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ABSTRACT. We consider a generic basic semi-algebraic subset S of the space of
generalized functions, that is a set given by (not necessarily countably many)
polynomial constraints. We derive necessary and sufficient conditions for an in-
finite sequence of generalized functions to be realizable on S, namely to be the
moment sequence of a finite measure concentrated on S. Our approach com-
bines the classical results about the moment problem on nuclear spaces with
the techniques recently developed to treat the moment problem on basic semi-
algebraic sets of R%. In this way, we determine realizability conditions that
can be more easily verified than the well-known Haviland type conditions. Our
result completely characterizes the support of the realizing measure in terms of
its moments. As concrete examples of semi-algebraic sets of generalized func-
tions, we consider the set of all Radon measures and the set of all the measures
having bounded Radon-Nikodym density w.r.t. the Lebesgue measure.

INTRODUCTION

It is often more convenient to consider characteristics of a random distribution
instead of the random distribution itself and try to extract information about the
distribution from these characteristics. In this paper, we are more concretely in-
terested in distributions on functional objects like random fields, random points,
random sets and random measures. The characteristics under study are polynomials
of these objects like the density, the pair distance distribution, the covering func-
tion, the contact distribution function, etc.. This setting is considered in numerous
areas of applications: heterogeneous materials and mesoscopic structures [44], sto-
chastic geometry [29], liquid theory [14], spatial statistics [43], spatial ecology [30]
and neural spike trains [7, 16], just to name a few.

The subject of this paper is the full power moment problem on a pre-given subset
S of 2'(R%), the space of all generalized functions on R?. This framework choice is
mathematically convenient and general enough to encompass all the aforementioned
applications. More precisely, our paper addresses the question of whether certain
prescribed generalized functions are in fact the moment functions of some finite
measure concentrated on S. If such a measure does exist, it will be called realizing.
The main novelty of this paper is to investigate how one can read off support
properties of the realizing measure directly from positivity properties of its moment
functions.

To be more concrete, homogeneous polynomials are defined as powers of lin-
ear functionals on 2’'(R?) and their linear continuous extensions. We denote
by Pee-(2'(R?)) the set of all polynomials on 2'(R?) with coefficients in C°(R%),
which is the set of all infinite differentiable functions with compact support in R
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In this paper, we try to find a characterization via moments of measures con-
centrated on basic semi-algebraic subsets of 2'(R%), i.e. sets that are given by
polynomial constraints and so are of the following form

S=){neZ®"| Pn >0},
icY
where Y is an arbitrary index set (not necessarily countable) and each P; is a
polynomial in P¢e(Z'(R?)). Equality constraints can be handled using P; and
—P; simultaneously. As far as we are aware, the infinite dimensional moment
problem has only been treated in general on affine subsets [4, 2] and cones [42] of
nuclear spaces (these results are stated in Section 2 and Subsection 5.3). Special
situations have also been handled; see e.g. [46, 3, 17].

Previous results.
Characterization results via moments are built up out of five completely different
types of conditions

I. positivity conditions on the moment sequence
II. conditions on the asymptotic behaviour of the moments as a sequence of their
degree
III. properties of the putative support of the realizing measure
IV. regularity properties of the moments as generalized functions
V. growth properties of the moments as generalized functions.

Conditions of type IV and V are only relevant for the infinite dimensional moment
problem. The general aim in moment theory is to construct a solution which
is as weak as possible w.r.t. some combination of the above different types of
conditions, since it seems unfeasible to get one solution which is optimal in all
types simultaneously.

Let us give a review of some previous results on which our approach is based

and describe the different types of conditions involved in each of them.
Given a sequence m of putative moments, one can introduce on the set of all poly-
nomials the so-called Riesz functional L,,, which associates to each polynomial its
putative expectation. If a polynomial P is non-negative on the prescribed sup-
port S, then a necessary condition for the realizability of m on S is that L,,(P) is
non-negative as well. The question whether this condition alone is also sufficient
for the existence of a realizing measure concentrated on S C R is answered by the
Riesz-Haviland theorem [36, 15]; for infinite dimensional versions of this theorem
see e.g [24, 25, 28] for point processes and [19, 20] for the truncated case. The
disadvantage of this type of positivity condition is that it may be rather difficult
and also computationally expensive to identify all non-negative polynomials on S,
especially if the latter is geometrically non-trivial.

A classical result shows that all non-negative polynomials on R can be written
as the sum of squares of polynomials (see [32]). Hence, it is already sufficient for
realizability on S = R to require that L,, is non-negative on squares of polynomials,
that is, m is positive semidefinite. For the moment problem on S = R? with
d > 2, the positive semidefiniteness of m is no longer sufficient, as already pointed
out by D. Hilbert in the description of his 17th problem. However, the positive
semidefiniteness of m becomes sufficient if one additionally assumes a condition of
type II, that is, a bound on a certain norm of the n—th putative moment m"). For
example, one could require that |m(™| does not grow faster than BC™n! or than
BC™ (n In(n))" for some constants B, C' > 0. The weakest known growth condition
of this kind is that the sequence m is quasi-analytic (see Appendix 6). We will call
such a sequence determining, because this property guarantees the uniqueness of
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the realizing measure. The determinacy condition in the infinite dimensional case
additionally involves the types IV and V.

Beyond the results for S = R?, for a long time the moment problem was only
studied for specific proper subsets S of R rather than general classes of sets. How-
ever, enormous progress has recently been made for the moment problem on general
basic semi-algebraic sets of R%. Let us mention just a few key works which were in-
spiring for the results presented here; for a more complete overview see [21, 23, 27].
The common feature of these works is that the support properties of the realizing
measure are encoded in a positivity condition stronger than the positive semidef-
initeness; namely, the condition that L,, is non-negative on the quadratic-module
generated by the polynomials (P;);cy defining the basic semi-algebraic set S, that
is the set of all polynomials given by finite sums of the form ) . Q;P; where Q;
is a sum of squares of polynomials. Semidefinite programming allows an efficient
numeric treatment of such positivity conditions; see e.g. [21]. In 1982, C. Berg and
P. H. Maserick showed in [6] that for a compact basic semi-algebraic S C R the
positivity condition involving the quadratic module is also sufficient. Concerning
the higher dimensional case, a few years later K. Schmiidgen proved in his seminal
work [38] that for a compact basic semi-algebraic S C R? a slightly stronger positiv-
ity condition, that is, L,, is non-negative on the pre-ordering generated by (P;);cy,
is sufficient. This result was soon refined by M. Putinar in [34] for Archimedean
quadratic modules. Since then, the problem to extend their results to wider classes
of § has been intensively studied, (see e.g. [33, 18, 9]). By additionally assum-
ing a growth condition of the type discussed above, J. B. Lasserre has recently
showed in [22] that the non-negativity of L, on the quadratic module is sufficient
for realizability on a general basic semi-algebraic set S C R<.

Using the central idea of these works, we prove in this paper that also for a
moment problem on an infinite-dimensional basic semi-algebraic set S, the non-
negativity of L,, on the associated quadratic module is sufficient for realizability
under an appropriate growth condition on the sequence m.

Outline of the contents.
Let us outline the contents and the contributions of this paper.

In Section 1, we state the moment problem on a subset S of the dual Q' of a
general nuclear space 2 that is the projective limit of a family of separable Hilbert
spaces. In an infinite dimensional context, the moment problem is also called
realizability problem.

In Section 2, we recall the general result obtained by Y. M. Berezansky, Y. G.
Kondratiev and S. N. Sifrin for the moment problem on S = . The assumptions
in their result contain a growth condition on the sequence of putative moment
functions that expresses the conflicting nature of the Condition type II, IV and V
(see Remarks 2.4 and 4.6). We actually introduce their result under a slightly more
general condition of such a kind, which is given in Definition 2.2. This modification
is essential to get the main results of this paper.

In Section 3, some results about generalized functions, which are particularly
relevant for this paper, are recalled. Beside the standard inductive topology on the
space of test functions C2°(R?), we also represent this space as the uncountable
intersection of weighted Sobolev spaces Hj and we equip it with the associated
strictly weaker projective topology. The corresponding space of generalized func-
tions @;Toj(Rd) is strictly smaller than 2, ,(R?) as it contains only generalized
functions of finite order. The projective description is needed to apply the results
of Section 2.
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In Section 4, we formulate the main result of the paper, i.e. Theorem 4.4. The
only regularity assumption in the sense of Condition IV is that the putative mo-
ments are generalized functions. Note that this requirement is equivalent to as-
suming that for each n € N, the n—th moment function lies in the n— fold tensor
product of the dual of one Hj, where the choice of the space may be different for
each moment function. Furthermore, our main result holds for the whole class of
basic semi-algebraic sets of Z,,,;(R?), including the ones defined by an uncount-
able family of polynomials. To consider these kinds of sets, the inductive topology
on C°(RY) plays an essential role, since S is closed w.r.t. the strong topology on

! 4(R?) and the latter space is Radon.

In Section 5, we use our main theorem to derive realizability results in more
concrete cases. Fundamentally, given a specific desired support S, one has to find
a representation of S as a basic semi-algebraic set of the space of generalized func-
tions. Note that the result may depend on the chosen representation of §. In Sub-
section 5.1, we describe how the new ideas employed in the proof of our main result
allow us to extend the previous finite dimensional results to basic semi-algebraic sets
defined by an uncountable family of polynomials and to the most general bound of
type II. In Subsection 5.2, a more explicit description of the determinacy condition
in terms of the scale of Sobolev spaces is introduced in the case when all moment
functions are Radon measures. To avoid an extra unnecessary factorial factor in
the determinacy bound obtained via Sobolev embedding (see Proposition 5.5 and
Remark 5.6), it is indispensable to use our more general definition of determining
sequence which does not involve the norm of the moment functions as elements of
the tensor product of the duals of the weighted Sobolev spaces. In Subsection 5.3
we investigate conditions under which such moment functions are realized by a
random measure, that is by a finite measure concentrated on Radon measures. A
spectral theoretical result of S. N. Sifrin [42] allows us also to essentially weaken
the determinacy condition. In Subsection 5.4 we show how to characterize, via
moments, measures that are supported on the set of Radon measures with Radon-
Nikodym density w.r.t. the Lebesgue measure fulfilling an a priori L* bound.
These examples also demonstrate that, in contrast to the finite dimensional case, a
semi-algebraic set defined by uncountably many polynomials leads to very natural
and treatable conditions on the moments in the infinite dimensional context. These
positivity conditions can be seen as natural extensions of the classical conditions
in the finite dimensional case, see Remarks 5.10 and 5.13. In a forthcoming paper,
we will treat further applications that require new additional ideas.

In Appendix 6.1 and Appendix 6.2, we present some results from the theory of
quasi-analyticity used in this paper and some considerations complementary to Sub-
section 3.1, respectively. Finally, in Appendix 6.3 we give an explicit construction
of a total subset of test functions fulfilling the requirement of the aforementioned
determinacy condition. This construction allows us to obtain improved determi-
nacy conditions in the particular cases considered in Section 5.

We are convinced that the results contained in this paper are just the template for
a multitude of forthcoming applications guided by their practical usefulness.

1. PRELIMINARIES

In the following we will consider all the spaces as being separable and real.
Let us consider a family (Hy)gex of Hilbert spaces (K is an index set contain-
ing 0) which is directed by topological embedding, i.e.

V ki, ko € K Jk3 : Hk3 ngl,HkS ngz'
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We assume that each Hy, is embedded topologically into Hy. Let €2 be the projective
limit of the family (Hy)rerx endowed with the associated projective limit topology
and let us assume that € is nuclear, i.e. for each k1 € K there exists ko € K such
that the embedding Hy, C Hy, is quasi-nuclear.

Let us denote by Q' the topological dual space of 2. We control the classical
rigging by identifying Hy and its dual Hj. With this identification one can define
the duality pairing between elements in Hj, and in its dual H; = H_j using the
inner product in Hy. For this reason, in the following we will denote by (f,n) the
duality pairing between n € Q' and f € Q (see [1, 2] for more details).

Consider the n—th (n € Ny) tensor power Q%" of the space Q which is defined
as the projective limit of H,‘?”; for n =0, H,?" = R. Then its dual space is

(1) (@)= U () = U mper = J #5
kEK kEK kEK
which we can equip with the weak topology.

A generalized process is a finite measure p defined on the Borel o—algebra on Q.

Moreover, we say that a generalized process u is concentrated on a measurable sub-
set S CQif p(\S)=0.

Let us introduce the main objects involved in the realizability problem.

Definition 1.1 (Finite n—th local moment).
Given n € N, a generalized process p on ) has finite n—th local moment (or local
moment of order n) if for every f € Q we have

/Q/ [(f,m)|™u(dn) < oo,

The latter condition is equivalent to the fact that

) (v f) o [ (1@ fun uldn).

is a well-defined multilinear functional on 2*™. In fact, since p has finite n—th
local moment, for any fi,..., fn € 2 we get

| thespuan < [ 1_1 (o) () < 1_1 (] |<fi,n>|”u<dn>)i<oo.

The functional in (2) is the n—th moment function of . In the following, we require
slightly more regularity on the moment functions, but this assumption is easy to
check in most of applications (e.g. it holds automatically for Q = 2(R%)).

Definition 1.2 (n—th generalized moment function).

Given n € N, a generalized process p on Q' has n—th generalized moment function
in the sense of Q' if u has finite n—th local moment and if the functional (2) is
symmetric in the entries fi,..., fn and continuous in Q*".

In fact, by the Kernel Theorem, for such a generalized process there exists a sym-
metric functional m,&m € (Q®™), which will be called the n—th generalized moment
function in the sense of ', such that for any fi,..., fn € Q the following holds

(1@ @ fu,m) = /Q (1@ @ fu,n®")u(dn).

By convention, m&o) = u().
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Proposition 1.3.
If v is a generalized process on Q) with generalized moment functions (in the sense
of V) of any order, then for any n € N and for any ™ € Q®" we have

[ atan <00 and (7 m) = [ (50,07 ().

/

For a generalized processes ;1 the moment functions m,(f) are given by an explicit

formula. The moment problem, which in an infinite dimensional context is often
called the realizability problem, addresses exactly the inverse question.

Problem 1.4 (Realizability problem on & C ).
Let N € NoU {400} and let m = (m™)N_, be such that each m(™ € (Q®") is a
symmetric functional. Find a generalized process p with generalized moments (in

the sense of V') of any order and concentrated on a measurable subset S of ' s.t.

m™ = m&") for n=0,... N,
i.e. m("™ is the n—th generalized moment function of u forn=0,...,N.

If such a measure ;1 does exist we say that (m(™)N_ is realized by 1 on S. Note
that the definition requires that one finds a measure concentrated on & and not
only on €. In other words one can see the solution to the realizability problem as
a way to read off from the moments support properties for any realizing measure.

In the case N = oo one speaks of the “full realizability problem”, otherwise of
the “truncated realizability problem”.

2. REALIZABILITY PROBLEM ON NUCLEAR SPACES

To simplify the notation in the following we denote by M*(S) the collection of all
generalized processes concentrated on a measurable subset S of ' with generalized
moment functions (in the sense of Q') of any order and by F(§') the collection
of all infinite sequences (m(™),en, such that each m™ e (Q®")" is a symmetric
functional, namely the tensor product (Q’ )®n is considered to be symmetric.

An obvious positivity property which is necessary for an element in F(Q') to be
the moment sequence of some measure on £ is the following.

Definition 2.1 (Positive semidefinite sequence).
A sequence m € F(V) is said to be positive semidefinite if for any fU) € Q®7 we
have

Z (fD @ fO MUty >,
4,1=0

This is a straightforward generalization of the classical notion of positive semidef-
initeness of the Hankel matrices considered in the finite dimensional moment prob-
lem. Note that, as we work with real spaces, we choose the involution on £ consid-
ered in [2] to be the identity.

Let us introduce the concept of determining sequence, which essentially is a
growth condition on the sequence of the m(™’s. We will see that this property
gives the uniqueness of the realizing measure.

Definition 2.2 (Determining sequence).
Letm € F(QV) and E be a total subset of §2, i.e. the linear span of E is dense in Q.
Let us define the sequence (Mmy)nen, as follows

(3)  mo:=1/|mO| and m, = sup (1 ® @ fon,mCEM)|,Vn > 1.
fi, fon €F
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The sequence m is said to be determining if and only if there exists a total subset
E of Q such that for any n € Ng, m,, < co and the class C{m,} is quasi-analytic
(see Definition 6.2 and Theorem 6.4).

Note that from (1) it follows that for any sequence m € F(€') there exists a
sequence (k(™),cn, C K such that for any n € Ny we have m(™ € H?IZ"). If we
denote by d(k™, E) := supseg ||, ., then for the m,’s defined in (3) we have
@) M < (K, B)" |m )|

®2n
H—k(Q”)

Hence, we can see that a preferable choice for E is the one for which (d(k*"), E))
grows as little as possible, (see Lemma 4.5).

neN

Let us state now the fundamental result for the full realizability problem in the
case § = (see[2, Vol. II, Theorem 2.1, p.54] and [4]).

Theorem 2.3.
If m € F(QV) is a positive semidefinite sequence which is also determining, then
there exists a unique non-negative generalized process p € M*(QY) such that for

any fM e Q@
<f<n>’m<n>> _ /Q <f(”),n®”> ().
Remark 2.4.

The original proof of Theorem 2.8 in (2] uses a slightly less general definition of
determining sequence. Indeed, the authors require that the class

c{d(k@”),E)” me||? }
H®2n
_k(2n)

is quasi-analytic, which in turn implies that the class C{m,} is also quasi-analytic.
Nevertheless, their proof also applies just using the bound given by Definition 2.2.
The latter has actually the advantage to guarantee, whenever m is realizable on €,
the log-convezity of the sequence (Muy)nen,- This property is essential in the proof
of the main result of this paper.

Let us also note that the proof of Theorem 2.3 actually shows that the measure
is concentrated on one of the Hilbert spaces H_y: for some index k' € K depending
on the sequence m. Indeed, the index k' is the one such that the embedding of Hy,
into Hye is quasi-nuclear (see [2, Remark 1, pg. 72]). However, note that the
assumptions of Theorem 2.3 do not require that all m™ € Hc_@:/

In the following we are going to apply Theorem 2.3 for Q = Z,,.,;(R?), the pro-
jective limit of a family of weighted Sobolev spaces Hy := Wit (RY, ky(r)dr) which
is nuclear (see Section 3.1). Since Q®" = Z,,.,;(R"), in this case the sequence m
consists of symmetric generalized functions, i.e. m(™ € Do (R9™). Theorem 2.3
gives a solution for the full realizability problem on & = 2’ _.(R?) whenever the

proj
sequence m is positive semidefinite and determining.

3. THE SPACE OF GENERALIZED FUNCTIONS

Let us first recall some standard general notations.

For Y C R? let us denote by B(Y') the Borel o-algebra on Y, by C.(Y) the space of
all real-valued continuous functions on R? with compact support contained in Y and
by C°(Y) its subspace of all infinitely differentiable functions. Moreover, C(Y)
and C*>°(Y) will denote the cones consisting of all non-negative functions in C.(Y")
and C°(Y), respectively. For any r = (r1,...,74) € R and a = (aq,...,a4) € Ng
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one defines r® := r{"* ---rJ*. Moreover, for any B € N¢ the symbol D? denotes the
weak partial derivative . Bl oo where |3] := Z Bi.

We will denote by €2, the space {2 endowed Wlth the topology 7 and by € its
topological dual space.

In the following we introduce two different topologies on C>°(R?), both making
this space into a complete locally convex nuclear vector space.

3.1. Topological structures on C>°(R%).

The classical topology considered on C>°(R?) is the inductive topology Tin4, given
by the standard construction of this space as the inductive limit of spaces of smooth
functions with supports lying in an increasing sequence of compact subsets of R?
(see Definition 6.9). We denote by Z;,4(R?) the space C>°(R?) equipped with 7;,,q4.
On the other hand, the space C3°(R?) can be also endowed with a projective topol-
08Y Tproj in the following way (see Definition 6.10 for an equivalent definition and
see [1, Chapter I, Section 3.10] for more details).

Definition 3.1.

Let I be the set of all k = (k1, ka(r)) such that ky € Ny, ko € C*°(R?) with ka(r) > 1
for all v € RE. For each k = (kyi,ko(r)) € I, consider the space Wi* (R?, ko(r)dr)
defined as the completion of C°(RY) w.r.t. the following weighted norm

2
5) ol osian = | 2 [ 10700 kaloyae

Then we define
Dproj(R?) := projlim Wt (RY, ky(r)dr),
(K1,ko(r))ET
and we denote by Tpro; the projective limit topology induced on C>(RY) by this
construction.

The previous definition of Zp.; (R9) is due to Y. M. Berezansky who also proved
that such a projective limit is nuclear (see [1, Thm 3.9, p.78] for the proof of
this result). The latter property, as well as the construction of Zp,; (R%) as the
projective limit of Hilbert spaces, is needed to apply the results of Section 2.

Note that as sets, Z;,q(RY) and Dproj (R?) coincide but the topologies 7,4 and
Tproj are not equivalent. In fact, it easily follows from the definitions of the two
topologies that 7,.0; C Ting. Hence, we have that .@Z’)mj( 4 C .@i'nd(Rd) but this
inclusion is actually strict.

3.2. Measurability of 7,,,,(R 4 in 2, ,(RY).

The weak topology 7277 [rind resp.] on Do (R 4 (2!, ,(R?), resp.] is the smallest
topology such that the mappings n ~ (f,n) are continuous for all f € C(R?).
It is easy to see that 72"/ coincides with the relative topology given by 7imd

on -%/;mj(Rd) C @{nd(Rd). As a consequence, the Borel o—algebras generated

by the two topologies also coincide and we can easily conclude that
(6) a(T%) = o (1) N Dy (RY).

Let us recall some properties of md(Rd)
Consider the strong topology 7:"¢ on od (R9). Tt is well known that 7:"¢ coincides
with the topology of compact convergence 7:"¢ and so, by Corollary 1 in [40, Chap-
ter 11, p.115], (2},,(R?), 7i"?) is Lusin. Moreover, since 7.4 C 7" the space
( md(Rd)7 ind) is also Lusin. Hence, by Theorem 9 in [40, Chapter II, p.122]),
the following proposition holds.
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Proposition 3.2.
(2],4(RY), 7ind) is a Radon space, i.e. every finite Borel measure on 9}, ,(R?) is

inner reqular.

We were unable to find in the literature an analogous result establishing whether
(2},.0;(R?),787°7) is a Radon space or not. In fact, the techniques used in [40] do

not apply to 2;,.,:(R%).
On the level of Borel o—algebras on Z;, ,(R%), we have that any Borel c—algebra
generated by a topology weaker than 7:"¢ coincides with the one generated by 7:"¢,

since (2/,4(R%),7i"%) is a Lusin space and so Suslin (see [40, Corollary 2, p. 101])

4. REALIZABILITY PROBLEM ON BASIC SEMI-ALGEBRAIC SUBSETS OF Z,.,.(R%)

Let Pes (2],4(R?)) be the set of all polynomials on %/, ,(R?) of the form
N

(7) P(n) =Y _(pW),n®),

=0

where p(® € R and pU) € CX(RY), j = ,N with N € N. Note that as

D) roj(RY) C 7, 4(RY), these polynomlals are also polynomials on Z,.,.(R%).

We denote by Sc¢e(Z,,;(R?)) the subset of all polynomials in Pce (2, (R?))

proj proj
which can be written as sum of squares of polynomials.

A subset S of 2/ .(R?) is said to be basic semi-algebraic if it can be written as

proj
€Y
where Y is an index set and P; € Pex (2),.,;(R%)). Note that the index set Y is

not necessarily countable. Moreover, fet Ps be the set of all the polynomials P;’s
deﬁning S. W.lo.g. we assume that P, is the constant polynomial Py(n) = 1 for all
€ 2 ..(RY) and that 0 € Y. We define the quadratic module Q(%s) associated

proj

to the representation (8) of S as the convex cone in Pcx (7, (R9)) given by

Q(‘gzs) = U {Z Q’LPZ : Qiezcg"(@;{)rog( ))}
YoCY 1€Yp
[Yo|<oo

Proposition 4.1.

Every polynomial in Peee (D},4(R?)) is continuous w.r.t. 72"

semi-algebraic set S defined in (8) is closed in (7, ,(R?), md)

Proof.
To show the continuity of a generic polynomial of the form (7), it suffices to prove
that for all j € N the functions

4. Hence, the basic

(RY)
1

znd - R
= (Y, n®)
are continuous w.r.t. 74, _

For any fixed j € N, we first consider the mapping 1 + 1%/ which is continu-
ous as a function from the space (2, ;(R?),7"?) to the algebraic tensor product
(2],4(R ))®] endowed with the m—topology (see [45, Definition 43.2]). Moreover,
the closure of the latter space is isomorphic to (2], ,(R/?), 7i") (see [45, Theo-
rem 51.7]). Finally, the function ¢ — (p(),¢) on 2, ,(R7?) is continuous w.r.t. the
weak topology on this space and hence, it is also continuous w.r.t. the strong one.

O
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Corollary 4.2.
The semi-algebraic set S defined as in (8) is measurable w.r.t. the Borel o—algebra
o(tind) generated by the weak topology on 2, ,(R?).

Proof.
The previous proposition implies that S € o (7). As (2], ,(R?), 7i"?) is a Lusin
space and so Suslin, o(7i"?) and o(7/"?) coincide (see [40, Corollary 2, p.101]).
Hence, S € o(7ind).

(]

In the following, we are going to investigate the full realizability problem (see
Problem 1.4) on S of the form (8). Let us introduce the version of the Riesz linear

functional for the moment problem on ;. (R%).

Definition 4.3.
Given m € .7:( ! (]Rd)), we define its associated Riesz functional L,, as

proj
Lo : Pz (Dproj(R)) —R
N N
Pl) = & (0.0 = Ln(P) = 3, m®),
n= =

Note that in the case when the sequence m is realized by a non-negative measure
p € M*(S) on a subset S C 7, (R9), then a direct calculation shows that for

any polynomial P € P¢e(%},.,;(R?))

o) Ln(P) = | P(o) ().
S
The Riesz functional allows us to state our main result in a concise form.

Theorem 4.4.
Let m € f(@;,.oj(Rd)) be determining and S be a basic semi-algebraic set of the
form (8). Then m is realized by a unique non-negative measure p € M*(S) if and

only if the following inequalities hold
(10) Ly (h?) >0, Lin(P;h?) >0, Yh € Pex (D)0, (RY)), Vi €Y.

proj

Equivalently, if and only if the functional L,, is non-negative on the quadratic

module Q(Ps).

Despite of the apparently abstract character of the determinacy condition given
in Definition 2.2, the latter becomes actually concrete whenever one can explicitly
construct the set E. This is possible for the nuclear space Zpo; (Rd). In fact, using
a technique similar to the one of [13, Chapter 4, Section 9] we get the following
result (see Appendix 6.3 for a detailed proof).

Lemma 4.5.
Let ¢, be an increasing sequence of positive numbers which is not quasi-analytic
and let m € F(V). For any n € Ny, let k™ := (k;YL),k‘én)) € I be such that

(n)
m™ e Hieg(m where Hym) = Wzk1 (Rd,kén) (r)dr) and I is as in Definition 3.1.
Then the set

E:={f€ DpojRY|VneNy, |fla,.., < CZW sup  sup kén)(z +x)
e

k(n)

is total in Dproj(RY).
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For such a set E, using (4), we get that

n

my, < Ck(") sup  sup ké")(z +x) | |Im® ||H®2n
zerd x€[—1,1]4 k(21)
llzll<n

Remark 4.6.
The more regularity is known on the sequence m the weaker is the restriction on
the growth of the m®™) required in Theorem 4.4. Let us discuss two extremal cases.

o If each m™ is in Hfgg where k = (k1, ka(r)) € I with both ki and ko inde-
pendent of n, then both ¢, ) and sup  sup 4/ kén) (z + x) in Lemma 4.5
1

zcrd x€[—1,1]4
llzl| <n

are constant w.r.t. n and so a sufficient condition for the determinacy of
1/2
m is the quasi-analyticity of the class C’{Hm(zn)H /®2n

o If each m™ is in H®" 1(ny Where k) = (kl,k(")( )) € I with ky independent

of n, then c o m Lemma 4.5 is constant w.r.t. m and so a sufficient

condition for the determinacy of m is the quasi-analyticity of the class
n

(2n) 1/2

C sup  sup ké") (z + x) Hm
HZTIR; x€[—1,1]¢

HE

Hence, the condition on m of being determining also contains the growth of
; (n)

the sequence of functions (ks ' )nen-

Before proving Theorem 4.4 we need to show some preliminary results. Remind
that throughout the whole section we consider a sequence m € F (@’ (R ))

proj
Definition 4.7.
Given a polynomial P € Pcec(Z,,,,;(R 4 of the form P(n) := Z;V o (P9 7Y we

define the sequence pm = ((pm)(”))neN in F (D},0;(RY)) as follows

N
AR C(R™), <f(n)7 (pm)(")> — Z<p(j) ® f(”),m("+j)>.
§=0
In terms of the Riesz functional introduced in Definition 4.3, the previous defi-
nition takes the following form

(11) VP,Q € Pex(Dhroj(RY)),  Lom(Q) = Lin(PQ).

Remark 4.8.

The conditions (10) can be interpreted as that the sequence (m(™),en, and all
its shifted versions ((p,m)™),en, are positive semidefinite in the sense of Defini-
tion 2.1.

Lemma 4.9.

Let P € P (@I’)TO]( 4)). If m is realized on 9),.,;(R%) by a non-negative measure

e M* (@;mj( 1)), then the sequence pm is realized by the signed measure P on
‘@1/71“0]( )
Proof.

Let n € N and Q(n) := (f™,n®") with ) € ¢ (R"?). Then, using (9) and (11),
one gets that

L, o O PO A) = L (@P) = Ly(@) = {57, (pm) ™).

P"‘O]
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O

Proposition 4.10.
If m is realized by a measure i € M* (D, (RY)) and m is determining, then the
sequence pm is also determining.

Proof.

Let us first recall that Zp,,;(R?) = projlim Hy, where I is as in Definition 3.1 and
kel

Hy == WF (R?, ky(r)dr) for any k = (ki,ka(r)) € I (seeSection 3.1).

Since m is determining in the sense of Definition 2.2, there exists a subset F
total in @proj(Rd) such that for any n € Ny, m, < oo and the class C{m,} is
quasi-analytic, where

my = sup ’<f1®®f2n7m(2n)>|
fi, o fon€E

It is easy to see that, since m is realized by a measure p € M*(Z,,,;(R 4)), the
sequence (Mmy)nen, is also log-convex.
We will show that there exists a finite positive constant cp such that

(12) My 1= \/f sup  [(f1 @+ @ fon, (pm)2M)| < /epma,.

s fon€E

The latter bound is sufficient to prove that the sequence pm is determining. In
fact, the log-convexity of (my,)nen, and the quasi-analiticity of C{m,,} imply that
the class C'{,/cpmay} is also quasi-analytic (see Lemma 6.8 and Proposition 6.5).
Hence, (12) gives that C{m,,} is also quasi-analytic.

It remains to show the bound in (12).
Let us fix n € N. Using Definition 4.7 and the assumption that m is realized by u
on 7! (R?), we get that for any fi,..., fan € C°(RY)

proj
N
<f1®~~®f2m(pm)(2”)>‘ < Z/ O ® @ fon, )
§=0 D},0; (RY)
1
5 2
< ¢p (/ » )|<f1®--~®f2mn®2”>| u(dn)>
proj %
= CP‘( 2@ @ f5lm (4n)>‘ )
where
N , 2 :
cpi=y (/ 6,7 u(dn)>
7=0 P"‘D](R )

Note that cp is a finite positive constant since the realizing measure p has finite

local moments of any order. Hence, using the definition of m,, and m,,, we get (12).
O

Proof. (Theorem 4.4).

Necessity

Assume that m is realized on S by a non-negative measure u € M*(S). Using (9),

we get that for any h € P (mej (Rd)) and for any i € Y the following hold

Ly, (h?) = / h*(n) p(dn) and  L,,(P;h?) / P;(n)h?(n) p(dn).
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Since integrals of non-negative functions w.r.t. a non-negative measure are non-
negative, the inequalities in (10) hold.

Sufficiency

As already observed in Remark 4.8, the assumptions in (10) mean that the se-
quence m and pm are positive semidefinite. Since m is assumed to be deter-
mining, Theorem 2.3 guarantees the existence of a unique non-negative measure
€ M (Zpo; (R%)) realizing m. On the one hand, according to Lemma 4.9 the

sequence p,m is realized by the signed measure Pjy, i.e. for any f(") € C3°(R"4)

(13) GOy = [ P,

Dproj (R)
On the other hand, by Proposition 4.10, the sequence p,;m is also determining.
Hence, applying again Theorem 2.3, the sequence p,m is realized by a unique non-
negative measure v € M*(2/, .. (R%)), namely for any f() € C°(R"?)

proj
(14) (f™, (pm)™) = (F, ") v(dn).

D proj (RY)
Let 4; := {ne 2 proj (R?) : Py(n) >0} and let us define p (B) := p(B N A;) and
i (B) i= w(B N (2),,;(RY) \ Ay)), for all B € B(@;TOJ(Rd)). Moreover let us
consider the non—negative measures U+ and o; given by O’ =[5 P B /h (dn)

and o, =— [P /,LZ dn) for all B € B(Z,,,,; (Rd)). Hence, we have that

= p —|— ,uz and P,u = 0 — 0; . According to this notation, (13) and (14) can
be rewritten as
(15)

(f") ™o (dn) = (f") ™oy (dn) + / (F™, n®™yw(dn).

Do (RY) Do (RY) Doy (RY)

* consisting of all moment

+ s

Since m is determining and since p+ < pu, the sequence m
functions of u™ is also determining. By Proposition 4.10, the sequence p,m
determining, too.

As the two non-negative measures (T and o; + v both realize the determining
sequence p,m™, they coincide because Theorern 2.3 also guarantees the uniqueness
of the realizing measure. This implies that the signed measure P;u is actually a

non-negative measure on %, (R?) and therefore, we have that

(16) VieY, pu(Zpo;(RY\A) =

proj
The set S =,y A; € o(7i") by Corollary 4.2 and hence, S € o(7£7%7) by (6). It
remains to show that y is concentrated on the set S, i.e. pu (2},.,; (R)\S) =0. IfY
is countable, then the conclusion immediately follows from (16) using the countable
subadditivity of . In the case when Y is uncountable, the latter argument does
not work anymore but we can still get that the measure is concentrated on S
proceeding as follows. First, let us extend p to a measure yu' on 2/ ,(R?) by
defining /(M) = (Mﬂ.@z’,mj( 4)), for all M € o(7i"). As (2], ,(RY), 7ind) is
a Radon space (see Proposition 3.2), the finite measure p’ is inner regular. This
means that for any M € o(72"?) and for any ¢ > 0 there exists a compact set

K. € o(7i") such that K. C M, with
(17) W (M) < ' (K.) +e.

Let us apply this property to M = 2/ ,(R)\S = U,y (2},4(R?) \ 4;) . Since the
sets 7], ,(R)\ 4; form an open cover of K, the compactness of K in (2}, ,(R?), 7ird)
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implies that there exists a finite open subcover of K., i.e. there exists a finite subset
J C Y such that K. C ;e s (Z},,4(R?) \ A;) . Therefore, we have that

OSM/(KE) S/J'/ <U( znd(Rd \A > <ZI’[’ 7,nd Rd \A>m‘@1/)70]( )) :Ov

i€J ieJ

where in the last equality we used (16). Moreover, by (17), we have that
W (PR S) < W (Ko) +2 =,

Since this holds for any ¢ > 0, we get p' (Z},,(R?)\S) = 0 and hence, 0 =

MI ( 'Lnd(Rd) \S) =p (( znd(Rd) \S) N @1/)7“0_]( )) (—@;)TOJ (Rd) \S) 0

Theorem 4.4 does still hold for any basic semi-algebraic set S which is subset of

! 4(RY) (instead of Do (R 1)) and gives a realizing measure actually concentrated
on SN, (RY). If SN 7)., (R?) = 0, then there is no contradiction because
Theorem 4.4 shows that the only realizing measure is identically equal to zero,
and so we know a posteriori that all the moment functions were zeros. However,
the case SN 7, (R?) # () is very common, since 7, ,;(R?) contains all tempered
distributions, Radon measures and all locally integrable functions. Hence, if at least
a single one of such generalized functions is contained in S then SN @1/)7'oj(Rd) #0
and Theorem 4.4 can be applied to get a non-zero realizing measure supported on
S, indeed on SN 7, ,;(R?). Note that in Theorem 4.4 it is not sufficient to just
assume that m € F (Z},,(R?)). However, the assumption m € F (Z),.,;(R%)) is

proj
not a restrictive requirement in any application.

5. APPLICATIONS

In this section we give some concrete applications of Theorem 4.4.
In Subsection 5.1, we present Theorem 4.4 in the finite dimensional case. This the-
orem generalizes the results already know in literature about the classical moment
problem on a basic semi-algebraic set of R<.
In Subsection 5.2, we study the case when we assume more regularity of type IV
on the putative moment functions, that is, we require that they are non-negative
symmetric Radon measures. The advantage of this additional assumption is that
it allows us to simplify the condition of determinacy and hence, to give an adapted
version of Theorem 4.4. In Subsection 5.3, we derive conditions on the putative
moment functions to be realized by a random measure, that is, we assume S to be
the set of all Radon measures on R%. In this case, the fact that all the moment
functions are themselves Radon measures is a necessary condition and so the results
of Subsection 5.2 can be exploited. In Subsection 5.4, we consider the case when
S is the set of Radon measures with Radon-Nikodym densities w.r.t. the Lebesgue
measure fulfilling an a priori L bound.

From now on let us denote by R(RY) the space of all Radon measures on RY,
namely the space of all non-negative Borel measures that are finite on compact sets
in R%.

5.1. Finite dimensional case.

The d—dimensional moment problem on a closed basic semi-algebraic set S of R? is
a special case of Problem 1.4 for Q = Hy = R%. Hence, Theorem 4.4 can be applied
also in the finite dimensional case, where the condition m := (m(),.en, € F (Rd)
holds for any multi-sequence of real numbers. In fact, if we denote by {es,...,eq}
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the canonical basis of R? then we have that for each n € No,
m(n):: E mgi)’m,ndel®"'®61®"'®ed®"'®edERdn
——— ————
ny times ng times

The notion of polynomials, quadratic module and Riesz’s functional given at the
beginning of Section 4, in the d—dimensional case coincide with the classical ones.
The condition of determinacy on m reduces to the requirement that the class

ny,..., n g €Ny
1+ +na=2n

E :={ey,...,eq} in Definition 2.2.

In this framework, the whole proof we made in the infinite dimensional case can be
employed as well, taking in consideration that R? is Polish and so Radon. Actually,
we can even get a stronger result by refining our proof in finite dimensions. Indeed,
if we replace the assumption of m being determining with the classical multivariate

|m(2n)
0,...,0,2n,0,...,0

C \/ max |m£i")n 4| ¢ is quasi-analytic. This follows by taking the subset
n

Carleman condition, that is for any ¢ € {1,...,d} the class C

is quasi-analytic (where 2n is at the i — th position of the index d—tuple), then
we can still use the same proof but we need to substitute Theorem 2.3 with the
d—dimensional version of Hamburger’s theorem (see e.g. [41, 31, 5]). In this way,
we obtain the following general result.

Theorem 5.1.
Let m be a multi-sequence of real numbers, which fulfills the classical multivariate
Carleman condition and let

S= ﬂ {r e RY| P(r) >0},
i€Y
where Y is an index set not necessarily countable and P; € P (Rd) that is poly-

nomial on R® with real coefficients. Then m is realized by a unique non-negative
measure p € M*(S) if and only if the following inequalities hold

Ly (h?) >0, Ly(Ph?) >0, Yhe Zr (RY),VieY.

Equivalently, if and only if the functional L., is non-negative on the quadratic
module Q(Ps).

This theorem extends the result given by Lasserre in [22]. In fact, Theorem 5.1
includes the case when § is defined by an uncountable family of polynomials. Fur-
thermore, the classical multivariate Carleman condition assumed in Theorem 5.1 is
a more general bound than the one assumed in [22].

5.2. Realizability of Radon measures.

Definition 5.2.
A sequence m € F (R(Rd)) satisfies the weighted Carleman type condition if for

each n € N there exists a function kén) € C(RY) with ké") (r) > 1 for allr € R?
such that

as) % ! =,

= (n) m@n) (dry,...,dray)
sup  sup \/k2 (z+x) | %/ [pana 1—[2nk—(2l)()n
werd x€[—1,1]d 1=1R2 r;
lzll<n

- - 2
where kgn) € C*°(RY) such that kén)(r) > ‘(D“kén))(r)’ for all |k < [42].
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As suggested by the name, the condition (18) is an infinite-dimensional weighted
version of the classical Carleman condition, which ensures the uniqueness of the
solution to the d—dimensional moment problem (for d = 1 see [8], for d > 2 see
e.g. [41, 31, 5, 11]) .

Corollary 5.3.
Let m € F (R(Rd)) fulfill the weighted Carleman type condition in Definition 5.2

and let S € 7,.,;(R) be a basic semi-algebraic of the form (8). Then m is realized

by a unique non-negative measure p € M*(S) with

1
(19) /<W,n>”u(dn) < oo, VneN,
S ky

if and only if the following inequalities hold

(20) Lin(h?) >0, Ly (Pih?) >0, Yh € Peoe (Z,.0;(RY)), Vi €Y,

p

and for any n € Ny we have

@) (dry, ..., dra,
(21) [ ) o
R2nd 1= ks (1)

Remark 5.4.
If m is realized by a non-negative measure jp € M*(9,,.,; (RY)) and m satisfies (18)
then (21) holds also for the odd orders.

Corollary 5.3 is essentially a consequence of the following proposition.

Proposition 5.5.
If m satisfies (18) and (21), then m is a determining sequence in the sense of
Definition 2.2.

Proof.

Let us preliminarily recall that R(R?) C Dyro; (R%) and so m is automatically in
F(2!,,.(RY) as required by Definition 2.2.

proj
For any f1,..., fn € C®(R?) and any n € N we can easily see that

m™ (dry, ..., dr,)

2) \<f1®---®fmm(")>\S/Wﬁkén)(””ﬁ(”)' T, 47 ()

By the Sobolev embedding theorem for weighted spaces (see [1]), we get that for any
B - 2
KM e e (RY) with k™ (r) > (D”ké”))(r)‘ for all |k < [41], C.(RY) € Hy,

a1 - - -
where Hj () := WQT 2 W(Rd,kgn) (r)dr) and k(™) := U%Lkén)) Using this result

in (22), we have that there exists a finite positive constant C' such that

™) (dry,...,dr,)
[T kgn) (ry)

(fie e fm)| < o TIAEI,, [™
=1 .
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Hence, by choosing E as in Lemma 4.5, we have that

m, :_\/ sup (L@@ fan, m)|

fiye fon€E
mn) (dry, ..., dr,)
n 2n)(

I‘l)

< o wmmmw>
f k

R2nd

n

m3n) (dry, ..., dra,)
2n 2n
=1 k’é )(rl)

(23) < CCrd+1] sup  sup l;é%) (z + x)
zeRd xe[ 1,1]4
”rH R2nd
Then the condition (21) guarantees that the m,,’s are finite and (18) implies that
the class C{m,} is quasi-analytic.
O

Proof. (Corollary 5.3).
Since the necessity part follows straightforwardly, let us focus on the sufficiency.
Since m is determining by Proposition 5.5 and (20) holds by assumption, we can
apply Theorem 4.4 to get that m is realized by u € M*(S).

It remains to show (19). For any positive real number R let us define a function
xr such that

1 ifr] <R
oo (d — —

(24) e CEERY and e = { o SR,
Since m is realized by p € M*(S), for any n € Ny and for any positive real number
R we have that

X xR
/( (5),77) w(dn ):/ %m( )(dry, ... dry,).
ks Red )y Ky (1)

Hence, the monotone convergence theorem for R — oo and Remark 5.4 give (19).
O

Remark 5.6.

The proof of Proposition 5.5 is a particular instance of what we were pointing out in
Remark 4.6. In fact, the regularity assumed on the sequence m, that is m consisting
of Radon measures, allowed us to get the bound (23) from (18) and (21) for some
index k(™) = (l}@, icé")) with %i”) = [4] and so independent of n.

Note that to obtain this result it was important to use our definition of determining
sequence (see Definition 2.2). In fact, if we used the one given in [2] involving the

norms ||m" ||H®2n (see Remark 2.4), we would have got k'gn) > {@] and as

a consequence an extm factor of at least order (2n)! under the root in (18). This
observation is in line with Remark 3 in [2, Vol. II, p.73].

If we assume even more regularity on m, then Corollary 5.3 takes the following
simpler form.

Corollary 5.7.
Let m € F (R(RY)) be such that for some ko € C*®(RY), independent of n, with
ko(r) > 1 for all v € R? the following holds

1

= 2,\1/1' m,(27b)2(dr1,...,dr2n) o
= ]RQnd Hl:l k2(r[)
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IfSC 2, .(RY) is a basic semi-algebraic of the form (8), then m is realized by a

proj
unique non-negative measure y € M*(S) with

1
/(kjﬂ?)”u(dn) < oo, VneNy,
s k2

if and only if the following inequalities hold
Lin(h?) >0, Ly (Pih?) >0, Yh € Peoe (Z,0;(RY)), Vi €Y,

p

and for any n € Ny we have

@n)(dry, ..., dron,
/ m (2:13 ,arg ) < 00
R2nd [1;=1 ka(r1)

5.3. Realizability on the space of Radon measures R(R?).

Example 5.8.

The set R(R?) of all Radon measures on R is a basic semi-algebraic subset of
d .

Dpro;(R?), e

(25) RERY = () {n€ Zpo;(RY) : @(n) > 0}

peCH ™ (RY)
where @4, (n) := (¢, n).

Proof.

The representation (25) follows from the fact that there exists a one-to-one cor-
respondence between the Radon measures on R? and the continuous non-negative
linear functionals on the space Zy;(R?). In fact, for any n € R(R?) the functional

C®MRY) — R

o = ()

| et

is non-negative and it is an element of 7, (R4). Conversely, by a theorem due
to L. Schwartz (c.f. [39, Theorem V] ), every non-negative linear functional on
C>(R?) can be represented as integral w.r.t. a Radon measure on R

O

Using the representation (25), we obtain a realizability theorem for S = R(R%),
namely Corollary 5.3 becomes

Theorem 5.9.
Let m € F (R(R?)) fulfill the weighted Carleman type condition (18). Then m is
realized by a unique non-negative measure u € M*(R(R?)) with

1 n
/<Wﬂn> N(dn) < oo, Vne Ny,
S ky

if and only if the following inequalities hold

(26) Lm(hQ) >0, Vh € gchm ( ;roj(Rd))a
(27) Lin(®,h7) >0, Vh € Po (D),0,(RY)) | Voo € CH(RY),

m ry,...,adro,
(28) /2 , 2n (@) < 00, Vn € Np.
R2n =1 k2 (I‘l)

Note that if p is concentrated on R(R?) then m,(f) € R(R™) for all n € Ny.
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The previous theorem still holds even when m does not consist of Radon mea-
sures. In this case, instead of (18) and (28), one has to assume that m is determining
in the sense of Definition 2.2

The assumption (18) can be actually weakened by taking into account a result
due to S.N. Sifrin about the infinite dimensional moment problem on dual cones in
nuclear spaces (see [42]). Indeed, applying Sifrin’s results to the cone C:H>°(R), it is
possible to obtain a particular instance of our Theorem 4.4 for the case S = R(R?)
(the latter is in fact the dual cone of C1*>°(R%)) but with the difference that in
the determinacy condition the quasil—analyticity of the m,,’s is replaced by the so-

called Stieltjes condition Y -, m, 2" = co. As a consequence, the condition (18)
in Theorem 5.9 can be replaced by the following weaker one

> 1
> = o0,
n=1 | qup  sup \/fcén) (2 4 x) %/ [pana m@) (dry ....dra,)

n (2
zerd x€[—1,1]¢ I, k; " ()
llzl[<n

which we call weighted generalized Stieltjes condition.

Remark 5.10.
The condition (26) can be rewritten as

Z<h(’i) ® h(j)7 m(i+j)> >0, v R c Cé>0(Rz'd)7
,J
and (27) as
S (D @hD @, mlitit) >0, vAD € ce(R™), Vg € CF(RY).
¥
Recalling Definition 4.7, we can restate these conditions as follows: the sequence
(m™)pen, and its shifted version ((o,m)™ )nen, are positive semidefinite in the
sense of Definition 2.1.
In particular, if for each n € Nog, m™ has a Radon-Nikodym density, that is there
exists ™ € LY(R™,\) s.t. m™)(dry,...,dr,) = a™(ry,...,r,)dry - dr,, then
(26) and (27) can be rewritten as

Z f]Rd(i+;) h(l) (1‘1, ey I‘,‘)h(j)(l‘zqu, ey ri+j)a(i+j)(r17 e ,I‘i+j)d1‘1 s dI‘i+]‘ Z 07
2¥)

> Jpac+sen RO (ry, .o 1) (riga, i) o(y) @D (vy, iy, y)dry - drggdy > 0.
i

These conditions can be interpreted as that (Oé(n))neNo s positive semidefinite
and that for A—almost all y € R? the sequence (o™t (-, y))nen, is positive semi-
definite, where the positive semidefiniteness is intended in a generalized sense. In
this reformulation the analogy with the Stieltjes moment problem is evident, since
necessary and sufficient conditions for the realizability on RT of a sequence of num-
bers (Mn)nen, are that (My)nen, and (Mp+1)nen, are positive semidefinite.

The measure constructed in Theorem 5.9 lives on the Borel o —algebra generated
by the weak topology 7277 on I'jmj restricted to its subset R(R?). A natural
topology on R(R?) is the vague topology 7,, i.e. the smallest topology such that

the mappings
= (o= [ Fen(dr)
are continuous for all f € C.(R%). These two topologies actually coincide on R(R?).

This result directly follows from the Hausdorff criterion if one intersects the
neighbourhood bases with sets of the following form

Uy = {n € RE®Y) : [(xpsn = )| < N},
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where N is a positive integer and x, is a smooth characteristic function of the
support of a function ¢ € C.(R%) (see (24)).

As a consequence of the equivalence of the two topologies, the associated Borel
o—algebras also coincide and they are equal to o(727%7) N R(RY).

5.4. Realizability on the set of measures with bounded density.

Example 5.11.
Let ¢ € RT. The set S. of all Radon measures with density w.r.t. the Lebesgue
measure X on R% which is L™ —bounded by c, i.e.

(29) S. = {n € R(RY) : n(dr) = f(r)A\(dr) with f >0 and || f||~ < c}

is a semi-algebraic subset of R%). More precisely, we get that

prog(
(30) Sc=R®HN () {n€Zp;(RY :clp, ) — (g, m) >0}
peCT ™ (RY)

Proof.
Step I. C
Let n € S., then by definition (29), we get that for any ¢ € CI>°(RY)

o) = [ oA < Il [ pINED) < el ).

Step II: O
Let 7 € R(R?) such that
(31) c(p,A) = {p,m) 20, Vo € CH(RY).

By density, the previous condition holds for all ¢ € L*(R% X\ —7) and in particular
for ¢ = 14, where A € B(R?) bounded. Hence, < A and so, by the Radon-
Nikodym theorem, there exists f > 0 such that

(32) n(dr) = f(r)A(dr).

By (32) and by (31), for any A € B(R?) bounded we get that

/ f(r / n(dr) < /A A(dr).

Hence, f(r) < ¢ A—a.e. in each bounded A and therefore || f||L~ < c.
O

Using the representation (30), we can explicitly rewrite Corollary 5.3 for S = S,
as follows.

Theorem 5.12.
Let c € RT. Let m € F (R(RY)) fulfill the weighted Carleman type condition (18).
Then m is realized by a unique non-negative measure p € M*(S.) with

1 n
[ (oo utdn) < o0, ¥ € N,
S ky
if and only if the following inequalities hold.

(33) Lin(h?) >0, Vh € Pee (D)0 (RY))
(34) Lin(®,h%) >0, Yh € P (D,.0;(RY)) Vg € CH2(RY),
(35) Lin(Teph®) >0, Vh € Peee (Z,0;(RY)) Ve € CHP(RY),

< 00, Vn € Ny,

/ m(2”) (dl‘l7 N ,dI‘Qn)
R2nd kS ()

where @4, () := (p,n) and T'cp(n) := c(p, A) — (¢, n).
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Remark 5.13.

Proceeding as in Remark 5.10, we can work out the analogy between the realizability
problem on S, and the moment problem on [0, c|. Indeed, if each m(™ has density
o™ w.r.t. the Lebesgue measure, then (33), (34) and (35) mean just that (a™),en,
is positive semidefinite and that, for \—almost all y € R?, (™t (- y))nen, and
(ca™ () = a™ D (- y))nen, are positive semidefinite. Similarly, necessary and suf-
ficient conditions for the realizability on [0, c|of a sequence of numbers (my)nen, s
where

O,cj={zeR:z>0}Nn{xreR:c—z >0},

are that (Mp)neNgs (Mnt1)nen, and (¢ My — Mpy1)nen, are positive semidefinite
(see [12] and [6]).

6. APPENDIX

6.1. Quasi-analiticity.
Let us recall the basic definitions and state the results used throughout this paper
concerning the theory of quasi-analiticity.

Definition 6.1 (The class C{M,}).
Given a sequence of positive real numbers (M, )nen,, we define the class C{M,} as
the set of all functions f € C*°(R) such that for any n € Ny

D" flloo < BB} My,
where D" f is the n—th derivative of f, || D" f||, :=sup |D" f(x)|, and Bf, By are
rz€eR
positive constants only depending on f.

Definition 6.2 (Quasi-analitycal class).
A class C{M,} is said to be quasi-analytic if the conditions

[ e C{My}, (D"f)(0) =0, VneNo,
imply that f(x) =0 for all x € R.

The main result in the theory of quasi-analiticity is the Denjoy-Carleman Theo-
rem, which is easy to prove when the sequence is log-convex and has the first term
equal to 1 (see [37] for a proof of the theorem in this case).

Definition 6.3 (Log-convexity).
A sequence of positive real numbers (M, )nen, is said to be log-convez if and only
if for all n > 1 we have that M2 < M,,_1 M, 1.

However, when we deal with classes of functions, the assumption of log-convexity
and the assumption My = 1 actually involve no loss of generality. In fact, one can
prove that for any sequence (M, )ncn, there always exists a log-convex sequence
(ME)nen, such that the classes C{M,} and C{M¢S} coincide. More precisely, the
sequence (MF),en, is the convex regularization of (M, )nen, by means of the loga-
rithm (for more details on this regularization see [26]). Hence, we have that C{M,}
is quasi-analytic if and only if C{M¢} is quasi-analytic (see [26, Chapter VI, The-
orem 6.5.II1]). Clearly, if (M,,)nen, is log-convex then MS = M, for all n € Ny.
Furthermore, if My # 1 then one can always normalize the sequence and consider

( %)nel\lm since it is easy to see that the classes C{M,} and C{ ]]\Vf[’;} coincide.

Using the convex regularization by means of the logarithm and the observations
above, it is possible to show the Denjoy-Carleman Theorem in his general form (see
[10] for a detailed proof).
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Theorem 6.4 (The Denjoy-Carleman Theorem).
Let (My,)nen, be a sequence of positive real numbers. Then the following conditions
are equivalent

(1) C{M,} is quasi-analytic,
2) > i = 00 with B, = infy>n /M,

n=1

(3) 3

n=1
X ME_

(4) ¥ it =oo,
n—

where (ME)nen, 18 the convex reqularization of (M, )nen, by means of the logarithm.

1 .
n/Nc = ’
n

Let us now state a simple result which has been repeatedly used throughout this
paper.
Proposition 6.5.

Let (My,)nen, be a sequence of positive real numbers. Then, C{M,} 1is quasi-
analytic if and only if for any positive constant 6 the class C{dM,} is quasi-analytic.

In conclusion, let us introduce some interesting properties of log-convex se-
quences.

Remark 6.6.
For a sequence of positive real numbers (M )nen, the following properties are equiv-
alent

(a): (M), is log-conver.

(b): (4a is monotone increasing.
Mp—1 ),

(c): (In(My)),2, is conver.

Note that the log-convexity is a necessary condition for a sequence to be a mo-
ment sequence.

Proposition 6.7.
If the sequence (Mp)nen, is log-convex and Mo = 1, then ({/M,)S2, is monotone
mncreasing.

Lemma 6.8.
Assume that (Mp)nen, 5 a log-convex sequence. The class C{M,} is quasi-analytic
if and only if for any j € N the class C{{/M;,} is quasi-analytic.

Proof.
W.l.o.g.we can assume that My = 1. (In fact, if My # 1 then one can always apply

the following proof to the sequence (]]\VZ]‘ )nen, by Proposition 6.5.) Let us first note

that by Theorem 6.4 it is enough to prove that >

n=1

ﬁ = oo if and only if for all

Jjn

o0
jeEN, > L_ — 0. Let us fix j € N, then
n=1

E

jn

i 1 7i 1 1 - 1 +§ 1
oMy S\ M R Mg O Mgy ) = VM
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oo
where the last inequality is due to Proposition 6.7. Hence, if Z % diverges then

Z:: - W diverges as well. On the other hand, if the series Z ; W diverges for

some j € N, then also Z W diverges since the latter contains more summands.
n=1 "

O

6.2. Complements about the space C>°(R?).
Let us recall the definition of the inductive topology on C°(R%) (see [35, Sec-
tion V.4, vol. I]) for a more detailed account on this topic).

Definition 6.9.
Let (An)nen be an increasing family of relatively compact open subsets of R? such

that R4 = |J A,. Let us consider the space C°(A,,) of all infinitely differentiable
neN

functions on R% with compact support contained in A, and let us endow C°(A,,)
with the Frechét topology generated by the directed family of seminorms given by

(36) lpll<q == > max [Dp(r)].
|[_}|§aI‘EAn
Then as sets
Cr®RY) = (R,
neN

We denote by Dina(R?) the space C°(RY) endowed with the inductive limit topology
Tind nduced by this construction.

It is easy to see that the previous definition is independent of the choice of the
A,s.

In Subsection 3.1, we gave a construction due to Y. M. Berezansky that allows
to write C2°(R?) as projective limit of a family of weighted Sobolev space (see Def-
inition 3.1). Berezansky actually proved that Definition 3.1 is equivalent to the
following standard one (see [1, Chapter I, Section 3.10] for more details).

Definition 6.10.

Let I be as in Definition 3.1, i.e. the set of all k = (k1, ka(r)) such that k1 € N,
ko € C(RY) with ky(r) > 1 for allr € RY. For each k € I, let us introduce a norm
on CZ(R?) by setting

lell g, (gey : = max ka(r) Y |(DPo)(
|BI <k

Denote by 21,(R?) the completion of C°(R?) w.r.t. the norm Ilg ®ay- Then as
sets
CERY) = () Ze(RY).
kel

We denote by Dpro;(R?) the space C2°(RY) endowed with the projective limit topology
Tproj induced by this construction.

Furthermore, as already mentioned, Berezansky showed that

Dproj(RY) = projlim Wit (R?, ky(r)dr)
(kl,k‘g(!‘))GI

is a nuclear space (where I is as in Definition 6.10). The nuclearity of Z..;(R?)
follows from the fact that the index set I always fulfills the following condition.
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Definition 6.11 (Condition (D)).
We say that the set Ko C I satisfies Condition (D) if:
“For any pair k = (k1,ka(r)) € Ko there exists k' = (k}, kb (r)) € Ko such that

o ki > ki +1 (where | is the smallest integer greater than )

2
o ki(r) > (rgagﬂ(Dﬁq)(r)O , Vr € RY, for some function q(r) € C(R?)
chosen, such that
k‘g([‘)
re ¢*(r)
Note that the function q(r) depends on ka(r) and d.”

() > ko(r), Vr € R and dr < oo.

Condition (D) is sufficient for ~projlim  Wx*(R?, ko(r)dr) to be nuclear.
(k1,k2(r))EKo
Let us give some concrete examples of classes K which satisfy Condition (D) in
the case d = 1.

Example 6.12.

Let Ky := {(kl,kg(’f’)) | ki € No,k‘g(’r) = C(l + TQn),TL eN,1<ce R}

Let us fix a pair k = (kyi,ka(r)) € Ko, namely we fix k = (k1, C(1 +r?")) for some
k1 € Ny, some n € N and some real constant C' > 1. For the same fized n and C,
we define the function q(r) := (2C(1 +r2"2))z € C*°(R).

Then we have that ¢*(r) = 2C(1 4+ r?"*2) > ko(r) for allT € R and

ko(r) , 1472
/]R qz(r)dr = /]R 2(1+r2n+2)dr < oo0.
Hence, using the special form of q(r), we get that
VreR, [Dg(r)] < (n+1)q(r)]-
Consequently, choosing k' = (K}, k4(r)) € Ko such that
ki =k +1, Ey(r) := (n+1)%¢(r)?, VreR,
> (max{|q(r)|,|Dq(r)|})* and hence, Condi-

we obtain that for all r € R, k5j(r)
tion (D) is fulfilled by K.
Example 6.13.

Let KO = {(kl,kg(r)) | kl S No,kg(’f‘) =1+ €nr,’l’L € N,l S c e R}

Let us fix a pair k = (k1, k2(r)) € Ko, namely we fir k = (ki,C(1+€"")) for some
k1 € Ny, some n € N and some real constant C' > 1. For the same fized n and C,
we define the function q(r) == (C(1+e™)(1+12))z € C°(R).

Then we have that ¢*(r) = C(1 + €™ )(1 4+ 12) > ko(r) for all 7 € R and

/kz(r)dr:/ 1 dr < oo.
r ¢%(7) g 1+7?

Hence, using the special form of q(r), we get that
vreR, [Dg(r)| < (5 +1) la(r).

Consequently, if B := sup % and if we choose k' = (K}, k4 (r)) € Ko such
reR }
that )
=kl k()= BO (5 +1) L+, wreR,

then we obtain that for all r € R,

R(r) = C (5 + 1)2 (L)1 +72) = (5 + 1)2q2(r) > (max{|g(r)], | Da(r)[})?.
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6.3. Construction of a total subset of test functions.
In this subsection, we provide an outline of the proof of Lemma 4.5 about the
explicit construction of a set E of the kind required in Definition 2.2. For conve-
nience, we give here the proofs only in the case when E C @z/mm( ). The higher
dimensional case follows straightforwardly.

For any n € Ny, let k(™ := (k§"),k§")) el ie. k%n) € Ny and kén) ‘R — [1,00]
such that ké") € C*(R). Let us consider the norm || - ||z ,, defined in (5), where

(n)
Hyomy = Wzk1 (R, kén) (z)). We will denote by || -[/g_, the norm on its dual

space W;kg )(]R,ké”) (x)).

Let d,, be a positive sequence which is not quasi-analytic, then there exists a
non-negative infinite differentiable function ¢ with support [—1, 1] such that for all
z € R and n € Ny holds \(j%gp(x)\ <d, (see [37]).

Lemma 6.14.
Let d,, be a log-conver increasing positive sequence which is not quasi-analytic, let
@ be as above. Define

Eo:={fyp(-) :==0( —y)e™ | y,p € Q}

Then for any y,p € Q and for any n € Ny we get

k(n) n
sl < O g _sup 42

where C, := \/2(1 + |p|) and Ey is total in Dproj(R).

Proof.
For any y,p € Q we have that

(ol ) <% )l (i (3) |

=0

n)

kM

(n) k _
< (1 ) <l>|p|k gl
[1,1]

k=0 1=0

2

(@) K" (@ +y)dx

Using the bound for derivative of ¢ and the fact that the sequence (d;); is monotone
increasing we get

1) gl < Vo (VL4 s e ),

Let us show that Ej is total in Zp,q;(R).
If Ey was not total then by Hahn-Banach there would exist 1 € Ql’)mj( ) withn # 0
such that for all f € span(Ep), n(f) = 0. For such a n we get in particular that
Vy,p€Q, (fyp,n = 0. Since the function (y,p) — fy, from Q x Q to Zp,,;(R)
is sequentially continuous, then

(38) Vy,p eR, (fyp.n) =0.

Let pc(-) := e !p(e!-) where p is a non-negative function with compact support,
i.e. pe is an approximating identity then

(39) lim fy,p(x)/)s *n(z)dr = <fy,p,77> =0,
el Ji—1,1]
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where the last equality is due to (38). Since 7 is in some space H_jx) and as (37),
holds, we get that

(n)
(40) [ fypr pe x| < M fypllir ey lpe  mllzr oy < e IpD™ oz %0l

where ¢ :=d, ) (\/i)kgn)ﬂ sup 1/ kS (z + y) and so it depends only on (™, k™.
1

z€[—1,1]
Since p. is an approximating identity we get that

lelﬁ)l Hps * 77||H7,€(n) = ||77HH7k(n)

The latter together with (40) imply that the function (f, ,,pe * 1) is uniformly
bounded in p and e. By Lebesgue’s dominated convergence theorem and by (39),
for any integrable function v such that the Fourier transform 1 € Dproj(R) and for
any y € R the following holds

0= lim / w(p)/ Fyp(@)pe x n(@)dadp(e(- = y)ib,m) = (&, o(- = y)n).
e—0 R [_171]
As any test-function in Ppro;(R) is of the form 1, we have that also as a distribution
for any y € R, p(- —y)n =0.
Since ¢ is not zero there exists an open ball B on which ¢ is never zero. Define
a partition of unity (Xxn)nen,, Where each X, is supported in a ball of the form
yn + B. Hence, for all ¢ € C°(R)
= v0)
h,m) = Xn()—F———,9(—ya)n) =0,
(W) = ( ()w(-—yn) ( )n)

which means that n = 0. O

n=0

Making use of the previous result, we are going to prove Lemma 4.5 that we
rewrite here for convenience.

Lemma 6.15.
Let ¢, be an increasing sequence of positive numbers which is not quasi-analytic.
Then the set

E:={ f € Dproj(R) |V 0 € No, |Ifllm,(,, <o sup  sup /S (2 + )
1 |z|e<R z€[—1,1]

contains a countable subset which is total in Ppro;(R). Hence, E is total in Dpro;(R).
Proof.
Let us first show that the proof reduces to find an increasing sequence (dy,)nen, of

positive numbers which is not quasi-analytic and which is such that for any real
constant C' > 0

=0.

. Cid,
(41) lim ?
j—o0 Cj
)
o d(m)
1

In this case, we can always define % = sup . and so, by Lemma 6.14, for
n

€ ()

1
any y,p € Q, every function of the form ¢f, , is such that

k(”)
lafyplla, ., <aCp' dyw sup kén) (y+x) <c m sup sup kén) (y + ).
boze[-1,1] ! |z|e<R z€[—1,1]
z|<n

Hence, the set F contains ¢Ep. Consequently, since Ey is total in D(R?), the same
is true for gEy and hence, for F.
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It remains to construct an increasing sequence (dy,),, of positive numbers not quasi-
analytic and such that (41) holds. First note that our requirement is equivalent to

define an increasing sequence (d,, ), of positive numbers such that Y~ T{T < 00

and lim,, % = 0. Indeed, for each C' and for each € > 0 there exist N such

that for all n > N holds d,, < (%)n ¢n, and hence also C"d,, < e"¢,.

Our problem reduces to find, given a decreasing sequences (ay, ), of positive numbers
with 37, a, < 0o, a decreasing sequence (by,), of positive numbers such that
Yoo 1 by < 00 and limy, o Z—“ = 00.

For any k € N let us define N := min{m|> " a, < 7z} and also

b, :=min< a, | 1+ Z VE | b1y,

keN : Np<n

with by := ag (1 + > \/E) . Then

keN : Np=0
0o 00 0o 0o
)SUNEED DY FEUN SR/ [ S o e
n=1 n=1 keN : Np<n n=1 k=1

It follows that lim, . b, = 0. Then latter together with the definition (by,),
implies that there exists an infinite subsequence (by,); C (bn)n such that

ViEN by =an, [1+ > VE
keEN : Nx<nj;

For such a subsequence we have that

(42) _hm@:hm 1+ YV (1+ix/%>oo.
k=1

—00 Ay . j — 00
J " J kEN : Np<n;

Now let us note that for any n € N we have either that 2—“ = bZ—’l > b"—: or that

n T Qn

an <1+Z \/E>
by, kEN : Np<n _ 1+Z \/% > 14 Z \/% > bnfl.

a a -
n n keN : Ny<n keEN : Npy<n—1

Gn—1

Hence, the sequence (b, /ay), is increasing and has a subsequence such that (42)

holds, then we get that lim,, Z—Z = 0.
O
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