CLOSURES OF QUADRATIC MODULES
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ABSTRACT. We consider the problem of determining the closure
M of a quadratic module M in a commutative R-algebra with
respect to the finest locally convex topology. This is of interest
in deciding when the moment problem is solvable [28] [29] and in
analyzing algorithms for polynomial optimization involving semi-
definite programming [12]. The closure of a semiordering is also
considered, and it is shown that the space )); consisting of all
semiorderings lying over M plays an important role in understand-
ing the closure of M. The result of Schmiidgen for preorderings in
[29] is strengthened and extended to quadratic modules. The ex-
tended result is used to construct an example of a non-archimedean
quadratic module describing a compact semialgebraic set that has
the strong moment property. The same result is used to obtain a
recursive description of M which is valid in many cases.

The moment problem from functional analysis asks which linear func-
tionals on certain vector spaces of functions are integration with re-
spect to a measure. For example, for each positive linear functional
L on the Banach space C'(X) of continuous real-valued functions on a
compact space X, there exists some Borel measure p on X such that
L(f) = [ fdu for all f € C(X). This is a version of the famous Riesz
Representation Theorem.

One also considers other vector spaces or algebras instead of C'(X).
Haviland’s Theorem, explained in detail in [15], asserts that a linear
functional L on the real polynomial algebra R[zy,. .., z,] is integration
with respect to a Borel measure on some closed set K C R" if and only
if L maps polynomials that are nonnegative on K to nonnegative reals.
This result links the functional analytic moment problem to an impor-
tant problem from real algebraic geometry: describe all polynomials
that are nonnegative on a given set K.

For example, every globally nonnegative polynomial in one variable is
a sum of squares of polynomials. Since sums of squares are much easier
to deal with than general nonnegative polynomials (from the point of

Date: September 2, 2009.

2000 Mathematics Subject Classification. 12D15, 14P99, 44A60.

Key words and phrases. moment problem, positive polynomials, sums of squares.
1



2 JAKA CIMPRIC, MURRAY MARSHALL, TIM NETZER

view of semidefinite optimization for example), this is a result quite in
the spirit one likes to have. Unfortunately, the problem is harder in
higher dimensions. Not every globally nonnegative polynomial in two
or more variables is a sum of squares of polynomials, the first explicit
example was given by Motzkin in 1967.

However, if a set K C R" is described by finitely many polynomial
inequalities pi(z) > 0,...,p.(z) > 0, and if K is compact, then the
situation is much nicer again: at least every polynomial that is strictly
positive on K can be represented by products and sums of squares and
the defining inequalities p;, i.e. it belongs to the preordering generated
by p1,...,pr. This is Schmiidgen’s famous result from 1991 [28], which
triggered comprehensive developments in the whole area of real alge-
braic geometry. See [27] for an overview of the most recent results and
[13] for their application to polynomials optimization.

Going back to the moment problem, one takes the following ap-
proach: instead of testing nonnegativity of a linear functional on all
polynomials that are nonnegative on a set K C R", one would like
to test nonnegativity on a certain finitely generated preordering only,
and this should be enough to obtain an integral representation for
the functional. This would significantly reduce the complexity of the
problem and allow to apply semidefinite optimization procedures. So
the question is the following: is there a finitely generated preorder-
ing whose double dual cone consists of all polynomials nonnegative on
K7 Schmiidgen’s above mentioned result gives a positive answer in the
case of a compact basic closed semialgebraic set K. For non-compact
sets, his Fibre Theorem from 2003 [29] provides a method to apply a
dimension reduction when considering the problem.

In all of the above results one is also interested in finitely generated
quadratic modules instead of preorderings. The elements from the qua-
dratic module arise by multiplying the generators with sums of squares
and adding them, but no pairwise multiplications of the generators is
involved. The quadratic module is smaller than the preordering.

Since the double dual cone of a cone in a vector space equals its
closure with respect to the finest locally convex topology, we begin
this work by investigating this closure in a general setting. In Section
1 we consider the general relationship between the closure C' and the
sequential closure C* of a subset C' of a real vector space V in the finest
locally convex topology. We are mainly interested in the case where C'
is a cone in V. We consider cones with non-empty interior and cones
satisfying C'U —C =V (semiorderings have this property).
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In Section 2 we begin our investigation of the closure M of a qua-
dratic module M of a commutative R-algebra A; the focus is on finitely
generated quadratic modules of finitely generated algebras. The clo-
sure of a semiordering (Q of A is also considered, and it is shown that
the space V), consisting of all semiorderings of A lying over M plays
an important role in understanding the closure of M; see Propositions
2.2, 2.3 and 2.4. The result of Schmiidgen for preorderings in [29] is
strengthened and extended to quadratic modules; see Theorem 2.8.

In Section 3 we consider the case of quadratic modules that describe
compact semialgebraic sets. We use Theorem 2.8 to deduce various
results; see Theorems 3.1 and 3.4; and also to construct an example
where the semialgebraic set Kp; is compact, M satisfies the strong
moment property (SMP), but M is not archimedean; see Example 3.7.

Theorem 2.8 is also used in Section 4, to obtain a recursive descrip-
tion of M which although it is not valid in general; see Example 4.3; is
valid in many cases; see Theorem 4.7.

In Section 5, which is an appendix to Section 1, we give an example of
a cone C' where the increasing sequence of iterated sequential closures

Ogcig(ci)ig...

terminates after precisely n steps. In the case of quadratic modules and
preorderings, nothing much is known about the sequence of iterated
sequential closures beyond the example with M* # M given in [19].

1. CLOSURES OF CONES

In this section we consider general convex cones, their closures and
interiors. The results will be used in the following sections, when con-
sidering closures of quadratic modules.

Consider a real vector space V. A convex set U C V is called ab-
sorbent, if for every x € V there exists A > 0 such that x € A\U. U
is called symmetric, it \U C U for all |A\| < 1. The set of all convex,
absorbent and symmetric subsets of V' forms a zero neighborhood base
of a vector space topology on V' (see [4, I1.25] or [25]). This topology
is called the finest locally convex topology on V. V endowed with this
topology is hausdorff, each linear functional on V' is continuous, and
each finite dimensional subspace of V' inherits the euclidean topology.

Let C be a subset of V and denote by C* the set of all elements of
V' which are expressible as the limit of some sequence of elements of
C. By [25, Ch. 2, Example 7(b)], every converging sequence in V' lies
in a finite dimensional subspace of V, so C* is just the union of the
C NW, W running through the set of all finite dimensional subspaces
of V. (Observe: Each such W is closed in V, so CNW is just the
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closure of C N W in W.) We refer to C* as the sequential closure of
C. Clearly C C C* C C, where C denotes the closure of C. For
any subset C' of V' we have a transfinite increasing sequence of subsets
(Cy)rs0 of V defined by Cy = C, C\+ = (Cy)}, and C,, = Uy.,Cy if p is
a limit ordinal. Question: Can one say anything at all about when this
sequence terminates? We return to this point later; see the appendix
at the end of the paper.

We are in particular interested in the case where the dimension of
V' is countable. In this case, a subset C' of V is closed if and only if
C'NW is closed in W for each finite dimensional subspace W of V' [3,
Proposition 1]. So C* = C'if and only if C is closed. Thus the sequence
of iterated sequential closures of C' terminates precisely at C'.

For the time being, we drop the assumption that V' is of countable
dimension. We are in particular interested in the case when C' is a
cone of V, ie. if C +C C C and Rt - C C C holds. In this case C*
and C are also cones. Every cone is a convex set. If U is any convex
open set in V such that U N C' = @ then, by the Separation Theorem
[4, I1.39, Corollary 5] (or [15, Theorem 3.6.3] in the case of countable
dimension), there exists a linear map L : V' — R such that L > 0 on
C and L < 0 on U. This implies C = CVV. Here, CV is the set of all
linear functionals L : V' — R such that L(v) > 0 for all v € C' and C'VV
is the set of all v € V such that L(v) > 0 for all L € CV. CVV is also
called the double dual cone of C.

Proposition 1.1. Let C be a cone in V and let v € V. The following
are equivalent:

(1) v is the limit of a sequence of elements of C'.
(2) there is some q € V such that v+ eq € C' for each real € > 0.

Proof. (2) = (1). Let v; = v+ 1¢q, i = 1,2,---. Then v; € C and
v; = vasi— 00. (1) = (2). Let v =lim; o v;, v; € C. As explained
earlier, the subspace of V' spanned by vy, vs,--- is finite dimensional.
Let wy,...,wy € C be a basis for this subspace. Then v; = Zjvzl TijWj,

v = Zjvzl rjw;, i, € R, rj = lim;_ o ry;. Let ¢ := Zj\;l wj. Then,
for any real € > 0, r;; < r; + € for 4 sufficiently large, so v + eq =
N N N N
Zj:l(rj +e)w; = Zj:l TijW; + Zj:l(rj +e—rij)w; =v; + Zj:l(rj +
e—ri;)w; € C. O
Corollary 1.2. If C is a cone of V then
Ct={v eV |3qeV such that v+ eq € C for all real € > 0}.

The proof of Proposition 1.1 shows we can always choose ¢ € C'. In
fact, we can find a finite dimensional subspace W of V' (namely, the
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subspace of V' spanned by wy, ..., wy) such that ¢ € W and ¢ is an
interior point of C NW.

Cones with non-empty interior are of special interest. For a subset
C of V, a vector v € C'is called an algebraic interior point of C' if for
all w € V there is a real € > 0 such that v+ ew € C.

Proposition 1.3.

(1) Let C be a convex set in' V. A vector v € C is an interior point
of C iff v is an algebraic interior point of C'.

(2) Let q be an interior point of a cone C of V.. Ifv € C then v+eq
1s an interior point of C for all real € > 0.

(3) If C is a cone of V with non-empty interior, then C* = C =
int(C) = int(C)*.

Proof. (1) Let v € C be an algebraic interior point. Translating, we
can assume v = 0. Fix a basis v;, ¢« € I for V and real ¢, > 0 such
that €;v; and —e;v; belong to C'. Take U to be the convex hull of the
set {€v;, —€v; | @ € I}, U is convex, absorbent and symmetric and
0 € U C C. The converse is clear.

(2) If ¢ € int(C) and v € C then \v + (1 — \)g € int(C) for all 0 <
A < 1, by [5, chapter III, Lemma 2.4] or [25, page 38, 2.1.1]. Applying
this with A = 1+r€ and multiplying by 1 + € yields v 4 eq € int(C) for
all real € > 0.

(3) This is immediate from (2), by Corollary 1.2. O

Here is more folklore concerning cones with non-empty interior:

Proposition 1.4. Suppose that C' is a cone of V', q is an interior point
of C, and v € V. Then the following are equivalent:

(1) v is an interior point of C,

(2) there exist € > 0 such that v —eq € C,

(3) for every nonzero L € CV, L(v) > 0.

Proof. (1) implies (2) by the easy direction of assertion (1) in Propo-
sition 1.3. To prove that (2) implies (3), pick L € CV and w € V such
that L(w) # 0. Since ¢ is an interior point of C', there exists a § > 0
such that ¢ + 0w € C. It follows that L(q) > J|L(w)| > 0. Hence,
L(v) > eL(q) > 0. Finally, we prove that (3) implies (1) by contradic-
tion. Note that int(C') is an open convex set. If v ¢ int(C'), there exists
by the Separation Theorem a functional L on V' such that L(v) < 0
and L(int(C)) > 0. It follows that L(int(C)) > 0. But int(C) = C by
assertion (3) of Proposition 1.3, hence L(C) > 0. O

We are also interested in cones satisfying C'U —C' = V. Note: For
any cone C' of V, C'N —C'is a subspace of V.
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Proposition 1.5. Let C' be a cone of V satisfying C' U —C =V . The
following are equivalent:

(1) C is closed in V.

(2) The vector space =¥

cn—C
Proof. (2) = (1). Replacing V by V/(CN—=C) and C by C/(CN—-C),
we are reduced to the case C' N —C = {0}. If V is 0-dimensional
then V' = {0} = C, so C is closed in V. If V is 1-dimensional, fix
veC,v#0. Then V = Rv and C = Rtwv, so C is closed in V.
(1) = (2). Suppose C' is closed and =2~ has dimension > 2. Fix
v1,v2 € V linearly independent modulo C' N —C. Let W be denote
the subspace of V' spanned by vi,vy. Then C' N W is closed in W,
(CNW)U—-(CNW) =W, and v;,v2 € W are linearly independent
modulo (CNW)N—(CNW). In this way, replacing V' by W and C' by
CNW, we are reduced to the case where V' = Ruv;®&Ruvs. Replacing v; by
—uv;, if necessary, we can suppose v; € —C, i = 1,2. Then v := v 4+ vy
is an interior point of —C'. In particular, int(—C') # (). Since v, and vy
are linearly independent modulo C'N —C, we find C N —C = {0} and
C Nint(—C) = 0. By the Separation Theorem, there exists a linear
map L : V — R with L > 0on C, L <0 on int(—C) (so L < 0 on
—(C). Since V' is 2-dimensional, there exists w € V|, L(w) = 0, w # 0.
Replacing w by —w if necessary, we may assume w € —C' (so w ¢ C).
Consider the line through v and w. Since L(v) < 0 and L(w) = 0,
there are points w on this line arbitrarily close to w satisfying L(u) > 0
(sou € C). This proves w € C for all such points w, so C'is not closed,
a contradiction. U

has dimension < 1.

Corollary 1.6. Suppose C' is a cone of V satisfying CU —C = V.
Then C* is closed, i.e., C = C*.

Proof. According to Proposition 1.5 it suffices to show that ﬁ has
dimension at most one. Suppose this is not the case, so we have vy, vy €
V linearly independent modulo C* N —C*. Let W = Rv; @ Ruy and
consider the closed cone CNW in W. Since CNWU-CnNW =W,
Proposition 1.5 applied to the cone CNW of W implies that v, vq
are linearly dependent modulo C N W N —C N W. On the other hand,
CNWCCHsoCNWN—-CNW C CtN —C*. This contradicts the
assumption that vy, v, are linearly independent modulo C* N —C*. O

2. CLOSURES OF (QUADRATIC MODULES

We introduce basic terminology, also see [15] or [23]. Let A be a
commutative ring with 1. For the rest of this work we assume % e A
For fi,....ft € A, (f1,...,f:) denotes the ideal of A generated by
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fi,..., fi. For any prime ideal p of A, k(p) denotes the residue field of
A at p, i.e., k(p) is the field of fractions of the integral domain %. We
denote by dim(A) the krull dimension of the ring A.

A quadratic module of A is a subset ) of A satisfying Q) + Q C @,
f2-QCQforall fe Aand 1€ Q. If Q is a quadratic module of A,
then @ N —Q in an ideal of A (since 3 € A). Q@ N —Q is referred to
as the support of (). The quadratic module () is said to be proper if
Q # A. Since % € A, this is equivalent to —1 ¢ @ (using the identity
a= ()2 —(%2)?). A semiordering of A is a quadratic module Q of A
satisfying QU—Q = A and QN —Q) is a prime ideal of A. A preordering
(resp., ordering) of A is a quadratic module (resp., semiordering) of A
which is closed under multiplication. Y A? denotes the set of (finite)
sums of squares of elements of A. This is the smallest quadratic module
of A, and also a preordering.

We assume always that our ring A is an R-algebra. Then A comes
equipped with the topology described in Section 1. Any quadratic
module @ of A is a cone, so QF and Q are cones. But actually, if Q
is a quadratic module (resp., preordering) of A, then Q% and @ are
quadratic modules (resp. preorderings) of A. For Q% this is easy to
see, for @ it is proven as in [6, Lemma 1], using that multiplication by
a fixed element is a linear map on A, and therefore continuous.

In case A is finitely generated, say xq,...,x, generate A as an R-
algebra, then the set of monomials z{" - - - 2%~ is countable and generates
A as a vector space over R. In that case, the multiplication of A is
continuous. This is another way to prove that closures of quadratic
modules (preorderings) are again quadratic modules (preorderings) in
that case. We denote the polynomial ring R[zy,...,z,] by R[z] for
short.

A quadratic module @ is said to be archimedean if for every f € A
there is an integer £ > 0 such that k + f € Q.

Proposition 2.1. For any quadratic module ) of A, the following are
equivalent:

(1) Q is archimedean,
(2) 1 belongs to the interior of @,
(3) @ has non-empty interior.

Proof. Clearly, () is archimedean iff 1 is an algebraic interior point of
@, hence (1) < (2) follows from the first assertion of Proposition 1.3.
It remains to show (3) = (2). Every functional L € Q" satisfies the
Cauchy-Schwartz inequality, L(a)* < L(1)L(a?). If follows that every
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nonzero L € QY satisfies L(1) > 0. Since @ has non-empty interior, it
follows by Proposition 1.4 that 1 is an interior point of Q). U

The simplest example of a non-archimedean quadratic module is the
quadratic module @ = > R[z]? of the algebra A = R[z]. By Proposi-
tion 2.1, 1 is not an interior point of @) and, by its proof, L(1) > 0 for
every nonzero L € (V. So, the implication (3) = (1) of Proposition
1.4 is in general not valid for cones without interior points.

Proposition 2.2. Let () be a semiordering of A. If Q) is not archi-
medean then QY = Q = A. If Q is archimedean, then there exists
a unique ring homomorphism o : A — R with Q C o YR"), and
Q'=Q=a'(R).

Proof. If @ is not archimedean there exists ¢ € A with k + ¢ ¢ @ for
all real £ > 0. Then —k —q € Q, i.e., =1 — %q € @, for all real k£ > 0.
This proves —1 € Q*, so Qf = Q = A.

Suppose @ is archimedean. According to [15, Theorem 5.2.5] there
exists a ring homomorphism o : A — R such that Q@ C o }(R").
Since « is linear and therefore continuous, o *(R") is closed, and so
Q Ca Y(RY). If f € a }(RT) then for any real € > 0, a(f +¢€) > 0 so
free Q. (If f+e ¢ Qthen —(f+e) € Qso —(f+e) € a”(RT), which
contradicts our assumption.) It follows that Q* = Q = a~'(R*). (This
can also be deduced from Proposition 1.5.) Uniqueness of « follows
easily from the fact that « is the identity on @, see for example [15,
Lemma 5.2.6]. O

Proposition 2.3. Let A be finitely generated. For any set of semiorder-
ings Y of A,
(Neey@)* = Noey@ = Noey@-

Proof. Suppose f € Ngey@. Fix generators x1,...,2, of A as an R-
algebra and let d denote the degree of f viewed as a polynomial in
T1,..., T, with coefficients in R. Let ¢ = 1+ > 27 and fix an
integer e with 2¢ > d. We claim that for any real ¢ > 0 and any
Q €)Y, f+e® € Q. This will prove that f + eg® € Ngey@ for
any real € > 0, so f € (Ngey@)*, which will complete the proof. Let
p = QN—Q, let Q' denote the extension of @ to the residue field x(p),
and let v denote the natural valuation of k(p) associated to @’ (the
valuation ring of v is the convex hull of the integers with respect to @,
see for example [15, Theorem 5.3.3]). To prove the claim we consider
two cases. Suppose first that v(z; + p) < 0 for some i. Reindexing
we may suppose v(xq +p) < v(z; + p) for all i. Then v(g® + p) =
ev(g +p) = 2ev(z; +p) < dv(zy +p) < v(f +p). It follows that the
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sign of f 4 €g® at @) is the same as the sign of ¢g¢ at ) in this case,
ie, f+e€g° € Q. In the remaining case v(z; +p) > 0 for all i so %
is a subring of the valuation ring B, in this case. Since the residue
field of v is R, we have a ring homomorphism « : A — R defined by
the composition 4 — % C B, — R. Then Q C a }(R*) so a(f) >0
and a(f + €g®) > 0. This implies that f + eg® € @ also holds in this
case. U

We assume always that M is a quadratic module of A. For some
results we need that M and/or A are finitely generated, some results
hold in general. Let ),; denote the set of all semiorderings of A con-
taining M, X, the set of all orderings of A containing M and KCp; the
set of geometric points of A}y, i.e., the orderings of A having the form
a~}(RT) for some ring homomorphism « : A — R with M C o' (R™).
If A is finitely generated, then Kj; can be identified with a certain
subset of the real points of the affine variety corresponding to A.

For any set of semiorderings Y of A, define Pos()) := Ngey@, i.e.,
Pos(Y) :={f € A| f > 0on Y}. Since Kyy C Xy C Yy it follows
that

(2.1) Pos(Khr) 2 Pos(Xy) 2 Pos(Va) 2 M.

Proposition 2.4. Let A be finitely generated, M an arbitrary quadratic
module in A. Then

Pos(Kyr) = Pos(Var)* = Pos(Var ).
Proof. Immediate from Proposition 2.2 and 2.3. U
One can improve upon (2.1) and Proposition 2.4 in important cases:

Proposition 2.5.

(1) If A and M are finitely generated, then Pos(Kps) = Pos(X)y).
(2) If either M is a preordering of A, or A is finitely generated and

dim(5;2+;) < 1, then Pos(Xy) = Pos(Vur).

Proof. (1) is astandard result from Real Algebra, it follows from Tarski’s
Transfer Principle.

(2) If Ais finitely generated and dim(5;22+-) < 1 then every semiorder-
ing lying over M is an ordering, e.g., by [15, Theorem 7.4.1], so the
result is clear in this case. Suppose now that M is a preordering, f > 0
on Xy and Q € Yy, Let p:= Q N —Q and let M’ be the extension
of M to k(p). M’ is a preordering of x(p), so it is the intersection
of the orderings of x(p) lying over M’, by the Artin-Schreier Theorem

15, Lemma 1.4.4]. Since f > 0 on X, this forces f +p € M’. Since
[ p
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M’ is a subset of the extension of @) to x(p), this implies in turn that

Jeaq. O

Pos()yr) can also be described in other ways, which make no explicit
mention of Vy;:

Pos(Vy) = {f € A |pf = f*™ + q for some p € ZAQ,q e M,m >0}
={f € A|f + p belongs to the extension of M to x(p)
for all primes p of A}.

This is well-known and is a consequence of the abstract Positivstel-
lensatz for semiorderings, e.g., see [7] or [15, Theorem 5.3.2]. Typi-
cally one uses ideas from quadratic form theory and valuation theory
to decide when f + p lies in the extension of M to k(p); see [8] and
[15]. Note that one needs only consider primes p satisfying f ¢ p and
(M +p)N—(M+p)=p.

We turn now to M. One has the obvious commutative diagram:

M — Pos(Kyy)

]

M — Pos(Vur),

The arrows here denote inclusions. Interest in M stems from the Mo-
ment Problem:

Proposition 2.6. Let A be finitely generated and M an arbitrary qua-
dratic module of A. Then the following are equivalent:

(1) M = Pos(Ky).

(2) For each L € MY there exists a positive Borel measure p on

Ko such that L(f) = [ fdu for all f € A.

Proof. If A = R|z] is the polynomial algebra, this is Haviland’s The-
orem as stated in [15, Theorem 3.1.2] (using M = MV, as explained
above). For an arbitrary finitely generated algebra A, write A as a
quotient A = Rlz]/I and let M’ C R|x] be the inverse image of M
under the canonical projection from R[z| to A. Then every functional
from (M')V factors through A, and M = Pos(Ky;) and M’ = Pos(Ky)
are equivalent. So the result follows from the case A = R[z]. O

See [15, Theorem 3.2.2] for an extended version of Haviland’s Theo-
rem, which does not assume that A is finitely generated.

For arbitrary A and M, we say M satisfies the strong moment prop-
erty (SMP) if condition (1) of Proposition 2.6 holds.
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In computing M it seems there are only two basic tools available,
which are the following two theorems.

Theorem 2.7. Let A and M be finitely generated. If M is stable then
MY =M=M++MnN—M and M is stable.

See [26] or [15, Theorem 4.1.2] for the proof of Theorem 2.7. Here,
VM N —M denotes the radical of the ideal M N —M. Recall: M is
said to be stable [18] [22] [26] if for each finite dimensional subspace
V of A there exists a finite dimensional subspace W of A such that
each f € M NV is expressible as f = 09 + 0191 + - -+ + 0595 where
g1, - - -, gs are the fixed generators of M and the o; are sums of squares
of elements of W. See [15] for an equivalent definition.

Interest in stability arose in the search for examples where (SMP)
fails. The quadratic module Y R[z]* of the polynomial ring R|[z] is
stable. Theorem 2.7 was proved first in this special case in [1], and the
result was then used to show that > R[z]? does not satisfy (SMP) if
n > 2. More recently, in [26, Theorem 5.4], it is shown that if M is
stable and dim(KCys) > 2 then M does not satisfy (SMP). See [1] [10]
[15] [18] [21] [22] for examples where stability holds.

The second basic tool is the following result, which is both a strength-
ening and an extension to quadratic modules of Schmiidgen’s fibre the-
orem in [29]; also see [17].

Theorem 2.8. Let f € A, a,b € R.

(1) Ifa< f <bon Yy thenb— f,f —a€ M* o
(2) If A has countable vector space dimension and b— f, f —a € M
then M = Na<a<oMy, where My := M + (f — \).

From part (1) one can immediately deduce that ¥ — f, f —a’ € M
where o/ ;= sup{a € R | a < fon Yy}, vV = inf{b € R | f <
bon Vy}. In fact one even gets ¥/ — f, f —a’ € (M*)}, the second cone
in the sequence of iterated sequential closures of M.

Part (1) is useful in conjunction with part (2). If M and A are finitely
generated and either M is a preordering or dim( MQ{ 77) < 1, then the
assumption that a < f < b on Y, is equivalent to the assumption that
a < f <bon Ky see Proposition 2.5. In particular, parts (1) and (2)
taken together yield Schmiidgen’s result in [29] as a special case.

Part (1) is also of independent interest. It is an improvement of the
corresponding result in [29], not only because of the extension from
preorderings to quadratic modules, but also because the conclusion
b— f,f —a € M has been replaced by the stronger conclusion b —
f,f—ac M
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The proof of (2) for finitely generated algebras and finitely generated
quadratic modules is given already in [15, Theorem 4.4.1]. The general
case of an algebra of countable vector space dimension and arbitrary
M is almost the same, see [20, Theorem 2.6].

As also explained in [15] [28] [29], to prove (1), one is reduced to
showing Lemma 2.9 below. In fact if a < f < b on V), then either
a < bor M = A, in which case the whole result is trivially true. So
we assume a < b. By replacing a by a — “T“’, b by b— GTH’ and f by
f — ¢ we can also assume a = —b and b > 0. Then b> — f2 > 0 on

2
Y follows from the identity

1
V== (0= 0+ )+ b+ 0 - 1)
By Lemma 2.9 then b — f? € M*, and the identity

1
b f = [k PR+ 02— )]
then finally yields (1).
Lemma 2.9. Suppose f € A, £ € R, (> — f2 > 0 on Yy. Then
@2 _f2e M

Proof. By the abstract Positivstellensatz for semiorderings, see [15,
Theorem 5.3.2], the hypothesis implies (¢ — f?)p = 1 + ¢ for some
p €Y. A% g€ M. Now one starts with Schmiidgen’s argument involv-
ing Hamburger’s Theorem (also see the proof of [15, Theorem 3.5.1]),
i.e. one proceeds as follows:

Claim 1: (*'p— f?p € M for all i > 1. Since *’p— f?p = (*— f?)p =
1+ g, this is clear when ¢ = 1. Since
£2i+2p _ f2i+2p — €2<£21p _ f21p) 4 f21(£2p - f2p)’
the result follows, by induction on 4.
Claim 2: ¢**2p — f% € M for all i > 1. Since

£2i+2p _ f2i — gQ(ngp _ f22p> 4 f2@<€2p - 1>’
and ?p — 1 = q+ f?p € M, this follows from Claim 1.

Now we use a little technical trick. Define V' := R[f] 4+ Rp, a vector
subspace of A. Write My := M NV, so My is a cone in V. We claim
that p 4+ 1 is an interior point of My in V. Indeed,

for all i > 1, using Claim 2. So with N := max{1, {} we have for every
1>1
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Clearly also
(p+1)E£1€ My and (p+1)E£pe My

holds, which proves the claim, using Proposition 1.3.

We now claim that ¢2 — f2 belongs to My = (M) in V. Therefore
fix L € (My)Y and consider the linear map L; : R[Y] — R defined by
Li(r(Y)) = L(r(f)). Here, r(f) denotes the image of r(Y') under the
algebra homomorphism from R[Y] to V defined by Y + f. Since r(f)?
is a square in A, and M contains all squares, and L is > 0 on My,
we see that Li(r?) = L(r(f)?) > 0 for all r € R[Y]. By Hamburger’s
Theorem [15, Corollary 3.1.4], there exists a Borel measure v on R such
that

L(r(f)) = La(r) = / rdv,

for each » € R[Y]. Let A > 0 and let X denote the characteristic
function of the set (—oo, —A) U (A, 00). Then

2 / Xy dv < / Y2 dy = Ly(Y?) = L(f2) < (22 L(p).

The first inequality follows from the fact that \*X\ < Y% on R. The
last inequality follows from Claim 2. Since this holds for any ¢ > 1, it
clearly implies that [ X\ dv = 0, for any A > ¢. This implies, in turn,
that [ X,dv = 0 ie., the set (—oo, —f) U (¢,00) has v measure zero.
Since Y? < 2 holds on the interval [/, £], this yields

L(f*) = /YZdu < /EQdy: L(0%).
This proves L(£*> — f?) > 0. Since this is true for any L € (My )Y, this
proves (* — f2 € (My)"Y = My. o
Now finally, since My has an interior point in V, My = (My)* by
Proposition 1.3. Therefore, /2 — f2 Mé C M*. O
Theorem 2.8 can be used to produce examples where (SMP) holds,
see [15] [17] [28] [29]. Assuming the hypothesis of Theorem 2.8 (2),

M satisfies (SMP) iff each M, satisfies (SMP). The implication (<) is
immediate from Theorem 2.8 (2) and the easy fact

Pos(Kyr) = m Pos(Kayr, ).
a<A<b

The implication (=) is a consequence of the following observation, due
to Scheiderer:

Lemma 2.10. If A is finitely generated and M satisfies (SMP) then
so does M + I, for each ideal I of A.
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See [26, Proposition 4.8] for the proof of Lemma 2.10. Theorem 2.8
has also been used to construct an example where M* # M; see [19].
The reader will encounter additional applications of Theorem 2.8 in
Sections 3 and 4.

3. THE CoMPACT CASE

We recall basic facts concerning archimedean quadratic modules. We
characterize archimedean quadratic modules in various ways.

Theorem 3.1. Suppose M is archimedean. Then f > 0 on Ky =
f+e€ M for all real € > 0. In particular, M* = M = Pos(Kyy).

Theorem 3.1 is Jacobi’s Representation Theorem [7]. See [15, Theo-
rem 5.4.4] for an elementary proof. There is no requirement that A or
M Dbe finitely generated. We give another proof of Theorem 3.1, based
on Theorem 2.8 (1).

Proof. Suppose f € A, f > 0on Ky, e € R, e > 0. Foreach Q € Yy, @
is archimedean (because M is) so, arguing as in the proof of Proposition
2.2, there is a ring homomorphism a : A — R such that o }(R") D Q
and f 4 € € (). This proves f > —e on V. Since M is archimedean,
there is some b € R, b— f € M,sob > f > —e on Yy;. According
to Theorem 2.8 (1) this implies f + € € M for each real ¢ > 0, so
f € M. Since M is archimedean, 1 is an algebraic interior point of M.
By Proposition 1.3, f + ¢ € M for all real € > 0. U

The following result is proved in [23, Theorem 5.1.18]:

Theorem 3.2. If M is archimedean, then every mazimal semiordering
Q of A lying over M is clearly also archimedean. If A is a finitely
generated R-algebra, then the converse is also true.

There is no requirement here that M be finitely generated. Note:
Maximal semiorderings and maximal proper quadratic modules are the
same thing, e.g., see [7] or [15, Sect. 5.3]. By [15, Theorem 5.2.5],
every maximal semiordering () which is archimedean has the form ) =
a1(RT) for some (unique) ring homomorphism « : A — R.

Corollary 3.3. Suppose w1, ...,x, generate A as an R-algebra. The
following are equivalent:

(1) M is archimedean.
(2) D20 a7 is bounded on Y.

If M is a finitely generated preordering then, by Proposition 2.5,
>~ 22 is bounded on Yy < >~ 22 is bounded on Ky < Ky is compact.
In this case, Corollary 3.3 is just “Wérmann’s Trick”; see [15] [30].
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Proof. (1) = (2) is clear. (2) = (1). Fix a positive constant k such
that k — > 22 > 0 on YVy. By [15, Corollary 5.2.4], each maximal
semiordering ) of A lying over M is archimedean. Now apply Theorem
3.2. O

The second assertion of Theorem 3.2 is not true for general A.
In [14] an example is given of a countably infinite dimensional R-
algebra A such that every maximal proper quadratic module () of A is
archimedean (so has the form a~!(R") for some ring homomorphism
a: A—R), but > A? itself is not archimedean. In fact, in this exam-
ple, the only elements h € A satisfying ¢ + h € > A? for some integer
¢ > 1 are the elements of R. But there is a certain weak version of the
second assertion of Theorem 3.2 which does hold for general A:

Theorem 3.4. If every mazximal semiordering of A lying over M is
archimedean, then Ky is compact and (M*)} = M = Pos(Ky). In
particular, (M*)* is archimedean.

There is no requirement here that A or M be finitely generated.

Proof. The result follows from Theorem 2.8 (1) once we prove that
Kas is compact (using the fact that f > 0 on Ky = f > —e on Yy,
for all real ¢ > 0). Fix f € A and let M, = M — > A%(¢* — f2).
Then M, C Myyq. If =1 ¢ Ups1 M, then we would have a maximal
semiordering () containing Uy>1 M. Then —(¢* — f?) € Q for all £ > 1,
so (( —1)>— f% ¢ @ for all £ > 1. This is a contradiction. Thus
—1=s5—p(l*— f?) for some s € M, p € > A% and some integer £ > 1.
This implies —¢ < a(f) < ¢ for all @ € Ky, for some integer ¢ > 1
(depending on f), say ¢ = {;. Then Ky is identified with a closed
subspace of the compact space erA[—€f, ly]. O

Note: Instead of arguing with the quadratic modules M,, one could
exploit the compactness of the spectral space Semi-Sper(A), as was
done in the proof of [23, Theorem 5.1.18]. This shows that if ) is any
set of archimedean semiorderings in Semi-Sper(A) which is closed in
the constructible topology then Ngey(@ is archimedean.

Corollary 3.5. The following are equivalent:
(1) M is archimedean.
(2) Every mazimal semiordering of A lying over M is archimedean.
(3) Kar is compact and M = Pos(Kyy).
Proof. (1) = (2) and (3) = (1) are obvious. If @ € Kp; then o' (RT)
is closed and M C o }(R*), so M C o '(R*). This proves that
Ky = Ky7. The implication (2) = (3) follows from this observation,
by applying Theorem 3.4 to the quadratic module N = M. 0
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Note: Since Ky = Ky;, one sees now that Corollary 3.5 is not really
a statement about the quadratic module M, but rather it is a statement
about the closed quadratic module M.

Clearly M archimedean = M archimedean = K; compact. We
conclude by giving concrete examples to show that Ky, compact & M
archimedean and M archimedean % M archimedean:

Example 3.6. Let A := Rz], n > 2, and let M be the quadratic
module of R[z] generated by

n
x1—1,...,2,—1,¢c— | |x,;,
i=1

where ¢ is a positive real constant. Then /Cp; is compact (possibly
empty, depending on the value of ¢), but, as explained in [8], M is not
archimedean. As pointed out in [18] (also see [15]) M is also stable, so
M = M, by Theorem 2.7.

Example 3.7. Let A := Rz], n > 2, and let M be the quadratic
module of R[z| generated by

n

2 2 2
1—2,...,1—2x,, | |xi—c,xlxn,xla:gxn,...,m1-~a:n_1xn,

i=1
where ¢ is a positive real constant. In this example, k), is compact,
M is not archimedean, but M = Pos(K,;), so M is archimedean. One
checks that 0 < z; < 1 on Yy so, by Theorem 2.8, M = mog)\glﬁ)\
where M) := M + (x1 — A). So to prove M satisfies (SMP) it suffices
to prove each M, satisfies (SMP). Exploiting the natural isomorphism

(E[%]/\) =~ R[xza, . .., x,], this reduces to showing that the quadratic mod-

ule N of Rz, ..., x,] generated by

1—XN1—29,...,1 —xn,AHmi — e, T2 AT, ATy Ty 22
=2
satisfies (SMP). If A = 0 then —1 € N, so this is true for trivial reasons.
If 0 < A <1 then N, is generated by

n
c
2 2
1—29,...,1—1x,, | |I’i—X7l’2$n,...,l’2"'$n_lxn,
i=2

and N, satisfies (SMP) by induction on n. This proves M satisfies
(SMP). To show that M is not archimedean it suffices to show k? —x? ¢
M for each real k. Taking o = - -+ = x,,_1 = 1, this reduces to the case
n = 2 and, in this case, it can be verified by an easy degree argument
(considering terms of highest degree). But actually, one can say more:
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Claim 1. The only elements of R[z] which are bounded on Y, are
the elements in R[z;]. For suppose f € R[z], f ¢ R[z;] and k € R. We
must show 3 Q € Vs such that f2 > k? at Q. Consider the diagonal
quadratic form

2 2 42 2
p:(Ll—xl,...,l—xn,H:Ei—c,xlxn,...,xl---xn_lxn,f — k%),

defined over the rational function field R(z), and the valuation v on
R(z) having value group Z" ordered lexicographically, defined by

(0,...,0,1),
(0,...,0,—1,0),

v(z1)

v(2)

v(z,) = (—=1,0,...,0).

The residue field of v is R. The quadratic form p has 2n residue forms
with respect to v, one of them 3-dimensional, the rest 1-dimensional, all
of them strongly anisotropic. It follows that p is strongly anisotropic,
even strongly v-anisotropic [15, Prop. 8.2.3]. Using this and [15, Lem.
8.3.1], the entries of p generate a proper quadratic module of R(z).
Since any proper quadratic module is contained in a semiordering [15,
Th. 5.2.5(1)], this yields Q € Yy with f2 — k% € Q.

Claim 2. The only elements f of R[z] such that k* — f? € M for
some real constant k are the elements of R. For suppose

B —fP=00+o(l—x)+ 40,1 —m,)
+ U"“(H x;—c)+ an+2$1xi + -4 o9y - -xn_lxi

with 0; € Y. R[z]?, i = 0,...,2n. If x, actually appears in one of
the terms, consider the terms of highest degree in x,. These terms
cannot cancel with each other. It follows that x, cannot appear in
any term. This forces f € R[zy,..., 2, 1], 0; € D R[zy,..., 2, 1]* for
1=0,....n—1,0,=0fori=mn,...,2n, and

k?2 _f2 — 0-0+0'1(1 —xl) + .. +0-n_1(1 _xn—l)-

]n—l

This implies f is bounded on the affine cone (—oo, 1]"!, so f is con-

stant.

Note: There is a valuation-theoretic criterion for deciding when a
finitely generated quadratic module M is archimedean, given that Ky,
is compact; see [8] or [15]. But typically this does not apply to M,
because M is not finitely generated.
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4. COMPUTATION OF M IN SPECIAL CASES

It dim(ﬁ) < 1, Theorems 2.7 and 2.8 combine to yield a recur-

sive description of M. This is a consequence of the following result:

Theorem 4.1. Let A be finitely generated and suppose the finitely gen-
erated quadratic module M fulfills dim(MmL_M) < 1. If the only ele-
ments of A bounded on ICp; are the elements of R+ M N —M, then M

1s stable.

A preordering version of Theorem 4.1 appears already in [21, Corol-
lary 2.11].

Proof. First we reduce to the case M N —M = {0}. Therefore let
A= A/(MN—M) and let M’ be the image of M under the canonical
projection from A to A/(M N —M). Since every ring homomorphism
from Ky, factors through A’, we find that the only elements from A’
bounded on Ky are the reals (note that M'N—AM’ = {0}). So assume
we already know that M’ is stable. Then by [26, Lemma 3.9], M is
also stable. So we only have to proof the theorem for M N —M = {0}
now.

Since A is noetherian there are just finitely many minimal primes
of A. Let p be a minimal prime of A, k(p) := ff(%‘). According to
[15, Proposition 2.1.7], (M +p) N —(M +p) = p, i.e., M extends to a
proper preordering of x(p). dim(%) is either 0 or 1. For dim(%) =1
let Sep denote the set of valuations v # 0 of x(p) compatible with
some ordering of k(p) lying over the extension of M to k(p) and such
that % ¢ B,, where B, C k(p) is the valuation ring of v. By Noether
Normalization there is some t € % transcendental over R such that % is
integral over RJt]. Since B, is integrally closed, % ¢ B, is equivalent to
t ¢ B,, and this implies that v is one of the extensions of the discrete
valuation v, of R(¢). Since [k(p) : R(t)] < oo, the set Sy, is finite
and each v € S, is discrete with residue field R. Let S, be the
union of the sets S p, p running through the mimimal primes of A
with dim(%) = 1. Thus S is finite. View elements of S, as functions
v:A— ZU{oo} by defining v(f) = v(f +p) if v € S p.

If Karqp is compact then every f € A is bounded on Ky, so either
dim(%) =0or dim(%) =1and Sy = 0. If Kpryyp is not compact then
dim(%) =1, Sop # 0, and f € A is bounded on Ky iff v(f) >0
for all v € Sy p. (This uses the compactness of the real spectrum.)
Anyway, since Ky is the union of the Ky/yp, we have established the
following;:
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Claim 1: f € A is bounded on /Cy; iff v(f) > 0 holds for all v € S.

If Soo = 0 then every element of A is bounded on K, by Claim 1,
so, by hypothesis, A =R -1 (i.e., either A = M = {0} or A =R and
M = R7). In this case M is obviously stable. Thus we may assume
Seo # 0. Let pq,...,pr be the minimal primes of A with dim(é) =1

and S p, # 0. Since So # 0, k > 1. If f € N¥_ p; then v(f) = o
for all v € S so, by Claim 1, f is bounded on Ky;, so, by hypothesis,
f € R. Since k > 1, this forces f = 0. This proves N¥_p; = {0}, i.e.,
V{0} = {0} and {p; | ¢ = 1,...,k} is the complete set of minimal
primes of A.

For any non-empty subset S of S, and any integer d, let

Vsa:={feAlv(f)>dVve S}

Vs 4 is clearly an R-subspace of A.
Claim 2: If d < e then Vg4/Vs, is finite dimensional.

Consider all pairs (7, n) where T is a non-empty subset of S and
d < n < e such that there exists an element g € A with v(g) = n for
all v € T and v(g) > n for v € S\T. Fix such an element g = gr,, for
each such pair. To prove Claim 2 it suffices to show that these elements
generate Vg4 modulo V.. This is pretty clear. Suppose f € Vgq4. Let
n = min{v(f) | v € S}, son > d. If n > e then f € Vg.. Suppose
n<e LetT={veS|v(f)=n}. ThusT # (). Fix vy € T. Since the
residue field of vy is R, there is some a € R such that vo(f —agr.,) > n.
Let f' = f — agran, ie., f = agr, + f'. Now repeat the process,
working with f’ instead of f. FEither min{v(f") | v € S} > n or
min{v(f’) |ve S} =nand T" = {v € S | v(f') = n} is non-empty
and properly contained in T' (because vy € T, v ¢ T"). Anyway, the
process terminates after finitely many steps. This proves Claim 2.

By Claim 1, Vg o = R. Combining this with Claim 2, we see that
Vs a is finite dimensional for each d < 0. Clearly A = Ug<oVs__ 4

Fix generators gi,...,q; for M. We may assume each g; is non-
zero. Complications arise from the fact that k may be strictly greater
than 1, so some of the g; may be divisors of zero. We need some
notation: Let gp := 1. For 0 <7 < s, denote by S the union of the
sets Seop, such that 1 < j < k and g; ¢ p;. Thus SO = Soo. Let
e; = max{v(g;) | v € SU}. Let ¢, := min{v(g) | v € SU}. Note
that S # 0 so e; # +o0o. Fix d > 0 and let W® be a f.d. vector

subspace of A which generates V_ i) —a—e; modulo Vi , .. This exists
Soc s —5 Sas,—e;+1

by Claim 2. To complete the proof it suffices to prove:
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Claim 3: Each f € M N Vg _ _q is expressible in the form f =
> o Tigi where 7; a sum of squares of elements of WO i=0,...,s.

Let f € Vs a4 f =1 019 0 € >, A% Then —d < v(f) =
min{v(e;g;) | i = 0,...,s}, i.e., v(o;9;) > —d for all v € S. For
v € S this yields v(o;) > —d — v(g;) > —d — e;, by definition of e;.
Express 0; as o; = Y h?. Then v(hi,) > —d — e;, i.e., v(hyp) > =5

for all v € Sé?. Decompose h;, as hy = ti, + uy with ¢, € w®,
Uip € Vsﬁ?,—egﬂ‘ Then hi, = 3 + 2ty + ui, = to 4 (2tip + Uip)Uip,
SO hfpgi = t?pgi + (2t + wip)uipgi. One checks that v(u;pg;) > 0 for all
vV E Sy ifvé S then v(g;) = 00, v(uipgi) = 00, so this is clear. If
ve SY, then v(uip) > —el, 80 v(uypg;) > —e; +v(g;) > 0 by definition
of ef. According to Claim 1 and our hypothesis this implies u;,g; = 0.
Thus thgi = t?pgi and 0;9; = 7;g; where 7; := > t?p. O

1

The conclusion of Theorem 4.1 is false if dim(ﬁ) > 2:

Example 4.2. Let A = R[z,y|, let M be the quadratic module of
R[z,y] generated by (1 — x)zy?, and let N be the quadratic module
of R[z,y| generated by (1 — x)x (note that both M and N are pre-
orderings). Ky is the strip [0,1] x R. KCp is the strip together with
the z-axis. Applying Schmiidgen’s fibre theorem (Theorem 2.8) we see
that N = Pos(Ky). In fact, one even has N = Pos(Ky); see [16].
According to [26, Theorem 5.4], this implies that N is not stable. On
the other hand, y>N C M, so if M were stable then N would also
be stable: if f € N then y?f € M. If M were stable we would have
vif =o+7(1—2)zy?, 0,7 € > Rz, y]* with degree bounds on ¢ and T
depending only on deg(f). Clearly o = y?0; for some o1 € > R[z, y]?,
so this would yield f = o1 + 7(1 — x)z with degree bounds on oy, 7
depending only on deg(f). This proves that M is not stable. On the
other hand, the elements of R[x,y] bounded on Ky are precisely the
elements of R[z]. Since the only elements of R[z] bounded on the z-
axis are the elements of R, this proves that the only elements of R[z, y|
bounded on Kj; are the elements of R. We remark that even though
M is not stable, it might still be closed.

We can strengthen the example in the following way:

Example 4.3. Let A = R[z,y|, let M be the quadratic module of
R[z, y] generated by (1 — z)z3y? and let N be the quadratic module of
R[z,y] generated by (1 —z)z3. Again Ky is the strip [0, 1] x R and Ky,
is the strip together with the z-axis. Theorem 2.8 again shows that
N = Pos(Ky). However, we have # € Pos(Ky) \ N. Indeed writing
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down a possible representation of x in N and evaluating in y = 0 gives
such a representation for z in Rz|; evaluating in z = 0 then shows
that 22 divides x, a contradiction. So N can not be closed.

We have N = {f € R[z,y] | y°f € M}, with the same argument as
in the preceding example. Now since N is not closed and the mapping
f — y?f is linear and therefore continuous, M can not be closed (so
in view of Theorem 2.7, M can also not be stable). On the other hand
the only polynomials bounded on KCj; (or V) are the reals.

Open problem 1 in [21, p. 85] should be mentioned in this context. It
is asked there whether the absence of nontrivial bounded polynomials
implies stability of the quadratic module, at least if the semialgebraic
set is regular at infinity. Our example does not answer the question,
since Kps is not regular at infinity, i.e. it is not the union of a compact
set and a set that is the closure of its interior. So the question is still
open.

For polyhedra however, the following result is true:

Theorem 4.4. Let A = R[z] and suppose the quadratic module M is
generated by finitely many linear polynomials. Suppose the only linear
polynomials that are bounded on ICp; are from R+ M N —M. Then M
15 stable.

Proof. If K, has empty interior, then it lies in a strict affine subspace
of R™. Any linear polynomial vanishing on this subspace belongs to
M N —M, by [15, Lemma 7.1.5]. So by going over to the polynomial
ring modulo some linear polynomials defining this affine subspace we
retain the condition on bounded linear polynomials. If the quadratic
module in this quotient is now stable, then so is M, by [26, Lemma 3.9].
So we can assume that Ky, has non-empty interior and M N—M = {0}.

Without loss of generality 0 € ;. Group the non constant linear
generators of M so that

pl(())’ s 7p7"(0) >0
and
¢1(0) = -+ =¢qs(0) = 0.
Write p; = ¢ + p; with ¢; € Ryg and p;(0) = 0,p; # 0. All p;
and ¢; are homogeneous polynomials of degree one. We claim that
Pls---sPr Qs - - -, (s are positively linear independent. So assume

ZM@‘FZ%‘% =0
i J

for some nonnegative coeflicients A;, ;, not all zero. Then some \; must
be nonzero, since M N —M = {0}. Assume A\; > 0. With N := )", \i¢
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we have \ip;, N — A\ip1 € M. So by our assumption on the bounded
linear polynomials we find p; € R, a contradiction. This proves the
claim.

So there must be a point d € R™ where all p1,...,pr,q1,...,qs are
strictly positive (Theorem of alternatives for strict linear inequalities
[5, Example 2.21]). Thus ICj; contains a full dimensional cone, and so
M is stable (see [10] or [18] or [22]). O

We define the weak closure M of a quadratic module M of A. Infor-
mally, M is the part of M that can be ‘seen’ by applying Theorem 2.8
recursively. Formally, we define M as follows:

(1) If M = A then M = M.

(2) If the only elements of A bounded on Y, are the elements of
R+ M N —M, then M = M.

(3) If some f € Ais bounded on Yy, say a < f < bon Yy, and [ ¢
R+ MN—M, then M = Ngercp My, where My = M+ (f — A).

Note: Although case (1) is included for clarity, it can also be viewed
as a special case of (2). It is also important to note that the description
of M given in (3) holds trivially if f € R4+ M N —M (in the sense that
iff=X+g NeR ge MN—-M, then My, = M if A = \g and
My, =Aif X # Ny).

Theorem 4.5. Let A be finitely generated. Then for every quadratic
module M of A,

(1) M is a well-defined quadratic module of A.
(2) MCMCM.

Proof. A is noetherian, so if the above notion of M was not well defined,
then there is some quadratic module M with M N —AM maximal such
that M is not a well-defined quadratic module. Obviously we are not
in case (1) or (2), i.e., we are in case (3). Suppose we have f,g € A
bounded on Yy, sayagfgbandcggg/dx(zly% f,g%]l/%;k/Mﬁ

—M. By the maximality of M N —M, M + (f —A\) and M + (g — p)
are well-defined, for a < A < b, ¢ < < d. We need to show

Na<a<eM + (f = A) = Ne<p<aM + (g — 1),

—_— —_—

This follows easily from M + (f — X) = Ne<p<aM + (f — A\, g — p) and

—_— —_—

M+ (g —p) = NacacoM + (f — A\, g — ). These latter facts hold ei-
ther by definition or for trivial reasons. s

Statement (2) is proven similar. To prove M C M one of course
needs to use Theorem 2.8. U
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In [26, Lemma 3.13] it is shown that /M N —M C M, for arbitrary
A and M. One can improve on this as follows:

Lemma 4.6. VM N-M C M.

Proof. Let f € VM N =M. If f =X+ g, Ao €ER, g€ M N —M, then
M=f—-geVvMN-M. TheneitherMﬂ—M:A(sofe]T/[/)or
A0:0andf€Mﬂ—M§M§M. If f¢ R+ MnN—M, then, since
0<f<0on Yy, MzﬂogAgoj\z/;:]\%, where My := M + (f — \).
Anyway, since f € My, this means f € ]\Afo = M. O

Note that example 4.3 above shows that M and M are not the same
in general. In the example the only polynomials bounded on ),, are
the reals, so M = M. But we have shown that M is not closed, so
M = MCMicMholds

Note also that the inclusion M C M? 1s not always true. Let M be
the preordering of R[z, y| generated by 3,z +y,1 — xy, 1 — 2z, This is
the example from [19] with M* C M. One easily checks that M = M
holds, so M* C M in this example.

On the other hand, in many simple cases where we are able to com-

pute M we find M = M:

Theorem 4.7. Let A be finitely generated. M = M holds in the fol-
lowing cases:

(1) M finitely generated and stable.
(2) M finitely generated and dim(
(3) M archimedean.
(4) A =R[z] and M generated by finitely many linear polynomials.

Proof. (1) M = M ++/M N —M, by Theorem 2.7. By Lemma 4.6 this
implies M C M.

(2) Choose M with M N—M maximal such that dim(5;2;) < 1 and
M # M. In view of Theorems 2.8 and 4.1 and (1) and the recursive
description of M we again have M = M which is a contradiction.

(3) Choose M Wlth M N —M maximal such that M is archimedean,
M # M. Since M is archimedean every element of A is bounded on
Vy. TA=R+MnN—-M then M = M = M, a contradiction. If
there is some f € A, f ¢ R4+ M N —M, then by Theorem 2.8 and the
recursive description of M .M = M , again a contradiction.

(4) Take such M with M N —M maximal such that M # M. So

the only linear polynomials bounded on ), are the elements from
R+ M N —M. Any linear polynomial that is bounded on kCj; is also

TR M)<1.
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bounded on Y);. So by Theorem 4.4, M is stable, and we are in case
(1). O

5. APPENDIX

In this section we construct a cone for which the sequence of iterated
sequential closures terminated after n steps. Therefore let

b= @R ce; = {(fi)ien | fi € R, only finitely many f; # 0}

i=0
be a countable dimensional R-vector space. For m € N\ {0} we write

so the increasing sequence (W,,)men of finite dimensional subspaces
exhausts the whole space FE. Forn € {1,2,...} and l = (lo,l1,...,1,) €
(N\ {0})"" define

1 1
V(l):[_al]x X[ 71]X[_71]X” X[_vl]x
\ll l1 l2 l2 ,
1o ti‘r,nes L ti‘I,nes
1] x e [ 1]
\ln7 ln’ J/
ln_1 t‘i,mes

V(1) is a compact subset of W ;.. ,. Let

o0

Ul)y=v(i)x @ 0,1 e,

i=log++ln_1

so U(l) € E and U(l) N W, is compact for every m € N; indeed
non-empty if and only if m >y +--- +1,_1. Now define

M= |J U@
le(N\{o})" !

The intention behind this is that M, contains n ”steps”, and taking
the sequential closure removes one at a time.
We have for m > n > 2

M, "W, €T M,_;.

To see this take a converging sequence (z;); from M, NW,,. So for each
x; there is some [ € (N'\ {0})""" such that z; € U(I?). As U(I)NW,,
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is only non-empty if lo + -+ + -1 < m, we can assume without loss
of generality (by choosing a subsequence), that the () coincide in all
but the last component. This shows that the limit of the sequence (z;);

belongs to M,,_; (indeed to U(l(()i), . ,lfjll) NWh).

So (Mn)i C M,_1, and the other inclusion is obvious. We thus have
forn > 2:

(M) = M, _;.
In addition,
M ¢ Mi=EP[0.1] e,
=0

which is closed. This shows that the sequence of sequential closures for
M,, terminates precisely after n steps at M, = @:°, [0,1] - e;.

Let cc(M,,) denote the cone generated by M, i.e. cc(M,,) consists of
all finite positive combinations of elements from M,,, including 0. We
have for n > 2

ce(M,)* = ce(M,_,).
To see "C” suppose = € cc(M,)*. Then we have a sequence (z;); in
some cc(M,) N W,, = cc(M, N W,,) that converges to x in W,,. Write

v = A0l 4 - A0

with all ag-i) e M, "W, and all /\gi) > 0. We can choose the same sum
length N for all z;, by the conic version of Carathéodory’s Theorem (see
for example [2], Problem 6, p. 65). By choosing a subsequence of (z;);
we can assume that for all j € {1,..., N} the sequence (a?)i converges
to some element a;. This uses M,, N W,,, C [0,1]™. All elements a; lie

in Mfg = M,_1. As n > 2, the first component of each element a

- J
is at least -. So all the sequences ()\g-z))i 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 cone. So
ce(M,_1) = ce(M}) C ce(M,)*.
For n =1 we have

CC(Ml)Z{fZ(fi)iE@RzO'ei|fo=0$f=0}7
=0

SO
CC(Ml) g C(Z(]\/[l)i = @Rzo * €5,
i=0
which is closed. So all in all we have proven:
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For n € {1,2,...} and the cone cc(M,,), the sequence of iterated se-
quential closures terminates precisely after n steps at

1]

CC(Mn> = @RZO c €.
i=0
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