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Abstract

Some Hahn-Banach-extension results for linear operators are reviewed. Several direct applications of these extension
results to the existence of a solution for Markov moment problems are pointed out. A variant of the Mazur-Orlicz theorem
in concrete spaces is also proved. Moreover, polynomial-approximation results on unbounded subsets and their applications
to the existence and uniqueness of the solutions for the full Markov moment problem on R™ and on R’ are reviewed. The
multi-dimensional case is considered and the one-dimensional case follows as a consequence. Finally, the truncated moment
problem is briefly discussed.
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1. Introduction

Studying and proving extension results for linear functionals and operators are usually motivated by (i) proving existence
of solutions for some moment problems (see[1,2,5,6,11,13,14,21-26,28,30,31]), (ii) sub-differentiability of convex functions
and convex operators (see [17,18,20]), (iii) decomposition of linear operators acting on ordered vector spaces (the codomain
being an order complete vector lattice) as a difference of two positive linear operators, the first one being dominated by
a given convex operator (see [17,19, 20]), (iv) the Krein-Milman theorem and some other problems. The Krein-Milman
theorem has applications also to representation theorems, convex optimization and some other fields of analysis (see [4,5,
18]). Many results on the moment problem, not necessarily or explicitly using extension of linear functional and operators,
have been published in [3, 4, 8-10, 12, 15, 16, 28, 32, 33]. Old results of the present author published in [19-21] have
found several applications specified in [2, 17,22, 23, 25]. Also, several polynomial-approximation results on unbounded
subsets reviewed in the recent paper [24] have found applications [25,26]. Density theorems in a different framework
were published in [27]. In present paper, the following notations are used: N=1{0,1,2,...} is the set of all nonnegative
integers, P is the real vector space of all polynomial functions with real coefficients. If ¥ C R"™ is a closed unbounded
subset, then denote by C.(F) the vector space of all real-valued continuous compactly supported functions defined on
F. Take Ry = [0,+00). Basic notions and results in analysis related to this paper can be found in the monographs
[1,4,7,13,18,29,31].

The remaining part of this paper is organized as follows. Section 2 is devoted to general extension results for linear
operators. A variant of the Mazur-Orlicz theorem is also considered in Section 2. In Section 3, some direct applications of
the results of Section 2 are specified. Section 4 is concerned with a polynomial approximation on unbounded subsets and
its applications to the existence and uniqueness of the solution for some classical full Markov moment problems. Section
5 is devoted to some comments and remarks on the truncated moment problem. Section 6 concludes the paper.

2. On constrained extensions for linear operators

One of the earlier results on extension of linear operators refers to the existence of a positive linear extension for a positive
linear operator defined on a majorizing subspace of an ordered vector space. The codomain space is an order complete
vector space. Here, the constraint is the positivity of the extension on the positive cone of the domain space. Let X; be an
ordered vector space whose positive cone X; | is generating (X; = X ; — X1 ). Recall that in such an ordered vector space
X1, a vector subspace S is said to be a majorizing subspace if for any x € X; there exists s € S such that = < s. Following
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is a significant example of a majorizing subspace. Let F C R" be a closed unbounded subset and 1 < a < +oco. Let v be
a positive regular Borel measure on F, with finite moments of all orders. Define X := L% (F) and let X; be the vector
subspace of all functions f € X for which there exists a polynomial p such that |f| < p on F. Then the subspace S := P of
all polynomial functions on F' is a majorizing subspace of X;. The space X; contains C.(F') (the subspace of all continuous
compactly supported real functions on F), as well as the subspace P (p EP=p|=v1-p*> <((1+p%)/2) € P) . The
subspace X; is dense in X, since it contains C.(F'), which is dense in LS (F) = X.

Theorem 2.1 (see [14], Theorem 1.2.1). Let X be an ordered vector space whose positive cone is generating, Xo C X; a
majorizing vector subspace, Y an order complete vector space, Ty : Xg — Y a positive linear operator. Then T, admits a
positive linear extension T : X1 — Y.

A much more general form of Theorem 2.1 was proved in [19] (see also [20] for details and completions). In the next
theorem, X is a real vector space, Y an order-complete vector lattice, A, B C X convex subsets, Q : A — Y a concave
operator, P : B — Y a convex operator, M C X a vector subspace, Ty : M — Y a linear operator. All vector spaces and
linear operators are considered over the real field.

Theorem 2.2 (see [19], Theorem 1). Assume that Ty (z) > Q(z) Vo € MNAand Ty(z) < P(z) Yo € M NB. The
following statements are equivalent:

(a). There exists a linear extension T : X — Y of the operator Ty such that

T|A2Q and T‘BSP

(b). There exists a convex operator P, : A — Y and a concave operator Q1 : B — Y such that for all
(p.t, X aq,a,b1,b,v) €[0,1]% x (0,00) x A% x B? x M,
the following implication holds:
(I=ta—th =v+A((1=pla—pb) = (1 —=1)Pi(a1) =tQ1(b1) = To (v) +A((1-p)Q(a) —pP (b)),

where the convex subsets A, B are arbitrary, with no restriction on the existence of relative interior points or on their
position with respect to the subspace M.

Theorem 2.3 (see [19], Theorem 2). Let X be an ordered vector space, Y an order complete vector space, M C X a vector
subspace, T, : M — Y a linear operator, P : X — Y a convex operator. The following statements are equivalent:

(a). there exists a positive linear extension T : X — Y of T, such that T < P on F;
(b). it holds that Ty (h) < P (x) for all (h,z) € M x X such that h < x.

One observes that in the very particular case £, = {0}, when the order relation on FE is the equality then from Theorem
2.3 one obtains Hahn-Banach extension theorem for linear operators dominated by convex operators. Unlike Theorems
2.2 and 2.3, which provide necessary and sufficient conditions for the existence of an extension, the next result gives only
sufficient conditions.

Theorem 2.4 (see [20]). Let X be a locally convex space, Y an order complete vector lattice with strong order unit uy and
S C X a vector subspace. Let C C X be a convex subset with the following properties:

(a). There exists a neighborhood D of the origin such that (S + D) N C = () (that is, by definition, C and S are distanced).
(b). C is bounded.

Then for any equicontinuous family of linear operators { f; }j c; C L(S,Y) and for any j € Y.\ {0}, there exists an equicon-
tinuous family {T}},. ; C L(X,Y) such that

Ti(s)=fi(s),s€8, T;() =2y, €C, je L
Moreover, if D is a convex balanced neighbourhood of the origin such that
i (DNS) C [~uo,u), (S+D)NC =10
and if ¢ > 01is such that Pp (a) < 4 Va € C and 4; > 0is large enough such that § < d,ug, then the following relations hold:
Ti(x) <(1+d+61)Pp(x), z€X,jeJ,

where Pp denotes the gauge (Minkowski functional) attached to D.



O. Olteanu / Electron. J. Math. 2 (2021) 1-14 3

Theorem 2.5 (see [21], Theorem 5). Let X be a preordered vector space and Y be an order complete vector space. Let
{z;} jeJ and {y,} jer be the families of elements in X and Y, respectively, and let P : X — Y be a sublinear operator. The
following statements are equivalent:

(a). There exists a linear positive operator T : X — 'Y such that

T (z;) >y, j€J, T(x) <P(x), v € X.
(b). For any finite subset Jo C J and any {\;},.; C Ry, the following implication holds

Z/\jl‘jgl‘EX:> Z)\jngp(a:)
J€Jo Jj€Jo

3. Applications to the Markov moment problem and Mazur-Orlicz theorem

We start this section with two applications to the abstract moment problem. The first one is another way of writing of
Theorem 2.3.

Theorem 3.1 (see [21], Theorem 1). Let X be a preordered vector space, Y an order complete vector lattice, P: X — Y a

convex operator, {z;} jes © X, {y;}.c; C Y given families. The following statements are equivalent:

jeJ
(a). There exists a linear positive operator T : X — 'Y such that

T (x;) =y j€J, T(x) < P(z), veX.
(b). For any finite subset Jo C J, and any {);;j € Jo} C R, it holds that

Z)\JijngX:>Z)\jy]§P($)

Jj€Jo Jj€Jo
In addition, if we assume that P is isotone (u < v = P (u) < P (v)), the assertions (a) and (b) are equivalent to (c), where:

(c). For any finite subset Jy C J and any {)\; }jEJ0 C R, the following inequality holds:

SNy <P Y Ny

Jj€Jo Jj€Jo

Theorem 3.2 (see [21], Theorem 4). Let X be an ordered vector space and Y be an order complete vector lattice. Also,
let {¢; }jeJ C X, {y; }jeJ C Y be two given arbitrary families and T1,T> € L (X,Y) be two linear operators. The following
statements are equivalent:

(a). There is a linear operator T € L (X,Y) such that

Ty (2) T (0) < To(w) VaeXe, Tlp)=y; Viel

(b). For any finite subset Jy C J and any {\;;j € Jo} C R, the following implication holds

DN =t — e € Xy | = > Ay < To (o) = T (1)

Jj€Jo jeJo

If X is a vector lattice, then each of the assertions (a) and (b) is equivalent to the following assertion:

(©). T (w) <Ty(w) forall w e X and for any finite subset Jy C J and for all {\;;j € Jo} C R, we have

+ -

SNy <To | | D] N =T [ DD N

j€Jo J€Jo Jj€Jo

The next results provide applications of some of the preceding theorems to concrete spaces. We recall that a sequence
(un)nZO in an ordered vector space Y is called nonnegative with respect to an interval I C R if for any n € N, and any
coefficients \;, j =0,1,...,n, we have

AF+AMt+- -+ A" =0V tel= Muo+ Mus +---\u, € Yy.



O. Olteanu / Electron. J. Math. 2 (2021) 1-14 4

Theorem 3.3 (see [22], Theorem 31). Let
0<beR, X=C([0,0]), p; () =t/, j€N, j>1,t€[0,b],

{Urtieo CX, |kl €1, o=1, Y1 (0) =1, keN, k> 1.

Let Y be an order complete vector lattice with strong order unit ug and (yn)n21 a sequence in 'Y such that (ug,y1,y2,...) LS
nonnegative with respect to [0,b] . Then for any «; € (0, +00), there exists a linear operator T € L (X,Y) such that

T(Soj) =Yy, J €N7 .7 2 17 T@Pk) Zalu(% k€N7 T(SO) S (2+a1)||90||u07 SOGX

If we additionally assume that ay > 1, and Y is a Banach lattice whose closed unit ball is [—ug,uo] , then ||T|| <2+ a1, T is
continuous and positive.

Proof. One applies Theorem 2.4, where S stands for Span {¢;; j = 1} and C stands for the convex hull of the set {1; k € N} .
We have ||s —al > |s(0) —a(0)] = |0—-1] = 1forall s € S and all a € C, so that d(S,C) = 1. This can be written as
(S+B(0,1)) N C = 0, so that V stands for B (0,1) and ||-||, stands for Py in Theorem 2.4. On the other hand, |[¢x| = 1,
k € Nimplies that ||a| < 1 for all a € C, so that the number 1 stands for « in Theorem 2.4. We also take in Theorem 2.4
7 = aiug. Define

f Z)\ngj :Z)\jyj,nEN,nZI, )\jER,jzl,...7TL.
j=1 j=1

Let Z?Zl Ajp; € SN B(0,1). Using the hypothesis on the sequence which is nonnegative on [0, b], one has:

sup Zx\jtj;te[o,b] <l=
j=1

SN H1Z0, 1= Nt/ >0, Vte0,b] =
j=1 j=1

n n
Z)\jyj—FU() >0, UO_Z)\jyj > 0=

j=1 j=1

FAD_Nws | =D Ay € [~uo,uo) =
j=1 j=1

F(SNB(0,1)) C [~uo,uo] -

The conclusion is that f satisfies the conditions of Theorem 2.4. According to this theorem, there exists a linear extension
T of f such that
Tlc = cquo, T (@) < (1+1+a1) [l uo = (2 + a1) [l uo, ¢ € X.

Next, we prove the last assertion of the statement. For this, additionally assume that o; > 1 and Y is a Banach lattice.
From what is already proved, replacing ¢ by —p, we infer that |T (¢)| < (2 + a1) ||¢|| uo, which further yields:

[Tl <@2+a)lell, X,

since the norm on Y is solid and ||ug|| = 1. Hence T is continuous and ||T'|| < 2 + «;. Thanks to its continuity and to
Weierstrass approximation theorem, to prove the positivity of T, it is sufficient to show that 7' (p) > 0 for all polynomials p,
with p (t) > O forallt € [0,0]. Indeed, let p (t) be defined by p (t) = Ao +>_7_, A;jt > 0, t € [0,b]. According to our hypothesis,
it holds that . N

AoUg + Z )\jyj >0 = Z /\jyj > — AUy =

j=1 j=1

T Mol + Z)\j(ﬁj = AT (wo) + Z/\jyj > ApQiiug — Aoy = g (011 — 1) ug > 0.

J=1 Jj=1

We have used the fact that Ay = p (0) = 0. The proof is now complete. O
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The preceding result leads to the next one. We need the following basic example of a commutative algebra of self-adjoint
operators, which is also an order complete vector lattice. Let H be a Hilbert space and A be a self-adjoint operator acting
on H. Let Y =Y (A) be the space of self-adjoint operators acting on H (see pp.303—-305 in [7]). Namely, if A = A(H) is the
space of all self-adjoint operators acting on H then the natural order relation on A is, by definition,

V<W < (Vh,h) < (Wh,h) VheH.

With respect to this order relation, A (H) is an ordered Banach space, which is not a lattice. Moreover, the multiplication
operation on A (H) is not commutative. Therefore, using the following notations, we define a suitable subspace Y (A) of
A(H):

Y1 (A) ={VeA; AV =VA} Y (A) ={WeY; (A); WV =VW,V¥VeY; (A)}, (@))

Then Y (A) is the codomain space that we are interested in for the next two results. This space is an order complete Banach
lattice (see [7]) and is a commutative real algebra (this last assertion is obvious).

Theorem 3.4 (see [22], Corollary 32). Let H be a Hilbert space, A € A(H) a positive self-adjoint operator acting on H,and
Y =Y (A) the order complete Banach lattice defined by (1). Take b € R such that the spectrum o (A) = [0,b] and a; > 1.
Then there exists a nondecreasing mapping o : [0,b] = Y such that

b b b
/ tVdo = A7, jeN, j>1, / e *do >aq1, k €N, / e t)do < (2+a1) |l I, ¢ € C([0,8]).
0 0 0
In particular, for such a mapping o, the following inequality holds

a1 +1 <o (b) — o (0)]| + [lexp (—kU)

|, keN.
Proof. We apply Theorem 3.3 to
Y=Y (A),u=I€Y,y;=A, j€{1,2,...}, ¢y (t) =exp(~kt), k€N, t €[0,b],0; (t) =t!, jEN, 7> 1, t €[0,b].

Here, I : H — H is the identity operator. The sequence (I JAJA? AL ) is nonnegative with respect to the interval
[0,b]. Indeed, if p (t) = Ao+ Mt + -+ At" >0Vt € [0,b] = o (A), then we obtain:

Mo+ AAF - A A =/ p(t)dE4 >0,
o(A)

since the spectral measure dF, is positive. Thus, all the requirements of the statement of Theorem 3.3 are satisfied.
According to this theorem, there exists a linear positive (bounded) operator 7" : C ([0, b]) — Y, with the properties specified
in the conclusion of Theorem 3.3. According to [7] (see p.272), there is a monotone increasing mapping o : [0,b] — Y such
that

b
T () =/ @ (t)do, p € C([0,0]).
0
This leads to: , )
/ t'do =T (y;) =A, jEN, j>1, / exp (—kt)do =T (Y) > a1l, k€N,
0 0

b
A o (t)do =T () < 2+ an) ol I, o € C([0,5]).

Next, we prove the last inequality of the statement. From the previously mentioned inequality, for any k¥ € N we have

ol < /Obe_ktdo - /Ob <1 + f: (_n];)mtm> do =0 (b) — o (0) + f: (_ﬂ]j!)mAm =0 (b)—0(0) = I+ exp(—kA) =

(o1 + 1) I <o (b)—0(0)+exp(—kA).

Due to the fact that the norm on the Banach lattice Y is monotone (increasing) on the positive cone Y., the preceding
inequality implies
a1+ 1< ||o(b) — o (0)]| + |lexp (—kA)|, k € N.

The proof is now complete. O
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In the particular case when H = R™,n > 2, and A is a symmetric n x n matrix with real entries, the space Y (A) defined
by (1) is isomorphic to a commutative algebra of the space Sym(n, R) of all symmetric n x n matrices with real entries,
and is also an order complete Banach lattice with respect to the trace of the usual order relation defined in Sym (n,R) on
Y (4).

We go on with a Mazur-Orlicz type result in concrete spaces. Let H be an arbitrary Hilbert space, A € A (H) be a positive
self-adjoint operator, Y = Y (A) be the space defined by (1). Let X be the space C (¢ (A)), ; () =t/, j €N, t € 0 (A), and
(Bj) ey be a sequence in Y.

Theorem 3.5. The following statements are equivalent:

(a). There exists a linear bounded positive operator T € B, (X,Y) such that

T(p;)> By, j €N, T(p) < /(U) pldEy, ¥ ¢ € X, |T] < 1.

(b). B; < AJ, j N.

Proof. The implication (a) = (b) is obvious:

B; < T (p;) S/

o2

\0j dEa :/ HdEs = A, j € N:
A) a(U)

we have used the positivity of the operator A which leads to |¢;| = ¢; on o (4) C Ry. For the converse, that is (b) = (a),
one applies Theorem 2.5, where J stands for N, z; stands for ¢; and y; stands for B;, j € N. Let Jo and {};},_; be as
mentioned in part (b) of Theorem 2.5. The following implications hold

Z)\j@jSCPGX:‘Z/\j/(A)gpjdEAZAJ.AJ‘S/

i€ i€Jo j€do o

odEs < / GldEs = P (p).
A) o(A)

The positivity of the spectral measure dF 4 has been used. On the other hand, the hypothesis (b), the fact that the scalars
A; are nonnegative and the preceding evaluation yield

NBj S NA V= > NB <> MA<P(p),
je:]() jeJ()

where P (¢) is defined above. Thus, the implication (b) of Theorem 2.5 is satisfied. Application of the latter theorem leads
to the existence of a “feasible solution” T" having the property mentioned in part (a) of the present theorem. The last
property is a consequence of the preceding one, using the fact that the norm on Y is solid. Namely,

AT (o) =T () < [ L lPldEa = P (o) =
T ()l < P(p) = T () < 1P ()l < llell - ]l = lleell, ¢ € X.
Hence ||T'|| < 1. This concludes the proof. O
For the Markov moment problem discussed in Theorem 3.2, we recall one of its applications (see [2] and [23]). A convex

subset C of the real vector space X is called finite-simplicial if for any finite dimensional compact K C C , there is a finite
dimensional simplex S such that K C S C C. Information about finite-dimensional simplexes can be found in [18].

Theorem 3.6 (see [2], Corollary 3.5). Let X be a vector space, C C X be a finite-simplicial set, f : C — R be a convex
function, g : C — R be a concave function, such that f < g on C. There exists an affine function h : C — R, satisfying the
sandwich condition f <h < gonC.

In Theorem 3.6, the novelty is that a finite-simplicial set C C X may be unbounded in any locally convex topology on C.
Next, we review the statement of a topological version of the preceding theorem.

Theorem 3.7 (see [23], Theorem 4). Let X be an ordered Banach space. Assume that the positive cone X, is finite-simplicial
and there exists o € X such that X — x( contains a balanced and absorbing convex subset. Let

f.-9: Xy »R

be convex continuous functions such that f < g. Assume also that f (0) = g (0) = 0. Then there exists a continuous linear
functional L : X — Rsuch that f < L <gon X,.
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4. Polynomial approximation on unbounded subsets and the classical Markov moment
problem

We recall the classical formulation of the moment problem, under the terms of Stieltjes (see the basic book of Akhiezer [1]
for details): find the repartition of the positive mass on the nonnegative semi-axis if the moments of arbitrary orders j
(j =0,1,2,...) are given. More precisely, in the Stieltjes moment problem, a sequence of real numbers (yj)j20 is given and
one looks for a nondecreasing real function o (t) (¢ > 0), which satisfies the moment conditions:

oo .
/ tdo=vy;, (j=0,1,2,...)
0

This is a one-dimensional moment problem on an unbounded interval. Namely, it is an interpolation problem with the
constraint on the positivity of the measure do. The numbers y;, j € N={0,1,2, ...} are called the moments of the measure
do. The present section concerns firstly the existence problem. However, the uniqueness is studied as well. The moment
problem is an inverse problem: we are looking for an unknown measure, starting from its moments. The direct problem
might be: being given the measure do, compute its moments fooo t'do,j = 0,1,2,.... The connection with the positive
polynomials and extensions of linear positive functional and operators is quite clear. Namely, if one takes ¢; (t) := #/,
jeN, tel0,+00), P the vector space of polynomials with real coefficients and

To: P =R, Ty Z a5 | = Z o;Y;, (2)
jedo jedo
where Jy C N is a finite subset, then the moment conditions Tj (¢;) = y;,j € N are clearly verified. It remains to check
whether the linear form 7, has nonnegative values at all nonnegative polynomials. If this condition is satisfied, due to
Haviland theorem, there exists a positive regular Borel measure x on [0, 4+00) such that f0+°° tidp = yj, j € N. In other
words, the measure . satisfies the condition

—+oo
/ pdp =Ty (p), p € P.
0

The multidimensional moment problem is formulated similarly. Let n € N, n > 2, and F C R" be a closed subset. One
denotes

(Pj(t):tj:tjl-l"'t%naj:(jlv--wjn)eNnv t:(tla“-atn)eFv R+:[O,+OO), P+(F):{pep;p(t)20 VtGF}'

Being given a sequence (y;) of real numbers, the existence moment problem means to find a necessary and sufficient

jeNr
condition on the numbers y;, j € N for the existence of a positive regular Borel measure ; on F such that

/tjd,u:yj7 j €N, 3)
F
Due to Haviland theorem [11] (which works in more than one dimension), the desired condition is

To(p) >0 forallpe Py (F), (4)

where T is defined by (2) and j € N™. It is well-known that there exists nonnegative polynomials on the entire space
R", n > 2, which are not sums of squares of polynomials (see [3,31]), unlike the case n = 1, where p € P, (R) <= p = p? +p3
for some p1,p> € R[t] = P. Also, for p € P, we have p (t) > 0 for all t € [0, +oo) if and only if p (t) = p? (t) +tp3 (t) Vt € [0, +0)
for some p;,p2 € P. These well-known facts make possible writing condition (4) for ¥ = R and for F' = R, in terms of
quadratic forms. For /' = R", or F' = R}, n > 2, this is no more possible. If there exists a measure p such that (3) holds, we

From now
of

say that (y;) is a sequence of moments or a moment sequence, and 1 is a representing measure for (y;)

jeNn jENn
on, by a measure on F' we mean a positive regular measure on F with finite moments of all orders. A sequence (yj)j cNn

numbers is called positive semi-definite if for any finite subset J, C N and for any {);;j € Jo} C R, we have

Z AidjYi+i = 0.

1,7€Jo

Clearly, any moment sequence is positive semi-definite. Indeed, if (y;) is a moment sequence, we can write

jENn
2

Z Ai)\jyiqtj = Z )\1)\J/ tH—jd,U,:/ Z )\jtj duZO,
F F

i,j€Jo i,j€Jo Jj€Jo
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For n = 1, the converse is true since any non-negative polynomial on R is a sum of (two) squares of polynomials and a

square of a polynomial can be written as
2

STxivi | =D Mg

jedo i,5€Jo
then one applies Haviland theorem. For n > 2, there exist positive semi-definite sequences that are not moment sequences
(see [4]). This is one of the main differences between the one-dimensional and multidimensional moment problems. More
difficulties appear when one studies the uniqueness of the solution. The present section solves a part of these problems
by means of polynomial approximation on Cartesian products of closed unbounded intervals. If in (3), the y;, j € N*, are
elements of an ordered vector space Y then the solution is a positive linear operator 7': X — Y, where X is usually ordered
Banach space (or even a Banach lattice) of real functions on F, which contains P and the space C; (F) of all continuous
compactly supported real functions defined on F. For example, if v is a positive regular Borel measure on F’ with finite
moments of all orders then we can take X = L} (F). Additionally, assuming that v is a moment determinate measure, we
recall in Lemma 4.1 that P, (F) is dense in (L, (F)) . In particular, P is dense in X = L} (F). If Y is an order complete
Banach lattice and 7': X = L} (F)) — Y is linear and positive, satisfying the interpolation moment conditions

T (¢j) =y;, jeN", 5)

then T is called a solution of the the moment problem defined by (5). The order completeness of Y is necessary for extend-
ing Ty from a suitable chosen subspace of X to the entire space X, preserving positivity property. Then the solution 7 is
unique, since any positive linear operator acting between Banach lattices is continuous (this is also true for 7" acting on
ordered Banach spaces (see [17])), and P is dense in X. We recall that, by definition, the measure v is moment determinate
(M-determinate) if it is uniquely determinate by its moments [} t’dv, j € N™. In what follows, we prove and apply polyno-
mial approximation on unbounded subsets in order to characterize as simple as possible the existence and uniqueness of
the solution 7" : L} (F) — Y which satisfies the moment conditions (5), is positive (linear) and is dominated by a continu-
ous convex operator P: X — Y on X = L. (F). In most cases, P is a continuous sublinear operator from X to Y. Another
interesting sandwich condition on the solution T'is T < T < T, on X, where T} < T on X, . Here T} and T; are given
bounded linear operators from X to Y. In this framework, we can control the norm of the solution 7" as well. We start by a
key approximation lemma.

Lemma 4.1 (see [24], Lemma 3). Let I’ C R™ be an unbounded closed subset and let v be an M-determinate measure
on F (with finite moments of all natural orders). Then, for any x € C.(F), x(t) > 0, Vt € F, there exists a sequence
(Pm)psPm =, m €N, p, — zin L,(F). In particular, it holds that

lim/ D (t) duz/ x (t) dv,
m JF F

the cone P of nonnegative polynomials is dense in (L. (F)) > and P is dense in LY(F).
As an application of Lemma 4.1, we derive the next result.

Theorem 4.1 (see [24], Theorem 2). Let I be a closed unbounded subset of R",Y be an order complete Banach lattice,
(yj)j cnn be a given sequence in Y, v be a positive regular M-determinate Borel measure on I with finite moments of all orders.
Let T, € B (LL(F),Y) be a linear positive bounded operator from L}, (F) to Y. The following statements are equivalent

(a). There exists a unique linear operator T € B ( LL(F), Y) such that T (p;) =vyj, j € N, T is between 0 and T on the
positive cone of L. (A) , and ||T| < ||T3|| -

(b). For any finite subset J, C N, and for any {a;} C R, we have

Jj€Jo

Y ap;200nF = 0<> ay <Y aTa ().

j€Jo j€Jo j€Jo

Lemma 4.2. Ifv = vy X - - X vy, is a product of n M-determinate measures on R, then any non-negative continuous compactly
supported function f in X = Ll (R") can be approximated with sums of products

PR Dy, (L1 O @ py) (1, tn) =p1(t1) - Pn (tn)

where p; are nonnegative polynomial on the entire real line, j = 1,...,n, such that any such sum of special polynomials
dominates f on R™ .
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To prove Lemma 4.2, one can use approximating Bernstein polynomial of n variables. Then, on applies Lemma 4.1 in
each separate variable, for n = 1, F = R, and the Fubini theorem.

The next result follows from Lemma 4.2, also using the explicit form of nonnegative polynomials on the entire real axis
as a sum of (two) squares of polynomials with real coefficients.

Corollary 4.1 (see [24], Theorem 6). Let X = L. (R"), where v = vy x --- X v, is a product of n M-determinate positive
regular Borel measure on R with finite moments of all orders, Y be an order complete Banach lattice, (yj)j cnn be a sequence
inY,and Ty € By (X,Y). The following statements are equivalent:

(a). There exists a unique (bounded) linear operator T' € B (X,Y) such that T (¢;) = y;, j € N, T is between zero and 1>
on the positive cone of X, ||T|| < || 12| ;

(b). For any finite subset J, C N" and for any {)\;;j € Jo} C R, one has
S N ()20 VieR — 3 Ny e vy,
gedo J€Jo

and for any finite subsets J, CN, k=1,...,n,and for any {)\;, } CR, k=1,...,n, the following inequality holds

Jk€Jk

Sl DD N ANt | | <

7;17.7.16Jl in;jneJn
) S D DR YO VRO WP VI A (YT R S
il)jle']l i717j7zeJ71

Theorem 4.2 (see [24], Theorem 7). Let v be as in Lemma 4.2, X = L. (R"), and Y be a Banach lattice. Assume that T is
a linear bounded operator from X to Y. The following statements are equivalent:

(a). T is positive on the positive cone of X.

(b). For any finite subsets Ji, CN, k=1,...,n, and for any {\;, } CR, k=1,...,n, the following inequality holds

Jk€Jk

0< > | DD A AN T @i i)

i17j1€J1 7fn]n€t]n

Proof. Note that (b) says that T is positive on the convex cone generated by special positive polynomials p; ® ---® p,,, each
factor of any term in the sum being non-negative on the whole real axis. Consequently, (a) = (b) is clear. In order to prove
the converse, observe that any non-negative element of X can be approximated by non-negative continuous compactly
supported functions. Such functions can be approximated by the sums of tensor products of positive polynomials in each
separate variable, the latter being sums of squares. The conclusion is that any nonnegative function from X can be
approximated in X = L} (R") by the sums of tensor products of squares of polynomials in each separate variable. We know
that on such special polynomials, T' admits values in Y, according to the condition (b). Now, the desired conclusion is a
consequence of the continuity of 7', also using the fact that the positive cone of Y is closed. This concludes the proof.

O

Lemma 4.3. If v = v; X -+ X v, is a product of n M-determinate positive regular Borel measures on R, = [0, +00) with
finite moments of all natural orders then any nonnegative continuous compactly supported function fin X = L} (Ri) can be
approximated by means of sums of tensor products p1®- - -® p,,, where p; is a nonnegative polynomial on the real nonnegative
semi-axis, j = 1,...,n, such that all these sums of special nonnegative polynomials dominate f on R'!.

Corollary 4.2 (see [24], Theorem 5). Let X be as in Lemma 4.3, (yj)j cnn be a sequence in Y, where Y is an order complete
Banach lattice. Let To € By (X,Y) be a positive (bounded) linear operator. The following statements are equivalent:

(a). There exists a unique (bounded) linear operator T € B (X,Y) such that T (p;) = y;, j € N*, T is between zero and T,
on the positive cone of X, ||T|| < || T3] -

(b). For any finite subset Jo C N" and for any {)\;;j € Jo} C R, one has

DN (t) >0 VEeRT = > Njy; €Yy,

j€Jo J€Jo
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and for any finite subsets J, CN, k=1,...,n,and for any {)\;, } CR, k=1,...,n, the following inequality holds

Jk€Jk
) > T XAy A N Uit gt in b <
il;jle-]l i717j7zeJ71
n
E E )\il)\jl "'Ain,)\jnT2(SO7;1+j1+l17~7,7;n+jn+ln s (lla---7ln) S {0,1}
i1,j1€J1 in,Jn€Jn

Next, we proceed with a stronger sandwich condition on the solution 7"

Theorem 4.3 (see [26], Theorem 4). Let F' C R"™ be a closed unbounded subset, v be a positive Borel moment determinate
measure on F having finite moments of all orders, X = L. (F), p;(t) = t/,t € F, j € N". Let Y be an order complete
Banach lattice, (yj)j cnn be a given sequence of elements in Y, Ti and T be two bounded linear operators from X to Y.
Assume that there exists a sub-cone Py C P, such that each f € (C. (F))
pr € Py, p; > fforalll. The following statements are equivalent:

. can be approximated in X by a sequence (p;),,

(a). There exists a unique (bounded) linear operator T : X =Y, T (p;) =y;, j e N*,0< Ty <T <Thon X,

1Tl < T < 17215

(b). For any finite subset Jo C N" and for any {a;;j € Jo} C R, the following implications hold

YoajpePr =Y aTi(p) <Y au;, (6)
j€Jo j€Jo j€Jo
Do €Pre =Y aTi(p;) 20, Y ajy; < Y aTalpy). )
J€Jo Jj€Jo Jj€Jo Jj€Jo

Proof. We start by observing that the first condition (7) implies the positivity of the bounded linear operator T}, via its
continuity. Indeed, if f € (C.(F)), , p€ Pyy, p > fforalll, p, — fin L} (F), then, according to the first condition
(7), Ty (p;) > 0 for all I € N and the continuity of 7'y yields

T (f) =limTy (m) >0.

Since (C. (F)) is dense in X, via measure theory reasons, the continuity of 7'; implies 71 > 0 on X, . Thus, 7} is a positive
linear operator. Next, we define Ty : P — Y, Tj (Z jego N ()Oj) = e, Ai¥j» Where the sums are finite and the coefficients
A; are arbitrary real numbers. Condition (6) says that Ty —77 > 0 on P, . If we consider the vector subspace X; of X formed
by all functions ¢ € X having the modulus || dominated by a polynomial p € P, on the entire set F, then P is a majorizing
subspace of X; and Ty — T3 is a positive linear operator on P. Application of Theorem 2.1 leads to the existence of a positive
linear extension U : X; — Y, of Ty — T;. Obviously, X; contains C. (F) 4+ P : (p EP=|p|=1p2= (1+p?)/2¢€ 73).
Indeed, since ¢ € C (F) = |¢| € (Co (F)), = |¢| < bl € P (according to Weierstrass’ Theorem), we infer that ¢ € Xi;
here b is a real number. Hence, C;, (F') C X;. Now, let p € P; we observe that

L+p? —2[p| = (1—[p))*>0

which implies that

‘|_1+p2
PI=

By using the definition of X7, one has P C X;. Consequently, C. (F)) + P C X;. Going back to the positive linear extension
U: X, =Y of Ty — Ty, we conclude that 7, = U + T} : X; — Y is an extension of T, Ty > T} on (X1),, and T, (p) =
To (p) < Ts (p) for all p € P, 4, according to the last requirement (7). Our first conclusion is:

eP.

Ty (p) < To(p) < To(p) forallp € Py, Ty (¥) > Ty () >0, ¥ € (Xy),. ®)

Our next goal is to prove the continuity of 7 on C, (F). Let (f;) 1>0 be a sequence of nonnegative continuous compactly
supported functions, such that f; — 0 in X3, and a sequence of polynomials p; > f; > 0, p; € P, for all [, such that the
following convergence result holds: ||p; — fi||; — 0, I = co. Consequently,

Ipally < llpe = filly + [ filly =0, 1 — oo.
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Now, (8) and the continuity of T} and 75 yield:
0 T1(p) <To(p) <To(m) — 0,

hence T} (p;) — 0. It results:
0< Ty (f1) <To(fi) <To(pi) — 0,

hence T} (f;) — 0. If (9n),>0 18 an arbitrary sequence of compactly supported and continuous functions such that g, — 0
in Xy, then g — 0,9, - 0. According to what we already have proved, we can write 7j (g;7) — 0 and T (g; ) — 0, which
further yield Ty (g,) — 0. This proves the continuity of T on C, (F) and the subspace C. (F) is dense in X. Moreover,
(Cc (F)), is dense in X, . Hence, there exists a unique continuous linear extension 7' € B (X,Y’) of To. For f € (C. (F)) 4
passing to the limit in (8) when I — oo, p; — f, p; € Py for all | and using the continuity of the three operators T, T, T,
itresults 0 < T, (f) <T(f) < T (f). Next, we apply the density of (C. (F)), in X (see [29]), which yields

0<T, <T<TponXy, |[hf| <|T[| <[ T2ll, T (¢;) = To (¢5) = yj> 7 = N".
For an arbitrary ¢ € X, the following inequalities hold via the preceding remarks:

T (¢) =T (£¢) <T(I¢) < T2 (I¢]) = [T (9)| < Ta (|6]) = T (&)l < T2 (IDI < | T2[l ] -

Therefore, | T|| < ||T2|| and similarly, ||T1|| < ||T]| . The uniqueness of the solution T follows by the density of polynomials
in X via continuity of the linear operator 7. This ends the proof. O

Our next goal is to give a result for the Markov moment problem in the space L. (R), where v is a moment determinate
measure on R having finite moments [, t*dv of all orders k € N.

Corollary 4.3. Let X = L. (R), where v is a moment determinate positive measure on R. Assume that Y is an arbitrary
order complete Banach lattice and (yn)nzo is a given sequence having its terms in Y. Let T1 and T3 be two linear operators
from X to Y such that 0 < T; < Ty on X, . The following statements are equivalent:

(a). There exists a unique bounded linear operator T from X to Y, T1 < T < Ty on X, |Th| < ||IT] < |T2], such that
T (¢n) = yn for all n € N.

(b). If Jy C Nis a finite subset and {)\;;j € Jo} C R then

Do AT (@) £ D Adyins £ ) AT (i) -

i,5€Jo ij€do i,5€Jo

Corollary 4.4. Let v be a moment determinate positive Borel measure on R, with finite moments of all orders. Assume that
hy and hy are two functions in L;° (R), such that 0 < hy < ho almost everywhere. Let (y,),~, be a given sequence of real
numbers. The following statements are equivalent:

(a). There exists h € L.° (R), such that hy < h < hy v-almost everywhere, fR t'h (t)dv = y; for all j € N.

(b). If Jo C Nis a finite subset and {\;;j € Jo} C R then

> AiAj/

tH—jhl (t) dVS Z AiAjyi+j S Z )\i)\j/t“_jhz (t) dv.
i,7€Jo R

i,5€Jo 1,7€Jo R

In cases of Corollaries 4.3 and 4.4, we have P, =P . Going further to the multidimensional case, when nonnegative
polynomials are not usually expressible as sums of squares, the inclusion P, C P, is strict. In the case of I' = R’}
(respectively FF = R"), n > 2, the cone P, consists of all polynomials which are sums of products of the form

P1L® QO Pn,

where each p;, j =1,...,n,is anonnegative polynomial on R, (respectively on R), hence is expressible by means of sums of
squares of polynomials of one variable. Proceeding this way, the last conditions of (7) can be written in terms of quadratic
forms (see Corollary 4.5 stated as follows).

Corollary 4.5. Let v = vy X+ -+ Xvy, n > 2, v; being an M-determinate (moment determinate) positive regular Borel measure
onR, j=1,....,n, X =L, (R"), ¢; (t) =t/,t € R", j € N". Additionally, assume that v; has finite moments of all orders,

j=1,...,n. Let Y be an order complete Banach lattice, (y,) be a given sequence of elements in Y, and Ty, T be two

jENn
bounded linear operators from X to Y. The following statements are equivalent:
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(a). There exists a unique (bounded) linear operator T : X =Y, T (p;) =y,, j e N*,0< T, <T <Thon Xy,

1Tl < 1T < 1Tzl -

(b). For any finite subset Jo C N" and for any {)\;;j € Jo} C R, the following implication holds:
S oNgi €Pr= > NTi(p) <> Nyji
j€Jdo j€Jdo j€do

and for any finite subsets J, CN, k=1,...,n, and for any {\;, } 5. CR, the following inequalities hold:

Jr€E-

D S D I A e ) I

i1,J1€J1 in.Jn€Jn

E E Aiv Ajy Ny N Yint,ein+in <
i1,j1€J1 in.Jn€Jn

> |- d AN AN T (i i )
11,j1€J1 in.Jn€Jn

The last consequences of Theorem 4.3 refer to the Markov moment problem on R .

Corollary 4.6. Let X = L. (R, ), where v is a moment determinate positive Borel measure on R, . Assume that Y is an
arbitrary order complete Banach lattice, and (y,),,~, IS a given sequence having its terms in Y. Let T\ and T5 be two linear
operators from X toY such that 0 < T} <Thon X4 . As usual, we denote 0;j (t) =1, j €N, t € Ry. The following statements
are equivalent:

(a). There exists a unique bounded linear operator T from X to Y, Ty < T < Ty on Xy, |Th| < ||IT] < ||T2], such that
T (¢n) = yn forall n € N.

(b). If Jo C Nis a finite subset and {\;;j € Jo} C R then

Z AN T (@it jn) < Z AidjYivjrk < Z NN T2 (pitjrr), kb €{0,1}.
1,5€Jo i,j€Jo i,j€Jo

Corollary 4.7. Let v be a moment determinate positive Borel measure on R, with finite moments of all orders. Assume
that hi, hy are two functions in L;° (R,), such that 0 < hy < hy almost everywhere. Let (y,,),,~_, be a given sequence of real
numbers. The following statements are equivalent:

(a). Thereexists h € L.° (R,), such that hy < h < hy v-almost everywhere and fR+ tih (t)dv = y; for all j € N.

(b). If Jo C Nis a finite subset and {\;;j € Jo} C R, then

PRy / R () dr <D Xid vk <Y A / tH  hy (8) dv, k€ {0,1}.

i,7€Jo i,j€Jo i,7€Jo

5. On the truncated moment problem

This section is subdivided into two parts, namely: (i) General type results and existence of solutions (ii) Perturbations of
moments and the corresponding perturbations of solutions.

General type results and existence of solutions

The truncated moment problem is important in mathematics because it involves only a finite number of moments (of limited
order), which are assumed to be known (or given, or measurable); therefore, it can be related to optimization problems [12]
as well as to constructive methods for finding solutions [9,10,25,26] (see [25,26] for the existence of a polynomial solution).
We start by recalling the truncated (reduced) Markov moment problems on a closed, bounded or unbounded subset F' of
R", where n > 1 is an integer. We denote by R, [t1,...t,] the real vector subspace of all polynomial functions P of n real
variables, with real coefficients, generated by t* = t’fl ootk k€ {0,1,...,d}, i=1,...,n, where d > 1 is a fixed integer.
The dimension of this subspace is clearly equal to N = (d + 1)". Given a finite set {1}, <4 i—;..., of real numbers and a
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positive Borel measure 1 on F' with finite absolute moments of all orders smaller than or equal to d (i.e., [ It|"dp < oo for
all k = (ky,...,k,) € N* with k; <d, i = 1,...,n), one studies the existence and, eventually construction or approximation
of a Lebesgue measurable real function h € L5°(F), satisfying the moment conditions

/tkh(t)du:mk, ki<d, i=1,...,n,
F

and 0 < h < b- 1, for some positive number b. An application of Theorem 3.1 and standard measure theory arguments
(see [29]) lead to the following existence type results for scalar-valued solution of the truncated moment problem. Let
F C R"™ be a closed unbounded subset and p be a positive regular Borel measure on F.

Theorem 5.1 (see [25], Theorem 2.2). Assume that all absolute moments [}, t|"dp < oo for k = (ki,. .., kn) with k; <d,

i = 1,...,n, are finite. Let {my}; .4 ,_1 , be a given (finite) sequence of real numbers. The following statements are

n
equivalent:

(a). Thereexists h € Li° (F),0 < h <1, [.t°h(t)dp=my, ki <d,i=1,...,n.

(b). For any family of scalars {ax}y, < 4. i1, ., the inequality
> arpe<pe Ll (F)
k;<d; i=1,...,n
implies
> ams [ le@ldi=lol,.
ki<d; i=1,...,n r

Theorem 5.2 (see [25], Theorem 2.4). Let p € (1,00), X = LI, (F), {my}; <4 i—
numbers, and q be the conjugate of p. The following statements are equivalent:

, be a given (finite) sequence of real

,,,,,

(@). There exists h € Lf, (F), 0 < h(l) a.e, [h],, <1, Jptfh(t)dp =mp, ki <d, i=1,...,n.
 the inequality

Y. wmw<pel]
k;<d; i=1,...,n

Yo i<

ki<d; i=1,...,n

(b). For any family of scalars {ay};, 4. i—

.....

implies

|P7#'

Perturbations of moments and the corresponding perturbations of solutions

Assume now that the moments my, where k = (k1,...,k,) € N§, 0<k; < d,i € {1,2,...,n} are exact, determined in a
training stage, when no external influence can occur. Also, assume that the moments in real time stage, denoted by vy,
where k; < d, i = 1,...,n, can be measured, but errors may occur due to external influences. The vector subspace of
polynomials involved this way has the dimension (d + 1)". Assume now that there exists h,w in L, (F) such that

/tkh(t)d,uzmk,/tkw(t)d,u:vk
s s

for all multi-index ¥ € Nj having all components 0 < k; < d, i = 1,...,n. Let {ek}og K, <d be the orthogonal system of
polynomials having unit norms, obtained from the system {gok}oS k,<d Vid Gram-Schmidt process, in the space Li (F).
Denote by P, : Lﬁ (F) — Span{e; k; € {0,...,d}, i =1,...,n} the orthogonal projection. It holds that

€k = E CLEPL,

1<k
where | < kmeans [; < k;, ¢ =1,...,n, and the coefficients ¢; ;, are known from Gram-Schmidt process. It yields
(Pa(h) = Pa(w),ex) = > crp(Pa(h) — Pa(w) 1) = > cup (my — 1)
1<k 1<k
Thus,
2
1Pa(w) = Pa(B)ll5,, = Y (Pa(h) = Pa(w),ex)” == > | D cix(mi—w)| . ©
ki<d ki<d \I<k

Hence, one determines the integral mean of the square (P; (w) — P, (h))” on the left hand side of (9), in terms of the squares
of the errors |my, — vi|, (k, < dforalli e {1,...,n}).
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6. Conclusion

Some Hahn-Banach type results are reviewed and their recently published applications are discussed. Also, their direct
applications to concrete spaces are stated and some of them are proved. One of the applications of Theorem 3.2 consists
of proving an unexpected sandwich theorem (see Theorems 3.6 and 3.7). An example of a Mazur-Orlicz type theorem
on concrete spaces is emphasized in Theorem 3.5. On the other hand, existence and uniqueness of the solutions for the
classical Markov full moment problem are emphasized, by means of the polynomial approximation on unbounded subsets,
accompanied by the extension result stated in Theorem 2.1. In the last part of the paper (Section 5), a few aspects of the
truncated moment problem are discussed.
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