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2 1 INTRODUCTION

1 Introduction

Finitely many real polynomials fi,..., f; in n variables Xi,..., X, define a
subset S of R™ by

S:={zxeR"| fi(z) >0,..., fi(x) > 0}.
One is interested in finding an algebraic characterization of
Pos(S) = {f € R[X1,...,X,] | />0 on S},

the set of all polynomials that are nonnegative on S. Obviously, any sum of
squares of polynomials and all the f; are nonnegative on S, and adding and
multiplying nonnegative polynomials gives a nonnegative polynomial again. The
set of all polynomials we obtain in this way is called the preordering generated
by the f;. An important question is how this preordering relates to Pos(S). In
general, the preordering is smaller. For example, already in the casen = 2,t =1
and f1 = 1 (so S = R?) equality fails; this is the fact that not every globally
nonnegative polynomial in two variables is a sum of squares of polynomials.
Further, Scheiderer has proved that for any set S, if its dimension is at least
three, then there are always nonnegative polynomials that do not belong to the
preordering. However, in the case that S is compact, the preordering generated
by the f; at least contains every polynomial which is strictly positive on S. This
is Schmiidgen’s famous theorem from 1991. However, the result is not true in
general for non-compact sets.

Another question arising in this context concerns the moment problem. One
wants to characterize the linear functionals on R[X}, ..., X,] that are integra-
tion on S. By Haviland’s Theorem, these are precisely the functionals that are
nonnegative on Pos(S). Now one can ask if being nonnegative on the preorder-
ing is sufficient for a functional to be integration. That translates to the problem
of determining the closure of the preordering with respect to a suitable topol-
ogy on the polynomial ring (the finest locally convex topology). If this closure
equals Pos(.9), then all functionals nonnegative on the preordering are integra-
tion. The moment problem for S is then said to be solved by the preordering.
Schmiidgen’s Theorem from 2003 gives a useful method to determine the closure
of a preordering. One can often reduce the question to fibre preorderings that
describe lower dimensional sets. A generalized and more elementary proof of
his result is the content of Chapter 3 of this work.

Instead of looking at the closure of a preordering, one can consider the sequen-
tial closure only. A polynomial f belongs to it if and only if f+eq belongs to the
preordering for a fixed polynomial g and all ¢ > 0. The notion was introduced
and developed by Kuhlmann, Marshall and Schwartz. It helps dealing with the
moment problem and allows so represent certain nonnegative polynomials in
terms of the preordering. For different sorts of sets S, it is known that every
nonnegative polynomial belongs to the sequential closure of the preordering.

It was an open problem whether the closure and the sequential closure of
a preordering always coincide, or at least in the case that the closure equals



Pos(S). We solve this problem to the negative in Chapter 5. We also provide
a theorem that allows, in the spirit of Schmiidgen’s Fibre Theorem, to use a
dimension reduction when dealing with the sequential closure.

A large class of preorderings that almost never solve the moment problem is
given by stable preorderings. The notion stems from [PSc]. Roughly spoken, a
stable preordering admits a bound on the degrees of the sum of squares used
in the representation of a polynomial. Stable preorderings are often closed
and do not solve the moment problem. So stability is a useful property when
examining preorderings. In Chapter 4 we develop a method to prove stability for
preorderings under certain conditions. The conditions are either of geometric
nature (as for example also in [PSc]) or of more combinatorial one. This in
particular allows applications where the geometric criterion of [PSc] does not
apply. In addition, all of the conditions, also the geometric ones, are very easy
to check.

Of course one can ask all the above questions in the more general context of a
finitely generated R-algebra instead of the polynomial ring. Even for arbitrary
commutative R-algebras this makes sense. And instead of the preordering gen-
erated by the elements f;, one can consider the quadratic module defined by
them. This quadratic module is much smaller in general. We tried to prove all
results in this more general context whenever possible.

We conclude the work with some explicit examples in Chapter 6.
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2 Preliminaries

In this chapter we introduce basic terminology to set the stage for the rest of
this work. We begin with real vector spaces and proceed to commutative R-
algebras. Most of the results are commonly known and we only give some proofs
for completeness.

We agree on N = {0,1,...} for the whole work. Also, if we use the word
positive, we always mean strictly positive - we will say nonnegative if we allow
for zero.

2.1 Real Vector Spaces

For the whole section we refer to [Schae] for exact and detailed proofs.
Let E be a real vector space. A vector space topology is a topology on E making
the addition of vectors
ExE—FE

and the scalar multiplication
RxE—FE

continuous. Such a topology is already uniquely defined by its neighborhoods
of zero. A system U of subsets of E is a neighborhood base of zero of a vector
space topology if it fulfills the following conditions:

(i) For all U,V € U there is some W e Y with W CUNV.
(ii) For every U € U there is some V e Y with V +V C U.

(iii) All sets in U are absorbing and circled.

Here a set U C E is called absorbing, if for every x € E there exists \g > 0
such that € AU for all A > Ag; it is called circled if \U C U whenever |A\| < 1.
Each vector space topology has a neighborhood base U of zero fulfilling (i)-(iii).

A vector space topology is called locally conver, if it has a zero neighborhood
base of convex sets. Alternatively, if the topology is defined by a family of
semi-norms, i.e. if the topology is the coarsest vector space topology making a
given family of semi-norms continuous.

The collection of all convex, absorbing and circled subsets of E obviously
fulfills the above conditions (i)-(iii) and is therefore a zero neighborhood base
of a locally convex topology, called the finest locally convex topology on E.
Alternatively, it is the coarsest vector space topology making all semi-norms on
FE continuous. Each linear functional on FE is then continuous. Even more, any
linear mapping to any vector space endowed with a locally convex topology is
continuous. Every subspace of F is closed and every finite dimensional subspace
of E inherits the canonical topology. E is Hausdorff.

Fix an algebraic basis (e;);.; of E, i.e. [ is a suitable index set and E =
@;c; Re;. For a family € = (g;),c; of positive real numbers define the set

U, = {x€E|m:Z>\i€i» |>\i|<5i}~

finite
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Each such set U, is convex, absorbing and circled, and therefore a neighborhood
of zero. The following result is Exercise 7(b) in [Schae], Chapter II:

Lemma 2.1. A sequence in E converges if and only if it lies in a finite dimen-
stonal subspace and converges there.

Proof. The ”if”-part if clear. Now let (mj)j cn be a sequence, converging to zero
without loss of generality. We have to show that it lies in a finite dimensional
subspace of . Write

.’Ej = Z )\E])ei,

iel;

where I; is a finite subset of I and all /\Ej) # 0. Suppose U]EN 1; is not finite.
By induction on j € N define for i € I; \ U .; Ix

_

E; . B)

Complete these numbers to a positive family e = (&;),.; . As the union of all the
I; is not finite, there are arbitrary big indices j such that z; does not belong to
U.. This is a contradiction. O

So the sequential closure of a set B in F consists exactly of the union of all
finite dimensional closures. We will denote this sequential closure by B, i.e.
we have

Bt =|JBAW
w

and the union runs over all finite dimensional subspaces W of E. Obviously
BCB'*CB.

Now assume that F is countable dimensional, i.e. we can choose I = N. In
this case, the family of all U, defined above is a basis for the neighborhoods of
zero. Indeed, any convex, absorbing and circled set U in E contains some U..
To see this, define

plx):=inf{A>0]2 €U},

the so called gauge or Minkowski functional of U. It is a semi-norm on E. Now
choose a positive sequence € = (g;);cy such that e; - p(e;) < (%)Hl dfx e U,
say © = Y A\ei, |\i| < &; and the sum is finite, then

p(z) < Z |Ailp(ei) < Zezip(ei) < 1.

This shows x € U.

The next result says that the finest locally convex topology on a countable
dimensional space coincides with the topology of finitely open sets. A weaker
version of it is Exercise 7 (c) in [Schae] and it can also be found in [Bi].
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Proposition 2.2. If E has countable dimension, then a set in E is closed if
and only if its intersection with every finite dimensional subspace is closed.

Proof. Denote the set by B. The "only if’-part is clear. For the ”if’-part
define W,, = @LO Re;. Then the increasing sequence of the finite dimensional
subspaces W, exhausts E. Now suppose z ¢ B. Then x € W,, \ (BN W,) for
big enough n. As BN W, is closed in W,,, we can find a cube

C= [750750} X X [7€n35n] g Wn;

all ¢; > 0, such that z + C does not meet BN W,. Then (z + C) x {0}
does not meet the closed set BN W41 in W,,;1. Due to compactness we find
En+1 > 0such that x4+ (C X [—&n41,€nt1]) does not meet BNW,, 1 in Wy, 11. So
inductively we find a positive sequence € = (&;),cy such that (z +U:) N B = ).
So B is closed. O

This result is not true without the assumption on the dimension, see [Bi] or
[CMN] for examples.

Proposition 2.2 seems to suggest that the closure of a set in F equals the
union over the closures in all finite dimensional subspaces, i.e. the sequential
closure. However, this is not true, as we will see later. But obviously a set B
in E is closed if and only if B = B* holds. So the (transfinite) sequence of
iterated sequential closures of B terminates exactly at B (all in the case that
E has countable dimension). It is an interesting question to determine when
this sequence terminates. We will address this question for convex cones later
in more detail.

We now drop the assumption on the dimension, i.e. we consider arbitrary real
vector spaces E again. Let C be a a convex cone (or just cone for short) in E, i.e.
a subset of F which is convex and closed under multiplication with nonnegative
reals. Alternatively, C' is closed under addition and under multiplication with
nonnegative reals. For such a convex cone let CV be the dual cone, i.e. the set
of all linear functionals on E which are nonnegative on C'. Then

CVW:={zeE|Lx)>0foral LeC"}

is called the double dual cone of C. The following result can also be found in
[CMN]:

Proposition 2.3. For convex cones C in E we have
c=cv

and
Ct={r€FE|3qecEVe>0x+eqeC}.

Proof. C C CVV holds as all functionals are continuous. The other inclusion
comes from the Hahn-Banach Theorem, see [Schae], Chapter II, Section 9.

If x +eq € C for all € > 0, then x lies in the sequential closure of C. So
suppose conversely there is a sequence (x;), of elements from C' converging to x.
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By Lemma 2.1, the elements x; span a finite dimensional subspace of F, so let
y1,---,yn € C be an algebraic basis of this subspace. Write x; = Zjvzl Ti5Y;

N . .
and x = Zj:1 r;y; with real numbers r;,7;;. Then lim; .. 7;; = r;. Define

q= Zjvzl y;. For any € > 0 we have r;; < r; +¢ for large enough ¢ and all j. So

ateq =) (rjre)y; =D riyit ) (rjte—ry)y; = vt ) (rjte—ry)y; € C.

J J J J

O

The proof shows that the element ¢ can always be chosen to be from C. It
is also clear that C as well as C* are again convex cones. We will later be
interested in quadratic modules or preorderings in R-algebras. These are in
particular convex cones and we consider their closures and sequential closures.
It turns out that these closures are again quadratic modules or preorderings.

2.2 R-Algebras

Most of the following notions and results are standard knowledge from Real
Algebra and Real Algebraic Geometry. We refer to [BCR, M, PD] for details
and omitted proofs.

When we talk about an R-algebra (or simply an algebra) A in this work, we
always mean a commutative R-algebra with unit 1. Morphisms between algebras
are always assumed to be unitary, i.e. to map 1 to 1. We will always equip A
with the finest locally convex topology and the topological notions and result
from the previous section apply. In case A is finitely generated as an R-algebra,
it is countable dimensional as a vector space. Indeed, if x1,...,x, generate A
as an R-algebra, then the countably many elements

=t xnr; ae N

generate A as a vector space. However, A can be countable dimensional without
being finitely generated. In general we will not assume that A is finitely gener-
ated or countable dimensional, neither that A is reduced or even a domain. We
will state additional assumptions on A whenever needed. The following easy
result is well known and will be used throughout this work.

Lemma 2.4. Let L: A — R be a linear functional such that L(a?) > 0 for all
a € A. Then for alla,be A

L(ab)? < L(a®)L(b?).
In particular, if L(1) = 0, then L = 0.
Proof. For all r € R we have

0 < L ((a+rb)?) = L(a®) + 2rL(ab) + r*L(b?).
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From this we get
4L(ab)? — 4L(a*)L(b*) <0,

which implies L(ab)? < L(a?)L(b?).
If L(1) = 0 then for all a

so L(a) = 0.
O

To A there corresponds a variety V4 (or just V), defined as the set of all R-
algebra homomorphisms from A to C. Its set of real points, denoted by V4 (R)
(or just V(R)) are the homomorphisms to R. We will mostly be using the set of
real points V(R).

Elements from A can be used as functions on V and V(R) by

for a € A and « € V. We equip V(R) with with the coarsest topology making
all the elements from A continuous functions on V(R). We call this topology
the strong topology. We have an algebra homomorphism

" A—CVR),R); a—a.

The elements @ separate points of V(R), i.e. for two distinct points in V(R)
there is some a € A such that & takes different values in these two points. In
particular, V(R) is hausdorff.

If A is finitely generated as an R-algebra and one chooses a set of generators
x1,...,Ty, the varieties can be embedded into affine space. Indeed, look at the
algebra homomorphism

R[Xy,...,Xn] > A

from the polynomial ring in n variables to A, which sends X; to x;. Denote its
kernel by I. I is an ideal and

R[Xy,..., X,]/T = A.
V can then be identified with the zero set of I in C" by
a— (a(xy),...,a(z,)).

V(R) is identified with the zero set of I in R™ under this mapping. The use of
elements from A as polynomial functions on these embedded varieties coincides
with the above defined use as functions. The topology on V(R) is exactly the
topology inherited from the canonical topology on R™. However, we will often
not choose generators of A and view elements from )V as algebra morphisms
instead.
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Sometimes we also equip V with the Zariski topology defined by A. This is the
topology having the sets

Z(I):={aeV|al)={0}}

for ideals I of A as its closed sets. The same definition applies to V(R). We
can restrict ourself to real radical ideals I when defining the topology on V(R).
However, we will not use this topology much, and state it explicitly whenever
we do. So unless otherwise mentioned, the varieties are always equipped with
the strong topology defined above. All notions as closed, compact, continuous...
refer to it.

A quadratic module of an R-algebra A is a subset M of A such that

M+MCMY A*-MCMand1e M.

Here, >~ A% denotes the set of sums of squares in A. Note that any quadratic
module in A is a convex cone, so the results and notions for cones from the previ-
ous section apply. For ay,...,a; € A, the smallest quadratic module containing
ai,...,a; consists of all elements of the form

oo+ o101 + -+ 0say,

where o; € Y. A% Tt is called the quadratic module generated by ay,...,a; and
most often denoted by QM(aq,...,a:). A quadratic module is called finitely
generated, if it is of such a form. For any quadratic module M, M N —M is
called the support of M, also denoted by supp(M). It is an ideal of A.

A preordering is a quadratic module which is closed under multiplication. We
will denote preorderings by P, whenever possible. For finitely many elements
ai,...,a; € A, the smallest preordering containing aq,...,a; is the quadratic
module generated by the 2! products

a®:=a$'---aft; ec{0,1}%

Tt is called the preordering generated by ay, . . ., a; and denoted by PO(ay, . .., at).
A preordering is called finitely generated if it is of such a form.

An ordering of A is a preordering P such that P N —P is a prime ideal and
P U —P = A holds. The set of all orderings is denoted by Sper(A), and for a
quadratic module M, the set of all orderings containing M by X);. Elements
a € V(R) define orderings

P,:={ac A|a(a) >0} =a '([0,00))

on A, but in general not all orderings are of this form.
Subsets M of A (in particular quadratic modules) define closed subsets of V(R)
by
SM):={aeV[R)|m(a) >0 for all m € M}
={a e V(R) | a(M) C [0,00)}
—{a €V(R) | M C P}
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So for a € S(M), P, belongs to Xp;. If M is a finitely generated quadratic
module, generated by aq,...,a:, then

S(M) = {a € V(R) | ax(a) > 0,...,a(a) > 0}

is called basic closed semi-algebraic.
Conversely, subsets S of V(R) define preorderings of A by

Pos(S)={a€ A|a>0on S} = ﬂPa.
a€esS

For a quadratic module M of A we call
M®" .= Pos(S(M))

the saturation of M, i.e. the saturation of M consists of all elements of A which
are nonnegative as functions on S(M). The relation between M and M3 is an
important object of study in Real Algebra and Real Algebraic Geometry.

If both A and M are finitely generated, an important result from Real Algebra,
based on the Tarski-Seidenberg Transfer-Principle, says

M= = () P. (1)

PecXy

It is used for example in the proof of the following proposition, which we will
apply extensively in Chapter 4:

Proposition 2.5. Let A be a finitely generated R-algebra and M C A a finitely
generated quadratic module. If S(M) is Zariksi dense in V(R), then

Mn-M c =/{0}.

If M is a finitely generated preordering, then the other implication is also true.

Here, {/{0} denotes the real radical of {0}. Although the proof is typical for
Real Algebraic Geometry, we include it for completeness.

Proof. Suppose a € MN—M. Then @ = 0 on S(M), so by the Zariski denseness
also @ =0 on V(R) =S (3 A4?) . So by (1)

—a,a € ﬂ P.

PeSper(A)
The abstract real Nullstellensatz ([PD], Theorem 4.2.5) yields
a**+0=0

for some e € N and 0 € 3 A2, s0o a € {/{0}.
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Now suppose M is a preordering and M N —M C </{0}. Then

Y0} = WMA-M= () PN-P,

PeXy

where the last equality uses the real Nullstellensatz again, see for example [Sc2]
1.3.12. Now suppose a € A\ /{0}. We show there is some a € S(M) such that
a(a) # 0. There is some P € X such that a ¢ P, without loss of generality.
So by (1), a ¢ M***, which implies the claim.
So whenever S(M) C Z(I) for some ideal I of A, then I C /{0}. But then
obviously Z(I) = V(R), which shows the desired denseness.
O

We can also consider R-algebra homomorphisms
p:A— B
between arbitrary R-algebras A and B. We have a corresponding map
¢": Vp(R) — Va(R)

sending 3 to Soy. ¢* is continuous with respect to both defined topologies. For
a set M C A we have

(") TH(S(M)) = S(p(M)).

In particular, whenever S C V4(R) is basic closed semi-algebraic, then so is
(¢*)71(S) € VB(R).

For an arbitrary quadratic module M in an arbitrary R-algebra A, we have
the obvious relations

M C MY CM =M C M=,

The last inclusion uses that each R-algebra homomorphism from A to R is a
linear functional.

Lemma 2.6. M* and M are again quadratic modules, even preorderings if M
was a preordering.

Proof. For M* this is clear, use for example the characterization from Propo-
sition 2.3. M + M C M is also clear from Proposition 2.3. Now suppose
a-M C M for some a in A. The multiplication with a, denoted by ¢, is a
linear and therefore continuous map from A to A. So we have

a-M=p,(M)Cp,(M)=a-MC M.

This shows that M is closed under multiplication with squares and therefore
a quadratic module. It also shows M - M C M if M is a preordering. Using
M -M = M-M C M and applying the result one more time, we see that M is
multiplicatively closed. O
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Definition 2.7. (i) A quadratic module M is called saturated if M = M
holds. It is called closed if M = M holds.

(ii) We say that M has the strong moment property (SMP), if M = M®*
holds.

(iii) The strong moment problem is said to be finitely solvable for a set S C
V(R), if there is a finitely generated quadratic module M in A such that
S(M) =S and M has (SMP).

(iv) M has the f-property, if M* = M*** holds.

To a great part, the interest in (SMP) comes from Haviland’s Theorem. The
original version from [H] applies to polynomial rings, but we state a much more
general version here, which is taken from [M].

Theorem 2.8. Let A be an R-algebra, X a Hausdorff space and suppose ": A —
C(X,R) is an R-algebra homomorphism. Assume that the following condition
1s fulfilled:

(x) there is some p € A such that p >0 on X and for all i € N,
the set X; = {x € X | p(x) < i} is compact.

Then for every linear functional L: A — R with
L({acAla>0o0nX}) C[0,00)

there exists a positive reqular Borel measure p on X such that

L(a) = / adp
X
for all a € A.

For a quadratic module M in A look at the morphism = A — C(S(M),R)
obtained by restricting the functions a: V(R) — R to S(M). Assume that the
assumption (*) from Theorem 2.8 is fulfilled, which is for example the case
if A is finitely generated; one can take p = x? + --- + 22, where 21,..., 7,
are generators of A; it also holds trivially if S(M) is compact. Now the set
{a€ Ala>0onS(M)}equals M5t Soif M has the strong moment property,
then every functional which is nonnegative on M is already nonnegative on M52t,
and therefore integration on S(M) by Haviland’s Theorem. Nonnegativity on
M is a priori a weaker condition than nonnegativity on M***. So (SMP) is a
useful property.

There are many important and interesting works concerning the strong moment
property. A ground-breaking result is the following;:

Theorem 2.9 (Schmiidgen, [S2]). If A is finitely generated, P a finitely gen-
erated preordering in A and S(P) is compact, then every element from A which
is strictly positive on S(P) belongs to P. In particular, P has (SMP).
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There is a wide range of generalizations of this important result. One is the
following, which is due to Jacobi [J]. Also see [PD] or [M] for a proof.

Theorem 2.10. Let M be an archimedean quadratic module of the R-algebra
A. Then every element from A which is strictly positive on S(M) belongs to M.
In particular, M has (SMP).

Archimedean means that for every x € A there is some N € N such that N —«
belongs to M.
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3 A Fibre Theorem for Closures

In this chapter we give a generalized version of Schmiidgen’s Theorem from
[S3]. The original proof uses deep results from functional analysis, taken from
[D, S1]. Our proof is more elementary. It relies heavily on the Radon-Nikodym
Theorem. The main ideas are published in [N]. Murray Marshall found a similar
approach to the same problem independently. It appears in his book [M].

We begin with a short section about closures and (SMP) on quotients. It
comprehends some helpful remarks, most of them taken from [Sc3]. In Section
3.2 we prove a generalized fibre theorem for closures of quadratic modules. As
we show in Section 3.3, it implies Schmiidgen’s original result. In the last section
of this chapter we give some new applications of the fibre theorem.

3.1 Closures and Quotients

The results from this section are all contained in [Sc3], Section 4. We just state
them for arbitrary algebras and modules whenever possible, not only for finitely
generated ones. The proofs are mostly the same. So let A be an R-algebra and
M a quadratic module in A. Let I be an ideal of A contained in the real radical
of the support of M and

m A— A/I
be the canonical projection. An easy observation is
T(M)sat — W(Msat).

Lemma 2.1. and Corollary 3.12 from [Sc3] tell us that whenever a € I, then
a+¢e € M for all € > 0. In particular I C M. So the following proposition is
clear:

Proposition 3.1. Let A be an R-algebra and M a quadratic module in A. Let
I be an ideal of A, contained in /M N —M, and n: A — A/I the canonical
projection. Then

7(M) =n(M).

So M has (SMP) in A if and only if 7(M) has (SMP) in A/I, which is the case
if and only if M + I has (SMP) in A.

If A is finitely generated, then (SMP) carries over from M to M +1 for arbitrary
quadratic modules M and ideals I. For finitely generated quadratic modules,
this is Proposition 4.8 in [Sc3]. However, the same proof works for arbitrary M.
It shows that the fibre condition for (SMP) in Theorem 3.6 and Theorem 3.8
below is necessary for (SMP) to hold.

Proposition 3.2. Let A be a finitely generated R-algebra, M a quadratic module
and I and ideal in A. If M has (SMP) in A, then so does M + I.
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Proof. If L € (M + I)¥, then of course L € M. So by Theorem 2.8, L is
integration with respect to some measure p on S(M) C V(R). For ¢ € I we have

0=L(c) = / édp.
S(M)

This shows that u (S(M)\ Z(I)) = 0 (a standard argument, using the fact that
S(M)\ Z(I) is a countable union of compact sets).

So
L(a) = / adp
S(M+T)

for all @ € A, which shows that L is nonnegative on elements from (M + I)
So M + I has (SMP). O

sat

3.2 The Main Theorem

Our goal in this section is to proof Theorem 3.5 below. It is a generalized fibre
theorem for closures of quadratic modules. Before dealing with it, we describe
the setup that we will use, explain some constructions, and give some helpful
results. So let A be an R-algebra. Let X be a Hausdorff topological space and

“A— C(X,R)

a morphism of R-algebras. Denote the image of A in C(X,R) by A. As in
Theorem 2.8 we assume condition (*) to hold, i.e. there exists p € A such that
p>0on X and for all i € N, the set X; = {z € X | p(x) < i} is compact. This
in particular implies that X is locally compact, as observed in [M]. Note that
in case X is compact, assumption (*) is always fulfilled with p = 1, and if A is
finitely generated by x1,..., 2, and X C V(R), we can choose p = 23+ - -+ 2.

Replacing p by p + 1 if necessary, we can assume without loss of generality
that p is strictly positive on X. So 1 is a continuous positive function on X,
vanishing at infinity. This means that it takes arbitrary small values outside of
compact sets.

Now we make the additional assumption, that the functions a which are bounded
on X separate points. That means, for any two distinct points in X there is
some a € A such that a is bounded on X and takes on different values in the
two points. This is for example fulfilled if X is a compact subset of V(R), as
elements from A separate points of V(R). However, there are also non-compact
examples, as we will see later.

We use the assumption to apply [Bu], Theorem 3, which says that the bounded
functions from A lie dense in the set of bounded continuous functions on X,
under the locally convex topology defined by the family of seminorms

Il = sup [(z) - f(z)],
reX

where v is a continuous function vanishing at infinity. We will use the seminorm
defined by % We begin with a technical lemma.



16 3 A FIBRE THEOREM FOR CLOSURES

Lemma 3.3. Let v be a positive reqular Borel measure on X and h: X — R a
measurable function. Suppose for all a € A we have

/ a?|h|dv < 0o
X

0< / ahdy.
X

Then h > 0 on X except on a v-null set.

as well as

P700f. IOI n = 1,2, e deﬁlle
A - { S X < h(.]:) < 7}
ne . n_]. n

and suppose v(A;) > 0 for some i. Let x be the characteristic function of A;,
SO

/ xhdv < —l_y(Ai) < 0.
b'e 1

Now choose a sequence (fy),cy of continuous functions on X with values in
[0,1] that converges pointwise except on a v-null set to x. This can be done
using the regularity of v as well as Urysohn’s Lemma as stated for example in
[Ru]. Using [Bu], Theorem 3, we find a sequence (a,)nen in A such that

(000) ~ V)| <

sup

1
zeX n

p(z)
for all n. So

N 1,
|an -V fn‘ S Ep

on X. From this we get |d,| < p+ 1 on X, as \/f,, takes on values only in [0, 1].
So

|di *fn| = |dn - m| : |&n + \/f7|
< %ﬁ(ﬁw)

—~

a2 — fn) - h| converges to 0 pointwise on X.
p+1)(p+2))?|h| on X and

holds on X. Thus the sequence |
As [ (@, — fu) kI < D(D +2)|h] < (

—

/ (5 + 1)+ 2))? [Bldv < o0
X

by assumption, the Theorem of Majorized Convergence applies and yields

‘/ dihdu—/ fnhdv
X X

g/ 162 — fu)h| dv "% 0.
X
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As |fn — x| || converges pointwise except on a zero set to 0, and is bounded
from above by the function |h| which has a finite integral, we get in the same
way as above

/ fohdv "= [ xhdv < 0.
b'e b'e
Combining these result we have
/ a2hdy "=%" | yhdv <0,
X X
which contradicts our assumption. So v(A;) = 0 for all 4, which proves the

result. O

Towards the main theorem, we need a second R-algebra B and an algebra
homomorphism ¢: A — B. So we have the following diagram:

B
%)
A—>C(X,R)

Suppose M C B is a quadratic module. We want to describe the closure of M
in terms of fibre-modules, indexed by elements from X. Namely, for z € X, we
denote by I, the ideal in B generated by the set

{o(a) |a € A, a(z) =0}.
We call M, := M + I, the fibre-module to x, and we want to prove
M= () 7.
zeX

For this we have to make more assumptions. Namely, suppose p(a) € M
whenever @ > 0 on X. This assumption is fulfilled in a large class of examples,
as we will see below.

Now take L € MV, i.e. L is a linear functional on B that maps M to [0, 00).
For b € B we define a linear functional L; on A by

Ly(a) = L (b- (a)).

We can apply Haviland’s Theorem (rllleorem 2.8) to the functionals Lyz. Indeed,
whenever @ > 0 on X, then ¢(a) € M, so also b? - p(a) € M, so

Lyz(a) = L(b* - p(a)) > 0.

So we get positive regular Borel measures v, on X such that

Ly (a) = L(V? - p(a)) = /X advy,
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holds for all @ € A. As all considered measures are defined on X, we omit X
under the integral sign from now on. The following result is a key ingredient
for the proof of Theorem 3.5:

Proposition 3.4. For allbe B
vy, L UV,

that is, every vi-null set is also a vy-null set.

Proof. Let b € B be fixed and suppose N C X is a Borel set with v4(N) = 0.
We have to show v4(N) = 0. Denote the characteristic function of N by .

Choose a sequence of functions (f,, )nen from C(X, [0, 1]) that converges point-
wise to x, except on a set that is a v1- and a v,-null set. This can be done,
using the regularity of 14,1, and Urysohn’s Lemma. So

/ Fadin "= 1y (N) = 0, (2)

by the Theorem of Majorized Convergence.
Apply [Bu], Theorem 3, to obtain a sequence (a,)nen from A with

in — /Ta| <

<-—p
n
pointwise on X for all n. Exactly as in the proof of Lemma 3.3 the sequences
|a,, —+/fn| and a2 — f,| converge pointwise on X to zero. |42 — f,| is bounded
from above by p(p +2) on X and

/ B+ 2)din = Li(p(p +2)) < oo,

so the Theorem of Majorized Convergence implies

‘/&idlﬂ —/fndyl niic 0.
Combined with 2 we get
/ aZdv, "= 0. (3)

Using the inequality from Lemma 2.4, we have
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Together with (3) we find
/ andyy =3 0. (4)
As the sequence |a, — v/ 5| is bounded from above by p on X and

/]3 dvy = Ly(p) < o0,

we get, again by Majorized Convergence,

‘ / andyy, — / V fndv

n—oo

— 0. (5)

The fact that (v/f)n converges pointwise except on a v,-null set to x, combined
with (4) and (5), finally yields

0= lim [ /fodvy= /Xdz/b = 1,(N).
n—oo

O

Proposition 3.4 allows us to apply the Radon-Nikodym Theorem (see [Ru]).
For every b € B we get a v;-integrable function ®;: X — [0, 00) such that

Lbz(a):/d dub:/d-<1>b duvy for all a € A.

If we define 6, := <I>b+T1 — <I>% for b € B, then all 6, are v;-integrable and

Ly(a) = L(%)z(a) —L(b;l)z(a) = /&-Qb diy

2

holds for all a € A. Before stating and proving Theorem 3.5, we look at some
properties of the functions 6.
For b1,bs € B, r1,72 € R and all a € A we have

/d . 9r1b1+r2b2d1/1 = LT1b1+T2b2 (a’)
=r1Ly, (a) + roLsp,(a)

= /d (T10b1 + 7’29[)2) dvy.

We apply Lemma 3.3 to the functions h = 0,4, 4ry6, —710s, — 720, and —h. The
condition [ a?|h|dvy < oo for all a € A is obtained by reducing to [ a2|®|dvy =
Ly2(a®) < oo for all b. So we get

Or1b1+rabs = T10p, + 7200,
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except on a vy-null set that depends on by, ba, 71, 75.
For m € M and any a € A we have

0 < L(m-¢(a)?) = Ly(a®) = /dQGmduh

so again by Lemma 3.3,
0, >0

except on a vi-null set that depends on m.
Last, for a,c € A and b € B we have

/é . eb.w(a)dVl = Lb»ap(a) (C)

= L(b- ¢(a)p(c))
= Ly(ac)

:/é~d9b dvy.

S0 p.5(a) = @ - O except on a vq-null set depending on a and b.
We are now prepared for the main theorem:

Theorem 3.5. Let A, B be R-algebras of countable vector space dimension and
let p: A — B be an R-algebra homomorphism. Let X be a Hausdorff space,

" A— C(X,R)

an R-algebra homomorphism fulfilling (*) (see Theorem 2.8) and suppose the

set
{a|a€A, abounded on X}

separates points of X. Further suppose M is a quadratic module in B and
p(a) € M whenever @ > 0 on X. For x € X denote by I, the ideal in B
generated by {p(a) | a € A, a(xz) =0}. Then

M= ()M+1L.

Proof. One inclusion is obvious. For the other one fix ¢ € (,cx M + I, and
L € M. We have to show L(q) > 0. From L we construct all the functions 6,
as explained above.

Let B’ C B and A’ C A be a countable linear basis of B and A, respectively.
Using the fact that each element in B is a difference of two squares, we can
assume that B’ consist only of squares. Denote the Q-subspace of A spanned
by A’ by A. Let B be the Q-subalgebra of B generated by

B'Up(A)U{q}.

B is a countable set and ¢(A) C B. For each element b € B we have a unique
representation as a finite sum b = > r; - b;, where all b; € B’ and all r; € R.
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Using the above demonstrated properties of the functions 6, we can find one
single v;-null set N C X such that for all x € X \ N the following conditions
hold:

(i) Op(x) =D ribp, (z) for all b € B

(ii) Om(z) >0 forallme M NB

(iii) Op.p(a)(x) = a(z) - Op(x) for all b € B and all a € A.
Because A and B are countable sets, this can indeed be ensured with one single
null set V.

For z € X \ N we get linear functionals L, on B by defining them on the basis
B’

L. (b) :=0y(x) for b e B'.

For b € B with b= r; - b; as above we have

Lo(b) =Y riLa(bi) = riby, (z) = 0y(x),

where the last equality uses (i). So for m € M N B
Ly(m) =0p(z) >0

holds, using (ii). Now let b € M be arbitrary, i.e. b is not necessarily from 8.
Write b = > r;-b; withr; € Rand b; € B’. As all b; are squares, b+> t;-b; € M
whenever all ¢; > 0. So b can be approximated in a finite dimensional subspace
of B by elements from M N B. Just choose t; > 0 arbitrary small such that
r; +t; € Q. This shows

L.(M) C [0, 00).

For a € A and b € B we have b- p(a) € B and therefore

Lo (b-p(a)) = Op.p(a) () = a(z) - Op (),

using (iii). Now suppose a € A with a(z) = 0. Approximate a by a sequence of
n—oo

elements a, from A in the same way as above, such that a,(z) — 0. So for
be B,
L,(b-p(a)) = lim L,(b-¢(a,)) = Um a,(z)0(z) =0.
n—oo n—oo

By approximating arbitrary b € B by elements of B we finally get
Lo(I:) = {0}

Defining
L,=0forze N

we have
L, € (M+1,)" forall z € X. (6)
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L(g) = Ly(1) = / 6,(x) di (x) = / La(q) din (),

using the fact that ¢ € B and N is a vy-null set. By (6) and our assumption on
q, the function z — L, (q) is nonnegative on X, so L(q) > 0. O

In the following section, we show how an algebra A and a topological space X
can be constructed for a given quadratic module M in B, in a way that allows
to deduce Schmiidgen’s Theorem from Theorem 3.5.

3.3 Schmiidgen’s Result

Let B be an R-algebra of countable vector space dimension. Let M be a
quadratic module in B. We take finitely many elements bq,...,bs € B such
that C; — b;,b; — ¢; € M for some real numbers C; > ¢;. Consider the subal-
gebra A = R[by,...,bs] of B generated by these elements, and the quadratic
module M in A generated by C; — b;,b; —¢; (i = 1,...,s). It is archimedean,
see for example [PJ], Theorem 4.1. The role of ¢ from Theorem 3.5 is played
by the canonical inclusion
t:A— B
and we have (M) C M.

Define X := S(M) C V4(R), so we have the usual morphism
©"A— C(X,R),

which fulfills (*), as A is finitely generated. Obviously X is compact, so the
separating points condition from Theorem 3.5 is also fulfilled. Now if some
a@>0on X, then a+e € M for all € > 0 by Theorem 2.10, so ¢(a) € M.

For a € X one checks that I, is the ideal in B generated by

bl — Oé(bl), ey bs — Oé(bs),
and (a(b1),...,a(bs)) € [Ti_,[ci, Ci]. So we get the following result:

Theorem 3.6. Let B be an R-algebra of countable vector space dimension and
let M C B be a quadratic module. Suppose by,...,bs € B are such that

Cl—bl,bl—Cl,...,cs—bs,bs—csEM

for some real numbers C; > ¢; (i=1,...,s). Then

M= ﬂM+(b1—)\1,...,bS—)\s),
AEA

where A = [1;_,[e;, Ci]. In particular, if each M + (by — A1 ...,bs — As) has
(SMP), then so does M.
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Proof. Apply Theorem 3.5 to the above explained setup to get the equality.
For the remark concerning (SMP), write My := M + (by — A1,...,bs — As) .
Note that obviously
S(M) = s(M»)
AEA
and therefore
Msat — n (M)\)Sat
AEA

holds. So if all My have (SMP), then

M = ﬂ E: m (M)\)Sat — M2t
AEA AEA

O

The assumption C; —b;, b; —c; € M for all i is indeed necessary for the theorem
to hold, as we will later see. However, Schmiidgen’s original result from [S3] is
stated only for finitely generated preorderings and does not need it. To obtain
this, we need another result. It is implicitly already proven in [S2] and again in
[S3], but without bringing it up explicitly. We think it is interesting for itself,
so we state it as a proposition.

Proposition 3.7. Let B be a finitely generated R-algebra and P C B a finitely
generated preordering. Let

“ B — C(S8(P),R)

be the canonical morphism. For any b € B, whenever b is bounded and nonmneg-
ative on S(P), then
beP.
Proof. Let L € PY. As shown in [S2], Theorem 1, and [S3], Proposition 2, for
any bounded b we have
L) < [/ B |12

This result uses the Positivstellensatz and the one dimensional Hamburger mo-
ment problem. It also uses that P is closed under multiplication. It is proven
for polynomial rings, but carries over directly to finitely generated algebras.

So let b be nonnegative on S(P) in addition. We have to show L(b) > 0. Using
Lemma 2.4, we can assume L(1) = 1, maybe after scaling with a positive real.
For any 6 > || b ||s we have

—§5<b—6<0

on §(P), and so
L((b-20)*) <o

This implies 0 < L(b%) < 26L(b), so L(b) > 0, as § > 0. O
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The proposition implies that P has (SMP) whenever S(P) is compact. This
is one half of the important result from [S2]. And finally we get Schmiidgen’s
main result from [S3] with it:

Theorem 3.8 (Schmiidgen, [S3]). Let B be a finitely generated R-algebra and
P C B a finitely generated preordering. Let by, ..., bs € B be bounded as func-
tions on S(P). Then

P= m P+(bl7ﬁ(bl)v~~~absfﬂ(bs))'

BES(P)

In particular, if each P+ (by — B(b1),...,bs — B(bs)) has (SMP), then so does
P.

Proof. Choose real numbers C; > ¢; such that C; — b;,b; — ¢; are nonnegative
as a function on S(P). By Proposition 3.7, they belong to P. Now Theorem
3.6 yields

P= 1P+ {1+, b+ X, (7)
AEA

where A = []°_, [¢;, C;]. Now if the semi-algebraic set Sy in Vg(R) correspond-
ing to the finitely generated preordering P + (b + Aq,...,bs + As) for some
A € A is not empty, then A = (8(b1),...,0(bs)) for any § € Sy C S(P). If S}, is
empty, then

P (b 4+ A1, by +Ag) = A,

see for example [PD], Remark 4.2.13. This shows that we can let the intersection
in (7) run over 8 € S(P) instead of A € A.
The remark about (SMP) is proven similar to the one in 3.6. O

Note that by Proposition 3.2, the preorderings
Pﬁ = P+ (bl 7/8(131)3 o -7bs 7/8(1)@))

have (SMP) if P has. So it is necessary and sufficient for all Pg to have (SMP),
for P to have (SMP).

The bigger the fibre-preorderings appearing in Theorem 3.8 are, the more is
generally known about them. For example, if they describe one dimensional
sets, the works [KM, KMS, P2, Scl] allow to solve the questions for (SMP),
closedness etc. in almost all cases. So if the whole ring of functions bounded
on S(P) is finitely generated, Theorem 3.8 applies in the best possible way. See
[P2] for a discussion of the question, when this ring is finitely generated.

3.4 Applications

We conclude this chapter with some applications of the fibre theorems from
above. The first is a slight generalization of the fact, that every finitely generated
preordering describing a compact set has (SMP):
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Corollary 3.9. Let B be a finitely generated R-algebra and S C Vp(R) a basic
closed semi-algebraic set. Suppose there are by, ..., by € B that are bounded as
functions on S and separate points of S. Then every finitely generated preorder-

ing P in B describing S has (SMP).
Proof. Apply Theorem 3.8 and note that all the preorderings
P+ (by —a(by),...,bs — a(bs))

describe singletons. So they all have (SMP), by the remark following Proposition
3.7. U

The following corollary can for example be applied to actions of compact alge-
braic groups on affine varieties. At the end of Section 4.3, that setup is explained
in more detail.

Corollary 3.10. Let A, B be finitely generated R-algebras and ¢: A — B a
morphism, such that the induced map

0" : Vi (R) — VA(R)

has compact fibres. Let S C Va(R) be basic closed semi-algebraic and suppose
there are finitely many elements from A which are bounded as functions on S
and separate points of S. Then for (p*)~(S), the strong moment problem is
finitely solvable.

Proof. Take a finitely generated preordering P in A that describes S. P has
(SMP) in A by Corollary 3.9, and the finitely generated preordering P’ generated
by ¢(P) in B describes (p*)71(S). So we can apply Theorem 3.5 to this setup.
The semi-algebraic set defined by P’ + I, for = € S equals

(")~ ()

and is therefore compact. So all the fibre-preorderings have (SMP). The usual
argument shows that also P’ has (SMP). O

Corollary 3.11. Let B be a finitely generated R-algebra and suppose M is a
quadratic module in B that has (SMP). If b € B is bounded from above as a
function on S(M), then

M :=M+b-Y B
has (SMP) as well.

Proof. We have N — b € M = M C M’ for some big enough N > 0. As
also b € M’ we can apply Theorem 3.6 to M’'. For A € [0, N], M’ + (b— ) =
M + (b—)), so it has (SMP) by Proposition 3.2. So also M’ has (SMP). O
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4 Stability

The notion of a stable quadratic module is first explicitly used in [PSc]. The
authors show that stable quadratic modules are closed under certain conditions,
and they give a geometric criterion for stability. Implicitly, similar notions have
been used in the proofs of [KM], Theorem 3.5, [PD], Proposition 6.4.5 and, as
pointed out by the authors of [PSc], also in [S1]. All these authors use stability
to show closedness of certain quadratic modules.

In [Sc3|, stability is linked to the moment problem, generalizing an idea by
Prestel and Berg. Indeed, stability often excludes (SMP). We start by defining
stability as in [PSc]. Therefore let A be an R-algebra, a;,...,as € A and W a
linear subspace of A. Let

Z(W;al,...,as)

denote the set of all elements of A of the form
oo+ 0101 + -+ 00,

where all o; are sums of squares of elements from W, o; € Y. W? for short. We
obviously have

QM(ayq,...,as) = UZ(W;al, ceeyQg),
w

where the union runs over all finite dimensional subspaces of A. If W is fi-
nite dimensional, then > (W;ay,...,as) is contained in some finite dimensional
subspace of A. The authors of [PSc| show that such a set > (W;a,...,as) is
closed if A is finitely generated and reduced, and S(aq,...,as) is Zariski dense
in V(R). The following definition is Definition 2.10 in [PSc]:

Definition 4.1. Let A be an R-algebra and M = QM(ay, ..., as) a finitely gen-
erated quadratic module in A. M is called stable, if for every finite dimensional
subspace U of A there is another finite dimensional subspace W of A such that

MﬂUQZ(W;al,...,aS).

We call a map that assigns to each finite dimensional subspace U such a finite
dimensional subspace W a stability map.

In polynomial rings, this just means that we can represent each element a from
M with sums of squares of a degree that is bounded by a function of the degree
of a.

Of course one has to show that the notion of stability does not depend on the
specific choice of generators of M. This is done in [PSc], Lemma 2.9, and can
also be found in our next section (Lemma 4.8).

The interest in stability comes from two facts. One of them is Theorem 3.17
from [Sc3], which generalizes Corollary 2.11 from [PSc]:

Theorem 4.2. Let M be a finitely generated quadratic module in the finitely
generated R-algebra A. If M is stable, then

M=M+VMN-M.
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Here, vV M N —M denotes the radical of the ideal M N —M. If for example A
is reduced and M N —M = {0}, then M is closed. This is in particular the case
for stable quadratic modules in polynomials rings, whose semi-algebraic set has
nonempty interior.

The other fact making stability so interesting is [Sc3], Theorem 5.4, which we
state in a slightly weaker version:

Theorem 4.3. Let M be a finitely generated quadratic module in the polynomial
ring R[Xy,...,X,]. If M is stable and the semi-algebraic set S(M) C R™ has
dimension at least 2, then M does not have (SMP).

So stability is a very important notion when dealing with quadratic mod-
ules. As we have seen, a stable quadratic module tends to be closed and not
to have (SMP). This directs one’s attention to the question how to find out
whether a finitely generated quadratic module is stable. In the proof of Theo-
rem 3.5 in [KM], the authors show that a finitely generated quadratic module in
R[X7, ..., X,] is stable if its semi-algebraic set in R™ contains a full dimensional
cone (without explicitly using the notion of stability). Theorem 2.14 in [PSc],
that appeared at the same time, is a stronger version of that:

Theorem 4.4. For a finitely generated R-algebra A suppose that the variety
V = Spec(A) is normal. Let P be a finitely generated preordering in A. Assume
V' has an open embedding into a normal complete R-variety V such that the
following is true: For any irreducible component Z of V \'V, the subset S(P) N
Z(R) is Zariski dense in Z, where S(P) denotes the closure of S(P) in V(R).
Then P is stable and closed.

See [P1, P2] for a thorough discussion and applications of this result. Our
approach is to generalize the idea from the proof of Theorem 3.5 in [KM]. We
develop tools for the analysis of cancelling of highest degree terms of polynomi-
als. It turns out that this produces very easy to check conditions for stability.
These conditions can be of geometric nature (as in the theorem above), or of
more combinatorial one. So it also allows applications to quadratic modules to
which Theorem 4.4 does not apply. In addition, the geometric and combinato-
rial methods can be mixed. On the other hand, our method mostly applies to
real domains only. Geometrically, that limits the focus to irreducible varieties.
A lot of the results even work in polynomial rings only. However, the ease of
application makes up for that to some part.

4.1 Generalized Definition of Stability

During the whole rest of the chapter, let A be a finitely generated R-algebra
which is a real domain. That means A does not contain zero divisors and a sum
of squares a? + - - - + a? is only zero if all a; are zero.

Let (T, <) be an ordered Abelian group, i.e. an Abelian group I with a linear
ordering, such that o« < = a+v < 8+ v holds for any «, 3,7 € T.
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Definition 4.5. A filtration of A is a family {U, }er of linear subspaces of A,
such that for all v, €T

’VS’Y/:>U'ygU'y’v

Uy Uy C Uy,
U U,=Aand
vyel

1 €U

holds.

Definition 4.6. A grading of A is a decomposition of the vector space A into
a direct sum of linear subspaces:

A=P4,,
ver

such that A, - A, C A4+ holds for all v,7" €T.

Any element 0 # a € A can then be written in a unique way as
Q=+t a,

for some d € Nand 0 # a,, € A,,, where y; < 2 < -+ < 7g. Then deg(a) := 4
is called the degree of a, and a™** := a., is called the higest degree part of a.
Elements from A, are called homogeneous of degree v. The degree of 0 is —oo.
One easily checks that 1 € Ayp.

The following are some easy observations: If A = &P

U. =P 4,

Y<T

Jer A, is a grading, then

defines a filtration {U, },cr of A. If v: K — T'U {oo} is a valuation of the
quotient field K of A which is trivial on R, then

Uy:={acAlv(a) > —~}
defines a filtration {U, }yer of A. If A= €D . A, is a grading, then

y (g) = deg(g) — deg(f)

defines a valuation on the quotient field K, trivial on R. This valuation induces
the same filtration on A as the grading. For any grading and all a,b € A we
have deg(a - b) = deg(a) + deg(b) and deg(a? + b?) = max{deg(a?),deg(b?)} =
2max{deg(a),deg(b)}. This uses that A is a real domain.

We now define stability relative to a filtration:
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Definition 4.7. Let {U,},cr be a filtration of A and a4,...,as generators of
the quadratic module M. We set ag = 1.

(1) a1,...,as are called stable generators of M with respect to the filtration, if
there is a monotonically increasing map ¢: I' — I', such that

MNU, €Y (Uyyiaa, .-, as)

holds for all v € T".

(2) ai,...,as are called strongly stable generators of M with respect to the
filtration, if there is a monotonically increasing map ¢: I' — I'; such that for all
sums of squares 0y, ...,0s, where o; = f2, +--- + f2, , we have

Zaiai ceUy,= fij € Ug(,),) for all ¢, j.
=0

Obviously, strongly stable generators of M are stable generators of M. The
notion of strong stability has also been introduced in [P1], but under a different
name. The following Lemma is essentially the same as [PSc], Lemma 2.9.

Lemma 4.8. If M has stable generators with respect to a given filtration, then
any finitely many generators of M are stable gemerators with respect to that
filtration.

Proof. Suppose a,...,as are stable generators of M with stability map o as in
Definition 4.7 (1). Let by,...,b; be arbitrary generators of M. Then we find

representations
t

a; = Z U§i)bj,

Jj=0

where all J](»i) e 32 (U,)? for some big enough 7 € I'. Now take f € M N U, for
some v and find a representation f = Zfzo oia; with o; € 3 (UQ(,Y))Q for all 4.

Then
EDITED IO WAL ol por It
i i j j i
and all ), Jiagi) are in . (UQ(7)+T)2. This shows that by,...,b; are stable
generators of M with stability map vy +— o(7y) + 7. O

So it makes sense to talk about stability of a finitely generated quadratic mod-
ule with respect to a filtration, without mentioning the generators. However,
the stability map ¢ may depend on the generators in general. Note also that M
is stable in the usual sense (defined in the previous section), if and only if it is
stable with respect to a filtration consisting of finite dimensional subspaces U.,.

Now suppose we are given a grading on A. We will talk about stable genera-
tors, strongly stable generators and stable quadratic modules with respect to the
grading, and always mean these notions with respect to the induced filtration.
However, things become easier to handle in this case.
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Lemma 4.9. Let A = @'\/EF A, be a grading and let M be a finitely generated
quadratic module in A. Then M has strongly stable generators with respect to
the grading if and only if there is a monotonically increasing map ¢: I' — T,

such that for all f,g € M,

deg(f),deg(g) < ¢ (deg(f + g))

holds. In particular, if M has strongly stable generators, then any finitely many
generators are strongly stable generators.

Proof. Suppose aq, ..., as are strongly stable generators of M with stability map
0. Take f,g from M with representations f = . 0,a;,9 = Y, 7a,. Then for
all j
deg (0ja;) = deg (o) + deg (a;)
< deg(0; + 7;) + deg(a;)
= deg((0; + 75) a;)

< (deg (Z (o7 +73) ai))

=9 (deg (f +9)),

where the last inequation is fulfilled with ¥ () := 20() + max; deg(a;), by the
strong stability of the a;. So deg(f) < ¢ (deg(f + g)) holds, and the same is
true for g. Note that v is monotonically increasing, as ¢ was.

So now suppose deg(f), deg(g) < ¢ (deg(f + g)) for some suitable map 1) and
all f,g € M. Take any finitely many (non-zero) generators ay,...,as and sums
of squares oy, ...,0,, where o; = ﬁl 4+ + sz,k,-' Set ap = 1. Then

deg (0ja;) < ¢ (deg (Z Uiai>>

3

for all j. Thus for all 7,1,

2deg(fj1) < (deg <Z a,-ai)) - miindeg(a,-).

K2

So

deg (fj,1) < max {0,¢ (deg <Z Ui@i)) — min deg(ai)}

holds. Now p(7) := max {0, (7) — min; deg(a;)} defines a monotonically in-
creasing map, and whenever

f= Zaiai € EBAW for some 7,
i

YT

then deg(f;1) < o(deg(f)) < o(r), which shows the strong stability of the
ai,...,as. The proof also shows that any finitely many generators are strongly
stable generators in this case. O
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So we can talk about strong stability of a quadratic module with respect to
a grading, without mentioning the generators. A very special case of strong
stability is the following, which will have a nice characterization below:

Definition 4.10. Let A = @wer A, be a grading and let M C A be a finitely
generated quadratic module. M is totally stable with respect to the grading, if

deg(f),deg(g) < deg(f + g)

holds for all f,g € M. The proof of Lemma 4.9 shows that this is equivalent to
the fact that there are generators ay,...,as of M such that

deg(oja;) < deg (Z Uiai> for all j

holds for all o; € 3~ A2. All finitely many generators of M fulfill this condition,
then.

Note that a quadratic module M in A which is totally stable with respect to any
grading has trivial support. Indeed if f, —f € M, then deg(f) < deg(f — f) =
deg(0) = —o0, s0 f =0.

If v: K — T'U{oo} is the valuation corresponding to a given grading, then the
notion of total stability is equivalent to saying that for any f,g € M,

v(f +g9) =min{v(f),v(g9)}

holds. This is usually called weak compatibility of v and M.

4.2 Conditions for Stability

Total stability with respect to a grading turns out to be well accessible. First,
when checking total stability of a finitely generated quadratic module, one can
apply a reduction result, to obtain possibly smaller quadratic modules. There-
fore take generators aq,...,as of M, define an equivalence relation on the gen-
erators by saying

a; = a; < deg(a;) = deg(a;) mod 2T,
and group them in equivalence classes
{ait, .. yais,} (=1,...,7).

Then total stability reduces to total stability of the quadratic modules generated
by these equivalence classes:

Proposition 4.11. M is totally stable with respect to the given grading if and
only if all the quadratic modules M; := QM (a1, ..., ais,) are totally stable.
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Proof. The ”only if”-part it obvious. For the ”if’-part take f,g € M with
representations f = o9 + 01a1 + ---0sas and g = 19 + Ma1 + - Tsas. By
grouping the terms with respect to the equivalence relation and using the total
stability of the modules M;, we get decompositions

f=h+tfn g=pttg,

with f;, g; € M; and all the f; (as well as the g;) have a different degree modulo
2. So if f and g have the same degree and deg(f) = deg(fx), deg(g) = deg(q1),
then & = [ and the highest degree parts of f and g cannot cancel out, due to
the total stability of M. O

Now total stability has the following easy characterization:

Proposition 4.12. Let A = @ver A, be a grading and let M be a finitely
generated quadratic module in A. Let ay,...,as be generators of M. Then

M is totally stable < supp (QM(a]™™, ..., a3™)) = {0}.

Proof. First suppose supp (QM(a®*, ... a™**)) # {0} So there are sums of
squares oy, ..., 0, not all zero, such that Zf:o a7 = 0. Now

deg (Z aiai> = deg <Z oi(a; — a’imax)>
i=0 i=0
< max {deg(ci(a; — a;"*)}

< max {deg(c;a;)},

so M is not totally stable. Conversely, for any sum of squares o;, the highest

degree part of oja; lies in QM (a™™, ..., al*®). So when adding elements of the
form o;a;, the highest degree parts cannot cancel out, if (QM(a®*, ..., a??*)) =
{0}. So M is totally stable. O

The good thing about Proposition 4.12 is, that it allows to link total stability
to a geometric condition, via Proposition 2.5:

Theorem 4.13. Let A = ®'y€1" A, be a grading and M a finitely generated
quadratic module in A. If for a set of generators aq,...,as of M, the set

S(a™®=, ..., a™) C V(R)

S

is Zariski dense, then M 1is totally stable with respect to the grading. If M is
closed under multiplication, then total stability implies the Zariski denseness for
any finite set of generators of M.

Proof. If S(af"®*, ..., a®) is Zariski dense, then

supp (QM(axlnaxv cees agnax)) = {0}7
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by Proposition 2.5 (note that A is real). So Proposition 4.12 yields the total
stability of M. If M is a preordering, generated by aq,...,as as a quadratic
module, and totally stable, then QM (a]®*, ... a™**) is also a preordering. So
Propositions 4.12 and 2.5 imply the denseness of S(a®,...,a2*) in V(R). O

S

Note that if M is a finitely generated quadratic module which is closed under
multiplication, and by,...,b; generate M as a preordering, then the products
be := bt -+ byt (e € {0,1}) generate M as a quadratic module, and

ST, .. b)) = 8 (b | e € {0,1}).

In the next section we will consider different kinds of gradings on the polyno-
mial ring A = R[X7, ..., X,]. The denseness condition from Theorem 4.13 will
be translated into geometric conditions on the original set S(M).

Recall that we are mostly interested in stability of a finitely generated quadratic
module in the sense of [PSc|] (see the previous section), that is, stability with
respect to a filtration of finite dimensional subspaces. Many of the later con-
sidered gradings do not induce such finite dimensional filtrations. Our goal is
then to find stability with respect to enough different gradings, so that in the
end the desired stability is still obtained. Therefore we consider the following
setup:

Let I', Ty, ..., I, be ordered Abelian groups and let

{W:}er {U@}%m G=1,...,m)

be filtrations of A.
Definition 4.14. The filtration {W,} . is covered by the filtrations

{Uv(j)}yerj G=1,...,m),

if there are monotonically increasing maps
n: Ty x---xTp, =T, n: T =T, (j=1,...,m),

such that for all y € I',y; € I'; (j = 1,...,m), the following holds:

~ 770
W c lUmm and
i

ﬂ U%) < W

Jj=1

ViseeyYm)*

For n, monotonically increasing refers to the partial ordering on the product
group obtained by the componentwise orderings of the factors.

We will speak about covering of /by gradings, and mean the notion from Defi-
nition 4.14 applied to the filtrations induced by them. The next theorem makes
clear why we are interested in coverings.
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Theorem 4.15. Suppose a quadratic module M in A has generators aq, ..., as
which are strongly stable generators with respect to the filtrations

{u@}ﬁj G=1,...,m).

Then a1,...,as are also strongly stable generators of M with respect to any
filtration {W'Y}'yel“ which is covered by these filtrations.

Proof. For every j = 1,...,m, take a stability map g; for the generators with

respect to the filtration {Uv(j )} (remember Definition 4.7(2)). As in Defin-
vely
ition 4.14 , the covering maps are denoted by 7 and n;.

Take sums of squares oy,...,0,, where o; = fﬁl 4+ o+ f?k@ and suppose
Soi_goia; € W, for some v € T. Then Y ;_;o;a;, € Ué%) for all j. So by
strong stability,

A () -
fii € UQj("']j(’Y)) for all j,4,1.

But then
Jit € Wato1(mi(1)),es0m (nm (7)) for all @1,

which shows the strong stability with respect to {W,}, _p.. O

Before we apply the obtained results, we conclude this section with an easy
observation. It will be helpful in generalizing an interesting result from [CKS]
later on. For this we drop the assumption that all algebras are real domains. We
consider arbitrary R-algebras A, B and an R-algebra homomorphism p: A — B.
Of course, the definitions of stability still apply.

Proposition 4.16. Let S C V4(R) be basic closed semi-algebraic. Suppose
every finitely generated quadratic module in B describing (¢*)~(S) has only
strongly stable generators with respect to a fized filtration (U,)yer on B. Then
every finitely generated quadratic module in A describing S has only strongly
stable generators with respect to the induced filtration (gofl(U,y))vep.

Proof. Let a1, ...,as be generators of a quadratic module M in A with S(M) =

S. Take sums of squares oy, ...,0s with o; = ffl + o+ ffkl and assume
00+0'1011+"'+JS(LS€Q071(U»Y) (8)
for some v € T'. The elements ¢(ay),. .., p(as) generate a quadratic module in B

that describes (¢*)~1(S). So they are strongly stable generators and we denote
the corresponding stability map by o. Applying ¢ to (8) and using the strong
stability yields o(f; ;) € Uy for all 4,7, and therefore all f; ; € cpfl(Ug(n,)).
This shows that ai,...,as are strongly stable generators (with stability map

0). O

Note that if the filtration (U,)~er of B consists of finite dimensional subspaces
and ¢ is injective, then the induced filtration (c,ofl(U,Y))WEF consists of finite
dimensional subspaces of A. We will apply the result at the end of the following

section.
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4.3 Applications

In this section we apply the results from the previous section, mostly in the
polynomial ring A = R[X] = R[X7,...,X,]. We identify V4(R) with R™ in the
usual way. We start by defining a class of useful gradings.

For § = (01,...,0,) € N* and z = (21,...,2,) € Z"™ we write

X0 = X X

and

200 := 2101 + - 2p0n.

For d € Z define

A((f) = Z csX° |cs €R
§eN™ | z06=d

Then

A=PAy

deZ

is a grading indexed in the ordered group (Z, <), to which we will refer to as the
z-grading. For example, z = (1,...,1) gives rise to the usual degree-grading on
A, whereas z = (1,0, ...,0) defines the grading with respect to the usual degree
in X;. Note that the filtration induced by such a z-grading consists of finite
dimensional linear subspaces of A if and only if all entries of z are positive.
We want to characterize the denseness condition from Theorem 4.13 for these
z-gradings. For a compact set K in R™ with nonempty interior, we define

Tk, :={(N\*21,...; "xp) | A>1, = (21,...,2,) € K} CR",

a "tentacle” in direction of z. For z = (1,...,1), such a set is just a full
dimensional cone in R™. For z = (1,0,...,0) it is a full dimensional cylinder
going to infinity in the direction of z. For z = (1, —1) € Z2, something like the
set defined by zy < 2,zy > 1 and x > 1 would be such a set.

Proposition 4.17. Let ay,...,as be polynomials in the graded polynomial ring
RIX] = @D,ez, A where z € Z". Then the set

S(a™, ..., ad®) CR"
18 Zariski-dense in R™ if and only if the set

3((11,...,@5) - R"

contains a set Tk, for some compact K C R™ with nonempty interior.
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max max) jg Zariski-dense, which is equivalent to

Proof. First suppose S(ai™*, ... al
saying that there is a compact set K with nonempty interior, on which all a}***
are positive. Write each a; as a sum of homogeneous elements (with respect to

the z-grading), for example
a1 =aq, +...+aq,,
where d; < ... <d; and 0 # aq, € A&j). Then for x € R™ and A > 0

ar (N xy, . N a) = Aag, (2) + .. 4 Mag, (2).

As ag,(z) = aP™(z) > 0 if = is taken from K, the expression is positive for
A > N with N big enough. Thereby N can be chosen to depend only on
the size of the coefficients aq4,(x). So N can be chosen big enough to make
a;(A1x1,..., A*rx,) positive forall A > N,z € K and alli = 1,...,s. Replacing
K by

K= {(Nzll‘]_’...,Nann)|x: (3317-""%'1’7/) EK}

we find Tg: , C S(ay,...,as).
Conversely, suppose S(a1,...,as) contains a set Tk .. Then all the highest
degree parts of the a; must be nonnegative on K, with the same argument

as above. So S(aP®,...,ar*) contains K and is therefore Zariski-dense in

R™. O
Combined with Theorem 4.13 we get:

Theorem 4.18. Let ay,...,as be polynomials in the graded polynomial ring
RIX] = Dyez A((f), where z € Z™. If the set

S(ala"'aas) g R™

contains some set Tk ., (K compact with nonempty interior), then the quadratic
module QM(ay, ..., as) is totally stable. If QM(ay,...,as) is a preordering, the
denseness condition is also necessary for total stability.

For the z-gradings, we can also settle the questions of coverings:

Proposition 4.19. Let z,z1) ... 20" € Z" and assume there exist natural
numbers ri,...,Tm,t1,...,tm € N such that the following conditions hold (where
v = w means > in each component of the vectors v,w in Z"):

rzM 4+ 2™ = 2 and

tjziz(j) forj=1,...,m.

Then the z-grading on R[X] is covered by the 29 -gradings.
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Proof. We denote by deg(f) and deg)(f) the degree of a polynomial f with
respect to the z- and the z(9)-grading, respectively. First take a polynomial f
and suppose deg(f) < d for d € Z. So for every monomial cX% occuring in f
we have z o0 < d. Now for every j =1,...,m,

2D 0§ <tj(z06) < tjd,

SO deg(j)(f) < t;d. Thus ¢;: Z — Z;d — t;d fulfills the condition from Defini-
tion 4.14.

Now suppose deg)(f) < d; for d; € Z and j = 1,...,m. Now for every
monomial ¢X? occuring in f,

zod <1 <2(1)05)+"'+7‘m (Z(m)oé) <ridy+ - A rmde,

holds. So ¥: Z™ — Z;(di,...,dm) — T1d1 + -+ + rpdy, fulfills the other
condition from Definition 4.14. O

For example, the usual grading (z = (1,...,1)) is covered by the gradings
defined by

2N =(1,0,...,0),2? =(0,1,0,...,0),...,2 = (0,...,0,1).
For n = 2, the two gradings defined by
2 =(0,1),22 = (1,-1)

also cover the usual grading.

Combining Proposition 4.19, Theorem 4.15 and Theorem 4.18, we get geomet-
ric conditions for stability in the sense of [PSc]. Indeed, take a covering of the
usual grading by some z-gradings. For all the z-gradings we have a geometric
interpretation of total stability (Theorem 4.18). So Theorem 4.15 yields a geo-
metric condition for (strong) stability with respect to the usual grading. This
is subsumed into the following theorem:

Theorem 4.20. Let S C R" be a basic closed semi-algebraic set that contains
sets Tx, (i, where K is compact with nonempty interior and 20) e zn (j=
1,...,m). If there exist r1,...,rym € N such that

rzM 4 2™,
then any finitely generated quadratic module describing S is stable and closed.

If n > 2, (SMP) is not finitely solvable for S.
Such natural numbers r; exist if and only if the only polynomial functions

bounded on
m
U Tk 2@
j=1

are the reals.
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Proof. The first part of the Theorem is clear from the above results. We only
have to prove the part concerning the bounded polynomial functions. Note that
a polynomial f is bounded on a set T . if and only if it has degree less or equal
to 0 with respect to the z-grading. This follows easily, using the ideas from the
proof of Proposition 4.17, and the fact that K is compact and has nonempty
interior. So in case there are natural numbers rq,...,r, € N with

S C R CO )

there is no nontrivial monomial X° that has degree less or equal to 0 with
respect to all the z(/)-gradings. So there can also be no nontrivial polynomial
bounded on U;"Zl Tk, -

Conversely, assume there do not exists suitable numbers ;. Then, by a
Theorem of the Alternative (see for example [A], Lemma 1.2), there must be
t = (t1,...,t,) € N*\ {0}, such that

toz0) <0

for all j. But this means that the (nontrivial) monomial X" --- X’ is bounded
on Uil Tk, 200 O

Another class of gradings on the polynomial ring A is given by term-orders. A
term order is defined to be a linear ordering < on N™ which fulfills

a<fB=aty<B+y

for all o, 3,y € N™. Such a term order extends in a canonical way to an ordering
of the Abelian group Z". Indeed write v € Z™ as a difference oo — (3 of elements
from N”; then define v > 0 if and only if o > .

We have a grading
i @,

yer

where A(VS) =R-X7if vy € N* and AE,S) := {0} otherwise. We refer to this
grading as the <-grading. The decomposition of a polynomial f € R[X] is

fzc,le”’l—i—--ul—c%X"’h

where ¢, # 0 are the coefficients of f and 7, < --- < 7, with respect to the term
order. The degree of f is ¢ then, and the highest degree part is the monomial
¢y, X7. Now for these term order gradings, the question of total stability is
easy to solve. First we apply the reduction result from Proposition 4.11 to the
generators of the quadratic module. So we can assume that all the generators
have the same degree mod 2Z". The highest degree parts of the generators are
then monomials ¢, X7, where all the v are congruent modulo 2Z". So obviously
the quadratic module is totally stable if and only if all the occuring coefficients ¢
have the same sign (and are positive in case the 7 are congruent 0 modulo 2Z™).
So this gives an easy to apply method to decide total stability of a quadratic
module with respect to a term order grading.
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Note that not all of these <-gradings induce filtrations with finite dimensional
linear subspaces. For example, a lexicographical ordering on N does not. How-
ever, if we first sort by absolute value and then lexicographically, the subspaces
are finite dimensional. These term order gradings can show stability of quadratic
modules, where the purely geometric conditions derived above and in [PSc] do
not apply. So they allow to take into account the difference between quadratic
modules and preorderings. See Chapter 6 for examples.

For algebras A other than the polynomial ring, it is not so obvious how to
get gradings. However, if an ideal I in the graded R-algebra A = ®’VEI‘ A, is
generated by homogeneous elements, the factor algebra A/I carries a grading

A=A,

vel

where A, consists of the residue classes of the elements from A.,.

For example, the polynomial 1 — X; X5 is homogeneous with respect to the
(1,—1)- as well as the (—1,1)-grading on R[X;, X5], defined above. So these
two gradings push down to A = R[X;, X5]/(1 — X1X5), and they cover the
usual filtration obtained by pushing down the canonical filtration (by degree)
of R[X7, X5]. Note also that A is a real domain.

We conclude this section with an application of Proposition 4.16, namely a
generalization of Theorem 6.23 from [CKS]. We briefly recall the setup of that
article and refer to it for more detailed information. Consider a finitely generated
and reduced R-algebra B with affine R-variety Vp and its set of real points
Vp(R). Then B equals R[Vp], the algebra of real regular functions on Vg.
Let G be a linear algebraic group defined over R, acting on Vg by means of
R-morphisms. Then G(R) acts canonically on B = R[Vp] and if G(R) is semi-
algebraically compact, the set of invariant regular functions, denoted by A =
R[Vg]Y, is a finitely generated R-algebra. So it corresponds to an affine R-variety
V4 and the inclusion ¢: A = R[Vp]Y < R[Vz] = B corresponds to a morphism
Vp — V4. This restricted morphism ¢*: Vp(R) — V4(R) can be seen as the
orbit map of the group action, by a Theorem by Procesi, Schwarz and Broker.
Indeed, the nonempty fibers are precisely the G(R)-orbits. Furthermore, for
any basic closed semi-algebraic set S in Vp(R), the set +*(S) is basic closed
semi-algebraic in V4 (R). The affine variety V4 is denoted by Vp//G.

Now suppose S C Vp(R) is G-invariant. Then one can look at the invariant
moment problem for S. That is, one wants to find a finitely generated quadratic
module M C R[Vz]9, such that every linear functional L on B which is invariant
under the action of G(R), and which is nonnegative on M, is integration with
respect to a measure on S. One of the main results from [CKS] concerning the
invariant moment problem is, that this is possible if and only if M defines ¢*(5)
in V4(R) and has (SMP) in A (Lemma 6.9 in [CKS]). The situation in V4(R)
is often simpler than the one in Vp(R), and so the invariant moment problem
can be solved in cases where the strong moment problem can not.

However, Theorem 6.23 in [CKS] yields a negative result about the invariant
moment problem. Roughly spoken, it says that if (SMP) is not finitely solvable
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due to some geometric conditions on S, then the invariant moment problem
is not solvable either. The result is proven for finite groups G and irreducible
varieties only. The following result holds for arbitrary compact groups.

Theorem 4.21. Let the compact group G act on the affine variety Vg and let
S be a G(R)-invariant basic closed semi-algebraic set in Vp(R). Suppose every
finitely generated quadratic module M in B describing S has only strongly stable
generators with respect to a filtration of finite dimensional subspaces of B. Then
the same is true for .*(S) in A. In particular, if dim(.*(S)) > 2, then (SMP) is
not finitely solvable for 1*(S). So the invariant moment problem is not finitely

solvable for S.

Proof. If QM(aq,...,as) C A describes ¢*(5), then QM(¢(aq),...,t(as)) € B
describes S = (¢*)71(.*(S)). This uses that the fibres of t* are precisely the
G(R)-orbits and that S is G(R)-invariant. Now apply Proposition 4.16. O

One checks that the geometric conditions from Theorem 6.24 in [CKS] imply,
that the conditions from our Theorem 4.21 are fulfilled. Note also that the
geometric conditions obtained above always imply the strong stability of any
finite set of generators for S. So Theorem 4.21 yields a negative result concerning
the invariant moment problem in all of these cases.
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5 The Sequential Closure

In this chapter we deal with the I-property of quadratic modules. Remember
that for a set C' in a real vector space E, C* is defined to be the sequential closure
of C' with respect to the finest locally convex topology on E. It is contained
in the closure C' and can be characterized as the union of all finite dimensional
closures of C' (see the remark following Lemma 2.1). If C is a convex cone, by
Proposition 2.3, C* consists of all elements f of E for which there is some ¢ € F
such that
f+eqe Cforalle>D0.

We examine the sequence of iterated sequential closures of a convex cone C' in
E. Therefore define C(© := ¢, C¢+D .= (C(S))i for ordinals & and C*) :=
Ue<p C®) for limit ordinals . Define

where £ is the smallest ordinal such that C€) = C¢+1) and call it the f-index
of C. If the vector space has countable dimension, then a set C' is closed if and
only if it is sequentially closed, by Proposition 2.2. So the transfinite sequence
of iterated sequential closures of C' terminates exactly at C, and $(C) is the
smallest ordinal ¢ such that C¢) = C.

A quadratic module M in an R-algebra is said to have the {-property, if

Mi — Msat

holds. This property implies (SMP) for M, and that was one of the reasons the
authors of [KM, KMS] introduced and examined it. One of the most important
results of these works concerning the {-property is Theorem 5.3 in [KMS]. It says
that a module defining a cylinder with compact cross section has the {-property
under reasonable assumptions.

It was an open problem whether the f-property and (SMP) are equivalent for
quadratic modules or preorderings. It was even unknown whether M = M
could be true for quadratic modules or preorderings in general. We solve these
questions by providing a finitely generated preordering in the polynomial ring of
two variables that has (SMP) but not the {-property. This is done in Section 5.2.
Section 5.3 contains some short remarks about the sequential closure on quotient
algebras. In Section 5.4 we prove a fibre theorem that allows to obtain the i-
property by looking at lower dimensional problems under certain conditions.
The idea is to generalize the proof of Theorem 5.3 from [KMS]. However, we
start by examining convex cones in countable dimensional vector spaces.

5.1 Examples of Sequential Closures of Convex Cones

During this section let

E = @R -e; = {(fi)ien | fi € R, only finitely many f; # 0}
i=0
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be a countable dimensional R-vector space. For m € N we write

m—1
W =P R-e;,
i=0

so the increasing sequence (W, )men of finite dimensional subspaces exhausts
the whole space E. In the following we construct examples of sets and convex
cones with different f-indices.

Forn € {1,2,...} and I = (lo,11,...,1,) € (N\ {0}))""" define

1 1 1 1 1 1
V() :=[—,1] x X [, 1] X [, 1] X -o X [, 1] x oo X [—, 1] x -+ x [—,1].
ll ll lg 12 ln ln
lp times I, times l,_, times
V(1) is a compact subset of Wy, 4.4, _,. Let
Ul :=vi)yx € [0.1] e,
i=lo+++ln_1

so U(l) C E and U(l) N W,, is compact for every m € N; indeed nonempty if
and only if m > lg+ -+ [,_1. Now define

M, = U U(l).

le(N\{op)"+*

The intention behind this is that M, contains n ”steps”, and the application of
the {-operator removes one at a time.
We have for m > n > 2
M, N"W,, € M, _1.

To see this take a converging sequence (x;); from M, NW,,. So for each z; there
is some 1) e (N\ {0})"*" such that 2; € U(I®). As any U(I) N W, is only
nonempty if lp + - -+ + l,,—1 < m, we can assume without loss of generality (by
choosing a subsequence), that the 1% coincide in all but the last component.
This shows that the limit of the sequence (z;); belongs to M,,_1 (indeed to

v, 19 ) nwn).

»'m—1
So (Mn)i C M,,_1 and the other inclusion is obvious, so we have for n > 2

(Mn)i = Mn—l-
In addition,
[ee]
My ¢ Mf=EP[0.1] e,
i=0

which is closed. This shows {(M,) = n and M, = @;, [0,1] - e; for all n > 1.
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Let cc(M,,) denote the convex cone generated by M, i.e. cc(M,) consists of
all finite positive combinations of elements from M,,. We have for n > 2

ce(My)} = cc(M,,_1).

To see "C” suppose © € cc(Mn)i. Then we have a sequence (x;); in some
cc(My,) N Wy, = ce(M,, N W,,,) that converges to = in W,,. Write

21 = ADa 4. ADg)

with all ay) e M, NW,, and all )\gl) > 0. We can choose the same sum length NV
for all x;, using [Ba], Problem 6, p. 65 (the result is based on Charathéodory’s
Theorem). By choosing a subsequence of (z;); we can assume that for all j €
{1,..., N} the sequence (aﬁ-l))i converges to some element a;. This uses M, N

Wy C [0,1]™. All elements a; lie in M} = M, _1. Asn > 2, the first component
(4) (2)

of each element a;” is at least % So all the sequences ()\j ); are bounded and
therefore without loss of generality also convergent. This shows that x belongs
to cc(Mp—1).

To see ” D" note that M} C cc(M,)* and cc(M,)* is a convex cone. So
cc(My,_1) = ce(M?) C cc(M,)*.
For n =1 we have

CC(Ml){f(fi)iE@R20'€¢|fooﬁf0},

i=0
SO

CC(Ml) g_ C(Z(]\fl)i = @RZO * €4y
=0

which is closed. So we have:

Example 5.1. For n € {1,2,...}, the convex cone cc(M,,) fulfills
flee(My)) = n

and

CC(Mn) = @RZO c €.
i=0

We proceed and now want to construct a set that does not have a finite I-index.
The idea is to unite all the sets M,, with enough distance between them, so that
the f-operator applies to each of them separately.

First note that for any set A C F and any x € F we have

(x+ A =2+ A%
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This follows directly from continuity of addition. So with the above defined
notions, for x € E and k,n € {1,2...} we have

€ (x—i—Mn)(k) < k>n.

Indeed z € (x4 M,)" =z + M if and only if 0 € M¥, which we have
shown to hold precisely if k > n.
Now define ,, := (2n,1,0,0,...) € E and

G (xtn+M,) CE.

We claim that for all £ € N we have

M® = (@n + M"Y

n=1

Note that for all k, m,
(n + M) AWy, € 20,20 4+ 1] x [1,2] x [0,1] x -+ x [0, 1].

So an easy induction argument shows that a converging sequence from M *) lies
without loss of generality in one fixed (x,, + M, )( ) which proves the claim.
For all k,n we have

z, € MP) & 2. € (a:n+Mn)(k) sk >n.

This shows that the sequence of iterated sequential closures of M does not
terminate after finitely many steps. Furthermore,

M@ = Jm® =] U z, + ML [j + MW
keN keNn=1 n=1

is closed. So:

Example 5.2.
M) = w.

Now we want to find a convex cone with a similar property. We claim
ce(M)*) = ce(M®)

for all K € N. We prove this by induction; the case k = 0 is clear. Now we
suppose it is true for some k and show it for k + 1. For "C” take a converging
sequence (z;); from cc(M)® W, = cc(M®)NW,, = cc(M*® NW,,) for some
m > 2. As before write

T; = )\gi)a(li) + - )\S\i,)a%)
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with fixed N, all )\y) > 0 and all ag.i) e M® NW,,. So each a;i) belongs to
some (a:n + M,@) N W, from which we conclude n < m + k (otherwise the

intersection would be empty). So, similar as before, we can assume that all the
sequences (ag-l))i converge to some a; € M+ - As the first components of all

aéi) bigger or equal than 2, we can also bound the /\gi) and so assume that the
sequences ()\y))i converge. This shows that the limit of the sequence (z;); lies
in cc(M*+1). The inclusion ”D” is again clear.
Now we have
ce(M)©) = U ce(M*)
keN

“ ()
(U Ty + M )

One checks that a = (1,0,0,...) does not belong to cc(M)“). On the other
hand, each zj, = (2k,1,0,...) and therefore (1, 5-,0,...) does. So
ce(M) @D D ce(M)“) 4 Rsq - a D ce(M))

and the convex cone in the middle is closed. Indeed if a sequence (z;); converges
in some W,,, with

T; = )\(li)agi) + - /\%)ag\i,) + )\(i)a, (9)

all /\gi),)\(i) >0, all aéi) e U xn + M{™, then the sequences ()\;i))i and
(A@); converge without loss of generality (they are bounded, look at the first
components of 9). If such a sequence ()\(»i))- converges to zero, then the sequence
(/\(Z) @ )) converges without loss of generality to an element from R>q - a. Oth-

erwise it converges to an element from cc(M)). So all in all we have proven
the following surprising fact:

Example 5.3. For the convex cone cc(M) we have
(ce(M)) =w+ 1.

Unfortunately, the I-index does not behave very predictable when going down
to some quotient space E/W in general. Indeed, the image of M,, and cc(M,,)
in E/W,,, under the canonical identification E/W,, & E, equals M, _,, and
cc(M,,_,,), respectively. Here, we set My, = M; when k < 0. So the f-index can
fall by an arbitrary natural number when going down to a quotient space.

On the other hand, it can also go up. For example look at

Dy = {(lll,2) | 1€ (N\{0})"", 2 € (zn + U (1))}
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as well as

(@

D = D,

n=1

as sets in the space
E'=Ra E.
Here, || denotes Iy + -+ - +{,,. D and all the D,, are easily checked to be closed.
Factoring out the first component of E’ makes the -index of D,, rise from 0 to
n, the index of D even rise from 0 to w.
See Section 5.3 for some results about quadratic modules and quotient algebras.

5.2 A Preordering Counterexample

In this section we construct an example which shows that (SMP) does not imply
the f-property. This will answer Question 3 in [KM] and Question 2 in [KMS].
It will also give a negative answer to the question in [S3], whether the fibre
theorem (Theorem 3.8 in our work) holds for the {-property instead of (SMP).

Consider A = R[X, Y], the real polynomial ring in two variables. We take the
four polynomials

=Y fo=Y+X, fs=1-XY and f, =1— X2

and write
P .= Po(f17f27f3af4)'

The corresponding basic closed semi-algebraic set in R? looks like this:

Proposition 5.4. The preordering P in R[X,Y] has (SMP)

Proof. The basic closed semi-algebraic set S(P) is contained in the cylinder
[~1,1] x [0,00) in R%. The polynomial X is therefore bounded on S and we can
apply Schmiidgen’s Fibre Theorem (Theorem 3.8) to the preordering P.

For any A € [—1,1] write

Py=P+(X—)\).
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For 0 < A < 1, P, describes a compact semi-algebraic set and therefore has
(SMP) by Theorem 2.9 (even the {-property). For A € [-1,0], P\ has (SMP) if
and only if the preordering

PO(Y?, Y + A\, 1 —\Y) CR[Y]

has (SMP), by Proposition 3.1. This preordering describes the one dimensional
semi-algebraic set [-\,00). As Y + A is the natural generator for this set, it
is even saturated (see [KM], Theorem 2.2). So Py has (SMP) (it is indeed
also saturated). So by Schmiidgen’s Theorem, the whole preordering P has
(SMP). O

The next result is a characterization of P¥. We write
PO(al, e 7a5)d

for the set of elements having a representation in PO(ay,...,as) with sums of
squares of elements of degree < d.

Proposition 5.5. A polynomial f € R[X,Y] belongs to P* if and only if there
is some d € N, such that for all A € [-1,1],

fOLY) € PO(fi(NY), ..., fa(\,Y))a CR[Y].

Proof. The ”if’-part is a consequence of Theorem 5.14 below (or can already
be obtained by looking at the proof of Theorem 5.3. in [KMS]). We can take
s=1,b; = X and find

f=px+ (X =N

where py € P and deg(qy) is bounded for all A\. So Theorem 5.14 yields f € P%.
For the "only if’-part assume f belongs to P¥. So there is some ¢ € R[X,Y]

and sums of squares o\°) € SR[X,Y] for all ¢ > 0 and e € {0,1}* such that

freq=> ol i

Note that the total degree of the agg) may rise with € getting smaller. However,
the degree as polynomials in Y cannot rise; it is bounded by the Y-degree of
f + eq, which does not change with . This is because the set S(P) contains
the cylinder [—1,0] x [1,00] and is therefore totally stable with respect to the
(0,1)-graduation (see Chapter 4).

By evaluating in X = A, this means that f(A,Y) 4+ eq(A,Y) belongs to

Po(fl()‘a Y)a teey f4()‘7y))d

for some fixed d and all A € [—1,1],e > 0. As mentioned in the previous Chapter,
PO(fi(NY),..., fa(A,Y))q is a closed set in a finite dimensional subspace of
R[Y] (Proposition 2.6 in [PSc]). Sowe get f(A,Y) € PO(f1(AY),..., fa(A,Y))a
for all A € [—1,1], the desired result. O
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Corollary 5.6. P does not have the I-property.

Proof. The polynomial Y is obviously nonnegative on the semi-algebraic set
S(P). However, it does not belong to

PO(f1(1,Y),..., f4(1,Y)) =PO(Y?,Y + 1,1 -Y) CR[Y].

Indeed, writing down a representation and evaluating in Y = 0, this shows that
Y2 divides Y, a contradiction. So in view of Proposition 5.5, Y can not belong
to Pt O

Note that Y is not in P* as it fails to be in the preordering corresponding to
the fibre X = 1. However, Proposition 5.5 even demands all the polynomials
f(AY) to be have representations in the fibre-preorderings

PO(fl(/\,Y), e 7f4()‘7y))

with simultaneous degree bounds for f to be in P*. Indeed, there are examples
of polynomials belonging to all the fibre-preorderings but failing the degree-
bound condition (and so also not belonging to P*). We will give one here, as it
gives a justification for one of the assumptions in Theorem 5.14 below.

Example 5.7. Take f = 2Y + X, which belongs to P**. For any \ € [—1,1],
Ff(AY) =2Y 4+ X belongs to PO(f1(A\,Y),..., fa(A,Y)); for A > 0as f(A,Y) is
strictly positive on the corresponding compact semi-algebraic set (so use Theo-
rem 2.9), for A € [—1, 0], the fibre preordering is saturated, as mentioned in the
proof of Proposition 5.4.

However, for A \, 0, there can be no bound on the degree of the sums of
squares in the representation. Indeed, for A > 0, write down a representation

2V + A= > oYY + N1 - AY)*, (10)
e€{0,1}3

where the 09) are sums of squares. Evaluating in Y = 0, this shows

A A
‘7((0,)1,0)(0) + U((o,)1,1)(0> <1 (11)

Now if the degrees of the 09) could be bounded for all A > 0, we could write
down a first order logic formula saying that we have representations as in 10 for
all A > 0. We add the statement 11 to the formula. By Tarski’s Transfer Princi-
ple, it holds in any real closed extension field of R. So take such a representation
in some non-archimedean real closed extension field R for some A > 0, which is
infinitesimal with respect to R. The same argument as for example in [KMS],
Example 4.4. (a) shows that we can apply the residue map O — O/m = R to
the coefficients of all the polynomials occurring in this representation. Here, O
denotes the convex hull of R in R. This is a valuation ring with maximal ideal
m. So we would get a representation

2Y = 0(0,00) + 0(1,00Y° +00,1,00Y + 00,01 + 011,00
+oa0nY? +o01nY +oanY?
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with sums of squares o, in R[Y] fulfilling

0'(071’0)(0) + 0'(0’1,1)(0) S 1. (12)

As no cancellation of highest degree terms can occur, we get

0= 0(0,00) = 7(1,0,00 = 7(0,0,1) = 9(1,1,0) = F(1,0,1) = O(1,1,1)

as well as
0(0,1,0) T 0(0,1,1) = 2.

This last fact obviously contradicts 12.

So for 2Y 4+ X, the degree bound condition on the fibres fails, although the
polynomial belongs to all of the fibre preorderings. In view of Proposition 5.5,
it does not belong to P*. This also shows that the ”degree bound”-assumption
in Theorem 5.14 below is really necessary.

The above example answers open question 3 in [KM] whether (SMP) implies
the f-property. It also answers open question 2 in [KMS], whether the strong as-
sumptions in their Theorem 5.3 are really necessary; they indeed are. Finally, it
answers the question in [S3], whether the fibre theorem holds for the f-property
instead of (SMP). We have shown in the proof of Proposition 5.4 that all the
fibre preorderings Py do not only have (SMP), but even the {-property. As P
itself does not have the i-property, this gives a negative answer to the question.
In Section 5.4 we will prove a result that sometimes allows to use a dimension
reduction when examining the {-property.

We conclude this section with the following result:

Proposition 5.8. For the preordering P we have
H(P) = 2.

Proof. We claim that Y + ¢ € P* holds for all ¢ > 0. This follows from Propo-
sition 5.5 once we have shown

Y+ee) (WYY +\Y3(1-4Y))

for a fixed finite dimensional subspace W of R[Y] and all A € [—1, 1] (see Chapter
4 for the notation). But this is indeed the case. For A\ < ¢ it is obvious with
W = R. Now write down a representation

fHre=00+0Y?+0Y3(1—¢Y),

which is possible using the fact that in dimension one each quadratic module
describing a compact set is archimedean (see for example Theorem 6.3.8 in
[PD]). For A > ¢ we have
fre=00+0Y?+0Y3(1 = AY) + Y3\ - )V
=10+ 01Y? +0Y3(1 - AY),



50 5 THE SEQUENTIAL CLOSURE

where 79 = 0¢ + (A — €)Y 405. This proves the claim.
Now let f € Ps*. For all € > 0 there is some § > 0 such that

f+€€PO(Y+57X+Y”17XY”17X2)SM'
Now we find
f+€+5lq€PO(Y+57X+Y,1*XY,1—X2)

for a suitable ¢ and all &’ > 0. This is Theorem 5.3 from [KMS] or Theorem
5.14 below. By looking at the proofs we can indeed choose the same element g
for all € and 0. See also Remark 5.15. So in particular

f+e(g+1) ePO(Y +6,X+Y,1-XY,1—-X?)C P},

so fe P,

5.3 Sequential Closures and Quotients

We include a short section on sequential closures on quotients, similar to Sec-
tion 3.1 above. We show that we can always factor out ideals contained in
VM N —M without changing the situation too much. Therefore let A be an
R-algebra and M a quadratic module in A. Let I be an ideal of A contained in
the real radical of the support of M and

m: A— A/I

the canonical projection. We already noted

7(M)™* = x(M**) and (M) = ().

Lemma 2.1 and Corollary 3.12 from [Sc3] tell us I +¢& C M for all € > 0, so in
particular I C M*E,

Proposition 5.9. Let A be an R-algebra and M a quadratic module in A. Let
I be an ideal of A, contained in /M N —M, and n: A — A/I the canonical
projection. Then for all ordinals & we have

T(M)© = (M)
and
Hm(M)) = HM +1).

If t(x(M)) > 1, then 1(M) = $(w(M)), whereas t(m(M)) = 0 implies 1(M) < 1.
M has the T-property in A if and only if w(M) has the I-property in A/I, which
s again the case if and only if M + I has the f-property in A.
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Proof. First suppose 7(f) € m(M)* for some f € A. So there is some ¢ € A
such that for all € > 0 there is some m. € M and i. € I such that

f4+eq=m.+i..

So
fH+el@g+l)=m.+i.+e€ M,

using I +¢ C M as explained above. So f € M* and therefore 7(f) € w(M*).
The inclusion 7(M*) C w(M)?* follows from continuity of 7. A straightforward
transfinite induction now shows

m(M)© = x(M®)

for all ordinals &.
Now whenever $(M) < &, then M©) = MEHD | 5o

o(M)E) = a(M®) = 7(MEFD) = (M) EFD)
which shows f(7w(M)) <&, so
1 (M) < H(M).
The same result applied to M + I instead of M yields
H(M)) < H(M +1).
For arbitrary ordinals £ we have
(M) = 77 Y m(M©)) = ME 4+ 1.

So whenever {(7(M)) = &, then

MO 47 =g w(M)®) =77 w(M)EFD) = MEFD L 7 = pEFD]
using I € M* C MEFD_ If £ > 1 we get M(©) = MEFTD 50 $(M) <&, so

(M) = t(m(M)) = $(M +1).
If ¢ =0, then M + I = M* = 7~ (x(M)) is sequentially closed, so T(M +
I) = 0,1(M) < 1. The remark concerning the {-property is clear from these
considerations. O
For arbitrary ideals we have the following Proposition:

Proposition 5.10. Let A be a finitely generated R-algebra and M a finitely
generated quadratic module in A. If M has the T-property and I is an ideal in
A, then

(M +1)® = (M + I)**,
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Proof. Let f € (M + I)%**. By Corollary 2.6 in [Sc4], for all € > 0 there is some
i € I such that f +¢+i. € M3, So

fHre+tic+dg. €M
for some suitable ¢. and all § > 0. Therefore
fHee(M+1I)}
and so f € (M + 1)), O
Under an additional assumption we can improve on this:

Proposition 5.11. Let A be a finitely generated R-algebra and M a finitely
generated quadratic module in A. Assume M has the following property: For
every finite dimensional subspace W of A there is some qw € A such that
whenever f € M NW | then f +eqw € M for all € > 0.

Then for any ideal I of A, the quadratic module M + I has the same property.
In particular, it has the t-property.

Proof. Let f € (M + I)** N W for some finite dimensional subspace W of A.
Then for every € > 0, there is some i, € I such that f + ¢ +i. € M. This
follows again from Corollary 2.6 in [Sc4]. We even can choose all the elements
ie from a finite dimensional subspace of A depending on M, I and W, but not
on ¢. This follows, using a standard ultrapower argument, from the fact that
Corollary 2.6 from [Sc4] holds for algebras over arbitrary real closed fields. So

fHe+i.e MW
for some finite dimensional subspace W’ of A and all ¢ > 0. So
fre(l+qw)=f+e+teqw € M +1
for all € > 0, what was to be shown. O

In almost all of our coming examples of quadratic modules having the i-
property, we will indeed have the slightly stronger property demanded in Propo-
sition 5.11.

To what extend we can check the {-property by looking at a suitable family of
fibre modules is the content of the next section.

5.4 A Fibre Theorem for Sequential Closures

The setup in this section is similar to the one in Chapter 3. We consider R-
algebras A, B and a Hausdorff space X, which is now assumed to be compact.
We suppose to have algebra homomorphisms ¢: A — B and = A — C(X,R) :

B

@
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For some quadratic module M in B we want to examine M? in terms of the
fibre modules M, = M + I, as in Chapter 3. As we have seen, we can not
expect a result like
MY = () M}
zeX

to hold under reasonable assumptions. Indeed, even

Aﬂ;ﬂA@
rzeX

is not true in the example from the previous section. We will need some kind of
additional degree bound condition. This is done in Theorem 5.13, which is the
main result in this section. We derive from it conditions for a quadratic module
to have the {-property. First we prove a helpful proposition:

Proposition 5.12. Let A, B be R-algebras and ¢: A — B an algebra homo-
morphism. Let X be a compact Hausdorff space and = A — C(X,R) a ho-
momorphism whose image separates points of X. Assume b,by,...,bs € B and
€ > 0 are such that for all x € X there is a representation

S

b= p(al”) b,

j=1

—

with ag-z) € A and \agm)(xﬂ < € for all j. Then there are a1,...,as € A with
|a;| < e on X for all j and

b= pla) by,
j=1

Proof. Every x € X has an open neighborhood U, such that |a§x)| < eon U,
for all j =1,...,s. By compactness of X there are x1,...,x; € X such that

X =U, U---UU,,.

If t = 1, then the result follows, so assume t > 2. Choose a partition of unity
e1, ..., e subordinate to that cover, i.e. all e, are continuous maps from X to
[0,1], supp(ex) C U,, for all k and ey(z) + -+ + er(z) =1 for all x € X. Then
for

fj e el.a§m1) Lt _a§_zt)

we have
I fill<e,

where || || denotes the sup-norm on C'(X,R). Let

§:=min{ e~ || f; || 1j=1....s}
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and choose a positive real number N big enough to bound the sup-norm of all

j
The image of A in C(X,R) is dense, by the Stone-Weierstrass Theorem. So
we find ¢q1,...,q:—1 € A such that

)

—a < —_—
I ex s 1< Fr =z

for k=1,...,t— 1, and we define

=1
g =1-— ZQk~
=1

So we have for k=1,...,t
lex - ll< =
k— dk Nt
We define

e

aji=qr-al") 4o g af

for j=1,...,s. So
lag <110+ lag—f5 |
t _—
<UHN+D"Ner—au |- 1 al™ ]
k=1

<Ifill+o
< e.

Now as > r_, qx = 1 we have

which proves the Proposition. O
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As in Section 3 we denote by I, the ideal in B generated by the set

Z, = {p(a) | alx) = 0},

for x € X. If W is a subset of B, then we write

S
L(W) = szwj |seN,zj € Z,,w; e W
j=1

The following is the main theorem in this Chapter. Its proof contains and
generalizes the idea from [KMS], Theorem 5.3.

Theorem 5.13. Let A, B be R-algebras and ¢: A — B an algebra homomor-
phism. Let X be a compact Hausdorff space and ": A — C(X,R) a homomor-
phism whose image separates points of X. Let M C B be a quadratic module
and assume

a>0o0n X =pla)e M

holds for all a € A. Then for all finitely generated A-submodules W of B we
have

(| M+ L(W)C M.

reX

Proof. Assume f € B has a representation
f =My + iy

with m, € M and i, € I,(W) for all x € X. As I,(W) C W, we can assume
without loss of generality m, € M NW for all . Let by,...,bs be generators
of W as an A-module. Due to the identity b = (2%)? — (252)? we can assume
that all b; are squares in B (by possibly enlarging W). We will now show

f+EzS:bjEM

j=1
for all € > 0. Therefore fix one such € > 0. We take representations

=20 () by me= Z;(p(d?ﬁ)) b
p

j=1

where all cg-x), d;z) € A and cg-x) () = 0. Now each x € X has an open neigh-
borhood U, such that

@) _ €
;| < 7 on U,
for j =1,...,s. By compactness of X we have

X=U, U---Ul,,
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for some x1,...,x; € X. Let e,...,e; be a continuous partition of unity sub-
ordinate to that cover. Using the Stone-Weierstrass Theorem, we approximate
the square root of each eg (which is again a continuous function) by elements
gr from A, such that

leek—ﬁk\l | d5 H<*

holds for all j = 1,...,s. Here, || || denotes the sup-norm on C(X,R) again.
Define
¢
b=f—=> @o(gr)* - M -

k=1

eM

The proof is complete if we show b+¢> %, b; € M. Fix z € X. Then

t

k=1 k=1
t t
= er(@) - (f —may) + Y (er(z) — 0(97)) May
k=1 T k=1
Tl
t s t s
— (k) b _ 2 d(»Lk) b
(@)Y @ (™) b+ > (enl@) — (7)) - Y oldy™)
k=1 j=1 k=1 j=1
s t s t
= (Z ex(@)o( W)) bj + (Z (ex() = 0(g)) (d“’“)) b,
j=1 \k=1 j=1 \k=1
= > elaf) - by,
j=1
where we define
(:c) Ze ;wk) + (ek(x) _ g,%) .dlgxk)'
By the above considerations we have
|a§-z) ()] <e

for all j. So we can apply Proposition 5.12 to b and find

b=3 wla;)-b
j=1
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where all |a;| < e on X. Thus

b+stj :Zgo(aj+s)~bj € M,
j=1 j=1

as all 07+\€ are strictly positive on X and all b; are squares. O

We can apply this in the same way as we applied Theorem 3.5 in Chapter 3.
Therefore let B be an arbitrary R-algebra and M C B a quadratic module.
Assume we have by,...,bs € B such that C; — b;,b; — ¢; € M for some real
numbers C; > ¢;. Consider the subalgebra A = Rby,...,bs] of B generated by
these elements and the quadratic module M in A generated by C; — b;,b; — ¢;
(i=1...,s). It is archimedean. The role of ¢ is again played by the canonical
inclusion

t:A— B
and we have L(M) C M. The space X := S(M) C V4(R) is compact and we
have the usual morphism
" A— C(X,R)

whose image separates points. Whenever a > 0 on X, then a € M , by Theorem
2.10, so t(a) € M. Note that for & € X and W an A-submodule of B we have

Ia(W) = {Z(bz — a(bl))wz | w; € W}

i=1

and (a(b1),...,a(bs)) € [1:_,[ci, Ci]. For A € R™ write

L(W) = {Z(bi = Xiw; | w; € W} .

i=1
So we get the following I-counterpart to Theorem 3.6:

Theorem 5.14. Let B be an R-algebra and M C B a quadratic module. Sup-
pose by,...,bs € B are such that

01—bl,bl—017...,Cs—bs,bs—csEM

for some real numbers C; > ¢; (i =1,...,s). Then for every finitely generated
R[b1, ..., bs]-submodule W of B we have

() M+ (W) € MY,
A€EA

where A = T[._,[ci, Ci]. In particular, if M s finitely generated and all the
(finitely generated) quadratic modules M + I are closed and stable with the
same stability map, then M* = M. If all M + I are saturated and stable with
the same stability map, then M has the t-property. (Here, the stability map for
the canonical set of generators of each M + I is meant.)
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Proof. The first part of the theorem is clear from the above considerations and
Theorem 5.13. For the second part, assume M is finitely generated, say by
fi,--, ft- Then M + I, is finitely generated by

froooos fos (b1 — A1)y .oy £(bs — Ag).

Assume all M + T are closed (or saturated, respectively) and stable with the
same stability map. Suppose some f belongs to M (or M®*, respectively).
Then f belongs to all M + Iy (or (M + 1)) respectively), so to all M + I, by
our assumption. Now by the assumed stability there is a fized finite dimensional
R-subspace W of B such that f belongs to all M + I,(W). So the first part of
the theorem yields f € M*. O

Remark 5.15. If all the quadratic modules M + I in Theorem 5.14 are sat-
urated and stable with the same stability map, we even get a little bit more
than the f-property for M. Indeed, we get the property that was assumed in
Proposition 5.11. That is, for any f € M®* we find f+eq € M for all ¢ > 0, and
we can choose the element g to only depend on the finite dimensional subspace
f is taken from, not on the explicit choice of f. Indeed, the proof of Theorem
5.14 shows that ¢ only depends on the A-module W, which only depends on the
space f is taken from.

Remark 5.16. As in Theorem 3.8, if B is a finitely generated R-algebra and
M C B a finitely generated preordering, we can let the intersection in Theorem
5.14 run over M + I, (W) for a € S(M), instead of M + I, (W) for A € A.

Proof. Suppose f belongs to ﬂaeS(M) M + I,(W) for some finitely generated
R[b1, ..., bs]-module W. We show that f also belongs to [),c, M 4 Ix(W') for
some finitely generated R[by, ..., bs]-module W’.

If for A € A the semi-algebraic set corresponding to M + I is nonempty, then
A= (B(b1),...,0(bs)) for a f € S(M), exactly as in the proof of Theorem 3.8.
So f belongs to M + I\(W).

If the semi-algebraic set is empty, then —1 € M + I. Indeed even —1 € M +
I,(U), where U is a finitely generated Rby,...,bs]-submodule of B that does
not depend on A (only on the generators of M and on by, ...,bs). This follows
for example from [PD], Remark 4.2.13 and a standard ultrapower argument.
Using the identity f = (%)2 - (%)2 we get

feM—i—IA((fgl)Q.U).

So we can take
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Note that we really need the finitely generated submodule W in Theorem 5.14
(and therefore also in Theorem 5.13) in general. In Example 5.7, the polynomial
f = 2Y + X belongs to all fibre preorderings P + (X — \), but fails to be in
P*. As we have shown, this is because it is not possible to find one fixed finitely
generated R[X]-module W such that f € P+ I,(W) for all A > 0.

The condition C; — b;,b; — ¢; € M from Theorem 5.14 (and therefore also the
condition @ > 0 on X = ¢(a) € M from Theorem 5.13) is also necessary in
general. This is shown by Example 6.1 below.

5.5 Applications

In this section we give some applications of the fibre theorem from the last
section. The first one is the Cylinder Theorem (Theorem 5.3 combined with
Corollary 5.5) from [KMS]. See [KM, KMS] for the definition of natural gener-
ators of one dimensional semi-algebraic sets.

Corollary 5.17. Let P = PO(f1,..., ft) be a finitely generated preordering in
the polynomial ring R[X1,...,X,,Y]. Assume N — > " | X? € P for some
N > 0. Now for all A € R", the preordering

describes a basic closed semi-algebraic set Sy in R. Suppose the natural gener-
ators for Sy are among the f1(\Y),..., fit(A,Y), whenever Sy is not empty.
Then P has the I-property, even the slightly stronger property described in Re-
mark 5.15.

If all the fibre sets Sy are of the form (), (—oo,0), (—00,pl, [¢, 00), (—o0, p] U
[q,00) or [p,q], then the result holds with P replaced by M = QM(f1,..., fs).

Proof. The assumptions imply that all the preorderings
P+ (X1—A,.., X — M)

(or the corresponding quadratic modules, respectively) are saturated and stable
with the same stability map for all A. See [KMS], Section 4. An easy calculation,
as for example in [KM], Note 2.3 (4), shows

VN -X;,X;+VNeP
for all 7. So we can apply Theorem 5.14. O

We can also use Theorem 5.14 in the case that the natural generators are not
among the f;(\,Y). This can be seen as a slight generalization of Corollary 5.4
from [KMS]:

Corollary 5.18. Let M = QM(f1,..., ft) be a finitely generated quadratic
module in R(X1,...,X,,Y] and assume N —Y'_ X? € M for some N > 0.
Suppose for all A € R™ the set

S(M)N{(z1,. ., Zn,y) | 1 = A1y 20 = An}
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1s either empty or noncompact. Then
Mt =M
holds.

Proof. Again VN — X;,X; + /N € P for all i. Furthermore. the assumptions
imply that all the quadratic modules

M4+ (X1 =21, ., X — M)

are closed and stable with the same stability map for all A (for the empty fibers
use Theorem 4.5 from [KMS]). O

We want to get results for more complicated fibres. [Scl] gives a criterion for
quadratic modules on curves to be stable and closed. However, we need some
result to obtain the uniform stability asked for in Theorem 5.14. We start with
the following result:

Proposition 5.19. Let b € R[X, Y] be square free and suppose all the points at
infinity of the curve C defined by b are real. Let C be a good completion of C
(see [PSc, Sc1] or [P]) and C\ C = {My, ..., Ms}. Suppose

ordy, (h) > —n

for some h € R[IX,Y],n € N and all i. Then there is some h' € R[X,Y] with
deg(h') <n and h =h' mod (b).
Proof. Let m be the degree of b and d the degree of h. Let b = Zmb(g, %) as

well as h = Z dh(%, %) be the homogenization of b and h, respectively. Let P
be a point at infinity of b, without loss of generality assume

P=(1:y:0)

for some y € R. Assume My, ..., M, are the points of C \ C centered at P. For
i=1,...,r we have

h Z
ordyy, (h) = ordyy, (Xd> —d - ordyy, (X) .

For any homogeneous polynomial g in the variables X,Y, Z we have

g
0 § Ord]\/ji (7Xdcg(g))

and .
ZOI‘dMi <7Xd§g(g)) = I(P;l;ﬂg),
=1

where I denotes the intersection number. This is [F], Chapter 7, at least for the
irreducible case. The general case follows immediately.
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As I(P;Eﬁ Z) > 1, there is some i € {1,...,7} such that
—n < ordyy, (h) < I(P;bNh) —d.

So if d > n+ 1, the point P must be a zero of i, and the same argument applies
to all points of infinity of b. So if d > n + 1, then the highest degree part of
b divides the highest degree part of h. Thus h can be reduced modulo b to a
polynomial i’ of strictly smaller degree. O

In the following proposition, the pure closedness and stability result is [Scl],
Proposition 6.5.

Proposition 5.20. Let M = QM(f1,..., f:) C R[X,Y] be a finitely generated
quadratic module and b € R[X,Y] a polynomial with only real points at infinity.
For some \ € R assume b — X\ is square free, and all the (real) points of the
curve Cy defined by b = X lie in the closure of S(M)NC\(R). Then the finitely
generated quadratic module

M+ (b-N)

1s closed and stable, with the same stability map for all such .

Proof. Take a good completion Cy of the curve C, defined by b = A. Without
loss of generality, and as above, let P = (1 : y : 0) be a point of C) at infinity
and assume Mj, ..., M, are the points of Cy\ C), centered at P. Let h € R[X,Y]

have degree d and define h as well as b — \ as in the previous proof. Then for
allt=1,...,r we have

h Z
OrdMi (h) = OrdMi (ﬂ) —d- OrdMi (X)

z—d-I(P;b/://\ﬁZ)
=—d-I(P;bN Z)

and this last number does not depend on A\. Now the proof of Proposition 6.5
from [Scl] shows that whenever h € M + (b — X), then we can find a represen-
tation

h=3onfi+g(b— ) (13)

k=0
with sums of squares o built of polynomials that have order greater than
—d-N

in all points of Ch \ Cy, for some N that does not depend on A, only on the
intersection number of b and Z at all points at infinity of b. Applying Proposition
5.19 we can reduce these elements modulo b — A and obtain a representation as
in 13 with sums of squares of degree less or equal to d- N. This shows that the
stability map does not depend on A. O
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So the following Theorem is an immediate consequence of Theorem 5.14 and
Proposition 5.20:

Theorem 5.21. Let M C R[X,Y] be a finitely generated quadratic module.
Let b € R[X, Y] with only real points at infinity and N —b,b —n € M for some
n < N. Suppose b — X is square free for all X\ € [n, N] and all the (real) points
at infinity of the curve Cy defined by b = X lie in the closure of S(M) N Cy(R).
Then

Mt=M

holds. If all the fibre modules M + (b— \) have (SMP) in addition, then M has
the I-property.
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6 Examples in the plane

We conclude this work with a collection of examples in the plane. They illustrate
our main results. Our R-algebra will always be A = R[X, Y], the real polynomial
ring in two variables.

Example 6.1. We look at the semi-algebraic set in R? defined by the equations
0<z,0<yand xy <1:

A lot of interesting phenomena can be observed for this set. There are different
quadratic modules describing it, we consider the the following ones:

M := QM(X,Y,1 - XY)

M, := QM(X,Y,XY,1 - XY)
Ms = QM(X,Y3 XY, 1 - XY)
P, :=PO(X,Y,1 - XY)

P, :=PO(X,Y, (1 — XY)?)

The quadratic module Mj is stable. Indeed, take the monomial ordering that
first sorts by degree and then lexicographically with X > Y. No two generators
of M7 have the same degree mod 2. So Proposition 4.11 combined with Theorem
4.13 yields total stability with respect to the corresponding graduation. This
graduation induces a filtration of finite dimensional subspaces, so in particular,
Mj is stable. By Theorem 4.2 and Theorem 4.3, M is closed and does not have
(SMP).

To the quadratic module My we can apply Theorem 5.21 with the bounded
polynomial b = XY: we have b,1—b € M. For X € [0, 1], the finitely generated
quadratic module

QM(X,Y, XY, 1 — XY) + (XY — A) = QM(X,Y) + (XY — ))

is saturated. This is an easy calculation for A > 1; for A = 0 it follows from
[P2], Proposition 3.25. So M has the I-property, and in particular (SMP).
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Note that the fibre modules of M7 and M5 are the same:
M+ (XY —X) =My + (XY =N

for all A € [0,1]. As M; does not have the I-property, this shows that the
condition N — b,b —n € M in Theorem 5.21 can not be omitted in general. So
also the condition C; —b;,b; —¢; € M from Theorem 5.14 and the corresponding
condition from Theorem 3.6 can not be omitted.

Now consider Ms. The quadratic module QM(Y?3) C R[Y], obtained by eval-
uating in X = 0, does not have (SMP) (see for example [KM]). So in view of
Proposition 3.1 and Proposition 3.2, M3 does not have (SMP). On the other
hand, we can still apply Theorem 5.21, with b = XY and obtain

M = M.

The preordering P; obviously contains Ms and therefore also has the {-property.
This solves the question posed in Example 8.4, [KMS].

P, finally illustrates that we can always replace bounded generators of a pre-
ordering by odd powers, without losing (SMP). This is a consequence of Corol-
lary ?? combined with Proposition 3.7.

Example 6.2. This is an example from [CKS] for a set, where the strong mo-
ment problem is not solvable with a finitely generated preordering, the invariant
moment problem however is. It is described by the inequalities

1< (@ -1)(*-1)<0:

We want to investigate the sequential closure of quadratic modules in this ex-
ample. Therefore let b = (X2 — 1)(Y? — 1). The quadratic module

My, = QM(b+1,—b)
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obviously describes the above set and all conditions from Theorem 5.21 are
fulfilled. So we have o
M} =1,

We can cut off some of the ”tentacles” of the set and still apply the same
theorem. For example, Theorem 5.21 applies to

M2 - QM(b + 17 _ba X7 Y)
and yields M = M.

Example 6.3. This example is Example 3 from [S3] and we illustrate the use
of Corollary 3.9. The semi-algebraic set S we are looking at is defined by the
inequalities 0 < z,x < 2,1 < zy,zy < 2:

The two polynomials X and XY are bounded on S and separate its points.
So by Corollary 3.9, every finitely generated preordering describing this set has
(SMP). But we can also apply Theorem 5.14 here. Therefore let

M=QM(X,2— X, XY —1,2 — XY).
Take A = (A1, A2) € [0,2] x [1,2] and consider the fibre module
My =M+ (X = A, XY = Xg) = > R[X,Y]* + (X — Ay, XY = Np).

If A\ > 0, the corresponding semi-algebraic set is the singleton {(A1, A2/A1)}.
Whenever some f € R[X,Y] is nonnegative on this point, then

A A
F=F0L )+ (X =)+ for (V= )
)\1 )\1
for some polynomials f1, fo with deg(f1), deg(f2) < deg(f). From the identity
vo22 oty x oo Lo xv o

A1 A1 A1
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we see that f belongs to M) with the required degree bounds independent of \.
If Ay =0, then the semi-algebraic set defined by M) is empty. In fact we have

1 1
1=—Y X—-—— (XY -2\
)\2 )\2 ( 2)7
which shows that every f € R[X,Y] belongs to M), with the required degree
bounds independent of A. So Theorem 5.14 applied to M shows

Mt = M

Example 6.4. Now we give some examples where the geometric stability results
from Chapter 4 apply. The first set we look at is defined by the three inequalities
0 < z,2% < y,y < 2% Tt contains a set Wy n (1,2) (see Section 4.3 for the

notation). Therefore every finitely generated quadratic module describing it is
stable, thus also closed and does not have (SMP).
The second set is described by 0 < z,0 <y,(x —1)(y —1) < 1:

It contains a full dimensional cylinder in each direction of coordinates, and so
every finitely generated quadratic module describing it is stable, closed and
can not have (SMP). This is one way to answer Open Question 4 from [KMS].
Another way to solve this open question is due to Claus Scheiderer. One applies
Theorem 3.10 from [PSc].
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However, we can weaken the geometric situation and still obtain stability. Look
at the inequalities 0 < 2,0 <y, (z — 1)y < I:

This set contains a full dimensional cylinder in direction of y (a set Wg n,(0,1))
and a set Wi n,1,—1)- The (0,1) and the (1, —1)-graduation cover the usual
graduation, by Proposition 4.19. So every finitely generated quadratic module
describing this set is stable, therefore also closed and can not have (SMP).

We can still go one step further in narrowing the ”tentacles” going to infinity.
Look at the semi-algebraic set defined by

OSI,xzygl,—lgxy:

It contains a set Wp v (_ 1) (corresponding to the tentacle going to infinity in
positive direction of y), and a set W n (1,—1) (corresponding to the part of the
tentacle going to infinity in direction of x that lies under the z-axis). As

Sy DL = (g

5 )
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is positive in each coordinate, the results from Chapter 4 show that every finitely
generated quadratic module describing this set is stable, and therefore also
closed and does not have (SMP).

Example 6.5. This last example illustrates a non-geometric stability result one
more time. Exactly the same argument as applied to M, in the first example
shows that the quadratic module
1 1
M:QM(X—i,Y—i,l—XY)

is stable and therefore closed. In contrast to Mj, it describes a compact set:

This module is Example 6.3.1 from [PD] for a non-archimedean quadratic mod-
ule describing a compact set. We can see here that M is not only non-archimedean,
but indeed does not have (SMP), which is stronger.
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