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Abstract: We review earlier and recent results on the Markov moment problem and related polyno-
mial approximation on unbounded subsets. Such results allow proving the existence and uniqueness
of the solutions for some Markov moment problems. This is the first aim of the paper. Our solutions
have a codomain space a commutative algebra of (linear) symmetric operators acting from the entire
real or complex Hilbert space H to H; this algebra of operators is also an order complete Banach
lattice. In particular, Hahn—-Banach type theorems for the extension of linear operators having a
codomain such a space can be applied. The truncated moment problem is briefly discussed by means
of reference citations. This is the second purpose of the paper. In the end, a general extension theorem
for linear operators with two constraints is recalled and applied to concrete spaces. Here polynomial
approximation plays no role. This is the third aim of this work.

Keywords: extension of linear operators; polynomial approximation; Markov moment problem;
existence of a solution; uniqueness of the solution; quadratic forms; moment determinate measure;
symmetric operators; Mazur-Orlicz theorem

1. Introduction

Originally, the moment problem was formulated by T. Stieltjes in 1894-1895 (see [1]):
find the repartition of the positive mass on the nonnegative semiaxis, if the moments of
arbitrary orders k (k =0, 1, 2,...) are given. Specifically, in the Stieltjes moment problem, a
sequence of real numbers (yy);~ is given, and one looks for a nondecreasing real function
o(t) (t > 0), which verifies the moment conditions: ;" tkdo =y, (k=0,1,2,...). If
such a function ¢ does exist, the sequence (yi);~ is called a Stieltjes moment sequence. A
Hamburger moment sequence is a sequence (V) for which there exists a positive regular
Borel measure y on R, such that fR thd U=y k=0,1,.... The existence, uniqueness, and
eventually the construction of the solution do starting from its moments [;° tkdo, k € N
is under attention. The problems stated above have been generalized as follows: being

given a sequence (yj)]. oy Of real numbers and a closed subset F € R, n € {1,2,...}, find

a positive regular Borel measure y on F such that [, Hdy = yj, j € N". This is the full
moment problem. The existence, uniqueness, and construction of the unknown solution y
are the focus of attention. The numbers y;, j € N" are called the moments of the measure
#. When a sandwich condition on the solution is required, we have a Markov moment
problem. The moment problem is an inverse problem since the measure y is not known. It
must be “found”, starting from its moments. The direct problem could be: being given the
measure y, find its moments.
We use the following notations:

) ‘ N = {0,1,2,...}, R+ = [0,00],
pity =t =t -t j= (- jn) EN", t=(t,...,t) EF,neN,n> 1
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P = R[ty,...,t,] will be the vector space of all polynomials with real coefficients,
and P, = P4 (F) denotes the convex cone of all polynomials p € P which satisfy the
condition p(t) > 0forall t € F.If F is closed and unbounded, then we denote by Cy(F) the
vector space of all the real valued continuous compactly supported functions defined on
F.1fy;, j € N" are elements of a Banach lattice Y, a solution for the moment problem is a
positive linear operator T : X — Y, satisfying the moment interpolation conditions

T(¢j) =y; jEN", )

where X is a Banach lattice containing P and Cy(F). An important particular case is when
X = LL(F), where v is a positive regular Borel moment determinate measure on F, with
finite moments of all orders. Recall that v is called a moment determinate measure if it is
uniquely determined by its moments | tidv, j € N" (or, equivalently, by its values on P).
Y may be a commutative Banach algebra of self-adjoint operators acting on a Hilbert space,
which is also an order complete Banach lattice. In this case, we have an operator valued
moment problem. If we define the linear operator

TO P — Y, To(Z rx](p]> = Z 06]'y]', (2)

j€Jo j€Jo

assuming that Ty satisfies the positivity condition:
peP, p(t)>0Vte F= Ty(p) >0, 3)

then the existence of a (positive) solution T for the moment problem defined by (1) is
equivalent to the existence of a positive linear extension T of Ty from P to the entire Banach
lattice X.

For basic notions and terminology used in this paper see the monographs [1-7].
In [8], the main extension result (Kantorovich theorem) on the extension of positive linear
operators is proved. It will be applied in Section 3 below. If Y = R and (3) is verified, the
Haviland theorem [9] ensures the existence of a positive regular Borel measure y on F, such
that

/thdﬂ =To(¢;) =vj, j€N".

If these equalities hold true, then we say that (yj)j is a moment sequence (or a

GNH
sequence of moments) on F, and y is a representing measure for Ty defined by (2). In this

paper, by a measure on F we mean a positive regular Borel measure having finite moments
of all orders on F. Moments appear in physics, probabilities, and statistics, as discussed in
the Introduction of [3]. The papers [10-21] refer to various aspects of the moment problem
or contain related results on polynomial functions. In ref. [22], extension and controlled
regularity of linear operators is applied to characterize the monotone increasing convex
operators on a convex cone. The fact that any positive linear operator acting between two
ordered Banach spaces is continuous is also proved. The papers [23-29] are devoted to
some main aspects of the Markov moment problem or to the extension of linear operators
with two constraints (the extension satisfies a sandwich condition). In the paper [29], such
general theorems are applied to the Markov moment problem and Mazur—Orlicz type
theorems for operators, without using polynomial approximation. On the other hand,
polynomial approximations are reviewed and applied to the existence and uniqueness of
the solution for some full Markov moment problems. The main difference between the one-
dimensional and the multidimensional cases of the moment problem, in terms of a sequence
of numbers (yf)jeN”’ can be formulated in the following way: for any n € {1,2...}, any

moment sequence (yj)j is positive semi-definite; that is:

S
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Y Aidjyij >0

i,j€Jo

for any finite subset Jo C N" and any {A;;j € Jo} C R. Indeed,

2

ij€lo ij€lo i€l
For n = 1, the converse is true, since any non-negative polynomial on R is a sum of

2
(two) squares of polynomials, and a square of a polynomial can be written as ():je o A® j> =

Yijej, AiAj@itj; then, one applies Haviland’s theorem. Thus, for n = 1 a sequence of real
numbers is a moment sequence if, and only if, it is positive semi-definite. For n > 2, there ex-
ist positive semi-definite sequences that are not moment sequences (see [2]). On R", n > 2,
there exist nonnegative polynomials which are not sums of squares (see [3,10,12]). The first
example of such a polynomial was discussed in [12]. The rest of the paper is organized as
follows: Section 2 briefly summarizes the methods used in this work. In Section 3, the main
results are stated, and some of them are also proved or discussed. Section 4 discusses the
results mentioned above and concludes the paper.

2. Methods

The methods applied in the paper are partially motivated by the importance of solving
the old and modern aspects of the moment and related problems. Here are the main
methods used in the sequel:

(1) Extension of positive linear operators (see [8] for the operator version). Extension of
linear operators, satisfying a sandwich condition (see [25]). Such results are used in
the existence of a solution for some Markov moment problems and the Mazur—Orlicz
theorem (see [29]).

(2) Elements of determinacy of measures on R and on R (the one-dimensional case)
(see [3] and mainly [13] for checkable sufficient conditions on determinacy).

(3) Polynomial approximation of nonnegative continuous compactly supported functions
defined on a closed unbounded subset F C R" by dominating polynomials. The
approximation holds in L} (F), where v is a moment determinate measure on F. If
F=R"v=v; X -+ X1y, and vj is moment determinate measureon R, j=1,...,n,
the approximation mentioned above holds by means of finite sums of polynomials
p1® -+ X @py, where pj is a nonnegative polynomialon R, j =1,...,n (see formula
(4) below for the notation p; ® - - - X ®@py). Since each p; is the sum of (two) squares
of polynomials in R[t], we know the expression of such approximating polynomials
in terms of sums of squares. A similar method works when we replace R" by R
(p € P+(Ry) & p(t) = p3(t) + tp3(t),t € Ry, for some py, pa € R[t]). These results
lead to the characterization of the existence and uniqueness of the solutions for the
multidimensional Markov moment problems in terms of quadratic forms. Moreover,
the positivity of some linear continuous operators in terms of quadratic forms is
obtained as well (see [27]).

(4) Results, comments, and remarks on the truncated moment problem are mentioned in
Section 3.3 (see [20,21,23,24,28]).

3. Results
3.1. On Determinacy: The One-Dimensional Case

In what follows, we review some known aspects of the problem of determinacy of a
measure, in the one-dimensional case. A Hamburger moment sequence is determinate if it
has a unique representing measure, while a Stieltjes moment sequence is called determinate
if it has only one representing measure supported on [0, o]. The Carleman theorem (the
next result) contains a powerful sufficient condition for determinacy.
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Theorem 1 (Carleman condition; see [3], Theorem 4.3). Suppose that y = (yn ),y is a positive

n
semi-definite sequence ( 3 yiyjAiA; > 0 foralln € Nand arbitrary Aj €R, j=0,...,n).
i,j=0
(i) If y satisfies the Carleman condition
© 1
Z yann =+,
n=1

then y is a determinate Hamburger moment sequence.
(ii)  Ifin addition (Y,41),cn 1S positive semi-definite and

S

d —
Z Yn " = 400,
n=1
then y is a determinate Stieltjes moment sequence.

The following theorem of Krein consists of a sufficient condition for indeterminacy
(for measures given by densities).

Theorem 2 (Krein condition; see [3], Theorem 4.14). Let f be a nonnegative Borel function on
R. Suppose that the measure y defined by dy = f(t)dt is a Radon measure on R and has finite
moments yy, := [p t"dy forall n € N. If

42 dx < 400,

/ —In(f(x))
R

then the moment sequence y = (Yn),cn. i M— indeterminate.

Next, we give new checkable sufficient conditions on distributions of random variables
that imply the Carleman condition, ensuring determinacy. Consider two random variables
V ~ ¥, Vwithvaluesin R, W ~ ®, W with values in R. Assume that both ¥ and ®
have continuous derivatives and let f = ¥' and g = @/, respectively, be the corresponding
densities. All moments of ¥, ® are assumed to be finite. The symbol ,” used below has the
usual meaning of “monotone increasing”.

Theorem 3 (see [16], Theorem 1; Hamburger case). Assume that the density f of Y is symmetric
on R and continuous and strictly positive outside an interval [—to, to], to > 1, such that the
7l”ft(t) N ooas tyg <t —» oo

ollowing conditions hold:
g
—Inf(t)
— L dt = oo,
/\t\zto 2 In(|t])
In

Then V ~ Y satisfies Carleman’s condition, and hence it is M—determinate.

Theorem 4 (see [13], Theorem 2; Stieltjes case). Assume that the density g of ® is continuous
and strictly positive on [a, o] for some a > 1 such that the following conditions hold:

Oo—lng(tz) _
/a 2Int dt = oo,

’Tﬁ” Nooasa<t— oo,

Under these conditions, W ~ & satisfies Carleman’s condition, and hence it is M —determinate.

Example 1. The distribution function ® having a density g(u) = exp(—u), u € Ry, satisfies
the conditions of Theorem 4, hence it is M-determinate.
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Remark 1. The problem of determinacy of measures on R", R"t, n > 2, is much more difficult
than that for the case n = 1. In the next subsection, we partially solve this problem (see Lemmas
3-5, Theorem 8, as well as their corollaries stated or proved in Section 3.2).

3.2. Polynomial Approximation and Some of Its Applications

As we have seen in Section 1, characterizing moment sequences in terms of the
existence of a representing measure on R"”, n > 2 is not as simple as in one dimension.
However, important results have been proved for compact subsets with nonempty interiors
in R" (see [14]) and for semi-algebraic compact subsets in R”, for arbitrary n > 2, n € N
(see [3,15-17]). For all such compact subsets involved in the papers [14-17], the existence
of a representing measure for a given sequence of numbers has been characterized by
pointing out special nonnegative polynomials on the compact under attention. Moreover,
for any polynomial taking (strictly) positive values at all points of the compact subset,
decomposition theorems were proved. Namely, the explicit form of a positive polynomial
as the sum of special polynomials obtained by the aid of those polynomials that define
the compact subset has been found. In the case of the semi-algebraic compact subset,
this last result is named Schmitidgen’s Positivstellensatz. Its statement involves not only
the polynomials that define the semi-algebraic compact but also sums of squares of other
polynomials. There also exists Putinar’s Positivstellensatz. They were continued and
generalized in [17], where the case of unbounded semi-algebraic sets is studied, using
deep results in operator theory. To solve Markov moment problems on R”, R}, where the
explicit form of nonnegative polynomials cannot be expressed in terms of sums of squares,
we use the approximation of any nonnegative continuous compactly supported function ¢
by sums of special polynomials of the form

(P1®- @ pn)(tr, - tn) = p1(t1) - - - pultn) 4)

where each p; is nonnegativeon R (oron R4),j =1,...,1n. We recall that

p(t) > 0Vt e R < p(t) = p2(t) +p3(t), tER,
p(t) >0Vt € Ry & p(t) = pi(t) +tp3(t),t € Ry

for some p1, p2 € R[t]. Thus we can express approximating polynomials in terms of sums
of squares. This leads to characterizations for the existence and uniqueness of the full
Markov moment problem in terms of quadratic forms. The sums of special nonnegative
polynomials (4) approximate 1 and dominate . The approximation holds in the space
LL(R"), (respectively in L} (R")), where v = v; x - - - X v,, with each vj being a moment
determinate measure on R (respectively on R ), with finite moments of all orders. We
start with polynomial approximation by nonnegative polynomials on R, for continuous
nonnegative functions. The proof of the next results is based on the Stone-Weierstrass
theorem and the properties of partial sums of the alternate Leibniz series obtained from
the Taylor series expansion of the functions ey (t) = exp(—kt), t € [0,00], k € N.

First, we recall the Kantorovich extension result for positive linear operators [8]. Let
X1 be an ordered vector space whose positive cone Xj ; generates X; (X7 = X7+ — X1 4+).
Recall that in such an ordered vector space Xj, a vector subspace S is called a majorizing
subspace if for any x € X there exists s € S such that x < s. The following Kantorovich
theorem on the extension of positive linear operators holds true:

Theorem 5 (see [8], Theorem 1.2.1). Let X be an ordered vector space whose positive cone
generates X1, Xo C Xy—a majorizing vector subspace, Y an order complete vector space, and
Tp : Xo — Y a positive linear operator. Then, Ty admits a positive linear extension T : X1 — Y.

Another extension type result for linear operators, satisfying a sandwich condition,
formulated in terms of the Markov moment problem is stated as follows:
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Theorem 6 (see [25], Theorem 4). Let X be an ordered vector space, Y an order complete vector
lattice, {xf}je]’ {yj}jelfamilies of elements in X and Y, respectively, and Ty, T, € L(X,Y) two
linear operators. The following statements are equivalent:

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

Ti(x) <T(x) < Ta(x), x € Xy, T(x5) =y, j € J;

(b)  For any finite subset Jy C ], and any {ocj}je 6 C R, the following implication holds true:

(Z wjxj =2 — 1, P19 € X+> = Y ajy; < Ta(y2) — Ti(91).

jG]o jGIO

(c) If X is a vector lattice, then assertions (a) and (b) are equivalent to (c), where (c) Ti(w) <
Ty (w) for all w € Xy and for any finite subset Jo C ] and V{aj;j € Jo} C R, we have

jezjo ajy; < T ((};‘3 “ij> +) 1 ((}g ocjxj> _) .

Theorem 6 can be obtained from a more general result proved in [26].

Lemma 1 (see [28], Lemma 1). Let ¢ : Ry = [0, c0] — Ry be a continuous function, such that
tlim §(t) exists in Ry.. Then there is a decreasing sequence (hy); in Span{ey; k € N}, where the
— 00

functions ex; k € N are defined as follows:
ex(t) = exp(—kt), t € [0,00[, k €N,

such that hy(t) > (t),t >0, 1 € N=1{0,1,2,...}, limh; = ¢ uniformly on [0, c0). There exists
a sequence of polynomial functions (p;),cn, P1 = i > ¢, lim p; = ¥, uniformly on compact
subsets of R.. In particular, such polynomial approximation holds for nonnegative continuous
compactly supported functions 1 : Ry — Ry,

In applications, the preceding lemma could be useful in order to prove a similar type
of result for continuous functions defined only on a compact subset K C R, taking values
inRy. For such a function as ¢ : K —+ R, one denotes by ¢p : R — R the extension of
¢, which satisfies ¢ (t) = 0 for all € R \K. From Lemma 1 we infer the next result. To
this aim, we observe that ¢g is dominated by nonnegative continuous compactly supported
functions ¢ : Ry — R, ¢(t) = ¢o(t) = @(t) for all t € K. Then one applies Lemma 1.

Lemma 2 (see [28], Lemma 2). If K C R is a compact subset, and ¢ : K — R a continuous
function, then there exists a sequence (p;),cy of polynomial functions, such that p; > @ on
Ry, pilk = @, I = oo, uniformly on K.

From Lemma 2 and Theorem 5 (where X; stands for C(K) and X, stands for the
subspace P of all polynomial functions), the next corollary follows easily. We recall a well-
known important example of an order complete Banach lattice Y of self-adjoint operators
acting on a complex or real Hilbert space H. Let A = A(H) be the ordered vector space of
all of the self-adjoint operators acting on H, and let V € A. The natural order relation on A
is U < W if, and only if:

(Uh,h)y < (Wh,h) forall hin H.
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One can prove that A with this ordering is not a lattice. Therefore, it is interesting to
fix A € A and define the following:

Yi(A) = {Ue A, UA =AU}, Y =Y(A) = {W € Y1 (A); WU =UW, YU € Y;(A)}. (5

Then, Y(A) is an order complete Banach lattice (and a commutative real algebra), as
discussed in [5]. If U € A, we denote by o(U) the spectrum of U, and by dE;; the spectral
measure attached to U. As usual, one denotes ¢;(t) = t, j € N,t € R;. We recall that any
symmetric linear operator from the entire space H to H is continuous, hence is self-adjoint.
This follows quite easily from the closed graph theorem. Since all symmetric operators
appearing in what follows are defined on the entire Hilbert space H, they are self-adjoint
operators. Conversely, by definition, any self-adjoint operator acting on H is symmetric
and continuous. Therefore, in this paper, there will be no difference between these two
notions. As is well-known, the spectrum of such an operator is a compact subset of the real
line. If H =R", n € N, n > 2, then A is isomorphic to the space Sym(n,R) of all n x n
symmetric matrices with real entries. See [29], p. 11 for an example related to this space.

Corollary 1 (see [28], Corollary 1). With the above notations, assume that A is a positive self-
adjoint operator acting on H, Y = Y(A) is the space defined by Equation (5), and (Bf)jeN isa
sequence of operators in Y (A). The following statements are equivalent:

(@)  There exists a unique positive linear operator T : C(c(A)) — Y, such that

T(g) =Bj, €N, T(9) < [ g(HdEA, @ € (C((A))).. ||| <1

o(A)
(b)  For any polynomial Y;i” ajp; > 0 on 0 (A), the result is Y;i” g a;jB; > 0; if Jo C Nis an
arbitrary finite subset, and {Aj;j € Jo} C R, then the following inequalities hold:

2 /\i)\jBi+j+l < Z Ai)\in+j+l, l e {O,l}
i,j€Jo ij€lo

Proof. (b) = (a). We define To: P — Y(A) by To( L &j¢;) := ¥ a;Bj, where Jo C N
Jj€Jo j€lo

is an arbitrary finite subset, aj € R, j € Jo. Then, Tj is linear and, according to the first
condition (b), To(p) > 0 for all polynomials p with p(t) > 0Vt € 0(A). On the other hand,
for each g € C(c(A)), there exists a constant function c, such that g(t) < c forall t € o(A).
According to Theorem 5, T has a linear positive extension T : C(c(A)) — Y. Next, we
prove that T is continuous (and its norm can be determined). This can be shown for any
positive linear operator, in a more general framework. Namely, any positive linear operator
acting between two ordered Banach spaces is continuous (see [6] and/or [21]). Here, we
are interested only in our problem, when the norm of the involved positive linear operator
can be determined. Indeed, for an arbitrary ¢ € C(c(A)), we can write:

+T(g) = T(+g) < T(Ig]) < T(llgl[1) = [IglIT(1) = [T(g)] < [IglIT(1)

Since the norm on Y (A) is solid (|y1| < |y2] = y1 < y2), the preceding inequality
leads to:

T < IglITMW)], g € C(e(A)) = [ITI < [ITW)[| = [[To(¢o) Il = |[Boll

On the other hand, clearly ||T(1)|| < ||T||; hence, ||T|| = ||T(1)|| = ||Bol|- To fin-
ish the proof of the basic implication (b) = (2), we only have to show that T(¢) <
fyn 9(OEA, 9 € (C(A)), ITI| < 1.

Let ¢ € (C(¢(A)))... According to Lemma 2, where K stands for c(A), there exists a
sequence (P));c of polynomial functions such that p; > @9 > 0on Ry, pylya) — @, I — o0,
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uniformly on 0(A). The continuity of Tand of T, : C(¢(A)) — Y(A), Ta(g) = fa(A) SdE,,
also using the last property on the sequence (Bf)jeN stated at (b), lead to:

T(p) = imT(f1) < imTa (7)) = Ta(@) = | . ode,.
o(A)

In particular, for ¢ =1, we have: T(1) < fa(A) 1dg, = 1= ||T|| = [|[T@)|| < [I]] = 1.
Here, I: H — H is the identity operator; this proves (b) = (a). It is worth noting that
we have used the expression of non-negative polynomials on Ry : p(t) > 0Vt € R} <
p(t) = p3(t) +tp5(t), t € Ry for some p1,po € R[t]. The implication (a) = (b) is
obvious. [J

Next, we generalize the sandwich condition 0 < T < T, on X, appearing in Corollary
1 (where X = C(c(A))), to the condition T} < T < T, on X4, where Ty, T, are two given
linear operators on X, 0 < T7 < T, on X. We start with a general result. Let K C R be
an arbitrary compact subset. We denote by X = C(K) the Banach lattice of all real-valued
continuous functions on K, and let Y be an arbitrary order complete Banach lattice.

Theorem 7 (see [28], Theorem 3). Let T1, T, be two linear operators from X to Y such that
0 < Ty < T; on the positive cone of X, while (yn), - is a given sequence of elements in Y. The
following statements are equivalent:

(@) There exists a unique (bounded) linear operator T : X — Y , such that
T(¢j) =yj, j €N, Ty < T < T, on the positive cone of X, ||Th|| < [|T|| < || T2||;

(b)  For any polynomial Z]’-';O aj@; > 0on K, we have Z;-”ZO a;Ty ((pj) < Z;-”ZO ajyj;if Jo C Nis
a finite subset, and {A;j € Jo} C R, then the following conditions are satisfied:

Y Aidyipji <) AT (‘Pi+]’+l>r l€{0,1}
ij€lo ij€lo

(c) Ti < T,on Xy, and for any polynomial jeZ] Aj@j, the following inequality holds:
0

%%M%fgn(<%%M¢O+)__n(<%%M¢O_).

Proof. According to the notations and assertions of (a), the implication (a) = (b) is clear.
To prove the converse implication, we observe that the first assertion of (b) says that in
defining the following;:

m m
Ty (Z och)j> = Zozjyj, meN,u eR,
=0 i=0

we obtain a linear operator defined on the subspace of polynomial functions, which verifies
the moment conditions:

To(¢;) =vjj €N,

(To > T1 holds on the convex cone P of all polynomial functions which are non-negative
on K). On the other hand, any element from X = C(K) is dominated by a constant function,
so that the subspace P of polynomial functions defined on R, verifies the hypothesis of
Theorem 5, where X; stands for X, and X/ stands for P. According to Theorem 5, the
linear operator Top — T; : P — Y, which is positive on PL = P N X, admits a positive
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linear extension U : X — Y. We define T = Ty + U > T; on X.. Inaddition, T € L4 (X,Y)
verifies the following:

T(¢j) = Ta(g;) +U(9;) = Ti(g;) + To(¢;) — T1(9;) = To(¢;) =y;.j € N.

In other words, T : X — Y is a linear extension of T : P — Y, which dominates T}
on X . Next, we prove that T < T, on X . To this end, observe that according to the
second assertion of (b), we already know that T < T, on special polynomial functions,
which are non-negative on the entirety of the semi-axes R;. Indeed, any non-negative
polynomial p = p(t) on R4 has the explicit form p(t) = g?(t) + tr?(t) for some q,r € R][t].
On the other hand, since

T>T 20,

the linear operator T is positive and, hence, is also continuous; T is continuous as well,
thanks to its positivity. We now apply Lemma 2 for an arbitrary ¢ € X,. Using the
notations of Lemma 2, and the above-discussed assertions, we infer the following:

0<Ti(p) <T(p)=limT(p;) < IIE?OTZ( p) =Tae), ¢ € X5

I—o0
It remains to prove the last relation of (a). If ¢ is an arbitrary function in X, then the
preceding inequality yields
T(y) < T(lyl) < Ta(ly])
and, similarly, —T(¢) = T(—¢) < Ta(|¢|). These inequalities yield |T(y)| < Ta(|¢])
and, since Y is a Banach lattice, the conclusion is |[T()|| < [|T2(|¢)|| < [|T2l|||[¥]]] =

|| T2||||¢l|], ¥ in X. Thus, ||T|| < ||T2||. Similarly, ||T;|| < ||T||. The equivalence (a) < (c)
follows directly from Theorem 2. This completes the proof. [

Corollary 2. With the notation of Corollary 1, assume that A is a positive self-adjoint operator
acting on H. Let a € [0, 00| be an arbitrary constant. The following statements are equivalent:

(a)  There exists a unique positive linear operator T : C(c(A)) — Y, such that

T(¢;) =B, j €N, [ exp(—at)p(t)dEx < T(@) < [,4) @(t)dE,,
Vo € (C(e(A))) 4, llexp(—aA)[| <[|T[| <1

mo
(b) Forany polynomialjgo ajt > 0Vt € o(A), we have

m m i
Y. ajB;j > Y. aiAl lexp(—aA);
j=0 j=0
ifJo C Nis a finite subset, and {Aj;j € Jo} C R, then the following inequalities hold:
Z /\i)\jBi+j+l < Z )\i)\in+j+l, l e {0,1}.
ij€lo ij€]o
Proof. One applies Theorem 7, where K stands for c(A),
Ti(p) = [ exp(-at)g(t)dEs, Ta(g) = | @(ldEa, ¢ € Clo(4)).
o(A) o(A)

We observe that Ty (¢) = exp(—aA)p(A) € [0, T2(¢)], forall ¢ € (C(c(A))),, since
t>0, ¢(t) >0, forallt € 0(A), exp(—aA) € [0,]] and the algebra Y(A) is commutative.
Moreover, as in the proof of Corollary 1,



Symmetry 2021, 13, 1967

10 of 24

I = T =11 [ exp(=at)dEall = llexp(—aa)]|

On the other hand, the first condition of (b) says that

Y il0%Bi > Yo 4T (95)-

The second condition of (b) is exactly the second condition of (b) written in Theorem
7, where Y stands for B]-, j € N. The conclusion follows via Theorem 7.

Next, we review the key polynomial approximation result of this subsection, which
works on arbitrary closed subsets F C R".

Lemma 3 (see [28]). Let F C R" be an unbounded closed subset, and v an M-determinate measure
on F (with finite moments of all natural orders). Then, for any x € Co(F), x(t) > 0, Vt € F, there
exists a sequence (pm),,, Pm > %, m €N, py — x in LL(F). In particular, we have

linr1n/pm(t)dv = /x(t)dv
F

F

P isdensein (LL(F)), , and P is dense in L} (F).

+7

Proof. To prove the assertions of the statement, it is sufficient to show that for any x €
(Co(F)),, we have

Qi(x) == i"f{/FP(t)dV;P >x, pe ’P} = /Fx(t)dv.

Obviously, one has

Q1(x) > / x(t)dv. (6)

JF
To prove the converse, we define the linear form

To: Xo:=P®Sp{x} = R, F(p+ax):= /Fp(t)dv—i-szl(x), peP, ack

Next, we show that F is positive on Xj. In fact, for « < 0, one has (from the definition
of 1, which is a sublinear functional on X;):

prax>0=p> —ax = (—a)Q;(x) = Qi (—ax) < /p(t)dv = To(p+ax) > 0
F

If a > 0, we infer that:

0=0Q1(0) = Qq(ax —ax) < aQq(x) + Q1(—ax) =
[ p(t)dv > Qy(—ax) = —aQy(x) = Ty(p +ax) = 0
F

where, in both possible cases, we have xg € (Xo), = To(xp) > 0. Since Xj contains the
space of the polynomials’ functions, which is a majorizing subspace of Xj, there exists
a linear positive extension T : X — R of Ty, which is continuous on Cy(F) with respect
to the sup-norm. Therefore, T has a representation by means of a positive Borel regular
measure p on F, such that

T(x) = /Fx(t)dy, x € Co(F).
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Let p € P be a non-negative polynomial function. There is a nondecreasing sequence
(Xm),, of continuous non-negative function with compact support, such that x,, / p
pointwise on F. Positivity of T and Lebesgue’s dominated convergence theorem for y yield

/F p(t)ydv =T(p) > supT(xp) = sup/Fxm(t)dy = /F p(t)du, p € P.

Thanks to Haviland’s theorem, there exists a positive Borel regular measure A on F,
such that

Ap) =v(p) —u(p) & vip) = Ap) +u(p), p€P.

Since v is assumed to be M-determinate, it follows that
v(B) = A(B) + u(B)

for any Borel subset B of F. From this last assertion, approximating each x € (L} (F) 4 bya
nondecreasing sequence of non-negative simple functions, and also using Lebesgue’s con-
vergence theorem, one obtains firstly for positive functions, then for arbitrary v-integrable
functions, ¢ :

d:/ A /d, LL(F).
/Fq)v LpdA+ | gy, ¢ € v(F)

In particular, we must have

/ xdv > / xdpu =T(x) = To(x) = Qq(x). (7)
F F
Then, Equations (6) and (7) conclude the proof. [

Remark 2. We recall that the preceding Lemma 3 is no more valid when we replace LL(F) with the
Hilbert space L%(F ), F=R", n > 2 (see [13], Theorem 4.4, where the authors construct such a
measure v).

The next theorem follows from Lemma 3. It facilitates proving inequalities on the
entire L (F) space verifying the involved inequalities only on polynomial functions (here v
is a moment determinate measure on F).

Theorem 8 (see [27], Theorem 2). Let F be a closed unbounded subset of R",Y an order

complete Banach lattice, (yj)jeN” a given sequence in Y, and v an M—determinate measure on

F. Let T, € B(LL(F),Y) be a linear positive (bounded) operator from LL(F) to Y. The following
statements are equivalent:

(a) There exists a unique linear operator T € B( Ly,(F),Y), such that T(¢;) = y;, j € N,
0 < T < T, on the positive cone of L%(F), and T < Ty;
(b)  For any finite subset Jo C N", and any {aj}].e 1, C R, we have
Zje]o aj; >0 F = 0< Zje]o ajyj < Zje]o ;T2 (g;).
Proof. Observe that the assertion (b) says that

0<To(p) < Ta(p), p € Py, ®)

where Ty : P — Y is the unique linear operator that verifies the interpolation conditions
of Equation (1). Thus, (a) = (b) is obvious. To prove the converse, consider the vector
subspace X1 C L} (F) of all functions ¢ € L}(F), verifying

lp(t)] < p(t)VtEF
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for some polynomial p. Clearly, X; contains the subspace of polynomials as well as the
subspace of continuous compactly supported real-valued functions. On the other hand,
the subspace of polynomials is a majorizing subspace in Xj, and according to the first
inequality of Equation (8), Tj is positive as a linear operator on P. Application of Theorem 5
yields the existence of a positive linear extension T : X; — Y of Ty. Let x be a non-negative
continuous compactly supported function on F, and (p),, a sequence of polynomials with
the properties specified in Lemma 3. According to the second inequality of Equation (8),
we have
T(pm) = To(pm) < To(pm) for all m € N.

Our next goal is to prove that
T(x) < To(x). ©)

Assuming the contrary, we should have Tp(x) — T(x) ¢ Y. Since Y is closed, a
Hahn-Banach separation theorem leads to the existence of a positive linear form y* in the
dual Y* of Y, verifying

Y (Ta(x) = T(x)) <0 (10)

The positive linear form y* o T has a representing positive regular Borel measure y,
for which Fatou’s lemma can be applied; we infer that

y*(T(x)) < liminfuy* (T(pn)) < liminfuy* (Ta(p)) = v* (To (limpw) ) =y (Ta(x). (1)
Equations (10) and (11) yield

v (Ta(x)) <y*(T(x)) <y*(T2(x)),

implying the contradiction y*(T>(x)) < y*(T2(x)). Hence, the assumption Tp(x) — T(x) ¢
Y. was false, such that we must have T(x) — T(x) € Y4, i.e., Equation (9) is proven. Now,
let ¢ € Cy(F) be arbitrary. According to the preceding considerations, we obtain

IT(@)| = T(¢") = T(¢ )| < T(¢") + T(¢7) < Ta(¢™) + Ta(9™) = Ta(| @)

Since the norm on Y is solid (|y1| < |y2| = ||ly1|| < ||y2]]), we infer that

T ()l < IT2(l@DII < T2l ¢l = [T2l[ll@1ll, Yo € Co(F).

Using the fact that Co(F) is dense in Lj(F) (see [9]), the last evaluation leads to the
existence of a linear extension T : L} (F) — Y of T, such that

IT(@)Il < I T2lllle1ll, ol =/I<P(t)|dv, ¢ € Ly(F).
A

It follows that ||T|| < ||T»||, and the positivity of T is a consequence of the positivity
of T, via continuity of the extension T and the density of (Co(F))_ in (LL(F)) .- Wealso
note that _

T(¢) = To(9s) = yj, j € N*.

This concludes the proof. [

Unlike the case of nonnegative polynomials on R?, the nonnegative polynomials on a
strip are expressible in terms of sums of squares, due to the following result of M. Marshall.
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Theorem 9 (see [18]). Supposing that p(ty,t2) € Rt1, ta] is non-negative on the strip F =
[0,1] x R, then p(ty,t2) is expressible as

p(tl,tz) = 0’(1’1, tz) + T(tl, t2)t1 (1 — tl)

where o (ty,t2), T(t1, tp) are sums of squares in R[ty, t;).

Let F = [0,1] X R, v a M-determinate measure on F, and X = L}(F), ¢j(t, t2) :=
t111 ﬂzz, j = (j1,j2) € N2, (t;,t) € F.Let Y be an order complete Banach lattice, and (yf)jeNZ
a sequence of given elements in Y. The next result follows directly from Theorems 8 and 9.

Theorem 10. Let T, € B (X,Y) be a linear (bounded) positive operator from X to Y. The
following statements are equivalent:

(a) There exists a unique (bounded) linear operator T : X — Y, such that T(q)j) =Y j€ N?,
where T is between zero and Ty on the positive cone of X, ||T|| < ||T2||;;
(b)  For any finite subset]oC N?,and any{A;;j € Jo} C R,we have:

0< ¥ AMAyin; < L AAT2(isg);
L]

iL,j€]o €Jo
0< i}% A (Yintin 41, oty — Yintin 2, injp) <
7, 0
L AN (T @iyt 11, itp — Pirtin 2, in+ia) )0 1= (i1,12), = (1, j2) € Jo.

i,j€Jo

Lemma 4 (see [28], Lemma 4). Let v = vy X - - - X v, be a product of n M —determinate measures
on Ry = [0,00[. Then we can approximate any non-negative continuous compactly supported
function in X = LI (R™) with sums of products

p1® ®pn,

pj positive polynomial on the real non-negative semi-axis, in variable t; € Ry, j=1,...,n, where

(P @@ pu)(t,- - ) = pr(f1) -~ Pultn)-

The idea of the proof is to use Bernstein approximating polynomials of n variables, and
then to apply Lemma 3 to the case n = 1, F = R, for each moment determinate measure
vj, j =1,...,n. By means of the same arguments, the next result holds true as well:

Lemma 5. Let v = vy X - -+ X vy be a product of n M—determinate measures on R. Then, we
can approximate any non-negative continuous compactly supported function in X = L} (R") with
sums of products

PO @ p,

pj non-negative polynomial on the entire real line, j=1,...,n.

Corollary 3 (see [28], Theorem 5). Let X be as in Lemma 4, (y]')].GN,,

is an order complete Banach lattice; and let T, € B (X,Y) be a positive bounded linear operator.
The following statements are equivalent:

a sequence in'Y, where Y

(a)  There exists a unique (bounded) linear operator T € B(X,Y), such that T (¢;) = y;, j € N";
T is between zero and T, on the positive cone of X, ||T|| < ||Tz]|;
(b)  For any finite subset Jo C N", and any {A;;j € Jo} C R, we have

Z].E]O /\]'q)j(t) >0Vte Rl = /\]‘]/j €eY,.

j€jo
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For any finite subsets |y C N, k =1,...,n, and any {/\jk}jkefk CR, k=1,...,n, the
following relations hold:

r ( o ( L )Lil)\fl s /\in/\jnyil+j1+lll---/ri;1+jl1+ln> o ) <

ilrjlejl in/jnejn

Z ( o ( Z /\il/\jl tet AinA]'n T2(q)i1+j1+11,...,,in+jn+ln) o > ’ (lll e ,ln) S {0/ 1}7’1

i1,j1€h injn€Jn

Proof. One repeats the proof of Theorem 8, where the convergent sequence of non-negative
polynomials for the continuous non-negative compactly supported function x can be chosen
in terms of sums of tensor products of non-negative polynomials on R... Such convergent
sequences do exist, as shown by the preceding Lemma 4. The last inequality of (b) in the
present corollary says that on each term p of such a sequence, the second inequality of
Equation (8) holds true, where P, must be replaced by the convex cone P . of all special
non-negative polynomials generated by the tensor products emphasized in Lemma 4. The
motivation of the condition (I1,...,1;) € {0,1}" of (b) in the present statement comes
from the fact that p;(t) > 0 for all t € Ry < pj(t) = q]?(t) + tr]?(t), t € R, for some
q;,7; € R[t]. This ends the proof. [J

Corollary 4. Let v be an M— determinate measure on R, with finite moments of all natural
orders, X = Li,(Ry). Let Y be an order complete Banach lattice, and T, € By (X,Y), (y;)

sequence in Y. The following statements are equivalent:

jen ?
(@)  There exists a unique (bounded) linear operator T € B(X,Y') that satisfies the conditions
T(¢j) =yj, j €N 0T <Tyon Xy, ||T|| < [|T2;

(b)  For any finite subset Jo C N, and any {A;;] € Jo} C R, the following inequalities hold true:

0< ) Aidyirjee < ) MM ((Pi+j+k>r ke {0,1}.
ij€o ij€o

Similarly to Corollary 3, also using Lemma 5 and the fact that any non-negative
polynomial on the real axes is the sum of squares of (two) polynomials, if we denote
@j(t) = Bt j=(j1,.-.,jn) € N", t = (t,...,t,) € R", then the following result
holds true:

Corollary 5 (see [27], Theorem 6). Let X = LL(R"), where v = vy x - -+ X vy is a product

of n M—determinate measures on R; let Y be an order complete Banach lattice, and (y]-)j e @

sequencein’Y, T, € B1(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", 0 < T < T, on the positive cone of X, ||T|| < ||T2||;

(b)  For any finite subset Jo C N", and any {A;;j € Jo} C R, we have

Z /\]q)](f) >0VteR" = Z /\]y] evY,.

j€lo J€jo
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For any finite subsets |, C N, k =1,...,n, and any {Ajk}jkefk CR, k=1,...,n, the
following relations hold:

> ( ( Y Agh .../\i,,/\jnyi1+j1,...,,in+jﬂ) ) <
i1,j1€h in,fn€]Jn

Z et Z AilAjl tte /\iii/\jn T2<(Pi1+j1/---rri;1+jz1> o ) *

i,h1€h in,jn€Jn
Corollary 6. Let us consider the hypothesis and notations from Corollary 4, where we replace R
with R. The following statements are equivalent:

(@)  There exists a unique (bounded) linear operator T € B(X,Y'), which verifies
T(¢j) =y, JEN, 0T < Thon Xy, |[T|| < [|T2;
(b)  For any finite subset Jo C N, and any {A;;j € Jo} C R, the following inequalities hold true:
0< Y Aidiwiej < ) AiATa(9is)-
ij€lo i,j€lo

Theorem 11 (see [27]). Let X be as in Corollary 5, and Y be a Banach lattice. Assume that T is a

linear bounded operator from X to Y. The following statements are equivalent:

(@) T > 0on the positive cone of X;

(b)  For any finite subsets [y C N, k = 1,...,n, and any {/\jk}
following relations hold:

il CR, k=1,...,n,the

OS Z << Z )\il)\jl.../\in/\]‘nT(xil“’]‘l""’in+jn)> >

il/jlejl i11-jn€]11

Proof. Note that (b) says that T is positive on the convex cone generated by special positive
polynomials p; ® - - - ® py, 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 non-negative 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 condition (b).
Now, the desired conclusion is a consequence of the continuity of T, also using the fact that
the positive cone of Y is closed. This concludes the proof. [

In what follows, we review some of the results of [28]. If F C R" is an arbitrary closed
unbounded subset, then we denote by P the convex cone of all polynomial functions
(with real coefficients), taking non-negative values at any point of F. P, will be a sub-
cone of P, generated by special non-negative polynomials expressible in terms of sums
of squares.

Theorem 12 (see [28]). Let F C R" be a closed unbounded subset; v a moment-determinate
measure on F, having finite moments of all orders; and X = L1, (F), @j(t) = t,t € F, jeN" Let
Y be an order complete Banach lattice, (yj)].eNn a given sequence of elements in'Y, Ty and T, two
bounded linear operators from X to Y. Assume that there exists a sub-cone P+ C P, such that
each f € (Co(F)),. can be approximated in X by a sequence (p;);, p1 € Py+, p1 > f forall L.

The following statements are equivalent:

(a) There exists a unique (bounded) linear operator T:X — Y, T(¢;) =y;, j € N",
0<T <T<TonX., | < |IT|| < Il
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(b)  For any finite subset Jo C N", and any {A;;j € Jo} C R, the following implications hold

true:
Y Ao € Pr= ) ATi(e) < ) Ay, (12)
j€lo j€Jo j€lo
j€Jo j€Jo j€Jo j€Jo

Proof. We start by observing that the first condition of Equation (13) implies the positivity of
the bounded linear operator Ty, via its continuity. Indeed, if f € (Co(F))_, p1 € P++, p1 >
fforall I, p; — f in L} (F) then, according to the first condition of Equation (13), Ty ( p;) >
0 for all/ € N, and the continuity of T; yields the following;:

Ti(f) = li{nTl(Pz) >0

Since (Co(F)), isdensein X as explained by measure theory, the continuity of T; im-
plies Ty > 0 on X,. Thus, T; is a positive linear operator. Next, we define
To:P =Y, To(Ljej, Aj9j) = Liej, Ajyj, where the sums are finite and the coefficients
A; are arbitrary real numbers. Equation (12) says that Tp — T1 > 0 on P4.. If we consider the
vector subspace Xj of X formed by all functions i € X having the modulus || dominated
by a polynomial p € P on the entire set F, then P is a majorizing subspace of X;, and
Tp — Ty is a positive linear operator on P. The application of Theorem 5 leads to the exis-
tence of a positive linear extension U : X1 — Y of Ty — Ty. Clearly, Xj contains Cy(F) + P.
Indeed, since ¢ € Co(S) = [¢| € (Co(F)), = || < b1 € P (according to Weierstrass’ the-
orem), we infer that ¢ € Xj; here, b < oo is a real number. Hence, Cy(F) C X;. Now, if
p € P, we observe the following:

1+p%—2lp| = (1~ |p])* >0,

which can be written as follows:

eP.

1—|—p2
<
Pl < —

According to the definition of X7, it results in P C X;. Consequently, Co(F) + P C Xj.
Going back to the positive linear extension U : X; — Y of Ty — T;, we conclude that
To=U+T; : X; — Y isan extension of Ty, Ty > T; on (X1),,and To(p) = To(p) < Ta(p)
for all p € P4, according to the last requirement of Equation (13). A first conclusion is as
follows:

Ti(p) < To(p) < Ta(p) forall p € Poy, To(p) > Ta(p) 20, p € (X1),. (14

Our next goal is to prove the continuity of Ty on Co(S). Let (f;),-, be a sequence
of non-negative continuous compactly supported functions, such that f; — 0 in X;, and
take a sequence of polynomials p; > f; > 0, p; € P4 for all [, such that the following
convergence result holds: ||p; — fi||; = 0, I = co. Then, apply the following:

il < llpr = fillh +11fillt = 0, 1 = oo

Now, Equation (14) and the continuity of Ty, T3 yield the following:

0« Ti(p) < To(pr) < Ta(pr) — 0.

Hence, To(p;) — 0; this results in the following:

0 < Ti(fy) < To(fi) < To(pr) — 0.
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Hence, Ty(f;) — 0. If (gx),~ is an arbitrary sequence of compactly supported and
continuous functions, such that g, — 0 in X, then g;7 — 0,g,, — 0. According to what
we already have proven, we can write To(g;") — 0 and Ty(g;;) — 0, which further yields
To(gn) — 0. This proves the continuity of Ty on Co(F), and the subspace Cy(F) is dense in
X. Hence, there exists a unique continuous linear extension T € B(X,Y) of Ty. This results
in0<T <T<ThonXy, |[Thf| <|IT|| < ||T2ll, T(¢j) = To(@;) = yj, j € N". Indeed,
Ty, T, T, are linear and continuous, and P+ is dense in (Cy(F)) > hence, it is dense in
X as well. For an arbitrary ¢ € X, the following inequalities hold true, via the preceding
remarks:

+T(9) = T(+¢9) < T(l9|) < Ta(lgl) =

IT(p)] < Ta(lol) = [IT(@)| < IT2(l@DI] < [IT2l[l|o]]-

It follows that ||T|| < ||Tz|| and, similarly, ||T;|| < ||T||. The uniqueness of the
solution T follows according to the density of polynomials in X, via the continuity of the
linear operator T and application of Lemma 3. This ends the proof. [J

Corollary 7 (see [28]). Let v = vy X --- X vy, n > 2, vj being an M— determinate (moment-
determinate) measure on R, j =1,...,n, X = L (RM), (pj(t) =t,t e R", j € N". Addi-
tionally, assume that v; has finite moments of all orders, j = 1,...,n. Let Y be an order complete

Banach lattice, (yf)jeN" a given sequence of elements in Y, and Ty and T, two bounded linear
operators from X to Y. The following statements are equivalent:

(@) There exists a unique (bounded) linear operator T:X —Y, T((p]-) =y, jEN,
OSTl STSTZ 0nX+, T1§T§T2;
(b)  For any finite subset Jo C N, and any {/\j;j € Jo} C R, the following implication holds

true:
Y Aigj € Pr= Y ATi(g) < ) A
j€lo j€lo j€Jo

For any finite subsets J, C N, k = 1,...,n, and any {A;, }jkE]k C R, the following
inequalities hold true:

O S Z ( o ( Z AilAjl T /\in/\jnTl((Pi1+j1/---//in+jr1)> o .>;

i1,j1€1 injn€Jn
IS s Mwy1>><
i1,j1€h in-jn€Jn
Xl Ay A AL (@ itin) |
i,1€h in.n€Jn

Proof. One applies Theorem 12 and Lemma 5. J

Corollary 8 (see [28]). Let X = L} (R), where v is a moment-determinate measure on R. Assume
that Y is an arbitrary order complete Banach lattice, and (yy),,~ is a given sequence with its terms
in'Y. Let Ty, Ty be two linear operators from X to Y, such that 0 < Ty < T, on X . The following
statements are equivalent:

(@)  There exists a unique bounded linear operator T from XtoY, Ty < T < Tr on X4, ||T1]| <
[|T|| < ||Tz]|, such that T(@n) = yu foralln € N;;
(b) If Jo C Nisa finite subset, and {Aj;j € Jo} C R, then

Y. AATI(giyg) < ) MMy <) AidTa (i)

Lj€)o Lj€)o i,j€Jo
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For Y = R, based on the measure theory arguments discussed in [9], Corollary 8 can
be written as follows:

Corollary 9. Letv be a moment determinate measure on R. Assume that hy, hy are two functions
in Ly (R) , such that 0 < hy < hy almost everywhere. Let (yn),q be a given sequence of real
numbers. The following statements are equivalent:

(@) Thereexists h € LP(R), such that hy < h < hy v— almost everywhere, [ tHh(t)dv = y;
forallj € N;
(b) If Jo C Nisa finite subset, and {Aj;j € Jo} C R, then

YA /R FH (dv < Y Adyig < Y A /R E TRy (£)dv.

i,j€Jo i,j€Jo i,j€Jo
Similarly to Corollary 9, replacing R with R we can derive the following;:

Corollary 10. Let X = LL(R.), where v is a moment-determinate measure on R ;. Assume that
Y is an arbitrary order complete Banach lattice, and (yy),,~ is a given sequence with its terms in
Y. Let T1, T, be two linear operators from X to Y, such that 0 < Ty < T, on X,. As usual, we
denote @;(t) = t, j €N, t € R,. The following statements are equivalent:

(@) There exists a unique bounded linear operator T from X toY, Ty < T < T, on X4,
Ty < T < Ty, such that T(¢u) = yn foralln € N;;
(b) If Jo C Nisafinite subset, and {Aj;j € Jo} C R, then

Y. /\i/\jTl(fpi+j+k) < ) Aidyik < ) AT ((Pi+j+k)/ k€ {0,1}

ij€o i€ Ljc
In the scalar-valued case, we derive the following consequence:

Corollary 11. Let v be a moment-determinate measure on R. Assume that hq, hy are two functions
in Ly (Ry), such that 0 < hy < hy almost everywhere. Let (yn),q be a given sequence of real
numbers. The following statements are equivalent:

(@) Thereexistsh € Ly’ (Ry), suchthat hy < h < hy v— almost everywhere, fR+ Hh(t)dv =
yjforallj € N;
(b) If Jo C Nis a finite subset, and {Aj;j € Jo} C R, then:

Z )\i)tj / ti+j+kh1(t)dl/ < Z )\i)‘jyi-i-j-i-k < Z )\i)tj / ti+j+kh2(t)dl/, ke {0,1}.
i,jE]o R+ i,jG]o i,jG]() R+

3.3. On the Truncated Moment Problem

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 [20] as well
as to constructive methods for finding solutions to Markov moment problems [23,24].
For the existence of a polynomial solution see [28], where a symmetric positive definite
matrix is naturally involved. Solution in L* spaces for the full moment problem as a
weak limit of a sequence of solutions of truncated moment problems are discussed in [21].
The convergence holds in the weak topology of a L* space, with respect to the dual pair
(Ll, L°°). 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 Ry[t1, . . . tu] the real vector subspace of all polynomial functions P of n real variables,
with real coefficients, generated by th = tll<1 e tﬁ”, ki €{0,1,...,d},i=1,...,n, where
d > 1is a fixed integer. The dimension of this subspace is clearly equal to N = (d +1)".
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Given a finite set {my} 0<k <d of real numbers, and a positive Borel measure y on
— ™M ="

i=1,...,n
F, with finite absolute moments [} [t[*dy < oo for all k = (ky, ..., k,) € N" with k; < d.
i =1,...,n), one studies the existence and, eventual construction or approximation of a
Lebesgue measurable real function i € L7 (F), satisfying the moment conditions

/tkh(t)dy:mk, ki<di=1,...n
F

and
0<h<b1,

for some positive number b.

3.4. Extension of Linear Operators, Markov Moment Problem, and Mazur—Orlicz Theorem

The purpose of this section is to prove a result on an operator valued Markov moment
problem whose solution is defined on a space of analytic functions, and an operator valued
Mazur-Orlicz theorem involving the space of all real continuous functions defined on the
spectrum of a self-adjoint operator as the domain space of the solution. Both these results
follow as applications of a general theorem on extension for linear operators, with two
constraints. They do not use any result on polynomial approximation. In the next theorem,
X will be a real vector space, Y an order-complete vector lattice, A, B C X convex subsets,
Q:A — Y aconcave operator, P: B — Y a convex operator, M C X a vector subspace,
and Tp: M — Y alinear operator. All vector spaces and linear operators are considered
over the real field.

Theorem 13 (see [26]). Assume that To(x) > Q(x)Vx € MN A, To(x) < P(x) Vx € MNB.
The following statements are equivalent:

(a) There exists a linear extension T : X — Y of the operator Ty such that
TIAa>Q Tlg<P;
(b) Thereexists Py : A —'Y, convex,and Q1 : B — Y concave operator such that for all
(0,t,A',a1,d',by,b',v) € [0,1]% x (0,00) x A2 x B2 x M,
the following implication holds:

(1—t)ay —thy =v+ AN ((1—p)a' —pb) =
(1 —t)P(ay) — tQu(b1) > To(v) +A'((1—p)Q(a") — pP(b')).

It is worth noticing that the extension T of Theorem 13 satisfies the following condi-
tions: it is an extension of T, it is dominated by P on B, and it dominates Q on A. Here
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. As a consequence of Theorem 13,
one can prove the next result:

Theorem 14 (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) NC = & (that is, by
definition, C and S are distanced);
(b)  Cis bounded.
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Then for any equicontinuous family of linear operators { f]}] e C L(S,Y) and for any
Y € Y. \{0}, there exists an equicontinuous family {Tf}je] C L(X,Y) such that

Ti(s) = fi(s), s €S, Ti(y) 2y, p € C, je .
Moreover, if D is a convex balanced neighbourhood of the origin such that
f]'(Dﬁ S) C [—ug,uo], S+D)NC =92

and if & > 0 is such that Pp(a) < a Va € C and oy > 0 is large enough such that j < a1, then
the following relations hold:

Ti(x) < (1+a+a1)Pp(x), x€ X,j€].
We have denoted by Pp the gauge (Minkowski functions) attached to D. N
Let (By)renn be a sequence of operators in Y = Y(A) defined by (5) and ||B|| €

Y+ \{0}. On the other hand, let n # 0 be a natural number and X be the space of all
absolutely convergent power series k in the unit closed polydisk

ﬁ] = {Z = (Z]r-..,Zn) : ‘Zl‘l <1,i€ {1,_”ln}},
with real coefficients. The norm on X is defined by:
||h]|oo = sup{|h(z)| :z € D1 }.
We denote

h(z) =250 -2k, k= (ky,...ka) €N, z€ Dy k| =ky + - - + kn.

Theorem 15 (see [29], Theorem 3.1, p. 178). Assume that A4, ..., Ay, are elements of Y(A)
such that there exists a real number M > 0, with the property

A%kl A%kn n )
n
Bl < M- 2, VR e N, Yy Az <,

p=1

where I : H — H is the identity operator. Let {gy}renn C X besuchthat1 = greo = gx(0), Vk €
N". Then there exists a linear bounded operator T € B(X,Y) such that

T(h) = By, |k| > 1, T(gi) > B, Vk € N",
T(h) < (24 |IBIIM et |[h]| oo, ¥h € X, 1o = Mel

In particular, the following evaluation holds: ||T|| < 2Me + ||B]|.

Proof. One applies Theorem 14, where Y = Y(A) is defined in (5). The subspace generated
by {hy : |k| > 1} stands for S of Theorem 14 and the convex hull of the set of the functions
8k, k € N" stands for the set C. The following remark is essential

[Is — @l > 15(0) —¢(0)] =|0—-1| =1, Vs €S, Vg € C.

This proves that (S + B(0,1)) N C = &, so that B(0,1) stands for D and ||-|| = [[-|[«
stands for Pp of Theorem 14. The operator B stands for i/. Now let

¢ =) Bjhj € SNB(0,1),
J€Jo



Symmetry 2021, 13, 1967

21 of 24

where Jj is a finite subset of N”. The following relations hold:

1Y BiBil < ) IBlIBj| < 9o Y %

7. |Bi
. h h n
j€Jo j€Jo j€h 1 = Tn

il

forany 0 <r, <1, p € {1,...,n}, thanks to Cauchy inequalities. Passing to the limit with
rp 11, p€{1,...,n} and using the fact that ¢ € B(0, 1), as well as the hypothesis in the
statement, the preceding relation further yields

2j 2j 2ky 2k,

A ji A

S LIBl<My G- fr <M X G )| gy
ilo jeho " e v "

ki eN kneN

= Mexp (é;l A%) < Mexp(I) = Mel = uy.
The conclusion is that denoting by f : S — Y the linear operator which satisfies the
moment conditions f(hy) = By, k € N”, |k| > 1, we have
— Mel < f(s) < Mel = uy, ¥s € SNB(0,1).
On the other hand, the following relations hold:
B < ||BI|I = |[B|IM e up = ayug,
where a; = ||B||M~1e~!. The conditions on the norms of the functions gx, k € N" lead to
lgll <1, Vg e C.

So, the constant 1 stands for & from Theorem 14. Now all the conditions from the
statement of Theorem 14 are accomplished. According to the latter theorem, there exists a
linear mapping T : X — Y, such that

T(hy) = f(hy) = B, k€ N, [k > 1, T(gy) > B, vk € N,
T(h) < (2++[BI|M~1e1) ||h||oMel, ¥h € X.

From the last inequality, we derive
IT(h)| < (zMe+ ||1§||)||h||001, Vh € X.
Since the norm on Y is solid, we infer that
IT()]| < (2Me + [[BI[)[[#]] ¥ € X = ||T]| < 2Me + || B]|.
This concludes the proof. [J

We go on with the Mazur—Orlicz theorem in ordered vector space framework and one
of its operator valued consequences.

Theorem 16 (see [25], Theorem 5). Let X be a preordered vector space, Y an order complete vector
space, {x]-}j e {y]-}j ¢ families of elements in X, respectively in Y, and P : X — Y a sublinear
operator. The following statements are equivalent:

(@) There exists a linear positive operator T : X — Y such that

T(xj) >y, je], T(x) <P(x), xe X;



Symmetry 2021, 13, 1967

22 of 24

(b)  For any finite subset Jo C | and any {/\j}]. er © Ry, the following implication holds true:

j€lo j€lo

Corollary 12. Let A be a positive self-adjoint operator acting on a Hilbert space H, let Y = Y (A) be
defined by (5), and X := C(c(A)). Let <Bf)jeN be a sequencein Y, @i(t) = t/, j €N, t € a(A).
The following statements are equivalent:

(@)  There exists a linear bounded positive operator T € B4 (X,Y) such that

T(¢) = B, jEN, T(9) < [ lp(t)ldEs, Yo € X, |ITI| < 1;
o(A)

(b) B <A, jeN

Proof. The spectrum o(A) is contained in R, since A is self-adjoint and positive. The
implication (a)=-(b) is obvious:

B; < T(¢;) < / |@j|dE4 = / gjdEs = Al,jEN;
o(A) o(A)

(we have used the positivity of the operator A which leads to |¢;| = ¢; ono(U) C R4).
For the converse, one applies Theorem 16 (b)=-(a), where | stands for N, x; stands for
@j, ¢j(t) =t and y; stands for Bj, V/j € N. Let Jo and {Af}je]o be as mentioned at point (b)
of Theorem 16. The following implications hold

LAgj<eeX= LA [ gdEs= ¥ LA <
j€o j€lo " o(A) Jj€o

[ @dEs < [ |@ldEs :=P(9) < ||o||I
o(A) o(A)

The positivity of the spectral measure dE4 has been used. On the other hand, hy-
pothesis (b) and the fact that the scalars A; are nonnegative and the preceding evaluation
yield . .

)\]B] < /\]'A] V] € Jo= Z )\]B] < Z )\]'A] < P(q)),
j€lo j€lo
where P(¢) was defined above. Thus the implication (b) of Theorem 16 is satisfied. Ap-
plication of the latter theorem leads to the existence of a “feasible solution” T having the
property mentioned at point (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,

+T(p) = T(+¢) < (fA) |p|dEs = P(g) =

IT(@) < P(e) = [IT(@)Il < [IP(@)I] < ll@ll-[IT[| = l[¢l], ¢ € X.
Thus we have ||T|| < 1. This concludes the proof. [J

4. Discussion

This is an up to date paper on polynomial approximation and some of its applications,
complete with recent applications of old general constrained extension theorems for linear
operators. There are two such constraints (sandwich condition) on the linear extension. Old
results have been reviewed without proofs, while results published in the last decade are
accompanied by their proofs. There are some different points of view with respect to the
papers [27,28]. For example, Section 3.4 was added and Section 3.1 was modified. It is worth
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noticing that solving the Markov moment problem is not the only direction for applications
of polynomial approximation (see Theorem 11 proved above). On the other hand, old,
basic results proved in [26], found recent applications in [22], to the characterization of the
isotonic convex operators on convex cones, in terms of their subgradients. Having these all
in mind, we hope that the results of Section 3 could find new applications and bring new
ideas in this area of research.
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