K, the continuity of ¢ follows. O

Lemma 7.2.8. Let V be a topological K-vector space and ¢: V — R be K-linear map.
Then ¢ is continuous if and only if ¢! (R>¢) has an interior point.

Proof. WLOG ¢ # 0. If ¢ is continuous, then ¢~ !(R-¢) is open and because of ¢ # 0
nonempty. Conversely, let u be an interior point of ¢~!(Rx¢). By 7.2.7, it is enough to
show that ¢! (IR~) is open. For this, consider x € ¢~ 1(IR~(). We have to show that
there is an open set A C V such that x € A C ¢ !(R~g). Choose u in the interior
of 971(R>p). Choose an open set B C V withu € B C ¢ !(IR>g). Choose A € K+g
such that Ap(u) < ¢(x). Then A := x + A(B — u) is open by 7.2.6, and we have
x=x+AMu—u) € Aand

@(A) = @(x) + M@(B) — ¢(u)) C ¢(x) + R>o — Ap(u) € Rxp.
0

Example 7.2.9. Let V := C([0,1],R) be the topological K-vector space from 7.2.5 and
x € [0,1]. Then V — R, f +— f(x) is not continuous.

Theorem 7.2.10 (Separation theorem for topological vector spaces). Let A and B be con-
vex sets in the topological K-vector space V with A° # @ # Band AN B = @. Then there is
a continuous K-linear function ¢: V — R with ¢ # 0and ¢(x) < ¢(y) forall x € A and
y € B.

Proof. Since A is convex, also —A is convex and thus the Minkowski sum B — A =
B+ (—A) [ 7.4.19] is also convex. By hypothesis, we have 0 ¢ B — A # @, for which
reason there is according to 7.2.3 a proper cone C C V such that B— A C C. Due to
A° # @and B # @, 7.2.6 yields (B— A)° # @ and thus C° # @. Choose u € C°.
By 7.2.4, u is a unit for C. By the isolation theorem 7.1.13, there exists a state ¢ of
(V,C,u). Because of ¢(u) = 1, we have ¢ # 0 and because of ¢(B — A) C R>(, we
have ¢(x) < ¢(y) forall x € A and y € B. Finally, ¢ is continuous by 7.2.8 since u is an
interior point of C and a fortiori of ¢! (R>p). O
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Corollary 7.2.11. Let A and B be nonempty convex sets in the topological K-vector space V
satisfying AN B = @. Suppose A is open. Then there is a continuous K-linear function
¢: V — Randanr € Rsuch that p(x) <r < ¢(y) forallx € Aand y € B.

Proof. Choose by 7.2.10 a continuous K-linear function ¢: V' — R with ¢ # 0 and
p(x) < ¢(y) forallx € Aand y € B. The set {¢(x) | x € A} C R is nonempty because
of A # @ and bounded from above because of B # @. It thus possesses a supremum
r € R. We have ¢(x) <r < ¢(y) forall x € Aand y € B. Let x € A. It remains to
show that ¢(x) < r. For this purpose, choose z € V such that ¢(z) > 0. The function
K — V, A = x 4+ Az is continuous and together with 0, a whole neighborhood of 0 lies
in the preimage of A under this function. In particular, there is an ¢ € K. such that
x+ez € A. Then ¢(x) < ¢(x) +ep(z) = p(x+¢€z) <. O

Lemma 7.2.12. Let V be a topological K-vector space, A C V be convex, x € A°,y € A
and A € Kwith0 < A <1. Then Ax+ (1 —A)y € A°.

Proof. Choose an open neighborhood B of x with B C A. Setting z := Ax + (1 — A)y,
C :=z+ A(B —x) isby 7.2.6 an open neighborhood of z. It is enough to show C C A. To
this end, let ¢ € C. Because of B = x + 1 (C —z), we have then b := x + 1 (c —z) € B C
A.Consequently,c =A(b—x)+z=Ab—Ax+Ax+(1-AN)y=Ab+(1-ANyec A. O

Proposition 7.2.13. Suppose V is a topological K-vector space and A C 'V is convex. Then
both A° and A are convex.

Proof. 1t follows immediately from Lemma 7.2.12 that A° is convex. In order to show
that A is convex, fix x,y € Aand A € [0,1]k. To show: z := Ax+ (1 — A)y € A. Let B
be a neighborhood of z in V. To show: BN A # @. Since
VxV =V, (X, y)—= A+ (1-A)y
is continuous, there are neighborhoods C of x and D of y in V such that
AC+(1-A)D CB.

Dueto x,y € A, we find xo € CN Aand yp € DN A. Then

zZop = )\X0+(1—)\)y0 € BN A.

O]

Definition 7.2.14. Let V be a K-vector space and A C V a set. Then A is called balanced
if Ax e Aforallx € Aand A € Kwith [A| < 1.

Proposition 7.2.15. Suppose V be a topological K-vector space and B is a neighborhood of 0 in
V. Then there is a balanced open neighborhood A of 0 in V with A C B.
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Proof. WLOG B is open [— 5.1.9]. Since the scalar multiplication is continuous by 7.2.1,
there is an € € K- and an open neighborhood C of 0 in V such that

VA € (—¢¢e)x:Vx e C: Ax € B.

By 7.2.6, each AC with A € K* is open. Thus also A := Uje(—¢e),\ {0} AC © B is open.
Moreover, we have 0 € A and A is obviously balanced. ]

Exercise 7.2.16. In a Hausdorff space [ 5.1.14], every compact subset [+ 5.1.21] is
closed.

Definition 7.2.17. Let V be a K-vector space. We call a topology on V making V into a
topological vector space [— 7.2.1] a vector space topology on V.

Remark 7.2.18. Up to now the condition {0} = {0} from Definition 7.2.1 has been
used nowhere. From now on, we will however need it. We will show that each finite-
dimensional R-vector space carries exactly one vector space topology which would be
false without the condition {0} = {0} since otherwise the trivial topology [+ 5.1.2(e)]
would also be a vector space topology.

Proposition 7.2.19. Every topological K-vector space is a Hausdorff space.

Proof. Let V be a topological K-vector space [— 7.2.1] and let x,y € V with x # y. Set
z := x —y # 0. by Definition 7.2.1, {0} and thus by 7.2.6 also {z} is closed. Hence
V \ {z} is an open neighborhood of 0. Since V x V. — V, (v, w) — v — w is continuous
by 7.2.1, there is a neighborhood U of 0 such that U — U C V \ {z}. Then (x +U) N
(y +U) = O for otherwise there would be u,v € U with x + u = y + v from which it
would followz =x—-y=v—-—ueclU—-U 4. O

Proposition 7.2.20. Let V be a finite-dimensional R-vector space. Then there is exactly one
vector space topology [— 7.2.17]on V.

Proof. Choose a basis vy,...,v, of V. Then f: R" — V, x — YI' ; x;v; is a vector space
isomorphism. With R"” [ 7.2.2] also V possesses therefore a vector space topology.
This shows existence. For uniqueness, endow now V with any vector space topology.
We show that f is a homeomorphism. By 7.2.1, f is certainly continuous. It is enough
to show that images of open sets under f are again open. For this purpose, it suffices
to show that for all open balls in R” the image of their center is an interior point of
their image because if A C R" is open then every point in f(A) is the image of the
center of an open ball contained in A. Due to 7.2.6, it suffices to consider the ball B :=
{x € R" | ||x|| < 1} around the origin of radius 1. In order to show that 0 € (f(B))°,
we take the sphere S := {x € R" | ||x| = 1}. By 6.1.16, S is compact and hence so
is by 7.1.18 and 7.2.19 also f(S). According to 7.2.16, f(S) is thus closed in V. Hence
V'\ f(S) is a neighborhood of 0 in V. By 7.2.15, there is a balanced open neighborhood
Aof 0in V with A C V\ f(S),ie., AN f(S) = @. Since f is continuous, f!(A) is an
open neighborhood of 0 in IR". Due to the linearity of f, with A also f~!(A) is balanced
according to Definition 7.2.14. Since f~!(A) is disjoint to S, it follows that f1(A) C B
and thus A C f(B). Hence 0 € (f(B))° as desired. O
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7.3 Convex sets in locally convex vector spaces

Definition 7.3.1. A locally convex K-vector space is a topological K-vector space [— 7.2.1]
in which for every x € V each neighborhood of x contains a convex neighborhood of x.

Remark 7.3.2. Because of 7.2.6, one can restrict oneself in 7.3.1 to x = 0.
Example 7.3.3. [— 7.2.2]
(a) If I is a set, then K' is a locally convex K-vector space.

(b) If a K-vector space V is endowed with the initial topology [ 5.1.4] with respect to a
family (f;)ie; of K-linear functions f;: V — R in such a way thattoeach x € V'\ {0}
there is some i € I with f;j(x) # 0, then V is a locally convex K-vector space.

(c) Every normed IR-vector space V, in particular every R-vector space with scalar
product, is a locally convex R-vector space since

[Ax+ (1= Ayl < Allxll + (A =A)[lyl] < Ae+ (1 - A)e=e
foralle > 0 and x,y € V satisfying ||x||, ||ly|| < € (“balls are convex”).

Lemma 7.3.4. Suppose V is a topological K-vector space, A C V is closed and C C V'is
compact. Then A + C is closed.

Proof. Let x € V\ (A+ C). We have to show that there is a neighborhood U of the
origin satisfying (x + U) N (A+C) = @.

Claim: For each y € C, there exists a neighborhood U, of the origin such that
(x+U,)Ny+U,+A) =2

Explanation. Lety € C. ThenV xV — V, (x',y) — x —y + 1’ — v/ is continuous and
(0,0) lies in the preimage of the open set V' \ A since x —y ¢ A (otherwise we would
have x € A +y C A + C). Hence there is a neighborhood U, with

ie,(x+U,—y—-U,)NA=0Q.
By compactness of C, there is a finite subset D C C such that C C U,ep(y + Uy). Now
U := Nyep Uy is a neighborhood of the origin. In order to show that

(x+U)N(A+C) =09,
it is enough to prove that (x +U) N (A +y + Uy) = @ forall y € D. For this purpose,

N
it suffices to show that (x + U,) N (y + U, + A) = @ for ally € D. But this holds even
for all y € C by the above claim. O
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Theorem 7.3.5 (Separation theorem for locally convex vector spaces). [— 7.2.10,7.2.11]
Let A and C be nonempty convex sets in the locally convex K-vector space V with ANC = @.
Let A be closed and C be compact. Then there is a continuous K-linear function ¢: V. — R and
r,s € Rwith ¢(x) <r <s < ¢(y)forallx € Aandy € C.

Proof. B := C — A is by 7.3.4 closed and by hypothesis we have 0 ¢ B. Since V is
locally convex, there is in view of 7.2.13 a convex open set D C V with 0 € D and
DN B = @. Since B is also convex, there is by Corollary 7.2.11 a continuous K-linear
function ¢: V — R and an ¢ € R such that ¢(x) < ¢ < ¢(y) forallx € D and y € B.
In particular, ¢ > ¢@(0) = 0 and ¢(x) +¢& < ¢(y) forall x € A and y € C. Because of
A# Q@ #C, r:=sup{e(x) | x € A} € Rands := inf{e(y) | y € C} € R exist.
Moreover, we haver +¢ < s,i.e., r <s. ]

Definition 7.3.6. Let V be a K-vector space and A C V be convex. Then a convex set
F C Ais called a face of A if for all x,y € A with xzﬂ € F,wehavealsox,y € F.

Proposition 7.3.7. Suppose V is a K-vector space, A C V is convex and x € A. Then x is an
extreme point of A [— 2.4.1] if and only if {x} is a face of A.

Proof.

x is an extreme point of A

EldyzeA: <y7éz&x:y+z>

O]

Proposition 7.3.8. [— 2.4.2] Suppose V is a K-vector space, A C V is convex, F C A is
convex and A € (0,1)k. Then the following are equivalent:

(a) Fisafaceof A
b) Vx,yc A: (Ax+(1—AN)yeF = x,ycF)

Proof. (b) = (a) is an easy exercise.
(a) => (b) Assume that F is a face of A but there are x,y € A such that

Ax+(1—-A)yeF
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and WLOG (otherwise permute x and y and replace Aby 1 —A) x ¢ F. If A < J, one
then can replace (x,A) by (x/,A’) where x’ := *2¥ and A’ := 2A € (0,1)k because we
then have x’ € A\ F (since A is convex and F is a face of A), A’ € (0,1)kx and

AN+ 1=y = 2/\x2ﬂ +(1-20)y=Ax+(1—-A)y € F.
By iterating this in case of need finitely many times, one can suppose A > 1. Then
z:=x4+2(Ax+(1-AN)y)—x)=2A—-1)x+2(1-A)ye A

since2A —1>0,2(1—A) >0and (2A —1) +2(1 —A) = 1. Now

x;Z:x+()\x+(1—)\)y)—x:/\x+(l—/\)yeF
and thus x,z € F since F is a face of A 4. O

Example 7.3.9. (a) If V is a K-vector space and A C V is convex, then both @ and A
are faces of A. We call these the trivial faces of A.

(b) The faces of [0,1]> C R? are @, {(0,0)}, {(0,1)}, {(1,0)}, {(1,1)}, {0} x [0,1],
{1} x [0,1], [0,1] x {0}, [0,1] x {1}, [0,1]2.

(c) The faces of B:= {x € R? | ||x|| < 1} are @, {x} (x € B\ B°) and B.
(d) {x € R?| ||x|| < 1} has only the trivial faces.

Definition and Proposition 7.3.10. Let V be a K-vector space and suppose A C V is convex.
We call F an exposed face of A if there is a K-linear function ¢: V — R such that

F={xcA|VyeA:9(x) <oy}
Every exposed face of A is a face of A.

Proof. Let F be an exposed face of A. To show: F is a face of A. It is easy to show that F
is convex. Choose a K-linear ¢: V — Rsuchthat F={x € A|Vy € A: ¢(x) < ¢(y)}.
Let x,y € A such that % € F. To show: x,y € F. It is obviously enough to show that

p(x) =9 <x2ﬂ) = ¢(y). We have that

() + o) = ¢ <x;y> +9 <x;y> " o) + o)

x+y_
= €F

where the inequality would be strict if one of ¢(x) and ¢(y) were different from ¢ (%y) .
O

Example 7.3.11. [— 7.3.9]
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(a) If Vis a K-vector space and A C V is convex, then A is an exposed face of A while
@ might be exposed [— 7.3.9(d)] or non-exposed [7.3.9(c)].

(b) All faces of [0,1]? C R? are exposed except @.
(c) All faces of {x € R? | ||x|| < 1} are exposed except @.
(d) All faces of {x € R? | ||x|| < 1} are exposed.

(e) ((—0,0] x [0,00)) U{(x,y) € RE, | y > x*} has exactly one nonexposed face,
namely {0}.

Proposition 7.3.12. Suppose V is a K-vector space, A C V is convex, F is a face of A and
G C F. Then the following holds:

Gisafaceof F <= G isa face of A.

Proof. “=" Let G be a face of F and let x,y € A with x%y € G. To show: x,y € G.
Because of % € G C F,wehavex,y € F. Since G is a face of F, it follows that x,y € G.

“<=" Let G be a face of A and let x,y € F with xZﬂ € G. Because of x,y € F C A,
we then have x,y € G. O

Remark 7.3.13. Every intersection of faces of a convex set in a K-vector space V is
obviously again a face of this convex set.

Lemma 7.3.14. Let C # @ be a compact convex subset of a locally convex K-vector
space V. Then C possesses an extreme point.

Proof. Every intersection of a nonempty chain of closed nonempty faces of C is again a
closed nonempty face of C. Indeed, if the intersection were empty, then a finite subinter-
section would be empty by the compactness of C [ 5.1.14] which is impossible since
we dealt with a chain. By Zorn’s lemma there is thus a minimal closed nonempty face
F of C. Being a closed subset of a compact set, F is compact itself [+ 5.1.21]. By 7.3.7,
it suffices to show that #F = 1. Due to F # @, it suffices to exclude #F > 2. Assume
x,y € F such that x # y. By 7.3.5, there is a continuous K-linear function ¢: V" — R
such that ¢(x) < ¢(y). Then

G:={veF|VweF:¢) <¢pw)}

is nonempty by 7.1.19 because F is compact and nonempty and ¢ is continuous. Ac-
cording to 7.3.10, G is an (exposed) face of F. Hence G is a face of C by 7.3.12. From the
continuity of ¢, we deduce that

G=Fn () ¢ " ((—o0, p(w)])

weF

is closed. Moreover, y ¢ G since ¢(y) £ ¢(x). Therefore G is a closed nonempty face
of C that is properly contained in F, contradicting the minimality of F. O
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Notation 7.3.15. Let A be a convex set in a K-vector space V. Then we write
extr A

for the set of extreme points of A.

Theorem 7.3.16. [— 7.1.19] Suppose C is a nonempty compact convex subset of a locally
convex K-vector space V and ¢: V — R is a continuous K-linear function. Then ¢ attains on
C a minimum and a maximum in an extreme point of C. In other words, there are x,y € extr C
such that

p(x) < 9(2) < ¢(y)
forallz € C.

Proof. Since one could replace ¢ by —¢, we show only the existence of x € extr C such
that ¢(x) < ¢(z) forall z € C. By 7.1.19, there is y € C such that ¢(y) < ¢(z) for all
z € C, i.e., the exposed face [— 7.3.10]

Fi={yeC|VzeC:q(y) <¢(z)}

of C is nonempty. Since ¢ is continuous,

F=Cn ()¢ '((—,¢(2)]r)

zeC

is a closed subset of the compact set C and hence compact itself. By Lemma 7.3.14, F
possesses an extreme point x which is by 7.3.12 and 7.3.7 also an extreme point of C. [

Corollary 7.3.17 (Krein-Milman theorem). Suppose C is a compact convex subset of a locally
convex K-vector space V. Then C is the closure of the convex hull of the set of its extreme points,
ie.,

C = conv(extr C).

Proof. “2"” From extr C C C and the convexity of C, we get conv(extr C) C C. Being
a compact subset of a Hausdorff space [ 7.2.19], C is closed [— 7.2.16] which entails
even conv(extrC) C C.

“C” WLOG C # @. A := conv(extrC) is closed, nonempty by Lemma 7.3.14 and
convex by 7.2.13. We show V\ A C V\ C. Let x € V \ A. By the separation theorem
for locally convex vector spaces 7.3.5, there is a continuous K-linear function ¢: V — R
such that ¢(y) < ¢(x) for ally € A. By 7.3.16, there is y € extrC C A satisfying
¢(z) < ¢(y) for all z € C. It follows that ¢(z) < ¢(y) < ¢(x) for all z € C. Therefore
x ¢ C. ]

Definition 7.3.18. Let V be a K-vector space, C C V and u € V. We call an extreme
point [— 2.4.1] of the state space S(V,C,u) [— 7.1.9,7.1.16] a pure state of (V,C, u).

Theorem 7.3.19 (Strengthening of 7.1.20). Suppose u is a unit for the cone C in the K-vector
space V and let x € V. Then the following are equivalent:

Tentative Lecture Notes



123

(@) Vo € extrS(V,C,u) : ¢(x) >0
(b) Yo € S(V,C,u) : ¢(x) >0

(c) HNEIN:xG%u—i-C

(d) xisaunit for C.

Proof. (b) <= (c) <= (d)is 7.1.20.
(b) = (a) is trivial.
(@) = (b) WLOG S(V,C,u) # @. It suffices to show that the function

S(V,C,u) > R, ¢ — ¢(x)

attains a minimum in an extreme point of S(V,C,u). But this follows from 7.3.16 be-
cause S(V,C,u) is a nonempty compact [— 7.1.17] convex [— 7.1.16] subset of the lo-
cally convex [— 7.2.2(a)] R-vector space RY and

R" - R, ¢ — ¢(x)
is continuous [— 5.1.5(b)]. O

Corollary 7.3.20 (Strengthening of 7.1.15). Suppose u is a unit for the cone C in the K-vector
space V and let x € V. If p(x) > 0 for all pure states ¢ of (V,C,u), then x € C.

7.4 Convex sets in finite-dimensional vector spaces

Lemma 7.4.1. Let C be a cone in a finite-dimensional K-vector space V. Then U :=
C — Cis asubspace of V and C possesses in U a unit [— 7.1.4].

Proof. On the basis of Definition 7.1.1, it is easy to see that U is a subspace of V. Choose
a basis uy,...,u, of U and write u; = v; — w; with v;,w; € C fori € {1,...,m}. We
show that u := Y, v; + Y/"; w; € Cis a unit for C in U. For this purpose, fix v € U.
To show: 3N € N : Nu+v € C. Writev = Y/"; Aju; with A; € Kfori € {1,...,m}.
Choose N € N with N > |A;| fori € {1,...,m}. Then

m m

Nu+v=) (N+Aj)vi+) (N—A)w;eC.
=1 =1

Ul
Theorem 7.4.2 (Finite-dimensional isolation theorem). [— 7.1.13] Let C be a proper cone

in the finite-dimensional K-vector space V. Then there is a K-linear function ¢: V — R with
¢ # 0and ¢(C) C R>o.
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Proof. U := C — Cisby7.4.1 asubspaceof V.
Casel: C=U

Then U is a proper subspace of V and by linear algebra it is easy to see that there is
some ¢ € V*\ {0} such that ¢(U) = {0}.
Case2: C A U

By 7.4.1, there exists a unit u for C in U. The isolation theorem 7.1.13 provides us with
some ¢o € S(U, C,u). Extend ¢o by linear algebra to a K-linear function ¢: V — R. O

Remark 7.4.3. Example 7.1.10 shows that one cannot omit the hypothesis dim V' < oo
in7.4.1and 7.4.2.

Theorem 7.4.4 (Separation theorem for finite-dimensional vector spaces). [— 7.2.10] Let
A and B be convex sets in the finite-dimensional K-vector space V such that A # @ # B and
ANB = @. Then there is a K-linear function ¢: V — R such that ¢ # 0and ¢(x) < ¢(y)
forallx € Aandy € B.

Proof. Completely analogous to the proof of 7.2.10. ]

Definition 7.4.5. [ 2.4.1] Let V be a K-vector space and A C V. Then A is called an
affine subspace of V if Vx,y € A : VA € K : Ax+ (1 — A)y € A. The smallest affine
subspace of V containing A is obviously

m m
aff A := {ZAixi | meN,A €K, x; € A,Z)\i = 1},
i=1 i=1

called the affine subspace generated by A or the affine hull of A.

Definition and Proposition 7.4.6. Let V be a K-vector space. Then for each A C V, the
following are equivalent:

(a) A is a nonempty affine subspace of V.
(b) Thereisan x € V and a subspace U of V such that A = x + U.

If these conditions are met, then U as in (b) is uniquely determined and is called the direction
of A. Then dim A := dim U € No U {oo} is the dimension of A. We set dim @ := —1.

Proof. (b) = (a) is easy.

(a) = (b) Suppose that (a) holds. Choose x € A. Set U := A — x. To show:
U+UCUand KU C U. Letu,v € Uand A € K. Toshow: u+v € U and Au € U.
Choose a,b € Asuchthatu =a—xandv=>b—x. Thenu+v = (la+1b+ (—1)x) —
x€ (aff A) —x=A—x=Uand Au = (Aa+ (1 —-A)x) —x € (aff A) —x =A—x = U.

Uniqueness claim  Whenever x,y € V and U and W are subspaces of V satisfying
x+U=y+W,thenx —y € Wand thusU = (y —x) + W = W. O

Tentative Lecture Notes



125

Definition 7.4.7. Let V be a K-vector space and A C V be convex. Then
dim A :=dimaff A € {—1} UNp U {oo}
is the dimension of A.

Proposition 7.4.8. [— 7.3.8] Suppose that V is a K-vector space, A C V is convex and F is
aface of A. Let m € N, x1,...,xy € Aand Ay,..., Ay € Koo such that Y ;" 1 A; = 1 and
Y/t Aix; € F. Then x1,...,xy € F.

Proof. WLOG m > 2. Leti e {1,...,m}. To show: x; € F. WLOG i = 1. We have
0< A <landy:= Y/, 1= sz EAsmceZl 270 }\1 = i M — 1. From Y7, Ay =

A1xg + (1 — Aq)y it follows thus by 7.3.8 that x1,y € F. O

Proposition 7.4.9. Suppose V is a K-vector space, A C V is convex and F is a face of A. Then
F = (affF)NA.

Proof. “C” is trivial.

“2” Let x € (affF) N A. To show: x € F. Write x = Yy \iy; — L pjzj with
m,n € Ny, Aj, 4j € Koo, yi,zj € F and Z;”l 2;7:1 pj = 1. Setting A := Y0, A
and p := }iq pj, it follows that ny + Y 1+;4 =Y %yi € F and thus x € F by
7.4.8. O

Proposition 7.4.10. Let V be a finite-dimensional K-vector space.

(a) If A and B are affine subspaces of V with A C B, then
A =B <= dimA =dimB.

(b) If F and G are faces of the convex set A C V with F C G, then
F=G <— dimF =dimG.

Proof. (a) follows from 7.4.6 by linear algebra and (b) follows hereof by 7.4.7 and 7.4.9.
O

Remark 7.4.11. Suppose V is a topological K-vector space, K’ is a subfield of K and
V' a K’'-vector subspace of the K’-vector space V. Then V induces on V' a vector space
topology. This is easy to see since V x V induces on V' x V' the product topology of the
induced topologies and K x V induces on K’ x V' the product topology of the induced
topologies.

Definition and Proposition 7.4.12. Let A be a convex set in the topological K-vector space
V. The interior of A in the topological space aff A (endowed with the topology induced by V) is
called the relative interior of A, denoted by relint A. This is a convex set.

Proof. WLOG A # @. Write aff A = x + U for some x € V and some subspace U of V
[ 7.4.6]. WLOG x = 0 [— 7.2.6]. WLOG U = V [— 7.4.11]. Then relint A = A° is
convex by 7.2.13. O
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Remark 7.4.13. Let V be a finite-dimensional K-vector space. Choose a basis v, ..., v,
of V. Then f: K" — V, x — Y.I'; x;v; is a vector space isomorphism that is continu-
ous with respect to every vector space topology of V [— 7.2.17] and that is a homeo-
morphism with respect to exactly one vector space topology of V [ 7.2.2(a)]. Conse-
quently, there is a finest [ 5.1.2(c)] vector space topology on V (cf. also 7.2.20). With
respect to this topology on V, we have for all A C V that

AopeninV <= f !(A)openinK",

independently of the choice of the basis vy,...,v,. It is easy to see that K" carries
1 n
the initial topology with respect to all { K—]irilerllia;uigﬁrr;;(s)r;({f% ]R}' The finest vec-
tor space topology on V is therefore also the initial topology [— 5.1.4] with respect to
al { linear forms on V
K-linear functions V' — R
topology of V induces on U again the finest vector space topology because one can

extend every linear form on U to one on V.

. If U is a subspace of V, then the finest vector space

Example 7.4.14. Since R is a topological IR-vector space and thus also a topological Q-
vector space, also Q + v/2Q C R is a topological Q-vector space with respect to the
induced topology [— 7.4.11]. One sees easily that

Q+vV20—-Q, x+V2y—x  (xv,y€Q)
is not continuous.
Lemma 7.4.15. Let A C K" be convex. Then A° = ©® — aff A # K".

Proof. Suppose that aff A = K". We show that A° # @. Denote by ey, ..., e, the stan-
dard basis of K" and set ¢y := 0 € K". Write ¢; = Z]m:l Aijxij withm € N, Aj; € K,
xjj € A and Z;-”:l Aij =1fori € {0,...,n}. We show that

Since A is convex, we have x € A and it suffices to show that for each i € {1,...,n},
there is an ¢ > 0 such that x - ¢¢; € A (cf. also 7.1.8). For this purpose, fixi € {1,...,n}.
Frome; = ¢, —0 = ¢; — ey = ijzl )\ijxij + Z]m:l(—)\oj)ij and Z;ﬂzl Aij — Z;n:1 )\0]' =
1 —1 = 0, the existence of such an £ > 0 easily follows.

Theorem 7.4.16. Suppose V is a finite-dimensional topological K-vector space that is equipped
with the finest vector space topology [— 7.4.13] and A C V is convex. Then A C relint A.

Proof. WLOG A # @. Write aff A = x + U for some x € V and some subspace U
of V. Obviously, aff(A — x) 745 (aff A) — x = U, relint(A — x) 726 (relint A) — x and

relint(A — x) = relint A — x. Replacing A by A — x, we can thus suppose thataff A = U.
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Using the last remark from 7.4.13, we can therefore suppose that aff A = V (otherwise
replace V by U). According to 7.4.13, we can reduce to the case where V' = K" (with
the product topology). We have to show A C A°. Choose y € A° with Lemma 7.4.15.
Let x € A. To show: x € A°. By 7.2.12, we have (1 — A)x + Ay € A° forall A € (0,1].
Obviously, we have x € {(1 —A)x+ Ay | A € (0,1]x} C A°. O

Theorem 7.4.17. Let V be a finite-dimensional K-vector space that is equipped with the finest
vector space topology [— 7.4.13]. Let A C V be convex and x € A \ relint A. Then there is an
exposed face F of A satisfying dim F < dim A and x € F.

Proof. Similarly to the proof of 7.4.16, we reduce again to the case aff A = V. Note that
A° is convex [— 7.4.12] and nonempty [— 7.4.16]. The separation theorem 7.4.4 yields
a K-linear function ¢: V — R with ¢ # 0 and ¢(x) < ¢(y) for all y € A°. Since ¢
is continuous [— 7.4.13], the set ¢~ 1([p(x), )R) is closed and contains with A° also
A° and hence by 7.4.16 also A4, i.e., ¢(x) < ¢(y) forall y € A. In other words, x is an
element of the exposed face [+ 7.3.10] F:={z € A |Vy € A: ¢(z) < ¢(y)} of A. By
7.4.10, it is enough to show F # A. If we had F = A, we would have ¢|4 = ¢(x) and
hence by linearity of ¢ also ¢ = ¢|.4 = @(x),1e., ¢ =0 4. O

Remark 7.4.18. If we use topological notions in a finite-dimensional IR-vector space V,
then we tacitly furnish V with its unique vector space topology [— 7.2.20] which is the
initial topology with respect to the family of all linear forms on V [— 7.4.13].

Theorem 7.4.19 (Minkowski’s theorem). [— 2.4.4, 7.3.17] Let V be a finite-dimensional
R-vector space. Let A C 'V be convex and compact. Then

A = conv(extr A).

Proof. Since A is closed [— 7.2.16], all faces of A are also closed [—7.4.9,7.4.6,7.2.6] and
therefore compact [— 5.1.21]. By induction, we can thus assume that F = conv(extr F)
for all faces F of A that satisfy dim F < dim A.

“2” is trivial.

“C” Let x € A. To show: x € conv(extr A). WLOG x ¢ extr A. Choose y,z € A
with y # z and x € conv{y,z}. Because of the assumptions on A, WLOG y,z €
A\ relint A. By 7.4.17, there are (exposed) faces F and G of A such that dim F < dim 4,
dimG < dimA,y € Fand z € G. From 7.3.7 and 7.3.12, we get extr F C extr A and
extr G C extr A. Consequently, y € F = conv(extr F) C conv(extrA) andz € G =
conv(extr G) C conv(extr A) where the equalities follow from the induction hypothe-
sis. Finally, x € conv{y,z} C conv(extr A). O

Theorem 7.4.20. Let (K, <) be an arbitrary ordered field, let V be a K-vector space with n :=
dim V' < co. Suppose that E C 'V is a finite set that generates V and x € V. Then exactly one
of the following conditions occurs:

(a) E contains a basis of V that generates a cone containing x.
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(b) There is some ¢ € V* with {(E) C K¢ and ¢(x) < 0 and a linear independent set
F C Enkerfwith#F = n — 1.

Proof. It is easy to see that (a) and (b) cannot occur both at the same time. Indeed, from
(a) it follows that x € Y, K>ov which is not compatible with (b) because if ¢ € V*
with (E) C K>, then ¢(x) € ¢ (L,cr K>0v) € K>o.

We choose an order < on E [— 1.1.1] and a basis B C E of V. We show that the
following algorithm always terminates:
(1) Write x =) ,cpApv with A, € Kforallv € B.
(2) If A, > O for all v € B, then stop since (a) occurs.

)
)
(3) u:=min{v € B| A, <0}
(4) Define ¢ € V*by ¢(u) = 1and ¢(v) = 0forallv € B\ {u} (so that £(x) = A, < 0).
(5) If £(E) C K>, then stop since (b) occurs.
(6) w:=min{v € E | {(v) <0}
(7) Replace B by the new basis (B \ {#}) U{w} and go to (1).

Observe first of all that in Step (7) the set (B \ {#}) U {w} is again a basis since B is one.
Indeed, w does not lie in the subspace generated by B \ {u} since ¢ vanishes according
to its choice in (4) on this subspace while it does not vanish on w by the choice of w in

(6).

To show that this algorithm terminates, we assume that this is not the case. Let then
denote by (B, g, wy, {x) the value of (B, u, w, ¢) after Step (6) in the k-th iteration of the
loop. We first argue that the existence of s, € IN with

(%) up <us=wrand {v € Bs | v > us} ={v € B | v > us}

causes a contradiction. For this purpose, let x = } ,cp A0 with A, € K for all v € B;
be the representation of x from the s-th iteration of the loop. We will apply ¢; to this
representation of x. For that matter, observe the following;:

e For all v € Bs; with v < u; = w;, we have by the assignment to u; in (3) that
Ap > 0.

Forallv € E O B; with v < us = wy, we have by the assignement to w; in (6) that
gt(l)) > 0.

Ay, < 0 according to (3)

li(us) = £i(wy) < 0 according to (6)

For all v € B; with v > u; = w;, we have ¢;(v) = 0 since for these v we have by
(x) that v € By \ {u;} (using that u; < us) and thus ¢;(v) = 0 by (4).
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It thus follows that

)
0> l(x)=) \Aﬁ/&(v)—}—&,ﬁ/&(us)—k Y Aoli(v) >0

vEB vEB

vy >0 >0 <0 <0 o>, =0

—_— T/ e
>0 >0 =0

which is the desired contradiction.

Finally, we show the existence of s, t € IN with (). For clarity, we first generalize the
algorithm by looking at the following more abstract version of it:

Suppose E is a finite set, < an order on E and B a subset of E.
(1") Choose u € B.
(2") Choose w € E \ B.
(3") Replace Bby (B\ {u}) U {w} and go to (1).

Denote by (By, ug, wi) the value of (B, u,w) after Step (2') in the k-th iteration of the
algorithm. We show the existence of s,t € IN satisfying (). Since E is finite, the power
set of E is also finite. Consequently, there are p,q € IN such that p < g and B, = B,.
Because of (3"), it then obviously holds that {u; | p <s < g} = {w; | p <t < q}. Set
vo:=max{us | p <s < q} =max{w; | p <t <gq}. Then

{veBs|v>vy} ={veEBt|v>nvH}

foralls,t € {p,...,g—1}. Chooses,t € {p,...,q— 1} with us = vy = w; (note that
s < tort < sbut certainly not s = t). Now (x) holds. O

Corollary 7.4.21. [— 2.3.2] Let (K, <) be an arbitrary ordered field. Let m,n € Ny, f,l1,..., 0y €
K[X, ..., Xn] be linear forms [— 1.6.1(a)] and set

S:={xeK"|li(x)>0,...,0u(x) > 0}.
Then the following are equivalent:
(@ f>0o0nS
(b) f e Ksolh+...+Ksolm
(c) Thereareiy, ..., is € {1,...,m} such that {;, ..., L; are linearly independent and
f € Kxoliy + ... + Kxol,.
Proof. (c) = (b) = (a) is trivial.

(a) = (c) Suppose that (a) holds.
Claim: f € V := K{; + ...+ K{y,
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Explanation. Assume f ¢ V. Then there is some ¢ € (KXj + ...+ KX,)* such that
p(l1) = ... = ¢(lwm) = 0and ¢(f) = —1. Set x := (¢(X1),...,9(X,)) € K". Then
li(x) =¢(¢;)) =0foralli e {1,...,m}. Hencex € Sand f(x) = ¢(f) = -1 <0. 4
Now apply 7.4.20 to V and E := {{4,...,¢y} (taking account of the claim). Then it
suffices to show that for all ¢ € V* with ¢(E) C K>¢ also ¢(f) > 0 holds. Thus
let ¢ € V* with ¢(E) C K5p. Choose ¢ € (KXj + ...+ KX,,)* with ¢|y = ¢. Set
x = (P(Xy),...,p(Xn)) € K". Then ¢;(x) = ¢(¢;) = ¢(¢;) > Oforalli € {1,...,m}
and thus x € Sand ¢(f) = ¢(f) = f(x) > 0. O

Corollary 7.4.22 (Linear Nichtnegativstellensatz). [— 2.3.5, 3.7.7] Let (K, <) be an arbi-
trary ordered field. Let m,n € Ny, f,01,...,0m € K[Xy,..., Xu)1 [ 1.5.1] and suppose

S:={xeK"|l(x)>0,...,0n(x) >0} #O.
Then the following are equivalent:
(@ f>0o0nS
(b) f € Ko+ K>ol1 + ...+ Ksoly
(c) Thereareiy,...,is € {0,...,m} such that {;, ..., L; are linearly independent and
f € Ksoli, + ...+ Kol
where £y := 1.

Proof. (c) = (b) = (a) is trivial.

(a) = (c) Suppose that (a) holds. Due to 7.4.21, it suffices to show that f* > 0 on
S* = {x = (x0,...,%;) € K" | xg > 0,0;(x) >0,...,45,(x) > 0} [— 2.2.1(c)(d),
2.2.2(e)]. To this end, let (xo,...,x,) € S*.

Case1: xo >0

Then (1,%,.. x—") = xlo(xg,...,xn) € S§* and hence (x1 .. ﬁ) € S. From (a),

X X/t X
it follows that f* (1, %,,%) =f (%,,%) > 0 and hence also f*(xo,...,x,) =
sof (1L2,..,%) 20
Case 2: xo =0
2.2.2(a)
Then (LF(¢;))(x1,...,%4) = £} (x0,...,%,) > 0 and therefore

(LF(£;))(Ax1, ..., Axy) > 0

foralli € {1,...,m} and A € K>. Because of S # @, we can choose (y1,...,Yyn) € S.
Then 4;(y1 + Ax1,...,yn + Ax,) > 0 forall A € Ksgand i € {1,...,m}. Due to
(a), we have thus f(y1 + Axq,...,yn + Ax,) > 0 for all A € Kso. It follows that
(LF(f))(x1,...,x,) > 0. Hence

F o) 2 (LR (31, - n) > 0.
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Definition 7.4.23. Let V be a K-vector space and C C V a cone [— 7.1.1].
(a) The sets of the form K>ox with x € C\ {0} are called the rays of C.

(b) Rays of C that are at the same time faces [ 7.3.6] of C are called extreme rays of C.

(c) Aset B C C\ {0} is called a base of C, if for each x € C\ {0} there is exactly one
A € K5o such that Ax € B, i.e,, if every ray of C hits the set B in exactly one point.

Proposition 7.4.24. Suppose V is a K-vector space and C C V is a cone with convex base B.
Then forallx € V,

K>ox is an extreme ray of C <= A € K5o : Ax € extr B.

Proof. Letx € V.

“=—" Let K>ox be an extreme ray of C. Then it follows that x € C\ {0}. Hence
there is exactly one A € K- such that Ax € B. We claim Ax € extr B. For this purpose,
consider i,z € B with yzj = Ax. Toshow: y = z = Ax. Fromy,z € C and yzj € K>ox,
we deduce y,z € K>ox. Duetoy,z € Band 0 ¢ B, we get y,z € K-ox. Again from
¥,z € B and the uniqueness of A, we gety = Ax = z.

“<=" WLOG let x € extr B. To show: K>ox is an extreme ray of C. Since x € B C
C\ {0}, K>ox isaray of C. Let y,z € C with 7% € K>ox. To show: y,z € K>ox. WLOG
y # 0and z # 0. If we had y + z = 0, then one could easily show 0 € B 4. WLOG
y+z = x. Choose y,v € K> such that uy,vz € B. Then

-1 -1

_ e e N S v
x=y+z=(pu " +v )<y_1+v_1(W)+y_1+v—1(vz))

€B

and thus p~! + v~ = 1. Since x = u~}(puy) + v1(vz), py,vz € B and x € extr B, we
have py = x = vy. O

Theorem 7.4.25. [— 7.4.19] Every convex cone with compact [— 7.4.18] convex base in a
finite-dimensional R-vector space is the sum of its extreme rays.

Proof. Suppose V is a finite-dimensional R-vector space and C C V is a convex cone
with compact convex base B. Let x € C. To show: x is a sum of elements of extreme
rays of C. WLOG x € B. By Minkowski’s theorem 7.4.19, we have x € conv(extr B),
say x = Yt Aixy withm € N, Aq,..., Ay € K50, A1 +...+ Ay = 1and x; € extrB.
According to 7.4.24, K>ox; is for all i € {1,..., m} an extreme ray of C. O

Proposition 7.4.26. Every convex cone with compact [— 7.4.18] base in a finite-dimensional
R-vector space is closed.

Proof. Suppose V is a finite-dimensional R-vector space and C C V is a convex cone
with compact base B. By Tikhonov’s theorem 5.1.18, also [0, 1|r x B is compact. From
7.1.18 together with the continuity of the scalar multiplication, we obtain that

A:={Ax| A €[0,1]g,x € B}
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is again compact. WLOG V = R" by 7.2.20. WLOG B # @. Set
d:=min{|ly|| |y € B} > 0.

In order to show that C is closed, we now let x € V\ C. WLOG |x| < 2 [ 7.2.6].
Since A is closed by 7.2.16, thereisane > Osuch that {y € V | |[x —y|| < e} N A = @.

From 0 € A, wegete < ||x| < 4. Then{y € V | |[x—y|| < eNC = @ for if

y € C\ A, then thereis A € Kwith 0 < A < 1 and Ay € B and it follows that
Iyl = Y|Ay|| > 1d > d which is incompatible with ||x — y|| < 4 (which would imply
contrarily ||ly|| < ||y — x|| + ||x|| < 4 + 4 = d). This shows that C is closed. O

7.5 Application to ternary quartics

A ternary quartic is a 4-form (also called quartic form [— 2.3.4]) in 3 variables.

Lemma 7.5.1. Let (K, <) be an ordered field and G € SK™*"™. Then G is psd [— 2.3.1]
if and only if xTGx > 0 for all x € (K*)™.

Proof. Suppose xGx > 0 for all x € (K*)™. Let z € K. We have to show that
zTGz > 0.
Choose y € (K*)™ arbitrary. Then z + Ay € (K*)™ and therefore
2TGz +2Ay Gz + A%y Gy = (z + Ay)TG(z + Ay) >0
for all but finitely many A € K. For example, by 1.5.3(b) applied to the polynomial
2TGz +2yTGzT + y'GyT? € K[T),
it follows that zTGz > 0. O

Lemma 7.5.2. Let K be an Euclidean field and f € K[X, Y, Z] a 4-form. Suppose that
there are linearly independent vq,vp,v3 € K such that f(v1) = f(v2) = f(v3) = 0.
Then the following are equivalent:

(@) fispsd[— 2.3.1(a)]
(b) f e TKIX, Y, Z)?
(c) f isasum of 3 squares of quadratic forms in K[X, Y, Z].

Proof. Denote by ey, €, 3 the standard basis of K3. Set A := (v1 v, ©v3) € GL3(K) and
g:=f (A ()215)) € K[X,Y, Z]. Then g is a 4-form satisfying ¢(e1) = g(e2) = g(e3) = 0.
Since A defines a permutation (even a vector space isomorphism)

K = K3, (g) — A (g)
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on K3, we have that
fispsd <= gispsd.

Since A induces on the other hand a ring automorphism

K[X,Y,Z] = K[X,Y,Z], h — h (A @))

we obtain
feY KXY, Z? < g€ ) K[X,Y,Z]

Since this ring automorphism permutes the quadratic forms in K[X, Y, Z|, we have that
(c) <= gisasum of 3 squares of quadratic forms.

Replacing f by g, we can henceforth suppose that v; = e1, v2 = e and vz = e3.
(c) = (b) = (a) is trivial.

(a) = (c) It is easy to see that each polynomial ¢ € K[T] with ¢ > 0 on K and
¢(0) = 0 lies in the ideal (T?) [ 1.5.3(b)]. Suppose now that (a) holds. The vanishing
at 0 and the nonnegativity of the polynomials

f(1,T,0), £(1,0,T), f(T,1,0), £(0,1,T), f(0,T,1), f(T,0,1) € K[T]
therefore forces the coefficients of
x4 X3y, X3z, Y Y®X, Y%z, Z7%, 73X, Z%

in f to vanish. For example, the first polynomial forces the coefficients of X* and X3Y
to vanish, and the second one the coefficients of again X* and of X3Z. It follows that

N(f) C conv{(2,2,0), 12417, (2,0,2), (0,2,2), (15241, [534:27}, ive.,
%N( £) € conv{(1,1,0),(1,0,1),(0,1,1)} and thus

%N(f) N3 € {(1,1,0),(1,0,1),(0,1,1)}.

By the Gram matrix method 2.6.1, we have to show that there is a psd matrix G € SK3*3
satisfying

XY
(x)  f=(XY XZ YZ)G (XZ) .
YZ

Since every monomial occurring in f is a product of two entries of (XY XZ YZ),
there is certainly a G € SK3*3 satisfying (*) (actually one sees easily that there is a
unique such G which does however not play an immediate role). But from () it follows
automatically that G is psd since f is psd. In order to see this, let v € K3. We have to show
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that v Gv > 0. Using 7.5.1, one reduces to the case v € (KX)3. Then set A := 010,03

Xy
and x:= L, Y= Landz:= L. Nowov=A | xz | and therefore
U3 (%) U1
Yz

xy\ .,
oTGo=A*(xy xz yz)G (xz) © A*f(x,y,z) > 0.
yz

O]

Lemma 7.5.3. Let K be an Euclidean field and f € K[X, Y, Z] a 4-form. Suppose there
are linearly independent vy,v;,v3 € K satisfying f(v; 4+ Tvp) € (T°) and f(v3) = 0.
Then the following are equivalent:

(@) fispsd
(b) f € YK[X,Y,Z)?
(c) f isasum of 3 squares of quadratic forms in K[X, Y, Z].

Proof. Almost exactly as in the proof of 7.5.2, one sees that one can suppose WLOG
U1 = e1, U2 = ey and v3 = e3.

(c) = (b) = (a) is again trivial.

(@) = (c) One sees easily that a polynomial ¢ € K[T]| with ¢ > 0 on K and
g € (T%71) lies in (T?%) for k € IN. Suppose now that (a) holds. By considering
the polynomials

f(,T1,0), f(1,0,T), f(0,T,1), f(T,0,1) € K[T],
one sees easily that the coefficients of
x4 Xy, X, Xy, Xz, 7%, 7%, Z°X

in f must vanish. More precisely, the first polynomial ist responsible for the first four
of these coefficients, the second for the coefficients of X* (again) and X3Z7, the third for
the coefficients of Z* and Z3Y, and the last for the coefficients of Z* (again) and Z3X. It
follows that

N(f) C conv{(2,0,2),(2,1,1),1532], 1152417, (0,2,2), 1031, (0,4,0)}, i.e.,

%N(f) C conv {(1, 0,1), (1, ;,;) ,(0,1,1), (0,2,0)} and thus
%N(f) N3 € {(1,0,1),(0,1,1),(0,2,0)}.
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By the Gram matrix method 2.6.1, we have to show that there is a psd matrix G € SK>*3
satisfying

XZ
(x)  f=(Xz YZ Yz)G(YZ).
YZ

If the monomial X?YZ actually appeared in f, we would now run into a big problem
that we did not have in the proof of 7.5.2 because this monomial is not a product of
two entries of (XZ YZ Y?). But this coefficient vanishes as one easily shows since
for all y € K, the leading coefficient of f(X,y,1) € K[X] is nonnegative since this
polynomial is nonnegative on K. As in the proof of 7.5.2, one sees again that there
exists G € SK3*3 satisfying () (one could again see easily that G is unique). From ()
it follows automatically that G is psd since f is psd. To see this, let v € K. To show:
vTGv > 0. Using 7.5.1, one reduces to the case v € K x (K*)2. Then set A := v3v3 and

Xz
X = Z—%, Y= %, z:= U% Now v = A (yi and therefore
Yy

xz
v'Go=A*(xz yz ¥*)G (yz) © A*f(x,y,z) > 0.
2
y

O]

Lemma 7.5.4. Let K be an Euclidean field and f € K[X, Y, Z] a 4-form. Suppose there
are linearly independent v, v, € K3 satisfying f(v1 + Tvz) € (T°) and f(vp) = 0. Then
the following are equivalent:

(@) fispsd
(b) f € LK[XY,Z]?
(c) fisasum of 3 squares of quadratic forms in K[X, Y, Z].

Proof. One can again suppose WLOG v = ¢; and v, = es.
(c) = (b) = (a) is again trivial.

(@) => (¢) One uses again that a polynomial ¢ € K[T] with ¢ > 0 on K and
g € (T%1) lies in (T%) for k € IN. Suppose now that (a) holds. By considering
the polynomials

f(1,T1,0), f(1,0,T), f(T,1,0), f(0,1,T) € K[T],
one sees easily that the coefficients of
x4 XY, X*Y?, XY?, X°z, Y! YZ

in f must vanish. More precisely, the first polynomial ist responsible for the first four
of these coefficients, the second for the coefficients of X* (again) and X°Z, the third for
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the coefficients of Y4 and XY? (again), and the last for the coefficients of Y* (again) and
Y3Z. It follows that

N(f) C conv{(2,0,2),(2,1,1),(1,2,1),(0,2,2),10-3], (0,0,4),(1:6:3], (1:4-2] }, i.e.,
%N(f) C conv {(1,0,1), (1, %, ;) , <;,1,;> ,(0,1,1), (0,0,2)} and thus

%N(f) NN3 € {(1,0,1),(0,1,1),(0,0,2)}.

By the Gram matrix method 2.6.1, we have to show that there is a psd matrix G € SK3*3
satisfying

ZZ

XZ
(x) f=(XZ YZ 7%)G (YZ) .

If one of the monomials X?YZ and XY?Z actually appeared in f, we would have trouble
since these monomials are not a product of two entries of (XZ YZ Z2). But these
coefficients vanish as one easily shows since for all x,y € K, the leading coefficients
of f(X,y,1) € K[X] and f(x,Y,1) € K[Y] are nonnegative since these polynomials are
nonnegative on K. One sees again that there exists G € SK>*? satisfying () (one could
again see easily that G is unique). From (x) it follows automatically that G is psd since f
is psd. To see this, let v € K3. To show: vTGov > 0. Using 7.5.1, one reduces to the case

Xz
v € K x (K*)2. Then set A := v3v3 and x := 2L, y = U%, z = Ulz Now v = A (yz)
2

V203 4
4

and therefore
Xz ")
vTGo=A*(xz yz 22)G |yz | = A*f(x,y,2) > 0.
2
z

O]

Lemma 7.5.5. Let f € R[X,Y,Z] be a psd 4-form that is not a sum of 3 squares of
quadratic forms in R[X, Y, Z] and that has two linear independent zeros in R®>. Then
there is a linear form ¢ € R[X, Y, Z] \ {0} such that f — ¢*is psd.

Proof. By Lemma 7.5.2, the zeros of f span a two-dimensional subspace of R®. By a
change of coordinates, we can thus achieve that f(e2) = f(e3) = 0 and

f>00onR* x R

We now claim that there is some ¢ € R such that f—eX* is psd. By homogeneity, it
suffices to find ¢ > 0 such that f — ¢X* > 0 holds on the compact set

[~L 1R\ (-1, Di.
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For this purpose, it is enough show that for each two-dimensional face F of the polytope
[—1,1]3 (i.e., for each side of the cube [—1,1]%) there is some & > 0 such that f —eX* > 0
on F. On the two sides {—1} x [-1,1]? and {1} x [~1,1]%, f is positive so that the
existence of such an ¢ for them follows from 7.1.19. After a further change of coordi-
nates, it suffices to consider from the remaining four sides just [—1,1]? x {1}. Consider
therefore f := f(X,Y,1) € R[X, Y] [= 2.2.1(d)]. From Lemma 7.5.4, we deduce

9
ayé 0,y) >

for all y € R that satisfy f(0,y) = 0 (apply 7.5.4 to f, v, := (0,y,1) and v := (0,1,0),
taking into account that g@ (0,y) = 0 due to ]7 > 0 on R?). In the same way, Lemma
7.5.3 implies that for each y € R satisfying f (0 y) = 0 all other directional derivatives
of fin (0,y) are also positive. Altogether, f has thus only zeros in R? at which the
second derivative (i.e., the Hessian) is pd (recall that all zeros of f lie on the y-axis).
From analysis we know know that each zero of the nonnegative polynomial f (in R?,

or equivalently {0} x R since all zeros lie on the y-axis) is an isolated global minimizer.
Therefore

{(xy) eR*| f(x,y) =0} = {(O,1), -, (O, ym)}

for some m € IN and y1,...,yn € R (one of the y; is 0). Since —X* as well as its first

4 2 4
and second derlvatlve vanishes on the y-axis (since aX = 4X3, BBLY 0, aa;((z = 12X?,

gg; = 0and ? ayz = 0), every (0,y;) is a zero and an 1solated local m1n1m1zer~of f—Xx4
Choose for each i € {1,...,m} an open neighborhood U; of (0,y;) such that f — X* >0
on U; \ {(0,y;)}. Then of course also f —eX* > 0on U; \ {(0,y;)} foralle < landi €
{1,...,m}. Since f is positive on the compact set [—1,1]2\ (U; U - - - U U,,), there is an
e € (0,1)R such that f —eX* > 0on [-1,1]2\ (U U - -- U U,). Altogether, f —eX* > 0

n [—1,12\ {(0,11),...,(0,ym)} and f —eX* = 0on {(0,11),..., (0, ym)}. O

Lemma 7.5.6. Suppose f lies on an extreme ray [— 7.4.23(b)] of the cone P of the psd
4-forms in R[X, Y, Z]. Then there are linear independent v;,v; € R3 such that f(v;) =

f(v2) =0.

Proof. If f were pd, then the forms f + eX* would be psd for some ¢ > 0 (choose ¢
for instance as the minimum of f on the compact unit sphere of IR*) and because of
f=3(f —eX*) + 3(f + eX*) it would follow that f + eX* € R>of and thus f € RX*
4. Hence f has at least one zero v; € R\ {0}. After a change of coordinates, we can
without loss of generality achieve v; = e;. Since (0,0) is a local (even a global) mini-
mizer of f(1,Y,Z) € R[Y, Z], we know from analysis that %(1,0, 0) = %(1, 0,0) =0.
It follows that there are a,b, ¢ € R[Y, Z] such that

f=aX*+bX+c.

We have to show that there exists v; € R x (IR?\ {0}) such that f(v;) = 0. We make a
case distinction by rk(a) [— 1.6.1(h)].
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Case 1: rk(a) =0

Then a = 0 and thus b(y,z) = 0 for all (y,z) € R? from which b = 0 follows by 2.2.3.
If f = c € R[Y, Z] was pd, then ¢ + ¢Y* € R[Y, Z] would be psd for some ¢ > 0 and it
would follow that ¢ + £Y* € R>oc and thus ¢ € RY* 4.

Case 2: rk(a) =1
By a coordinate change in the y-z-plane WLOG a = Y2. Then b(0,z) = 0 for all
z € R and hence b(0,Z) = 0, i.e, b = YV for some b € R[X,Y]. It follows that
/ 2 )
f=XY2+ VXY +c= (XY+ %) + (c - ’74—2). For all (y,z) € R* x R, we find some

x € R satisfying xy + @ = 0 from which c(y,z) — % = f(x,y,z) > 0 follows.
Hence ¢ — % € P. Aside from that, we have of course (XY + %/)2 € P. Since f lies
on an extreme ray of P, it follows that (XY + %/)2 € Rf (and ¢ — % € Rf). Now
choose (y,z) € R* x R arbitrary and with it x € R such that xy + b,(%z) = 0. Then
f(x,y,z) =0.

Case 3: rk(a) =2

By a coordinate change in the y-z-plane WLOG a = Y? 4 Z2. Since f is psd, also the
6-form 4ac — b? € R[Y, Z] is psd. We have to show that there is (y,z) € R?\ {0} such
that there exists x € R satisfying a(y,z)x> + b(y,z) + c(y,z) = 0. Because of a(y,z) # 0
for all (y,z) € R?\ {0}, this is equivalent to the existence of (y,z) € R?\ {0} with
(b? —4ac)(y,z) > 0, ie., (4ac — b*)(y,z) = 0 (since 4ac — b? is psd). We have thus to
show that 4ac — b? is not pd. Aiming for a contradiction, assume that 4ac — b? is psd.
Then also the 6-forms 4a(c + eY*) — b? are psd for some & > 0 (choose for example 4¢ as
the minimum of 4ac — b? on the compact unit sphere of IR? and take into account that
a=Y?+Z?). It follows that f + eY* € P. From f = J(f +¢eY*) + 3 (f —eY*), we obtain
f+eY* € Roof and thus f € RY* 4. O

Lemma 7.5.7. Let d,n € INp and let V be the R-vector space of all 2d-forms in R[X] =
R[Xj, ..., Xs] and P C V be the cone of all psd forms in V. Then P is a closed cone with
compact convex base [— 7.4.23(c)].

Proof. As an intersection of closed sets, P = N,cre{p € V | p(x) > 0} is closed. By
2.2.3,

d d
Ipll=3" - X lpa.x)l (peV)

x1=—d Xp=—d

defines a norm on V. Then

x1=—d Xp=—d

d d
B:z{pEP!Hszl}z{pEV! Y .o ) p(xl,...,xn)zl}

is a compact convex base of P. O
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Lemma 7.5.8. Let V denote the R-vector space of all 4-forms in R[X,Y,Z] and P C V
the cone of all psd forms in V. Suppose that f lies on an extreme ray of P. Then f is a
square of a quadratic form.

Proof. It is enough to show that f is a sum of squares of quadratic forms for if f =
Y71 g7 # 0 with 2-forms ¢; € R[X, Y, Z], then
1
f=52q +§ 2 Z qi

e \w_/
€p

and thus g € R>f. If there is a linear form ¢ € R[X, Y, Z] \ {0} such that f — ¢*is psd,
then /* € R>of and f = (cf?)? for some ¢ € R* so that we are done. From now on
therefore suppose that such a linear form does not exist. From the Lemmata 7.5.5 and
7.5.6, it follows now that f is a sum of 3 squares of 2-forms in R[X, Y, Z]. O

Theorem 7.5.9. Let R be a real closed field and f € R[X,Y,Z] a 4-form. Then the following
are equivalent:

(a) fispsd.
(b) f € LR[XY,Z]?
(c) f is a sum of squares of quadratic forms in R[X,Y, Z].

Proof. (c) = (b) = (a) is trivial.

(a) = (c) follows for R = R from 7.5.8 together with the conic version 7.4.25 of
Minkowski’s theorem. Using the Gram matrix method 2.6.1 (or 7.4.20), one sees that
the class of all real closed fields R for which (a) = (c) holds for all f € R[X,Y,Z],
is semialgebraic. By 1.8.5, every real closed field belongs to this class. In short, the
statement follows thus from the case R = R by the Tarski principle 1.8.19. O

Corollary 7.5.10 (dehomogenized version of 7.5.9). Let R be a real closed field and f €
R[X,Y]s. Then
f>00mR* < fe) RIX Y
Proof. “<="is trivial.
“=" Suppose f > 0 on R%. WLOG f ¢ R. Thendegf = 2 or degf = 4 by
2.2.4(b). For deg f = 2, the claim follows from 2.3.5. Suppose therefore deg f = 4. Then
=24 (%,%) € RIX,Y, Z] is the homogenization of f with respect to Z [ 2.2.1(c)]

and f* is psd by 2.2.6(a). Now 7.5.9 yields f* € ¥ R[X,Y, Z]?>. By dehomogenization
[— 2.2.1(d), 2.2.2], it follows that f € Y R[X, Y]%. O

Remark 7.5.11. A posteriori, we see now that in the situation of Lemma 7.5.6, there
actually exist even infinitely many pairwise distinct zeros of f. This follows from 7.5.8.
Indeed, if f = ¢* with a 2-form g € R[X,Y, Z] with tkg = 3, then WLOG sggq > 0
(otherwise replace g by —¢) and thus sgq € {3,1}. If sgg = 3, then g and thus f is pd.
If sg g = 1, then g and thus f have infinitely many pairwise linearly independent zeros.
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Remark 7.5.12. We will neither use nor prove the following:

(a) In 1888, Hilbert showed a strengthening of 7.5.9 (“sum of three squares” instead of
“sum of squares”, cf. also 7.5.2,7.5.3,7.5.4 and 7.5.5) [Hil]. A very long and tedious
elementary proof for this has been given by Scheiderer and Pfister in 2012 [PS]..

(b) Scheiderer showed in 2016 that
XA+ XY3 +Y* —3X2YZ —4XY?Z +2X%272 + X723 + Y73 + 74

is psd but does not belong to " Q[X, Y, Z]? [S2]. In the same year, Henrion, Naldi,
Safey El Din gave an elementary proof for this [HHNS].
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§8 Nonnegative polynomials with zeros

Throughout this chapter, K denotes again always a subfield of R with the induced or-
der. Moreover, we let A always be a commutative ring (e.g., A = K[Xj, ..., Xy]).

8.1 Modules over semirings

Definition 8.1.1. Let T C A. Then we call T a semiringof Aif {0,1} C T, T+TC T
and TT C T [— 1.2.1]. If T is a semiring of A, then M C A is called a T-module of A if
OeMM+MC Mand TM C M.

Remark 8.1.2. (a) T is a preorder of A <= (T is a semiring of A & A2 C T)
(b) If T is a semiring of A, then T — T is a subring of A.

(c) If T is a semiring of A and M a T-module of A, then M — M isa (T — T)-module of
A.

(d) If T is a semiring of A, then T is a T-module of A.

Definition 8.1.3. Let T be a semiring of A and M a T-module of A. Then M is called
Archimedean (in A)ifVa € A: AN e N: N+4+a € M [— 4.1.2(a)].

Remark 8.1.4. Due to 8.1.2(d), the notion of an Archimedean semiring is also defined
by 8.1.3. Because of 8.1.2(a), this generalizes the notion of an Archimedean preorder of
A[—4.1.2(a)].

Definition 8.1.5. [ 4.3.1] Let T be a semiring of A, M a T-module of A and u € A.
Then
Bamu) :={a € A|INEN: Nutaec M}

the set of with respect to M by u arithmetically bounded elements of A. If u = 1, then we
write B4 au) := B(a,m) and omit the specification “by u”.

Proposition 8.1.6. Suppose T is a semiring of A, My and M are T-modules of A, u1 € M,
and uy € M. Then Y My M, is also a T-module of A and we have

B(A/Mllul)B(A/leuz) c B(A/ZMlefuluz)'

Proof. Let a; € By m,u,), say Nu; +a; € M; fori € {1,2} with N € IN. Then (cf. the
proof of 4.3.1)

3N?ujuy + aja; = (Nuy +a1)(Nug £ a5) + Nuy(Nuy — aq) + Nug (Nua F ap).
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Corollary 8.1.7. Let T be a semiring of A, M a T-module of A, u € T and v € M. Then
B(A,T,u)B(A,M,v) - B(A,M,uv)'

Proof. Apply 8.1.6 to My := T, My := M, uy := u, up := v and observe ) MM, =
YTM = M. a

Corollary 8.1.8. [ 4.3.1] Let T be a semiring of A. Then B, 1) is a subring of A. Moreover,
if M a T-module of A and u € M, then B4 ) i a B4, 1)-module of A.

Remark 8.1.9. [ 8.1.3,433]If T C A is a semiring and M C A a T-module, then M
is Archimedean if and only if B(4 5y = A.

Theorem 8.1.10. [— 4.3.4] Let n € Ng and T C K[X] a semiring with K>o C T. Then the
following are equivalent:

(a) T is Archimedean.
(b) INeEN:Vie{l,...,n} :N£X; €T

() ImeN:3,..., 4, e TNK[X];:INE€N:
@#{xeK"|l1(x)>0,...,ln(x) >0} C [-N,NJ}

Proof. Write A := K[X]. From K> C T, it follows that K C B4 ). Hence we have
Biary=A <= Xi,...,Xu € B(a,r) which shows (a) <= (b). The implication (b) —
(c) is trivial and (c) == (b) is an easy consequence of the linear Nichtnegativstellensatz
7.4.22. O

Lemma 8.1.11. [— 4.3.2] Suppose that % € A(ie,2¢€ A¥),let M C Abea (X A?)-
module with 1 € M and leta € A. Then

a2 € B(A,M) <~ ac B(A,M)'

Proof. “=="1f N € N with (N — 1) —a? € M, then
1 2 1\2
Nia:(N—l)—a2+<2ia) +3<2> eM

(exactly as in the proof of 4.3.2).
“«<="1f N € Nwith (2N —1) +a € M, then

N?(2N —1) —a*> =2 (;)2 (N—a)> (2N —1+a)+ (N+a)* (2N —1—a)) € M.

O]

Proposition 8.1.12. Suppose % € A, T C Aisa preorder and M C A is a T-module with
1 € M. Then B ) is a subring of A and B4 a1 .) @ B(a pr)-module of A for each u € T.
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Proof. 1t obviously suffices to show B sy Bamu) S Bamu for allu € T (since this
means By Biam) € Biam foru =1). If a € B4 1), then we have

a= G>2<<a+1)2— (a—1)%)

and because of 1 € M also a+1,a —1 € By y. Therefore it is enough to show
aZB(A/M/u) C Bamu) foralla € By and u € T. For this purpose, fix a € B4 v,
u € Tand b € By pu) To show: a’b € B(a,mu)- From 8.1.11, we get a’ € Ba,m)-
Choose N € N such that N — a2, Nu+b € M. Due toa®,u € T, we get now Nu —
ua®, Nua® + a*b € M. Consequently,
N%u + a*b = (N?u — Nua®) + (Nua® 4+ a®b) € M+ M C M.
O

Theorem 8.1.13. [— 4.3.4, 8.1.10] Suppose n € Ny and M C K[X] is a (¥ K>oK[X]?)-
module with 1 € M. Then the following are equivalent:

(a) M is Archimedean.
(b) INEN:N—-Y!',X?eM
(0 INeN:Vie{l,...,n}: N£X; e M
(d) ImeN:3,..., 0y € MNK[X];: IN €N :
@ #F{xeK"|l1(x)>0,...,0,(x) >0} C[-N,N|}
Proof. (a) = (b) is trivial.

(b) = (¢) If (b) holds, then N — XZ2 € M and thus XZ2 € Bxm foralli €
{1,...,n}. Apply now 8.1.11.

(c) == (d) is trivial and (d) = (c) follows again from the linear Nichtnegativstel-
lensatz 7.4.22.

(c) = (a) follows from 8.1.12. O

8.2 Pure states on rings and ideals
In this section, we always suppose that the field K is a subring of A. In particular,
Q C A and A is a K-vector space.

Remark 8.2.1. Under the just made mild hypothesis Q C A, one can reformulate the
abstract Archimedean Positivstellensatz 4.1.3 as follows:

For arbitrary A and K as above, let T be an Archimedean preorder of A such
that K>9 C T and a € A. Then the following are equivalent:

(@) ¢(a) > 0 for all K-linear ring homomorphisms ¢: A — R with ¢(T) C Rx.

(b) INEN:ae L +T
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To see this, first note that in (a), one can omit the K-linearity of ¢ since it just means
that ¢|x = idx which follows from 1.1.15 by K=o C T since the identity is the only
embedding of ordered fields from K to R (cf. the proof of 4.2.1). But then the theorem
becomes strongest for K = Q and we can thus assume K = Q which makes redundant

the hypothesis Ko C T since for all m,n € N, we have 2 = mn (%)2 € Y. A2 C T. This
last fact also shows (b) <= (b’) where we denote by (a’) and (b”) the corresponding
conditions from 4.1.3, namely:

(@) @> 0onsper(A,T)

(b)) AINEN:Nael+T

It remains to show that (a) <= (a’). To this end, it suffices by 4.1.4(d) to show that (a)
is equivalent to

(@”) a(Q) > 0 for all maximal elements Q of sper(A, T).

It is clear that (a’) = (a”). To show (a”) = (a’), suppose that (a”) holds and let
P € sper(A,T). To show: @(P) > 0. Using 3.2.3 or 3.2.5, we find a maximal element Q
of sper(A, T) such that P C Q. By 3.2.4, we have Q = P Usupp(Q). Due to (a”), we
havea € Q\ —Q, i.e, a € Q\supp(Q) C P, and because of a ¢ —P (for otherwise
a € —Q) it follows that a € P\ —P, i.e., a(P) > 0. This shows (a’) <= (a”). These
arguments were implicitly present already in the proof of 4.2.2.

Remark 8.2.2. Suppose T is a semiring of A with K9 C T and M a T-module of A.
Then M is a cone in the K-vector space A and we have:

M is Archimedean [— 8.1.3] <= 1is a unit for M [— 7.1.4]

Motivation 8.2.3. If T is an Archimedean preorder of A with K>g C T, then the Archimedean
Positivstellensatz 4.1.3 in the version of 8.2.1 amounts to the equivalence of

1
IdN € N : — 4+ T
S a€N+

with
(%) ¢(a) > 0 for all (K-linear) ring homomorphisms ¢: A — R with ¢(T) C R>
while 7.3.19, paying attention to 8.2.2, tells that the same condition is equivalent to
(%) @(a) > 0 for all pure states ¢ of (A, T,1).

The following imprecise questions arise:
(a) What do pure states “on rings” have to do with ring homomorphisms?

(b) Can the Archimedean Positivstellensatz be generalized from preorders to semirings
or even to modules over semirings?
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(c) If (%) holds only with “>" instead of “>",then AN € N : a € % + T can of course
not hold anymore but one would still want to prove that a € T. In this case, is it
possible to find anideal I C A (e.g., the kernel of a ring homomorphism ¢ from ()
with ¢@(a) = 0) such that I N T possesses in the K-vector space I a unit u in such a
way thata € I and (*x*) holds for (I, I N T,u) instead of (A, T,1)? Then one could
apply 7.3.19 or 7.3.20 in order to finally still show thata € T (evena € {u+ (INT)).

(d) What can one say about pure states “on ideals”? This question generalizes (a) and
is motivated by (c).

Reminder 8.2.4. For z € C and k € Ny, the binomial coefficient
k .
z z—i4+1
()~ 11
is declared. From analysis, one knows that
[ 1 )
i=0
for all t € R with || < 1.
Lemma 8.2.5. For all k € IN, the coefficients of

ko1 N2
pri= (Z (f) (—T)1> —(1-T) cQ[T]
i=0
are nonnegative.

Proof. In the ring Q[[T]] of formal power series, we have because of 8.2.4 and the iden-
tity theorem for power series from analysis that

(2 (%) (—T)l')2 =1-T.

Now let k € IN be fixed. ‘For i € No with i < k, the coefficient of T! in px obviously
equals the coefficient of T" in

(£ () -0

which is zero. The binomial coefficient (%) is positive fori € {0,1,3,5,... } and negative
fori € {2,4,6,...}. The only positive coefficient of

2(%)(4)1’

is thus the constant term. Hence, for i € INg with i > k, the coefficient of T' in px is thus
a sum of products of two nonpositive reals and therefore nonnegative. O
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Lemma 8.2.6. Suppose I is an ideal of A, T is a preorder of A with K> C T,M C [isa
T-module of A, uisa unitfor MinI,a € T and (1 —2a)u € M. Then [— 7.1.9]

S(I, M,u) CS(I,(1—a)M,u).
Proof. Let ¢ € S(I, M, u). To show: ¢((1 —a)M) C R>g. Let b € M. To show:
p((1—a)b) >0

WLOG u — b € M (otherwise choose N € IN with Nu —b € M and replace b by
5b € M). We show ¢((1—a)b) > —e foralle > 0. To this end, let ¢ > 0. It is enough to
show that there is a k € IN satisfying

P((1-0b) > p ((é ()<>>b) —e

since ZM C TM C M C (p_l(]RZO). Because of u € T, we have

(1—(2a))u = E((za)f — (2a) Y = E(Za)f(l —2a)u €M
j=0 j=0

forall i € Ny, i.e.,

for all i € INg. By 8.2.4, we can choose k € IN such that

(5 () <0-3)-

ie., pr (3) < e with py as in Lemma 8.2.5. We show that ¢(px(a)b) < e. Since pi(a) € T
holds by Lemma 8.2.5, it is enough to show that ¢(pr(a)u) < & since @(pr(a)b) <
@(pr(a)u) holds due to py(a)(u — b) € M. But we have

p(pr(a)u) < o(px (;) u) = px (;) o(u) = px (;) <e

due to (px (3) — pr(a))u € M (use 8.2.5 and (00)). O

Theorem 8.2.7 (Burgdorf, Scheiderer, Schweighofer [BSS]). [— 8.2.3(d)] Suppose that I is
an ideal of A, T is a preorder or an Archimedean semiring of A, K=o C T, M C I isa T-module
of A, uis a unit for M in I and ¢ is a pure state of (I, M, u). Then

() glab) = ¢(au)gp(b)
foralla € Aandb € 1.
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Proof. Due to T — T = A [— 1.2.3, 8.1.3] it suffices to show (%) for all 2 € T and
b 11 Tis 4 21 Archimedean semiring
' a preorder

{ 1-acT } and thus because of { TMC M } that

}, then one can here suppose by scaling a that

u—2auecM Lemma 8.2.6
S(I, M,u) C S(I,(1—a)M,u).

Moreover, we can suppose that ¢(au) < 1. Fix therefore a € T with S(I, M,u) C
S(I,(1 —a)M,u) and ¢(au) < 1. We have to show (x) forall b € I.
Case 1: p(au) =0

Then we have to show that ¢(ab) = 0 for all b € I. For this purpose, fix b € I.
Choose N € IN such that Nu+b € M. Then Nau £ab € TM C M and therefore
|¢(ab)| < Ne(au) = 0. Hence ¢(ab) = 0.

Case 2: ¢(au) # 0

Then ¢(au) > 0 because of au € TM C M. Furthermore, we have ¢((1 —a)u) > 0
since ¢(au) < 1= ¢(u). For each ¢ € A with ¢(cu) > 0and ¢ € S(I,cM, u),

@(cb)
¢(cu)

is a state of (I, M, u). In particular, ¢,, 1, € S(I, M, u). Because of ¢ = ¢(au)p, +

(1 —a)u)pi_q @(au) >0, ¢((1 —a)u) > 0and ¢(au) + ¢((1 —a)u) = @(u) =1, we
have by 2.4.2 or 7.3.8 that ¢ = ¢, (and ¢ = ¢1_,). ]

¢c: I =R, b—

Corollary 8.2.8. [— 8.2.3(a)] Let T be an Archimedean semiring of A such that K>o C T and
M a T-module of A with 1 € M. Then every pure state of (A, M, 1) is a ring homomorphism.

Corollary 8.2.9. [ 8.2.3(a)] Let M be an Archimedean (¥ K>oA?)-module of A. Then every
pure state of (A, M, 1) is a ring homomorphism.

Corollary 8.2.10 (Becker, Schwartz [BS], first generalization of the abstract Archimedean
Positivstellensatz 4.1.3 in the version of 8.2.1). [— 8.2.3(b)] Let T be an Archimedean semir-
ing of A with K=o C T, M a T-module of A with1 € M and a € A. Then the following are
equivalent:

(@) @(a) > 0 for all (K-linear) ring homomorphisms ¢: A — R with ¢(M) C Rx,.
(b) INEN:a€e L +M
Proof. 7.3.19,8.2.2,8.2.8 O

Corollary 8.2.11 (Jacobi [Jac], second generalization of the abstract Archimedean Posi-
tivstellensatz 4.1.3 in the version of 8.2.1). [— 8.2.3(b)] Let M be an Archimedean (Y K>oA?)-
module of A. Then (a) and (b) from 8.2.10 are equivalent.

Version of Thursday 30" August, 2018, 22:11



148

Remark 8.2.12. Using Lemma 4.2.1, one gets for the polynomial ring K[X] concrete
geometric versions of 8.2.10 and 8.2.11 which are completely analogous to 4.2.2 (first
and second generalization of the Archimedean Positivstellensatz). Instead of stating
them, we give immediately concrete examples.

Example 8.2.13. [— 8.2.10] Let ¢4, ..., ¢,, € R[X]; such that

{x e R" | l1(x) >0,...,0u(x) >0}
is nonempty and compact. Moreover, let g1, ..., ¢, € R[X] and set

S:={xeR"|l(x)>0,...,0u(x) >0,81(x) >0,...,9:(x) > 0}.

Then for each f € R[X] with f > 0on S, we have

fe i Y Rooly' - lyrgi = M

i=0 xeN}!

where go := 1. This is because M is a T-module with 1 € M for the semiring

T:= Y Roolt--- (o
aeNy

which is Archimedean by 8.1.10(c).
Example 8.2.14 (Putinar). [— 8.2.11] Let R € R>¢p and let g1,...,¢m € R[X]. Set
S:={xeR"|g1(x) >0,...,gm(x) >0,||x|| <R}.

Then for every f € R[X] with f > 0 on S, we have

m+1 )

fe )y YRXPg

i=0

with go := 1 and gy41 := R — YI' X7 [~ 8.1.13(b)].

Example 8.2.15 (Pdlya [P6l]). [— 8.2.10] Let k € INp and suppose f € R[X] a k-form
such that f(x) > 0 for all x € R% \ {0}. Then there is some N € IN such that

(X4 +X)Nfe Y RooX“
a€INj
|a|=N-+k

This can be shown as follows: We have f > 0on A := {x € R, | x; +... +x, = 1}.
By 8.2.10, we obtain analogously to 8.2.13 that

f—ec Z IRZOXT]"'Xﬁ”(l—(X1+'"+Xn))“”“(X1+"'+Xn—1)”‘"*2.

n+2
a€Ny

By substituting X; +— ﬁ and clearing denominators, one gets the claim due to
homogeneity of f.
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8.3 Dichotomy of pure states on ideals

In this section, we let K again be a subring of A so that we consider A also as a K-vector
space.

Proposition 8.3.1. Let I be a ideal of A and u € I. Let ¢ € S(I,@,u) [ 7.1.9]. Then the
following are equivalent:

(@) Vae A:Vbel:¢g(ab) = ¢(au)p(b) [— 8.2.7(x)]
(b) There is a ring homomorphism ®: A — R such that
(xx) Vae A:Vbel:gab) = D(a)e(D).

In Condition (b), ® is uniquely determined since (xx) implies ®(a) = ¢(au) foralla € A and
we call @ the ring homomorphism belonging to or associated to ¢ (on A). Note that ® does
not depend on u for if v € I with ¢(v) = 1 then (xx) of course also implies ®(a) = ¢(av).
Exactly one of the following alternatives occurs:

(1) ®(u) #0and Vb € I: ¢(b) = ?;Eﬁ%

(2) ;=0

Proof. (a) = (b) If (a) holds, then ®: A — R, a — ¢@(au) is a ring homomorphism

since ®(a)D(b) = ¢(au)@(bu) © ¢(abu) = ®(ab) holds for alla,b € A.

(b) = (a) is clear.

Because of u € I it is clear that (1) and (2) exclude each other. If ¢(u?) # 0, then (1)
occurs since (*) implies ¢(bu) = @(u?)@(b) for all b € I. If p(u?) = 0, then ¢(bu) =
@(u?)p(b) = 0p(b) = 0forallb € I. O

Theorem 8.3.2 (Dichotomy). Under the hypotheses of 8.2.7, exactly one of the following cases
occurs:

(1) @ is the restriction of a scaled ring homomorphism: There is a ring homomorphism ®: A —
R such that ®(u) # 0and ¢ = ﬁ(bh.

(2) There is a ring homomorphism ®: A — R with ®|; = 0 such that (xx) from 8.3.1(b)
holds.

We have (1) <= ¢(u?) # 0and (2) <= ¢(u?) = 0. In both (1) and (2), ® is uniquely
determined, namely it is the ring homomorphism that according to 8.3.1 belongs to ¢. We have
®(T) C Rxo. Ifu € T, then additionally ®(M) C Rxo.

Proof. Easy with 8.2.7 and 8.3.1. O

Corollary 8.3.3. Let M be a (¥ K>oA?)-module of A with 1 € M. If M has a unit in A, then
M is Archimedean.
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Proof. Let u be a unit for M in A. By 7.3.19, it is enough to show that ¢(1) > 0 for all
¢ € extrS(A,M,u). Now let ¢ be a pure state of (A, M, u) with the associated ring
homomorphism ®: A — R. Due to (1) = 1 # 0, in the Dichotomy 8.3.2 only case
(1) can occur, i.e,, P(u) # 0and ¢ = ﬁu)cb. Because of ®(u) = ¢(u?) = @(u?-1) €
»(M) C R>o, we have ®(u) > 0. It follows that ¢(1) > 0. O

Example 8.3.4. Consider the semiring T := ¥, 5 ,en, K0 X"YP(1 — X — Y)7 of K[X, Y]
and

S:={(x,y) € R? |VpeT:p(x,y) >0} ={(xvy) e R? |x>0,y>0,x+y <1}

Since S is bounded and X, Y,1 — X — Y are linear, T is Archimedean by 8.1.10(c). Con-
sider the ideal I := (X,Y) and the T-module M := TN of K[X,Y]. Thenu := X +Y

is a unit for M in I because B4 1) 5L K[X,Y] and thus by 8.1.8 B(4 a1, is an ideal of
K[X, Y] that contains X, Y and thus I since u £ X, u +Y € M. The ring homomorphisms

®: K[X,Y] - R

satisfying ®(T) C Rx¢ are obviously exactly the evaluations ev, in points x € S (com-
pare Lemma 4.2.1). Now let ¢ be a pure state of (I, M, ). By the Dichotomy 8.3.2,
exactly one of the following cases occurs:

(1) There is some (x,y) € S\ {(0,0)} with ¢(p) = ”JEXT’:;) forall p € I.

2) e(pX +qY) = ¢(pX) + @(qY) = p(0,0)p(X) +4(0,0)(Y) for all p,q € K[X,Y].

In Case (2), one can set A1 := ¢(X) > 0and A, := ¢@(Y) > 0 and one obtains A1 + Ay =
Pp(X+Y) = ¢(u) = laswellas ¢ = A1 + Ao with¢p1: I - R, p — %(0,0)
and ¢o: I - R, p— g—{i (0,0). Since every polynomial in M vanishes in the origin and
is nonnegative on S, we obtain ¢1, ¢ € S(I, M, u). Because of ¢ € extr S(I, M, u), in
Case (2) we have ¢ = ¢ or ¢ = ¢,. Using 7.3.19, we now obtain: If f € K[X, Y] with
f>00nS\{0},f(0) =0, 2L(0) > 0and % (0) > 0, then f € T.

Example 8.3.5. Let T and S be as in Example 8.3.4. Consider the ideal I := (X) and the
T-module M := T N1 of K[X,Y]. Then u := X is a unit for M in I since B(; ) is an
ideal of K[X, Y] by 8.1.8 that contains X and thus I because u + X € M. Let ¢ be a pure
state of (I, M, u). By the Dichotomy 8.3.2, exactly one of the following cases occurs:

(1) There is some (x,) € S\ ({0} x R) with ¢(p) = 252 forall p € .

X

(2) There is some y € [0,1] such that ¢(pX) = p(0,y)¢(X) = p(0,y)p(u) = p(0,y) for
alle p € K[X, Y].

In Case (2), there is obviously a y € [0,1] such that ¢(p) = g—;(o,y) forall p € K[X,Y].

Observe that each f € K[X,Y] with f = 0 on SN ({0} x R) satisfies f(0,Y) = 0 and
thus f € I. Now 7.3.19 yields: If f € K[X,Y] with f > 0on S\ ({0} xR), f = 0on
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SN ({0} x R) and (0 y) > 0forally € [0,1], then f € T. At first glance, it might
irritate that one would have to check here that f (0,1) > 0. However, note that for
y = 1and in fact for every y € R, 2 e L £(0,y) is the derivative of f in every direction (1,z)
with z € R since %f(o,y) =0.

Example 8.3.6. Let T and S again be as in 8.3.4 and 8.3.5. Consider the ideal I :=
(X2, XY) and the T-module M := T NI of K[X,Y]. Then u := X? + XY is a unit for M

in I since u + X%, u & XY € M. Let ¢ be a pure state of (I, M, u). By the Dichotomy
8.3.2, exactly one of the following cases occurs:

(1) Thereis some (x,y) € S\ ({0} x R) with ¢(p) = ((xﬂ)) forallp € I.

(2) There is some y € [0,1] such that ¢(pX? + gXY) = p(0,y)p(X?) 4+ q(0,y)p(XY) for
all p,q € K[X,Y].

Suppose now that (2) holds and fix y € [0,1] accordingly. Consider A1 := ¢(X?) > 0,
Ay i= @(XY) > 0. Then Ay + Ay = (u) = 1.

Consider first the case y > 0. From 0 = ¢(YX? — X(XY)) = Ay — A0 = Ay we
get A1 = 0. Then 1225280 (0, ) = L4(0,y)y = q(0,y) = A1p(0,y) + A2q(0,y) =
@(pX?*+gXY) for all p,q € K[X,Y]. Hence ¢ = ¢, with

: 19p
py: I =R, p— };ﬁ(o,y).

Consider now the case y = 0. Then %%(0,0) = p(0,0) = p(0,y) and

all2San ) gﬁ?’xy) (0,0) = q(0,0) = q(0,y) for all p,q € K[X,Y]. Hence ¢ = A1y + A2ty

with
2 2

. 10%p . o°p
P1: I - R, p— Ew(O 0) and ¢ I—R, p— aXaY(O’O)'

Before we give a summary, we observe that

{fEK[X Y| f=00onSN ({0} xR), g{i(O) :O}
where “C” is clear since the right hand side forms obviously an ideal and “2” can be
seen as follows: If f € K[X,Y] with f = 0 on SN ({0} x R), then f(0,Y) = 0 and
thus f € (X). If f = Xg € K[X,Y] with 2% (0) = 0, then g(0) = 0, hence g € (X,Y)
and consequently f € (X%, XY). Taking into account that each polynomial in M is
nonnegative on S, one obtains ¢, € S(I, M, u) forally € (0,1]r and 91, 2 € S(I, M, u).
The above considerations therefore yield

extr S(I, M,u) € {gy [ y € (0,1]r} U {91, 2}
from which one obtains with 7.3.19: If f € K[X, Y] with
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e f>00nS\ ({0} xR),

f=00onSnN ({0} xR),

. %(O,y) > 0fory € (0,1]g,
e 2(0,0)=0,

. 88%(0,0) > 0 and

aZ
e 24-(0,0) >0,
then f € T.

8.4 A local-global-principle

Proposition 8.4.1. Let T be a semiring of A with K>o C T, M a T-module of A, n € INg and
ai,...,a, € A. Set I := (ay,...,a,). Moreover, let u be a unit for {]\1;1} in A and suppose

ai,...,a, € {Aﬁ} Then u(ay + ...+ ay) is a unit for M N Lin L.

Proof. Letb € I and set v := u(a; +---+a,). Toshow: AN e N: Nv+b € MN 1L
Write b = Y1 ; cja; with ¢1,...,¢, € A. Choose N € N such that Nu +¢; € {Z\T/I} for
ie{l,...,n}. Then Nv£b =37 ,(Nua; £ cia;)) = Y"1 (Nu+tc;)a; € M. O
Theorem 8.4.2 (Burgdorf, Scheiderer, Schweighofer [BSS]). Let T be an Archimedean

semiring of A with K>o € T and M a T-module of A. Let a € A such that there is for
each maximal ideal m of A some t € T \ m with ta € M. Then a € M.

Proof. SetI:= ({be M |3t € T: ta—b € M}). By hypothesis and by the definition of
I, for each maximal ideal m of A there exists t € T\ m such thatta € M N 1.

Claim:a € I

Explanation. ({t € T | ta € I}) is not contained in any maximal ideal of A. Thus
there are m € N and t1,...,t, € T with ta,...,tya € I and dq,...,d,, € A with
1=Y",dt. It follows that

M

Il
—

a=1-a=Y) d(tia) €l
-

N
€

1

By the just proven claim, there are m € IN, b;,¢; € M and t; € T such that t;a — b; = ¢;
fori € {1,...,m}anda € (by,...,by) C (b1,...,bm,c1,...,cm) =: J. By the (first
version of) 8.4.1, u := Y"1 (bj+¢;) =a)y " t; = atwitht := Y ", t; € T is a unit for
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MnNJin J. To show that a € M, we will now apply 7.3.20. So let ¢ be a pure state of
(J,]N M, u). To show: ¢(a) > 0. Denote by @ the ring homomorphism that belongs to
¢ according to 8.3.1. We have ®(T) C R>o [~ 8.3.2]. Now

1=¢(u) = g(at) = p(ta) = 3@¢(a)~

>0

Thus ¢(a) > 0. O
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§9 Nonnegative polynomials and truncated
quadratic modules

9.1 Pure states and polynomials over real closed fields

Throughout this section, we let R be a real closed extension field of R, we set & := Ok,
m := mg and we make extensive use of the standard part maps & — R, a > st(a),
01X] —- R[X], p — st(p) [= 54.7] and 0" — R", x > st(x) = (st(x1),...,st(x,))
which are surjective ring homomorphisms.

Definition 9.1.1. [~ 1.2.1, 4.1.2(a)] Let A be a commutative ring and M C A. Then M
is called a quadratic module of A if Misa ) A?-module of A containing 1 [— 8.1.1], or in
other words, if {0,1} € M, M+ M C M and A2M C M. We call a quadratic module
M of A Archimedean if B4 pr) = A [ 4.3.1,4.3.3,8.1.5].

Proposition 9.1.2. [— 8.1.13] Suppose n € Ny and M is a quadratic module of €'X]. Then
the following are equivalent:

(a) M is Archimedean.
(b) INEN:N—-Y" ,X?eM
(0 INeN:Vie{l,...,n}: N£X; e M

Proof. (a) = (b) is trivial.

(b) = (c¢) If (b) holds, then N — X? € M and thus Xl2 € Boxm foralli €
{1,...,n}. Apply now 8.1.11.

(c) = (a) follows from 8.1.12 since & C B4 x],m)- O

Remark 9.1.3. In contrast to 8.1.13(d), one cannot add

dmeN:3,... by e MNO[X];:IN €N :
@ #{xeR"|l1(x)>0,...,0u(x) >0} C[-N,N]z
as another equivalent condition in 9.1.2. Indeed, choose R non-Archimedean [— 5.4.4]

and e € m\ {0}. Then @ # {0} = {x € R | ex > 0,—ex > 0} C [—1,1]r but the
quadratic module

Y O[X]*+ Y 0[XPPeX + Y O[X*(—eX) 2 Y 0[X]? + 0[X]eX
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generated by eX and —eX in [X] is not Archimedean for if we had N € IN with
N-X?e Y 0[X]* + 0[X]eX,
then taking standard parts would yield N — X? € ¥ R[X]? which contradicts 2.2.4(b).
Definition 9.1.4. [— 4.2.1] For every x € 0", we define the ring homomorphism
evy: OX] — 0, p— p(x)
and set I, := kerevy.
Proposition 9.1.5. Let x € 0". Then I, = (X1 — x1,..., Xn — Xn).

Proof. 1tis trivial that | := (X1 —x1,..., Xy — x,) C L. Conversely, p = p(x) = 0 for
all p € I,. This shows the converse inclusion I, C J. O

Notation 9.1.6. Suppose A is a commutative ring and I is an ideal of A. As it is cus-
tomary in commutative algebra, we will in the following often denote by I? the product
of the ideal I with itself which in our suggestive notation [ 1.1.18] would be written
Y I1. From the context, the reader should be able to avoid misinterpreting I? as what it
would mean in this suggestive notation, namely {a? | a € I}. The same applies to I
and so on. Another source of confusion could be that, we will often use the notation m”
to denote the Cartesian power

mXx...xm.

N————

n times

Lemma 9.1.7. Suppose x,y € 0" with x —y ¢ m". Then I, and I, are coprime, i.e.,
1el,+ Iy

Proof. WLOG x1 —y; ¢ m. Then x; —y; € 0 and

x1—Xq +X1—y1
X1 — Y1 X1 — Y1

1=

€ I+ I
U
Lemma 9.1.8. Let M be an Archimedean quadratic module of &[X] and x € &". Then
ui= (X1 —x1)% + ...+ (X — xn)?
is a unit for M N I2 in the real vector space 12 [ 7.1.4].
Proof. Using the ring automorphism
OX]| = OX], pr—p(X1—x1,..., X0 — xn),

which is also an isomorphism of real vector spaces, we can reduce to the case x =
0. Since u € I3, it suffices to show that Ig C B(o[x),Mu)- Since M is Archimedean,
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8.1.12 yields that B(4x] M) is an [X]-module of &[X] [ 8.1.1], i.e., an ideal of &[X].
Because of
B= (XX | i€ {1...,n}),

it suffices therefore to show that X;X; € B(gx|mu) for all i,j € {1,...,n}. Thus fix

i,j€{1,...,n}. Then (X7 + X?) £ X;X; = 3(X; £ X;)* € M and thus ju + X;X; € M.
Since u € M, this implies u £+ XZ-X]- € M. ]

Notation 9.1.9. We use the symbols V and Hess to denote the gradient and the Hessian
of a real-valued function of n real variables, respectively. For a polynomial p € R[X], we
understand its gradient Vp as a column vector from R[X]", i.e., as a vector of polyno-
mials. Similarly, its Hessian Hess p is a symmetric matrix polynomial of size n, i.e., a
symmetric matrix from R[X]"*". Using formal partial derivatives, we more generally
define Vp € R[X]" and Hess p € R[X]"*" even for p € R[X].

Lemma 9.1.10. Let x € 6" and set u := (X; — x1)? + ...+ (X, — x,)? € I2. Suppose
¢ € S(I;, L O[X]* N I, u) [ 7.1.9] such that ¢|;3 = 0. Then there exist vy, ...,v,; € R"
such that Y} ; v]v; = 1 and

¢o(p) = %st (

n
1=

ol (Hess p)(x)vl-)
1
forall p € I2.

Proof. As in the proof of Lemma 9.1.8, one easily reduces to the case x = 0.

Claim 1: ¢(au) = 0foralla € m.

Explanation. Leta € m. WLOG a > 0. Thena € 6 N Ry = 02 and thus au €
Y. 0[X]? N I3. This shows @(au) > 0. It remains to show that ¢(au) < 4 forall N € N.
For this purpose, fix N € N. Then & —a € 6 NRsg = 0% and thus (§ —a)u €
Y O[X)?N I3 It follows that ¢ ((& —a) u) > 0,ie, p(au) < £.

Claim 2: p(aX?) =0foralla e mandi€ {1,...,n}.

Explanation. Let a € m. WLOG a > 0 and thus a € 62. Then

Claim 3: ¢(aX;X;) =0foralla c mandi,jc {1,...,n}.

Explanation. Fix i,j € {1,...,n} and a € m. If i = j, then we are done by Claim 2. So
suppose i # j. WLOG a > 0 and thus a € 6?. Then

a(XF 4+ X7 +2XX)) = a(X; £ X;)* € 0[X]* N
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and thus £2¢(aX;X;) s p(aX?) + (p(aXJZ) +2¢(aX;X;) > 0.
Claim 4: ¢(p) = 3 st (tr ((Hess p)(0)A)) for all p € I where
(p(X1X1) ce go(Xlxn)
A= : :
q)(XnX]> . e q)(Xan)

Explanation. Let p € I3. By (p]lg, we can reduce to the case p = aX;X; with i,j €
{1,...,n} and a € 0. Using Claim 3, we can assume a = 1. Comparing both sides,
yields the result.

Claim 5: A is psd [— 2.3.1(b)].
Explanation. If x € R", then xT Ax = ¢((x1X1 + ... + x4 X)?) > 0 since

(X1 + ...+ xXa)? ERXPNIGCY OXPPNIG.

By 2.3.3(c), we can choose B € R"*" such that A = BT B. Denote by v; the i-th row of B
fori € {1,...,n}. Then by Claim 4, we get

p(p) = 5 st{ir((Hess p)(0)A)) =  st(tr((Hess p) (0)B7B))
= %st(tr(B(Hess p)(0)BT)) = %st <i1:viT(Hess p)(O)vi)

for all p € I2. In particular, we obtain 1 = ¢(u) = Y ; vl v;. O

Lemma 9.1.11. Let ®: &[X] — R be a ring homomorphism. Then there is some x € R"
such that ®(p) = st(p(x)) forall p € 0[X].

Proof. By 1.1.15, we have ®|g = idR. It is easy to see that ®|, = 0. Indeed, for each
N € N and a € m, we have % +a € RooN & = 07 and therefore % + ®(a) € Rxo.

Finally set
x = (P(Xy),...,P(Xy)) € R"

and use that ®|g = idRr, ®|n = 0 and that ® is a ring homomorphism. O
Theorem 9.1.12. [— 8.3.2] Let M be an Archimedean quadratic module of 0'[X] and set
S:={xeR"|VpeM:st(p(x)) >0}

Moreover, suppose k € N and let xy,...,x; € O" satisfy x; — x; & w" fori,j € {1,...,k}
with i # j. Set
upi= (X1 —xq)? + ...+ (Xy — xin)? € O[X]

forie {1,...,k}. Then u := uy - - - uy is a unit for the Y 0| X|>-module M N I in
=1 =InN..NnI

and for all pure states ¢ of (I, M N I, u) (where I is understood as a real vector space), exactly
one of the following cases occurs:

Tentative Lecture Notes



159

(1) Thereisan x € S\ {st(x1),...,st(xx)} such that

o= ()

(2) Thereisani € {1,...,kyandvy,...,v, € R" such that Y}, vlv, = 1 and
(=19

forallp € L

Y1 0; (Hess p)(xi)v,

21_[;(:1 uj(xi)
J#i

@(p) = st

forallp € I

Proof. The Chinese remainder theorem from commutative algebra shows that
=L - =In..NI

since I, and Ly, and thus also I,%i and I,%j are coprime foralli,j € {1,...,k} withi # j. By
9.1.8, u; is a unit for M N I?;]_ in If;]_ foreachi € {1,...,k}. To show that u is a unit for the
cone M N I in the real vector space I, it suffices to find for all ay,b; € I, ..., a;, bx € Iy,
an N € N such that Nu+ab € M where weseta :=ay---ayand b := by - - - by. Because
of Nu+ab = (Nu — }a*> — 1b?) + 1(a + b)?, it is enough to find N € N with Nu —a? €
M and Nu —b?> € M. By symmetry, it suffices to find N € N with Nu —a? € M.
Choose N; € IN with N;u; — 1112 € M fori € IN. We now claim that N := Nj - - - N; does
the job. Indeed, the reader shows easily by induction that actually

Nl...Niul...ui_a%...alZEM

fori € {1,...,k}. Now let ¢ be a pure state of (I, MN I, u). Denoteby ®: ¢[X]| — R the
ring homomorphism belonging to ¢, i.e.,, ®(p) = ¢(up) for all p € 0[X]. By Lemma
9.1.11, we can choose x € IR" such that

(p) = st(p(x))
forall p € 0[X]. Since u € ¥ 0[X]?, we have ®(M) C R>q by 8.3.2. This means x € S.

Now first suppose that Case (1) in the Dichotomy 8.3.2 occurs. We show that x
satisfies (1). Note that ®(u) # 0 by 8.3.2. This means st(u;(x)) # 0 and therefore
st(x) # st(x;) foralli € {1,...,k}. The rest follows from 8.3.2.

Now suppose that Case (2) in the Dichotomy 8.3.2 occurs. We show that then (2)
holds. Then [T¥_; ®(u;) = ®(u) = 0 because u € [ and ®|; = 0. Choose i € {1,...,k}
such that st(u;(x)) = ®(u;) = 0. Then x = st(x;). Define

k

P Ii — R, p—=o pHu]-
j=1
j#i
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Since u; € ¥ 0[X]* N Ifj forall j € {1,...,k}, it follows that p € S(I2, MNIZ,u;). If
p € Iy, and g € IZ, then

k k
(10
ppa) =@ | pallwi | =, ®Pe|a]lw| =0
i ] sam .
j#i j#

since ®(p) = st(p(x)) = (st(p))(x) = (st(p))(st(x;)) = st(p(x;)) = st(0) = 0. It
follows that 1|z = 0. We can thus apply Lemma 9.1.10 to ¢ and obtain vy, ..., v, € R"

such that ) ; v]v, = 1 and

¥(p) = %St (; vj (Hess P)(%’)W)

for all p € IZ. Because of st(x;) # st(xj) forj € {1,...,k} \ {i}, we have

c:=® ﬁui = ﬁcb(ui) = ﬁ(St(“j))(St(xi)> # 0.
B w3
Hence we obtain
colp) 2 p(p)

forallp € I

It only remains to show that (1) and (2) cannot occur both at the same time. If
(1) holds, then we have obviously ¢(u?) # 0. If (2) holds, then ¢(u?) = 0 since
Hess(u?)(x;) = 0foralli € {1,...,k} as one easily shows. O

Lemma 9.1.13. For all x € ", we have
I; ={pe0[X]|p(x) =0,Vp(x) = 0}.

Proof. For x = 0 it is easy. One reduces the general case to the case x = 0 as in the proof
of 9.1.8. O

Theorem 9.1.14. Let M be an Archimedean quadratic module of O[X| and set
S:={xeR"|VpeM:st(p(x)) > 0}.

Moreover, suppose k € INg and let x1,...,x, € O" satisfy x; — x; ¢ m" fori,j € {1,...,k}
with i # j. Let f € O[X] such that

flx1))=...=f(xx) =0 and Vf(x1)=...=Vf(xx)=0.
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Suppose

st(f(x)) >0
forall x € S\ {st(x1),...,st(xx)} and

st(v! (Hess f)(x;)v) > 0
forallie {1,...,k} andv € R"\ {0}. Then f € M.

Proof. Define I and u as in Theorem 9.1.12. By Lemma 9.1.13, we have f € I. We will
apply 7.3.20 to the real vector space I, the cone M N I in I and the unit u for M N I. From
Theorem 9.1.12, we see indeed easily that ¢(f) > Oforall ¢ € extrS(I, MN L u). O

Corollary 9.1.15. Let M be an Archimedean quadratic module of O[X| and set
S:={xeR"|Vpe M:st(p(x)) > 0}.

Moreover, let k € INg and x1,...,xx € O" such that the standard parts st(x1),...,st(xx) €
R" are pairwise distinct and lie in the interior of S. Let f € O[X] such that

flx1)=...=f(x) =0 and Vf(xy)=...=Vf(xx) =0.
Define u € 0[X] as in Theorem 9.1.12. Suppose there is € € R~ such that
f>euonsS.
Then f € M.

Proof. By 9.1.14, we have to show:

(@) Vx € S\ {st(x1),...,st(xx)} : st(f(x)) >0

(b) Vie {1,...,k} : Vo € R"\ {0} : st(vT (Hess f)(x;)v) > 0

It is easy to show (a). To show (b), fixi € {1,...,k}. Because of f —eu > 0 on S and
(F —eu) () = Flxi) — eu(x) =0~ 0 =0,

st(x;) is a local minimum of st(f —eu) € R[X] on R"”. From elementary analysis,
we know therefore that (Hessst(f — eu))(st(x;)) is psd. Because of u;(x;) = 0 and
Vu;(x;) =0, we get

k k
Hessu(x;) = | [ Juj(xi) | Hessui(x;) =2 | [ Juj(xi) | In-
=1 j=1
J#i J#
Therefore

st(vT (Hess f)(x;)v) > est(v! (Hess u)(x;)v) = 2ev’ vst f[uj(xi) >0
i
forallv € R"\ {0}. O
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Corollary 9.1.16. Let n,m € INg and suppose g1, ...,9m € R[X] generate an Archimedean
quadratic module in R[X] [— 8.1.13]. Set

S:={xeR"|g1(x)>0,...,gm(x) >0}.

Moreover, letk € Noand x1,...,x, € 0" and ¢ € R~ such that the sets x| +¢B, ..., x, +¢B
are pairwise disjoint and all contained in S where [— 6.1.10]

B:={xeR"|||x]. <1} C0O"
Define u € 0'[X] as in Theorem 9.1.12. Let f € O[X] such that f > eu on S and

f(xl) =...= f(xk) =0.
Then f lies in the quadratic module generated by g1, ..., gm in O[X].

Proof. This follows easily from 9.1.15 once we show that

Vf(xl) =...= Vf(xk) =0.

Since f > eu > 0on S and thus f > Oonx; +¢Bforalli € {1,...,k}, it suffices to prove
the following: If p € R[X], x € R",§ € Rypsuch thatp > 0on x + B and p(x) =0,
then Vp(x) = 0. To see this, we employ the Tarski principle [ 1.8.19]: For each
fixed number of variables n and d € IN, the class of all R € % [— 1.8.3] such that this
holds true for all p € R[X], is obviously a 0-ary semialgebraic class by real quantifier
elimination. By elementary analysis, IR is an element of this class. We conclude thus by
1.8.5. O

9.2 Degree bounds and quadratic modules

Definition 9.2.1. Letd,m € Ny, ¢1,...,9m € R[X] and set go := 1 € R[X]. Fori €
{0,...,m}, setr; := % if i # 0and r; ;== —oo if ¢; = 0. Then we denote by
M(g1,...,9m) the quadratic module generated by g1,...,gm in R[X]. Moreover, we
define the d-truncated quadratic module My(g, . .., gm) associated to g1, ..., gm by

My(81,-- -, gm) = {ZZP?;‘&' | pij € IR[X]ri} C M(g1,---,gm) NR[X]4.
i=0 |
Remark 9.2.2. Let m € Ngand g1, ...,9m € R[X]. Set again go := 1 € R[X].

(@ M(g1,---,8m) = Usen, Ma(g1,---,8m)
(b) Foralld € Ny,

Ma(g1, -+, 8&m) = é((ZR[X]zgi) NR[X]4)

by 2.2.4(b).
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(c) In general, the inclusion M;(g1,...,9m) € M(g1,-..,gm) NR[X], is proper as 5.4.8
shows. In fact, the validity of Schmiidgen’s and Putinar’s Positivstellensitze 4.3.5
and 8.2.14 strongly relies on this.

Theorem 9.2.3 (Putinar’s Positivstellensatz with zeros and degree bounds). Let n,m €
Noand g1,...,9m € R[X] such that M(g1, ..., gm) is Archimedean. Set

B:={x e R"||x] <1} and

S:={xeR"|gi(x) >0,...,9m(x) > 0}.

Moreover, let k € Ng, N € N and ¢ € R~. Then there exists
d € Ny

such that for all f € R[X]n with all coefficients in [-N,N|g and #{x € S | f(x) =0} =k,
we have: Denoting by x1, . .., xy the distinct zeros of f on S, if the sets x1 +¢€B, ..., xx + B are
pairwise disjoint and contained in S and if we have f > eu on S where u € R[X] is defined as
in Theorem 9.1.12, then

feMy(g1,---,8m)-

Proof. (cf. the proof of Theorem 5.4.5) Set v := dim R[X]y. For each d € Ny, the class S;
of all pairs (R,a) where R is a real closed extension field of R and a € R such that the
following holds is obviously a v-ary IR-semialgebraic class [— 1.8.3]: If a € [-N, NJ%
and if a is the vector of coefficients (in a certain fixed order) of a polynomial f € R[X]y
with exactly k zeros x1,...,x,on S’ := {x € R" | g1(x) > 0,...,gm(x) > 0}, then at
least one of the following conditions (a), (b) and (c) is fulfilled:

(a) The sets x1 + €B’,..., xx + eB’ are not pairwise disjoint or not all contained in S’
where B’ := {x € R" | ||x]|2 < 1}.

(b) f > euon S’ is violated where u € R[X] is defined as in Theorem 9.1.12.

(c) fisnotasum of d elements from R[X]| where each term in the sum is of degree at
most d and is of the form p?g; with p € R[X] and i € {0,...,m} where gg :=1 €
R[X].

Set & := {S; | d € Ny} and observe that Vd;,d, € INg : 3dz € INg : 54, US,, C Sy, (take
ds := max{dj,d>}). By 9.1.16, we have U & = %#,. Now 5.4.2 yields S; = %, for some
d € INp. O]

Corollary 9.2.4 (Putinar’s Positivstellensatz with degree bounds [NS]). [— 8.2.14] Let
n,me Noand g1,...,9m € R[X] such that M(g1, ..., gm) is Archimedean. Set

S:={xeR"|51(x) >0,...,gm(x) > 0}.
Moreover, let N € IN and € € R~q. Then there exists
d € Ny
such that for all f € R[X]n with all coefficients in [—N, N|r and with f > e on S, we have

feMy(g1,---,8m)-
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Proposition 9.2.5. Suppose S C R" is compact, x1,...,x, € S° are pairwise distinct, u €
R[X] is defined as in Theorem 9.1.12 and f € R[X] with f(x1) = ... = f(xx) = 0. Then the
following are equivalent:

(@ f>00nS\{x1,...,xx} and Hess f(x1),...,Hess f(xy) are pd.
(b) There is some € € R~ such that f > euon S.

Proof. (b) = (a) is easy to show (cf. the proof of 9.1.15).

(a) = (b) Itiseasy toshow that one can WLOG assume that S = Ui-{:l (x; +¢B) for
some ¢ > 0 where B is the closed unit ball in IR”. Then one finds easily an Archimedean
quadratic module M of R[X] such that

S={xeR"|VpeM:p(x) >0}

A strengthened version of Theorem 9.1.14 now yields f —eu € M for some ¢ € IR~ and
thus f —eu > 0 on S. One gets this strengthened version of Theorem 9.1.14 by applying
(@) = (c) from 7.3.19 instead of 7.3.20 in its proof. Alternatively, we leave it as an
exercise to the reader to give a direct proof using only basic multivariate analysis. [

Corollary 9.2.6 (Putinar’s Positivstellensatz with zeros [S1]). Let g1, ..., ¢m € R[X] such
that M(g1, ..., gm) is Archimedean. Set

S:={xeR"| g1(x) >0,...,gm(x) >0}.

Moreover, suppose k € INg and x1, ..., x; € S° are pairwise distinct. Let f € R[X] such that
fx1)=...=f(xx) =0, f >00n S\ {x1,...,x¢} and Hess f(x1), ..., Hess f(xx) are pd.
Then

feM(Q,.-, 8qm)-
Proof. This follows from 9.2.3 by Proposition 9.2.5. O

Remark 9.2.7. Because of Proposition 9.2.5, Theorem 9.2.3 is really a quantitative ver-
sion of Corollary 9.2.6.

Remark 9.2.8. (a) In Condition (c) from the proof of Theorem 9.2.3, we speak of “a sum
of d elements” instead of “a sum of elements” (which would in general be strictly
weaker). Our motivation to do this was that this is the easiest way to make sure that
we can formulate (c) in a “semialgebraic way”. A second motivation could have
been to formulate Theorem 9.2.3 in stronger way, namely by letting d be a bound not
only on the degree of the quadratic module representation but also on the number
of terms in it. This second motivation is however not interesting because we get
also from the Gram matrix method 2.6.1 a bound on this number of terms (a priori
bigger than d but after readjusting d we can again assume it to be d). We could have
used the Gram matrix method already to see that “a sum of elements” (instead of
“a sum of d elements”) can also be expressed semialgebraically.
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(b) We could strengthen condition (c) from the proof of Theorem 9.2.3, by writing “with
p € R[X] all of whose coefficients lie in [—d, d|r” instead of just “with p € R[X]".
Then U& = %, would still hold since Corollary 9.1.16 states that f lies in the
quadratic module generated by g1, . . ., gm even in & X] notjust in R[X]. This would
lead to a real strengthening of Theorem 9.2.3, namely we could ensure that d is a
bound not only on the degree of the quadratic module representation but also on
the size of the coefficients in it. However, we do currently not know of any applica-
tion of this and therefore renounced to carry this out.

9.3 Concavity and Lagrange multipliers
Definition 9.3.1. [— 2.4.1] Suppose (K, <) is an ordered field, A C K" is convex and

f € K[X]. Then f is called {CC;;ZCZZ;XE} on Aifforallx,y € Aand A € [0, 1]k, we have

f+ (= {S A0+ (1= 1),

Exercise 9.3.2. Suppose (K, <) is an ordered field, A C K" is convex and f € K[X].
Then the following are equivalent:

(@) fis { convex } on A.

concave

(b) The {h;}:(%;ii}:h} {(x,y) eR" xR | f(x) {E} y} is convex.

(c) Forall/ € N, xq,...,xp € Aand Ay, ..., Ay € Ksgwith A +... 4+ Ay =1, we have
)4 < J4
f izl)\ixi {;} Z;‘/\,f(x,)
= i 1=

Lemma 9.3.3 (Existence of Lagrange multipliers). Let u € R", f,g1,...,9m € R[X], let
U be a convex subset of R" containing u and set
S:={xel|g(x)>0,...,9m(x) >0}
Suppose f is convexon U, g1, . ..,gm are concave on U,
flu) =gi(u) = ... = gu(u) =0,

S has nonempty interior and f > 0 on S. Then there are Ay, ..., A, € R>¢ such that
f—Yi"i1Aigi>0onU.
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Proof. WLOG g; # O foralli € {1,...,m}. Consider the set

A = conv{(—f(x),g1(x),...,gm(x)) | x € U} C R™".

Claim: ANR”{' =0
Explanation. Assume that x1,...,xp € Uand Aq,..., Ay € Rsgwith Ay +...+ A, =1
such that

w:= Y Ai(—f(x),81(%), -, gm(x})) € RZG™.

l
j=1

Setting x := Zle Ajixj € U, we get
L
() fx) < L Aif(x)) <0
j=1
since f is convex on U and
l
(o) gix) = ) Ajgilxg) >0
j=1

since g; is concave on U fori € {1,...,m}. Hence x € Sby (*x*) but f(x) < 0by (x) 4.

By the separation theorem for finite-dimensional vector spaces [— 7.4.4], we find a
linear ¢: R"*! — R such that ¢ # 0 and ¢(x) < ¢(y) forallx € Aandy € R”;.
By continuity, it follows that ¢(x) < ¢(0) = 0forallx € Aand 0 = ¢(0) < ¢(y)
forall y € R”§! (use that 0 € A). Choosing A := (A, ..., Ay) € R"*1\ {0} such that

(Yo, .-, Ym) = Xito Ay forall (yo, . .., ym) € R™1, wethushave (Ag, ..., Aw) € ]Rggl
due to p(R”{') € Rsg and Agf — Y4 Aigi > 0 on U because of ¢(A) C Rg. It only
remains to show Ag # 0.

So assume Ag = 0. Then } ;" ; A;g; < 0 on U and hence on S. For all

A0
iel:={ie{l,....,m}| A #0} # Q,

it follows that g; = 0 on S and hence g; = 0 since S has nonempty interior. This is
impossible because I # @ and g; # O foralli € {1,...,m}. O

Definition 9.3.4. [— 2.3.1(b)] Let (K, <) be an ordered field and A € SK"*". We write
A {E} 0 to express that A is psd, i.e,, A is symmetric and xT Mx {i} 0 for all x €

K" nxn s . . = =
{ K\ { 0}} If B € K"*" is another matrix, we write A o BorB - A to express

that A — B {z} 0. We say that A is {negatwe semidefinite (nsd)

negative definite (nd) } ifA =0.
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Definition 9.3.5. Suppose (K, <) be an ordered field and f € K[X]. If x € K", then we

call f strictly { conex } at x if (Hess f)(x) {>} 0 and strictly { quasicoroex } at x if
concave < quasiconcave

<

(VA) o =0 = vT(Hessf)(x)v{>}0

conovex

n C Kn ] -
forallv € K"\ {0}. If A C K", we call f strictly (quasi ){concave

} on A is f is strictly

convex

t int of A.
concave} at every point o

(quasi—){
Proposition 9.3.6. RLy" := {A € R"*" | A = 0} is a cone in the vector space SR"*" whose
interior [— 7.4.18] is RI§" := {A € R"*" | A > 0}.

Proof. Equip SR"*" with the norm defined by

| Al := max xT Ax
x€R"

lxl <1

for A € SR™*". By 7.2.2(c), this norm (as any other norm) induces the unique vector
space topology on SR"*".

If A is an interior point of RL}", then there exists € € R+ such that A — eI, = 0 and
thus A = ¢I,, = 0.

Conversely, let A € R"*" satisfy A - 0. We show that A is an interior point of RCj".
By 2.3.3, the lowest eigenvalue & of A is nonnegative since A = 0. Actually, we have
even ¢ > 0 since A has trivial kernel due to A >~ 0. Now A — €I, has only nonnegative
eigenvalues and thus A — eI, = 0 by 2.3.3. It suffices to show that a ball around A
with radius € in SR"*" is contained in RLj". For this purpose, let B € SR"*" with
|B— A| < eand fix x € R" with ||x|| = 1. We have to show that x”Bx > 0. But we
have x"Bx = xTAx + xT(B— A)x > xTAx — |B — A|| > ex"I,x —e = 0. O

Lemma 9.3.7. Suppose § € R[X] and S C R" is compact. Then the following are
equivalent:

(a) g is strictly quasiconcave on S.
(b) I eR:Vx € S:A(Vg(x))(Vg(x))T = (Hessg)(x)
Proof. (b) = (@) WLOG S = {x}. If A € R such that A(Vg(x))(Vg(x))" = Hessg

and v € K"\ {0} such that ((Vg)(x))Tv = 0, then
0= A0 (Vg(x))(Vg(x))Tv > vT (Hess g) (x)v.

(a) = (b) Consider the unitball U := {x € R" | ||x|| = 1}. It is easy to show that
(a) is equivalent to

Vx€S:YoeU:INeR: AT (Vg(x))(Vg(x)) v > v (Hess ) (x)v.
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Suppose that this holds. We have to show
JAER:Vx€S:VoeU: Ao (Vg(x))(Vg(x))Tv > vl (Hess g)(x)o.

For this purpose, we will use the compactness of S x U which is due to Tikhonov’s
theorem 5.1.18. For all (x,v) € S x U, we choose Mx,p) € Rsuch that

Aoy’ (V8(x))(Vg(x)) 0 > 0T (Hess g) (x)o.
Then S X U = U(y)esxu A(x,0) Where

Apy = {(y,u) € S x U | Ayyu" (Vg(y)) (V8 (y))Tu > u (Hess g)(y)u}

is open in S x U for each (x,v) € S x U. WLOG n > 0. By compactness, there is a
nonempty finite subset F C S x U such that S x U = U (x0)er A(x,0)- Now

Ai=max{A(y | (x,0) € F}
will do the job. O

concave
quasiconcave
strictly concave

) y . on A.
strictly quasiconcave

Lemma 9.3.8. Let g € R[X]. If g is strictly { } at x € R", then there is a

neighborhood A of x such that g is {

Proof. The first statement follows from the openness of R!'§" [ 9.3.6] by the continuity
of R" — SR™ ", x — (Hess g)(x). The second statement follows similarly by using the
equivalence of (a) and (b) in 9.3.7. O

Lemma 9.3.9. If A C R" be convex and ¢ € R[X] is strictly concave on A, then g is
concave on A.

Proof. One easily reduces to the case n = 1. Henceletx,y € A C Rwithx <yand A €
(0,1)r. We have to show that g(z) > Ag(x) + (1 — A)g(y) where z := Ax + (1 — A)y.
This is equivalent to
8(z) —g(x)  ¢y) —g(2)
z—x y—z

sincey—z = Ay —x)and z—x = (1 —A)(y — x). By applying 1.4.18 twice to g, it
suffices thus to show that ¢’ is anti-monotonic on [x, y|r [— 1.4.19(b)] since x < z < y.
By 1.4.20, this follows from the nonpositivity of g" on [x, y|r (actually ¢” is even negative
on A D [x,Y|r)- O

Exercise 9.3.10. Let R be a real closed field. Let ¢ € R[X] and x € R" with g(x) = 0.
Then

(V(g(1-9)")(x) = (Vg)(x)  and
(Hess(g(1 - §)))(x) = (Hess g — 2k(Vg) (Vg))(x).
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Lemma 9.3.11. Suppose ¢ € R[X], S C R" is compact and ¢ = 0 on S. Then the
following are equivalent:

(a) g is strictly quasiconcave on S.
(b) There exists k € IN such that g(1 — g)* is strictly concave on S.

(c) There exists k € IN such that for all ¢ € IN with ¢ > k, we have that g(1 — g)g is
strictly concave on S.

Proof. Combine 9.3.10 and 9.3.7. O

Definition 9.3.12. [— 5.2.5] Let M be a topological space and A C M. We call
0A:=A\A°=ANM\ A
the boundary of A.
Notation and Terminology 9.3.13. Let S C R". We call
convbd S := SNdconv S
the convex boundary of S. Obviously,
convbdS = {x € S| VU € % : U Z conv S}.

We say that S has nonempty interior near its convex boundary if convbd S C S°.

Proposition 9.3.14. Let S C R". Then
convbdS ={u e S|Jp e (R")"\{0}:VxeS:pu) <¢p)}.

Proof. “2” Letu € Sand ¢ € (R")*\ {0} such that Vx € S : ¢(u) < ¢(x). Then even
Vx € conv S : ¢(u) < ¢(x). Choose v € R" such that ¢(v) > 0. Then ¢(u —ev) < ¢(u)
and hence u — ev € conv S for each ¢ € R-y. It follows that every neighborhood of u
intersects the complement of conv S. Hence 1 € convbd S.

“C”IfdimconvS < n[— 7.4.7], we have d conv S = conv S and hence convbd S = S
and one easily finds ¢ € (R")*\ {0} that is constant on conv S. So now suppose that
dimconvS = n. Let u € convbd S. By Theorem 7.4.17, we get an exposed face F of
conv S withdim F < nand u € F. Choose ¢: R" — R linear such that

F={ye€convS |Vx €convS:¢g(y) <¢x)}.

Since dim F < n, we have obviously ¢ # 0. O
Notation 9.3.15. For ¢ € R[X], set Z(g) := {x € R" | g(x) = 0}.

Lemma 9.3.16. Let B C IR” be a closed ball in R" and suppose that g1, ...,gm € R[X]
are strictly quasiconcave on B. Then the following hold:
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(@ S:={xe€B|g(x)>0,...,9m(x) > 0} is convex.
(b) Every linear form from R[X] \ {0} [ 1.6.1(a)] has at most one minimizer on S.

(c) Let u be a minimizer of the linear form f € R[X] \ {0} on S and set
I'={ie{l,...,m}|gi(u) =0}.
Then u is also minimizer of fon S’ := {x € B|Vie I:g;(x) >0} D S.
Proof. (a) Letx,y € Swithx # yandi € {1,..., m}. The polynomial
f=8i(Tx+(1-T)y) € R[T]

attains a minimum a on [0, 1]g [— 7.1.19]. We have to show a > 0. Because of f(0) =
gi(y) > 0and f(1) = gi(x) > 0, it is enough to show that this minimum is not attained
in a point t € (0,1)g. Assume it is. Then f'(t) = 0, i.e., ((Vgi)(z))Tv = 0 for z :=
tx+ (1 —t)yand v := x —y # 0. Since z € B and hence g; is strictly quasiconcave at z,
it follows that v ((Hess g;)(z))v < 0, i.e., f(t) < 0. Then f < a on a neighborhood of
t[— 1.530)] 4.

(b) Suppose x and y are minimizers of the linear form f € R[X]\ {0} on S. Then
x,y € convbd S by 9.3.14. Since f is linear, it is constant on aff{x, y}. Hence even

(a) 9.3.14 .
convix,y} C aff{x,y} NS C convbds @ 5nas =5n(5\5°) S g\ 50 — .

Since conv{x,y} \ {x,y} C B°, we have then that conv{x,y} \ {x,y} C Z(g1---gm)-
Assume now for a contradiction that x # y. Then this implies that at least one of
the g; vanishes on aff{x,y}. Fix a corresponding i. Setting v := y — x, we have then
((Vgi)(x))Tv = 0 and v ((Hess g;)(x))v = 0. Since g; is strictly quasiconcave at x, this
implies v = 0, i.e., x = y as desired.

(c) By definition of I, the sets S and S’ coincide on a neighborhood of u in R". Hence
u is a local minimizer of f on S’. Since S’ is convex by (a) and f is linear, u is also a
(global) minimizer of f on S'. O

Lemma 9.3.17. Suppose B is a closed ball inR", g1, ..., ¢m € R[X] are strictly quasicon-
cave on B and

S:={xeB|gi(x)>0,...,gm(x) >0}

has nonempty interior. Then the following hold:

(a) For every real closed extension field R of R and all linear forms f € R[X]\ {0}, f
has a unique minimizer on Transferg r(S).

(b) For every real closed extension field R of R, all linear forms f € R[X] with

IVAlz=1
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[— 6.1.10] (note that Vf € R" as f is linear) and every u € Transferg g(B°) which
minimizes f on Transferg g(S), there are A4, ..., A, € Or N R>g with

M+ ...+ Ay € mg
such that both f — f(u) — Y"; Aig; and its gradient vanish at u.

Proof. (a) Consider the class of all real closed extension fields R of R such that all linear
forms from R[X] \ {0} have a unique minimizer on Transferg r(S). By real quantifier
elimination [— 1.8.17], this is easily seen to be a 0-ary IR-semialgebraic class [ 1.8.3].
By 1.8.5, this class is either empty or consists of all real closed extensions fields of IR.
Hence it suffices to prove the statement in the case R = R [— 1.8.19]. But then the
unicity part follows from Lemma 9.3.16(b) and the existence part from 7.1.19.

(b) By a scaling argument, we can suppose WLOG g; < 1on B foralli € {1,...,m}.
Now let R be a real closed field extension of R, f € R[X] a linear form with ||V ]|, =1
and u a minimizer of f on Transferg g (S) which lies in Transferg g(B°). Set

I'={ie{l,...,m} | gi(u) =0}

and define
S':={xeB|Viel:g(x)>0}28S.

Using the Tarski principle 1.8.19, one shows easily that # is a minimizer of f on Transferg r(S’)
by Lemma 9.3.16(c). Note also that of course u € O} and st(u) € S. Using Lemma
9.3.11, choose k € N such that

hi == gi(1—g)*
is strictly concave at st(u) for i € I. In particular, we note for later use that of course
hi # 0 for alli € I. Choose an ¢ € R~ such that &; is strictly concave and therefore

concave on
U:={xeB]||x—st(u)] <e}

foralli € I[— 9.3.8,9.3.9]. Now Theorem 7.4.16 implies that SN U and hence S'NU D
S N U has nonempty interior since st(#) € S, the set S is convex by Lemma 9.3.16(a)
and has nonempty interior (so that S° = relint S).

Now Lemma 9.3.3 says in particular that for all linear forms f € R[X] and minimizers
ﬁoffon S'"NUwith Vi € I: g;i(i) =0, there is a family (A;);c; in R>o such that

f—F@@) —Y_ Ak >00n UL
iel

Using the Tarski priniciple [ 1.8.19], we see that actually for all real closed extension
fields R of R, all linear forms fe ﬁ[X] and all minimizers # of f on Transferg g (S’ N U)
with Vi € I : g;(if) = 0, there is a family (A;);e; in R>¢ such that

f—f(i) - Y Aihi > 0on Transfery, 7 (U).

iel
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We apply this to R := R, &l := u, f := f and thus obtain a family (A;);c; in Rsq such
that
(*)  f—f(u)=Y_Aih; > 0on Transferg z(U).

i€l

Since h := [];c; hi # 0 and S N U has nonempty interior (as seen above), there is a point
x€SNUC U C Transferg g (U) C Of

with hi(x) # 0 [— 2.2.3] and thus k;(x) > 0 for all i € I. Evaluating (*) in x, we get

flx) = fu) = ) Aihi(x) >

iel
Since f(x) € Or and f(u) € Og, this implies
Z A h E OR
€R>0 €]R>g

and thus A; € Or N R>p foralli € I.

It now suffices to show that ) ;c;A; € mg and that the gradient of the polynomial
f — f(u) — Yicr Aigi vanishes at u (it is clear that the polynomial itself vanishes at u).
From u € Transferg g(B°) and u € U, it follows that u € Transferg g(U°). Together
with (x) and the Tarski principle, this implies

V=Y L(Vh)w) "= Y Ai(Ve) ()

iel iel

since the gradient of any real polynomial vanishes at each of its local minimizers. In
particular, we get

i€l i€l

1=[[Vfl2 < P Aill(Vh) ()]l < ():?»> max [|(Vh;) (u)]|2

(note that I # @ by the first inequality) which readily implies ) ;c; A; € mg. O

9.4 Linear polynomials and truncated quadratic modules

Lemma 9.4.1. Letgy,...,gm € R[X] define a compact set

S={xeR"|g1(x) >0,...,gm(x) >0}

that has nonempty interior near its convex boundary. Suppose that g; is strictly quasi-
concave on (convbd S) N Z(g;) foreach i € {1,...,m}. Let R be real closed extension
field of R and f € R[X] be a linear form with ||V f l2 = 1. Then the following hold:

(@ F:={ueS|VxeS:st(f(u)) <st(f(x))}is a finite subset of convbd S.
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(b) S’ := Transferg g(S) C OF and f has a unique minimizer x, on
{x e |st(x) =u}
foreachu € F.
(c) Forevery u € F, there are A1,..., Aym € Or N R with
A+ oo+ Ay € mp
such that both f — f(x,) — Y"1 A4igi and its gradient vanish at x,,.
Proof. (a) Obviously st(f) # 0 and hence
F={ueS|VxeS: (st(f))(u) < (st(f))(x)} C convbd S
by Proposition 9.3.14. We now prove that F is finite. WLOG S # @. Set [ 7.1.19]

a:=min{(st(f))(x) | x € S}
so that

F={ueS|(st(f))(u) =a}.
By compactness of S, it is enough to show that every x € S possesses a neighborhood
Uin S such that UNF C {x}. This is trivial for the points of S \ F. So consider an
arbitrary point x € F. Since x € convbd S, each g; is positive or strictly quasiconcave
at x. According to 9.3.8, we can choose a closed ball B of positive radius around x in
R" such that each g; is positive or strictly quasiconcave even on B. By Lemma 9.3.16(b),
st(f) has at most one minimizer on U := SN B, namely x,ie, UNF C {x}.

(b) First observe that S’ := Transferg z(S) C Op since the transfer from R to R is an
isomorphism of Boolean algebras [— 1.9.5]: Choosing N € IN with S C [-N, N]}, we
have S’ C Transferg z([—N, N]j) = [-N, N]} C O%.

Now we fix u € F and we show that f has a unique minimizer on

A:={xe S |st(x) =u}.
Choose € € R~ such that each g; is strictly quasiconcave or positive on the ball
B:={veR"||v—ul| <e}.

Since u € convbd S C S°, Lemma 9.3.17(a) says that f has a unique minimizer x on
Transferr z (SN B). Because of A C Transferg r(S N B), it is thus enough to show x € A.
Note thatu € FN B C SN B C Transferg (S N B) and thus f(x) < f(u). This implies
st(f(st(x))) = st(f(x)) < st(f(u)) which yields together with st(x) € S that st(x) € F
(and st(f(st(x))) = st(f(u))). Again by Lemma 9.3.17(a), st(f) has a unique minimizer
on SN B. But u and st(x) are both a minimizer of st(f) on SN B (note thatst(x) € SN B).
Hence u = st(x) and thus x € A as desired.

(c) Fix u € F. Choose again ¢ € R such that each g; is strictly quasiconcave or
positive on the ball B := {v € R" | |[v — u|| < ¢} and such that BN F = {u}. Since
x, € Transferg r(B°) obviously minimizes f on Transferg z(S N B), we get the neces-
sary Lagrange multipliers by Lemma 9.3.17(b). O
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Exercise 9.4.2. Forallk € N and x € [0, 1]g, we have x(1 — x)F < {.

Theorem 9.4.3. Let g1,...,9m € R[X] such that M(g, . ..,8m) is Archimedean and suppose
that
S:={xeR"|g1(x) >0,...,gm(x) >0}

has nonempty interior near its convex boundary. Suppose that g; is strictly quasiconcave on
(convbd S) N Z(g;) for each i € {1,...,m}. Let R be a real closed extension field of R and
¢ € OR[X]1 such that ¢ > 0 on Transferg r(S). Then ¢ lies in the quadratic module generated

by g1,...,8m in Or[X].

Proof. We will apply Theorem 9.1.14. Since S is compact, we can rescale the g; and
suppose WLOG that
gi<lonS$

fori € {1,...,m}. Let M denote the quadratic module generated by g1, . .., gm in Or[X].
Since M(g1,...,gm) is Archimedean, also M is Archimedean by 8.1.13(b) and 9.1.2(b).
Moreover, S could now alternatively be defined from M as in Theorem 9.1.14. Write

{=f-c

with a linear form f € Ox[X] and ¢ € Og. By a rescaling argument, we can suppose
that at least one of the coefficients of / lies in Oy [— 5.4.7]. If st(¢(x)) > O forallx € S,
then Theorem 9.1.14 applied to ¢ with k = 0 yields £ € M and we are done. Hence we
can from now on suppose that there is some u € S with st(¢(u)) = 0. For such an u,
we have st(c) = st(f(u)) so that at least one coefficient of f must lie 7. By another
rescaling, we now can suppose WLOG that ||V f||2 = 1. Now we are in the situation of
Lemma 9.4.1 and we define

F, (xuw)uer and  (Aui)(uiyerx{1,..m}

accordingly. Note that
F={ueS|st(l(u) =0} #0

since st(£(x)) > 0 for all x € S. We have f(x,) —c = ¢(x,) > 0 and
st(f(xy) —c) =st(l(u)) =0

for all u € F. Hence f(x,) —c € mg N R>p for all u € F. We thus have

m

C— (f(xu) —c) _Z Mii 8i € Ia%,,
— i=1
=:A0EMRNR> €EO0RNR>

for all u € F by 9.4.1(c) and 9.1.13. Evaluating this in x,, (and using g;(x,) > 0) yields

(*) Qi(xy) #0 = A,; =0 and thus
(%) Migi =p. Migi(1— gi)*
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forallu € F,i € {1,...,m} and k € IN. By the Chinese remainder theorem, we
find polynomials sy, ...,sm € Or[X] such that s; =p VA, € Og forallu € F and

i € {0,...,m} because the ideals I (u € F) are pairwise coprime [— 9.1.7] (use that
st(xy) = u # v = st(x,) forall u,v € F with u # v). By an easy scaling argument, we
can even guarantee that the coefficients of s lie in mg since VA0 € mg. Then we have

(% * *) sl2 =3, Aui
which means in other words
s7(xu) = Aui, (V(s?))(xy,) =0  and (Hess(s?))(x,) =0
foralli € {0,...,m} and k € IN. It suffices to show that there is k € IN such that the

polynomial

0 —s5— Zs (1—g)* Z- ﬂ :

ueF

lies in M since this implies immediately ¢ € M. By Theorem 9.1.14, this task reduces to
find k € IN such that f > 0on S\ F and (Hess(f;))(u) > 0 for all u € F where

k —St ZS’E 1—g1 glE]R[X]

is the standard part of this polynomial. Note for later use that f; and V f; vanish on F
for all k € IN. In order to find such a k, we calculate

(Hess fi) (u) "2 — ) st(Ayi) Hess((1 — gi)g) (u)

(*) i=

—_

for u € F and k € N. By Lemma 9.3.11 we can choose k € IN such that g;(1 — g;)* is
strictly concaveon {x € F | gj(x) =0} fori € {1,...,m}. Since st(A1) + ...+ st(An) >
0 [— 9.4.1(c)], we get together with (x) and 9.3.10 that for all sufficiently large k, we
have (Hess fx)(u) > 0 for all u € F. In particular, we can choose kg € IN such that
Hess(fk,)(u) > 0 for all u € F. Since fi, and V fi, vanish on F, we have by elementary
analysis that there is an open subset U of R" containing F such that fko > 0on U. Then
S\ U is compact so that we can choose N € IN with st(¢) > & and st(s?) < Non S\ U.
Then f; > % —m2 on S\ U by Exercise 9.4.2 since 0 < g; < 1on S for allz e{1,...,m}.
For all sufficiently large k € IN with k > ko, we now have f; > 0 on S \ U and because
of fr > fr, > 0on SN U (use again that 0 < g; < 1on S)even fy > 0onS. O

Corollary 9.4.4. Let g1, ...,9m € R[X] such that M(g1, ..., gm) is Archimedean and suppose
that

S:={xeR"|g1(x) >0,...,gm(x) >0}
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has nonempty interior near its convex boundary. Suppose that g; is strictly quasiconcave on
(convbd S) N Z(g;) for each i € {1,...,m}. Let R be a real closed extension field of R and
¢ € R[X]y such that £ > 0 on Transferr r(S). Then ¢ lies in the quadratic module generated
by g1,...,gm in R[X].

Corollary 9.4.5. Let g1, ...,9m € R[X] such that M(g1, ..., gm) is Archimedean and suppose
that
S:={xeR"|g1(x) >0,...,gm(x) >0}

has nonempty interior near its convex boundary. Suppose that g; is strictly quasiconcave on
(convbd S) N Z(g;) foreachi € {1,...,m}. Then there exists

deN
such that for all ¢ € R[X]1 with £ > 0 on S, we have

e My(g1,---,9m)-

Proof. (cf. the proofs of Theorems 5.4.5 and 9.2.3) For each d € IN, consider the class S;
of all pairs (R, ag, a1, .. .,a,) where R is a real closed extension field of R and ag, a1, . .., a, €
R such that whenever

Vx € Transfergr r(S) : a1x1 + ...+ anxy + a9 >0

holds, the polynomial a1 X3 + ...+ 4, X, + a9 is a sum of d elements from R[X] where
each term in the sum is of degree at most d and is of the form p?g; with p € R[X] and
i€{0,...,m} where gy := 1 € R[X] [ 9.2.8(a)]. By real quantifier elimination 1.8.17,
it is easy to see that this is an (n + 1)-ary R-semialgebraic class. Set & := {S; | d € N}
and observe that Vdq,d, € N : 3d3 € N : S5, US,, C Sy, (take d3 := max{dy,d>}). By
9.4.4, we have U & = %, 1. Now 5.4.2 yields Setgr (S;) = R"*! for some d € IN. O
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