Approximation on unbounded subsets and
the moment problem

Octav Olteanu

Abstract. We apply L' approximation to characterize existence of the
solutions of the multidimensional moment problems in terms of quadratic
mappings, similarly to the one-dimensional case. To this end, we approx-
imate any nonnegative continuous compactly supported function by sums
of tensor products of positive polynomials in each separate variable. On
the other hand, an application of an earlier result concerning Markov mo-
ment problems related to distanced convex subsets is discussed. Finally,
we deduce an application of an abstract moment problem to a concrete
Markov moment problem. The Hahn-Banach principle and its generaliza-
tions play an important role along this work.
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1 Introduction

Applying polynomial decomposition and approximation results in the moment prob-
lem is a well-known technique [1] - [7], [9] - [22]. Using Hahn-Banach principle in
existence of the solution is a powerful tool. Some of these extension results are con-
tained in [18]. In solving existence of the solutions of moment problems, upper L'
approximation is sufficient. On the contrary, uniqueness and construction of the so-
lution involve L? norms [5], [14], [20]. As it is well known, in several dimensions
there are positive polynomials on R™, n > 2 which are not sum of squares of some
other polynomials. We solve this difficulty by approximating a positive continuous
function vanishing at infinity with sums of tensor products of positive polynomials in
one separate variable. Each of the factors of a term of this sum is represented as a
sum of squares [1]. Thus, one can solve multidimensional moment problems in terms
of quadratic forms. A similar approximation result is presented in [13], for a complex
moment problem. The proofs are different with respect to those of the present work,
the latter following the real analysis methods. Another aim of this work is to find new
applications of an earlier result that involves a distanced convex set with respect to
a subspace. For the background of this work, see [1], [8]. Uniqueness of the solutions
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is discussed in [5], [9], [10]. The paper is organized as follows. In Section 2, we recall
some basic polynomial approximation results. Section 3 contains an application of
one of these results to a Markov moment problem on an unbounded subset of R3.
Section 4 contains an application of an earlier extension result involving a distanced
vector subspace with respect to a convex bounded set. We deduce an application of
an abstract moment problem to a concrete one. Section 5 concludes the paper.

2 Approximation results on unbounded subsets

Theorem 2.1. (Lemma 1.4 [17]) Let A C R™ be a closed subset and v a determinate
positive reqular Borel measure on A with finite moments of all orders. Then for any
P € (Co(A)) 4+ there is a sequence (Pm)m of polynomials on A, Py > ¥, pm — ¥ in

LL(A). We have
lim/pmdu:/l/}dy,
A A

the cone Py of positive polynomials is dense in (LL(A))y and P is dense in LL(A).

We recall that a determinate measure is, by definition, uniquely determined by
its moments ([5], [9], [10]). We remind the next result on uniform approximation on
compact subsets. The approximation in usual L' spaces holds too.

Theorem 2.2. (Lemma 1.3 (d) [17]) If x € Cy([0, 00) x [0, 00)) is a nonnegative con-
tinuous compactly supported function, then there exists a sequence (P )m of positive
polynomials on [0,00) x [0,00), such that

pm(t) > x(t), Vi>0,VmeZy, pm —

uniformly on compact subsets of [0,00) x [0, 0).

3 Solving Markov moment problems on
unbounded subsets

Let v = v1 X vo X v3, where v; is a positive determinate regular Borel measure on R,
j = 1,2, while v3 is a regular Borel measure on [0,1]. Let S5 = R? x [0, 1], and Y be
an order complete Banach lattice, with solid norm:

ly1] < lyo| = lnall < lwells y; €Y, 4 =1,2.

Denote (pj7k7l(t1,t2,t3) = t{tlgté, (j,k,l) S N3, (tl,tg,tg,) € S5 and let {yj)k,l}(mk’l) C
Y.

Theorem 3.1. Let Fy : LL(S3) — Y be a positive linear bounded operator. The
following statements are equivalent:
(a) there exists a unique linear operator F : LL(S3) — Y, such that

F(@jr) = Y, V(5. k1) € N>,0 < F(y) < Fa(v), 1 € (L (S3))+, ||FI| < ||F2]l;

(b) for any finite subsets J1,Jo C N, any {a;}jes, C R, {Brtres, C R, and all
p,q € N, we have:
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q
0< > @Bl (Z(—l)r ( g )y(i+j,k+l,p+r)>

i,j€Jq r=0
k.lEJs
: q
< > o Bp (Z(—l)r< - >F2(<P(i+j,k+z,p+r)) :
KA r=0

Proof. We define Fyy on the space of polynomials, such that the moment conditions
are accomplished. Condition (b) says that

0 < Fy(p1 @ p2 @ p3) < Fa(pr @ p2 @ p3), Vp1,p2 € (RIX]) 1, pa(tz) >0, t3 € [0,1],

since p;, j = 1,2 are sums of squares of some other polynomials with real coefficients
[1], while p3 is a linear combination with positive coefficients of special polynomials

th(1 —t3)9, t3 € [0,1],

following [6]. Hence, the implication (a) = (b) is obvious. For the converse, let v
be a continuous nonnegative function with compact support contained in S3. One
considers a parallelepiped K3 = [a1,b1] X [az,ba] X [0, 1] containing

pri(support(e)) x pra(support(¢)) x [0, 1].

Extend 1 to K3 with zero values outside its support and approximate this function
by means of Luzin’s Theorem and the corresponding Bernstein polynomials in three
variables. Each term of such a polynomial is a tensor product of positive polynomials
on the corresponding compact interval. Extend each of these factors with zero value
outside the compact interval and apply Luzin’s Theorem in each of the first two
variables. Next one approximates these continuous functions with compact support
by means of Theorem 2.1, applied to n = 1, A = R. The conclusion is that ¥ can be
approximated by sums of tensor products of positive polynomials on R, respectively
on [0,1]:

k(m)

Z DPm,1,j @ Dm,2,j @ Mym 3,5 — ¥, m — 00,

j=0
in the space L1(S3). On the other hand, the linear positive operator Fy has a linear
positive extension F' to the space of all integrable functions with their absolute value
dominated on S5 by a polynomial (following [8, p. 160]). This space contains the space
of continuous functions with compact support. Hence h o F' can be represented by a
regular positive Radon measure, for any linear positive functional & on Y. Moreover,
using (b) and applying Fatou’s lemma, one obtains:

0 < A(F(¢)) < liminf(h o F) D Pt ©Pma; @Mz | < (1)
§=0

k(m)
<lim(ho ) [ > pmiy @ pm2j @ mms, | = h(Fa(¥)), 1 € (Ce(S3))4, h €Y.

m 2
Jj=0
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Assume that
) -F@) ¢ Y.

Using a separation theorem, it should exist a positive linear continuous functional
h € YT such that

h(F2 () < h(F ().

This relation contradicts (1). Hence we must have

F(y) < Fa(¢), ¢ € (Ce(S3))+

Then for arbitrary g € C.(S3) one writes

[F(9)| < Fa(g™) + Fa(g7) = Fa(lgl) = IF(9)l| < [|F2]] - llgllx -

The conclusion is that the operator F' is positive and continuous, of norm dominated
by ||F2]|, on a dense subspace of LL(S3). It has a unique linear extension preserving
these properties. This concludes the proof. O

4 Extension of linear operators and
the moment problem

The next theorem has a significant geometric meaning and leads to interesting results
concerning the extension of linear functionals and operators.

If V is a convex neighborhood of the origin in a locally convex space, we denote
by py the gauge attached to V.

Theorem 4.1. Let X be a locally convex space, Y an order complete vector lattice
with strong order unit ug and S C X a vector subspace. Let A C X be a convex subset
with the following properties:

(a) there exists a neighborhood V' of the origin such that (S+V)NA=® (A and
S are distanced);

(b) A is bounded.
Then for any equicontinuous family of linear operators {f;}je; C L(S,Y) and for
any § € Yy \ {0}, there exists an equicontinuous family {F;}je;s C L(X,Y) such that

Fils=1f; and Fjla>7y, VjeJ
Moreover, if V' is a neighborhood of the origin such that
f;(VNS) Cl—ug,upl, (S+V)NA=09,
0<a€Rstpyla<a, a3 >0st7<aiug,
then the following relations hold

Fi(z) < 1+ a+a)pv(z) -w, z€X, je
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We denote by X the space of all power series in n variables with real coefficients,
centered at (0,...,0), that are absolutely convergent in C™. Let

n
iy zn) = 2 = G i = D Gk 2 L
k=1

On the other hand, consider a complex Hilbert space H, A, € A(H),k=1,...,n
commuting positive selfadjoint operators acting on H. Endow X with the norm

||4P||oo = Sup{l(p(zlv" 7Z7l)|’ |Z’C‘ < 17 k= 17“'?”}'

Denote
Y, = {U S A(H),UAk =AUk = 1,...,’&},

Y ={U eY;UV =VU, ¥V € 1},
Y, ={U e Y;(U(h),h) >0, Vh € H}.

Here A(H) is the real vector space of all selfadjoint operators acting on H. Obviously,
Y is a commutative algebra of selfadjoint operators. Moreover, Y is an order complete
vector lattice (see [8], [12]), and the operatorial norm is solid on Y

Ul <[VI= U]l <[V, U,V eY.

Theorem 4.2. Let (B;);enn, ij > 1 be a sequence in'Y, 0 < e < 1, such that

k=1
there exists a real constant M with the qualities

AL AR . .
|Bj| < M - jll, Y= n) €N 12 1
AN

Let {tx}renn be a sequence in X, such that ¥r(0,...,0) =1, |[x]| < 1, Yk € N™.
Let B € Y. Then there is a linear operator applying X into' Y such that:

F(p;) =Bj, j€N", Y jx > 1, F(ix) > B,
k=1

F(p) < <2+ 1B]|- M~ exp <Z||A/cl>> lelloctio, o := M - exp (ZAk> :
k=1

k=1

Proof. Due to the behavior at (0,...,0) of the functions ¢;, |j| := ij > 1 and 9y,

k=1
k € N™ we have

lls — alloc > [5(0) = a(0)] = 1, Vs € S := Sp{p;; [ = 1},

Va € A:= conv {¢p;k e N"} = (S+ B(0,1))NA=0.

Using also the hypothesis on the norms of the functions ¢y, k € N, we can take in
Theorem 4.1 V = B(0,1), || - [[l4 < 1:=a. Now let s = » _ \j; € SN B(0,1) and
Jj€Jo
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define the linear operator Fj on the subspace S, such that the moment conditions
Fy(¢;) = By, |j| > 1 to be accomplished. In the above relations, B(0,1) is the unit
ball in X. Cauchy’s inequalities yield

Nl <Hlslloo <1, G € Jo= fs) =D \Bi < Y 1N+ |By| <

j€Jo j€Jo
Ajl Ain n
Z|Bj|§M~ Zil' Z -~ :M-exp<ZAk>:uo.
j€Jo j1EN Ji: jn€N Jn: k=1

It is easy to see that wug is strong order unit in Y. On the other hand, we have:

B <|1BI 1= |1l M~ exp ( (ZAk>> o <
k=1
< IBI}- M~ exp (an) g = .

k=1
Application of Theorem 4.1 leads to the conclusion. O

We recall the following result [18] on the abstract Markov moment problem, as
an extension with two constraints theorem for linear operators. It is a constrained
interpolation problem.

Theorem 4.3. Let X be an ordered vector space, Y an order complete vector lattice,
{z;}jer € X, {yj}jes CY given families and Fi,F> € L(X,Y) two linear operators.
The following statements are equivalent:

(a) there is a linear operator F € L(X,Y) such that

Py (z) < F(z) < Fa(v), Vo € Xy, Fz;) =y;, Vj € J;
(b) for any finite subset Jy C J and any {\;}jej, C R, we have:

>N =1 =y, Yr,v € Xy | = Y Ayy < Fa(ve) — Fi(t).

Jj€Jo j€Jo
From Theorem 4.3 we deduce the following result. Let Y be a commutative real
Banach algebra, which is also an order complete Banach lattice, with solid norm. Let
ak, by € Yy, llak|| < 1, ||be]| < 1, k=1,...,n.

Let (y;)jen» be a sequence in Y, . Consider the space X of all continuous functions in
the unit closed polydisc, which can be represented by sums of absolutely convergent
power series with real coefficients in the open polydisc. The order relation on X is
given by the coefficients of the power series. Namely,

X, = Z cjz’ic; >0, Vi e N”
jEN™
Let

Spj(zly"'azn):'z{l"'z%nv j:(jly"'ajn) ENnv |Zk‘ Slv k:17"'7n'
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Theorem 4.4. With these notations, the following statements are equivalent:
(a) there exists F' € B(X,Y) such that

F(pj) =yj, €N 4p(ar,...,an) —e-9P(by,...,b,) < F(p) <

<(ar,...,an)+e- (b, ....by), Y€ Xo, ||F|| <1+¢;
(b) we have

al' . alr —e b bin <y <al'...alr +e b b, G =(j1,...,00) €N
Proof. The implication (a) = (b) is obvious, because of the relations
pj € Xy = y; = F(p;) €

€ lpjlar,...,an) —€-j(b1,...,by), @jlar,...,an) +e-¢@i(b1,...,by)] =

=la]'...alr —c-b" .. W, alt oialr 42 0] L bR, j € N

Conversely, assume that (b) holds. We verify the implication in (b), Theorem 4.3.
Namely, we have:

Z /\jo =Py — ¢1 = Z QAmPm — Z ﬂ1n<ﬁm; amaﬁ7n >0, me N" =

j€Jo meNn meNn

Z /\jyj = Z )\jyj + Z /\jyj < Z /\j(ajll ...a%" +e- bjll S b%")—F

J€Jo jeds JjEJy jeJF

+ Z Nj(al . aln —e b b)) < Z Aja)t .. aln 4 e ( Z bl b%) +
J€Jy Jj€Jo meNn

+e < Z 5.]bj11 b;ﬁ) = (7/’2 _wl)(alv"'aa’n) +€w2(b17"’7bn) +€¢1(b17"'7bn) =

meN™
=o(a,...,an) +e-Pa(br,...,bn) — [1(a1,...,an) —eth1(by,...,b,)] =
= Fy() — Fi(vh1), J& ={j € Jo; \; >0}, Jy = {j € Jo; \j < 0}

A direct application of Theorem 4.3 leads to the existence of a linear operator
F € L(X,Y) such that

P(ar, ... an)—(by,...,by) < F() <P(ay,...,an)+e-(by,....by), Vb € X =
‘F(d)” S w(a’la"'va’n)+8'w(b1""7bﬂ)7 V@Z’ €X+ .
For an arbitrary ¢ € X, one obtains:
IF()l < 1F(eM)+F (7)) < lel(ar, ... an) + e lol(b, ... b) =

IF@)I <@ +e) - lelloos Vo € X = [|F|| < 1+e.
This concludes the proof. O
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5 Conclusions

The present work starts by recalling two polynomial approximation results on un-
bounded subsets. Next, we deduce an application to a Markov moment problem of
one of these approximation theorems. One uses decomposition of positive polynomi-
als on [0,1] into sums of special generating polynomials too. Next, we apply a general
extension result involving a subspace distanced with respect to a convex subset, to
an operator valued moment problem. The last result is an application of an abstract
moment problem to a concrete Markov moment problem. The results of Sections 3
and 4 are interpolating theorems with two constraints.
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