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Abstract

Let X be a locally compact Polish space. A random measure on X is a probability
measure on the space of all (nonnegative) Radon measures on X. Denote by K(X) the cone
of all Radon measures 7 on X which are of the form n = )", s;0,,, where, for each i, s; > 0
and ¢, is the Dirac measure at z; € X. A random discrete measure on X is a probability
measure on K(X). The main result of the paper states a necessary and sufficient condition
(conditional upon a mild a priori bound) when a random measure p is also a random discrete
measure. This condition is formulated solely in terms of moments of the random measure
. Classical examples of random discrete measures are completely random measures and
additive subordinators, however, the main result holds independently of any independence
property. As a corollary, a characterisation via a moments is given when a random measure
is a point process.



1 Introduction

Let X be a locally compact Polish space, and let B(X) denote the associated Borel o-
algebra. For example, X can be the Euclidean space R¢, d € N. Let M(X) denote the
space of all (nonnegative) Radon measures on (X, B(X)). The space M(X) is equipped
with the vague topology. Let B(M(X)) denote the Borel o-algebra on M(X).

Let us define the cone of (nonnegative) discrete Radon measures on X by

K(X) := {n = si0y, € M(X) |5 >0, 2; € X} .
2

Here 6,, denotes the Dirac measure with mass at x;. In the above representation, the

atoms z; are assumed to be distinct, i.e., z; # x; for ¢ # j, and their total number

is at most countable. By convention, the cone K(X) contains the null mass n = 0,

which is represented by the sum over an empty set of indices i. As shown in [9],

K(X) € BIM(X)).

A random measure on X is a measurable mapping £ : Q — M(X), where (Q, F, P)
is a probability space, see e.g. [6,7,10]. A random measure which takes values in K(X)
with probability one will be called a random discrete measure. We will give results
which characterize when a random measure is a random discrete measure in terms of
its moments.

Let us recall the classical characterization of a completely random measure by King-
man [7,12]. A random measure ¢ is called completely random if, for any mutually dis-
joint sets Ay, ..., A, € B(X), the random variables £(A;),...,&(A,) are independent.
Kingman’s theorem states that every completely random measure & can be represented
as § = g+ & + & . Here &, &, & are independent completely random measures
such that: §; is a deterministic measure on X without atoms; §; is a random measure
with fixed (non-random) atoms, that is there exists a deterministic countable collec-
tion of points {z;} in X and non-negative independent random numbers {a;} with
&r = >, a;0y,; finally the most essential part &, is an extended marked Poisson process
which has no fixed atoms, in particular with probability one &, is of the form ) ;b0
where {b;} are non-negative random numbers and {y;} are random points in X.

Thus, by Kingman’s result a completely random measure is a random discrete
measure up to a non-random component. If one drops the assumption that the random
measure is completely random, one cannot expect anymore to concretely characterize
the distribution of £. Thus, a natural appropriate question is to ask when a random
measure is a random discrete measure. One may be tempted to replace the assumption
of complete randomness by a property of a sufficiently strong decay of correlation.
However, the result of this paper shows that such an assumption cannot be sufficient.

Note that, in most interesting examples of completely random measures, the set of
atoms of the random discrete measure is almost surely dense in X. A study of countable
dense random subsets of X leads to “situations in which probabilistic statements about
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such sets can be uninformative” [11], see also [2]. It is the presence of the weights s;
in the definition of a random discrete measure that makes a real difference.

An important characteristic of a random measure is its moment sequence. We say
that a random measure ¢ has finite moments of all orders if, for each n € N and all
bounded subsets A € B(X),

E[£(4)"] < oo.

Then, the n-th moment measure of ¢ is the unique symmetric measure M ™ € M(X™)
defined by the following relation

VA, ... A, € B(X): MM (A x - x A,) = E[E(Ay) - - E(A,)].

We also set M(© := E(1) = 1. The (M™), is called the moment sequence of the
random measure &.

The main result of this paper is a solution of the following problem: Assume that &
is a random measure on X whose moment sequence (M ™), is known and satisfies
a mild a priori bound. Give a necessary and sufficient condition, in terms of the
moments (M<“>);;°:0 , for & to be a random discrete measure, i.e., for the distribution
of the random measure £ to be concentrated on K(X).

As a consequence of our main result we also obtain a solution of the (infinite di-
mensional) moment problem on K(X). Since we will only use the distribution of a
random measure on M(X), in what follows, under a random measure we will always
understand a probability measure on M(X), and under a random discrete measure a
probability measure concentrated on the subset K(X).

In Section 4 we state three corollaries of the main result. In Corollary 19, we give
a necessary and sufficient condition for a sequence of Radon measures, (M™), | to
be the moment sequence of a random discrete measure, cf. Section 4 for details. In
Corollary 20, we give a necessary and sufficient condition, in terms of the moments
(M (”));’;0, for a random measure to be a simple point process. In Corollary 21, we
relate the previous corollary to the analogous result in terms of the so-called generalized
correlation functions. (These results are also conditional upon an a priori bound
satisfied by (M ™).

Our main result is very different in spirit and technique to the known results about
the localization of measures on cones. As far as we know, all known techniques require
the cone under consideration to be closed, cf. [17], but K(X) is dense in M(X), cf. the
proof of separability in Proposition A2.5.11T in [6].

In order to describe the main result more precisely we have to introduce some
further notation. Let 41,...%; € N with ¢y + --- 4+ ¢, = n. Denote by M, _,; the
restriction of M to the following subset of X™

ik

x; #xjfori#j

n
(xl,...,xl,:vg,...,xk,...,xk)EX
— —_——

'il ik



Denote by Xa(k) the collection of points (x1,...,2,) € X* whose coordinates are all

different. We consider M;, _; as a measure on Xa(k), cf. Section 2 for details.

It is clear that a result of the type we wish to derive can only hold under an
appropriate estimate on the growth of the measures M. Below we will assume that
the following conditions are satisfied, see also Remark 5:

(C1) For each A € B.(X), there exists a constant Cy > 0 such that

MM(A™) < CRn!, neN, (1)

Here B.(X) denotes the collection of all sets from B(X) which have compact closure.

(C2) For each A € B.(X), there exists a constant C'y > 0 such that
M™AM) < ()", YneN (2)

and for any sequence {A;z}72, € B.(X) such that Ay | @, we have C} — 0 as
k — oo.

We fix a sequence (A;)2; of compact subsets of X such that Ay C Ay C Az C ---
and U2, Ay = X. For example, in the case X = R?, one may choose A; = [—1,1]%.

Theorem 1. Let pu be a random measure on X, i.e., a probability measure on
(M(X),B(M(X))). Assume that i has finite moments, and let (M™)2 be its mo-
ment sequence. Further assume that conditions (C1) and (C2) are satisfied. Then p
is a random discrete measure, i.e., u(K(X)) = 1, if and only if the moment sequence
(M) satisfies the following conditions:

n=0

(i) For anyn € N, A € BC(Xﬁ(”)), andi= (i1,...,1,) € Z7, let

6 = €21 =~ Mg, (D) 3

i AT pl o atles

cf. for more details (30). Here Z, := NU{0}.

Then the sequence (giA)iGZ’i s positive definite, i.e., for N € N and any finite
sequence of complex numbers indexed by elements of 71, (Zi)iezi,|i|§N7 we have

Here |i| := max{iy, ..., i}



(i1) For each A € BC(Xﬁ(n)) of the form A = (Al)é with | € N, set

A ¢A .
ri =&o00..00 €Ly (4)
Then, for any finite sequence of complex numbers, (z,)_,, we have
N
A _
§ Tivjr1 %% 20, (5)
i,j=0
and furthermore
2
T S
) A A A
(DA D) det reTS e T | 6
w1 D)™ de . . . : = 00, (6)
pt : : : :
A
e Trtt Tok—1
where
A LA A
e Ty ... T
S
Dy :=det | . _ . o, keZ..
A A A
’I“k Tk‘Jrl .. /r2k

Let us now briefly describe the strategy we follow in this paper. Denote R, :=
(0,00). We introduce a logarithmic metric on Ry : for a,b € R, , dist(a, b) := ‘ln (%) ’
Then R, becomes a locally compact Polish space. Thus, Y := X x R, is also a locally
compact Polish space. We consider the configuration space I'(Y'), i.e., the space of
all locally finite subsets of Y. This space is also equipped with the vague topology.
A (simple) point process in Y is a probability measure on (I'(Y), B(I'(Y))). A point
process is (uniquely) characterized by its correlation measure (also called the factorial
moments measures), see e.g. [6].

Let p be a random discrete measure on X. It is often convenient to interpret p as
a point process in Y. More precisely, take any discrete Radon measure n =), 5,0,, €

K(X) and set
577 = Z 5(Ei,si)'

As easily seen €y € I'(Y'). Furthermore, it can be shown that the mapping £ : K(X) —
['(Y) is measurable, see [9]. (Note, however, that the range of the mapping £ is not
the whole space I'(Y"), see the definition in equation (11) below.) We denote v := £(u),
i.e., the pushforward of p under £. Thus, v is a point process in Y. Hence, one can
study the random discrete measure p through the point process v.

Our strategy to solve the main problem is to first construct the point process
v associated to the searched random discrete measure . An important step along



the way here is to solve the following problem, which is of independent interest in
itself: How can one recover the correlation measure of the associated point process v
from the moment sequence (M) . of a random discrete measure u? A solution to
this problem is given in Section 2. Our approach is significantly influenced by the
paper of Rota and Wallstrom [16], which combines ideas of (stochastic) integration
and combinatorics. Additionally, to find the correlation measure of v concretely, one
has to solve a sequence of finite-dimensional moment problems. A solution to the main
problem is given in Section 3 and the consequence for the moment problem on K(X)
is discussed in Section 4.

Beside completely random measures or additive subordinators in the case X =R,
(in particular, Lévy processes which are subordinators), we would like to mention
the gamma measure, the spatial version of the gamma process, see e.g. [8,18,19] for
interesting properties. The gamma measure is the completely random discrete measure
pon X = R? for which £(i1) = v is the Poisson point process in R? x R, with intensity
measure dr s 'e~* ds. Note that Gibbs perturbations of the gamma measure have been
studied in [9]. These are also random discrete measures which have a.s. a dense set of
atoms.

2 Recovering the correlation measure of v

A partition of a nonempty set Z is any finite collection m = {A;,..., Ay}, where
Ay, ..., A are mutually disjoint nonempty subsets of Z such that Z = Ule A;. The
sets Ay, ..., Ay are called blocks of the partition 7.

For each n € N, denote by II(n) the set of all partitions of the set {1,2,...,n}. For
each partition m = {Ay,..., Ay} € II(n), we denote by X" the subset of X™ which
consists of all (z1,...,x,) € X" such that, for any 1 < i < j < n, z; = z; if and
only if 7 and j belong to the same block of the partition 7, say A;. For example, for
the so-called zero partition 0 = {{1}, {2},..., {n}}, the set Xa(n) consists of all points

(1,...,2,) € X" whose coordinates are all different. For the so-called one partition
1 = {{1,2, o ,n}}, the set Xi(n) consists of all points (z1,...,2,) € X" such that
r1 = x9 = - -+ = x,. Clearly, the collection of sets X" with running over I1(n) forms

a partition of X™.
Let m™ be any nonnegative Radon measure on X", i.e., m™ € M(X™). For each
partition 7 € II(n), we denote by m{" the restriction of the measure m™ to the set

X Note that we may also consider m™ as a measure on X" by setting

mM (X" \ XM = 0.

m™ = Z m.

well(n)

Then we get

6



Let us fix a partition 7 = {4y, Ay, ..., Ax} € II(n). Here and below, we will always
assume that the blocks of the partition are enumerated so that

min A; < min A, < --- < min A;.

We denote by |r| the number of blocks in the partition 7. We construct a measurable,
bijective mapping, for k = ||,

By : X™ — x"
™ . m 0

as follows. For any (z1,...,x,) € XT(rn), we set

B7T<:U17 cee 7wn) = (yb cee 7yk)a

where, for i = 1,2,...,k, y; = z; for a j € A; (recall that x; = z; for all j,5' € A;).
Note that, if 7 = 6, then B, is just the identity mapping. We denote by Bw(mgrn)) the
pushforward of the measure m™ under B,.

Let us now additionally assume that the initial measure m(™ is symmetric, i.e., the
measure m(™ remains invariant under the natural action of permutations o € &,, on
X". (Here &,, denotes the symmetric group of degree n.) For a partition 7 as in the
above paragraph, we set, for each | = 1,2,... k, 4, := |4;|, the number of elements
of the block A;. Note that iy + is + - - - + i), = n. Since m™ is symmetric, it is clear
that the measure Bﬁ(mﬁr”)) is completely identified by the numbers 4, ..., 4,. That is,
if 7 = {A4},..., A} is another partition from II(n) with |A]| =4, | = 1,...,k, then
B, (er”)) = By (mg:f)). Hence, we will denote

Miy . i = Bw(m(n)), (7)

™

and we may assume, without loss of generality, that in formula (7) the partition = =
{Ay, ..., Ay} is given by

Ar={1,... i}, Ay={ir+1,.. iy +is}, A3 ={ir+is+1,.. i1 +is+is},... (8)

Note that, since m™ is a Radon measure on X", each measure m, . is a Radon

measure on Xﬁ(k), i.e., for each A € lS’C(Xa(k))7 we have m;, ;, (A) < co. Here B,( a(k))
denotes the collection of all sets A € B(Xﬁ(k)) which have a compact closure in X*, and

B(Xﬁ(k)) is the trace o-algebra of B(X*) on Xa(k). Thus, a given sequence of symmetric

Radon measures m™ on X", n € N, uniquely identifies a sequence of Radon measures
My .0, ON Xa(k), where i1, ...,17; € N, k € N. Note that this sequence is symmetric in
the entries iy, ..., 1, i.e., for any permutation o € &,

dmilwik (1’1, e ,:Ek) = dmi(r(l)v-“vio(k) (xa(l), e ,:Ea(k)).

7



As easily seen the converse implication is also true, i.e., any sequence of Radon measures

Mgy, O Xék), with 41,...,7x € N and &£ € N which is symmetric in the entries
i1,...,4, uniquely identifies a sequence of symmetric Radon measures m(™ on X",
n € N.

Let now u be a random discrete measure on X which has finite moments, and let
(M™)>_ be its moment sequence. Clearly, each M is a symmetric measure on
X". Below we will deal with the measures M;, _;, derived from the moment sequence
(M),

For each n € N, we denote by Cy(X™) the space of all continuous functions on X"
with compact support equipped with the natural topology of uniform convergence on

compact sets from X™. Clearly, for each f™ € Cy(X™), the function

-----

M(X) 2 e (", f™) = B Fo @y, .. 2) dnla) - - dn(z,)

is measurable. By the dominated convergence theorem it also holds that
/ FO @, mn) dM T (2, 2y :/( )(77®”,f(”))du(77). (9)
n M(X

Consider the locally compact Polish space Y = X x R, (see Introduction), and
consider the configuration space I'(Y"). Recall that

F'Y):={ycCcY||yNnA| < oo for each compact A C Y}.

Here, |y N A| denotes the number of points in the set v N A. One usually identifies a
configuration v = {y;} € I'(Y) with a Radon measure v = >, d,,. Thus, we get the
inclusion I'(Y) € M(Y) and we denote by B(I'(Y')) the trace o-algebra of B(M(Y')) on
r'y).

Denote by I',(Y') the set of so-called pinpointing configurations in'Y . By definition,
I',(Y) consists of all configurations v € I'(Y') such that if (z1,s1), (z2,s2) € v and
(21, s1) # (22, 52), then xy # 5. Thus, a configuration v € I',(Y’) cannot contain two
points (z,s1) and (x, s2) with s; # sy. For each v € I',(Y) and A € B.(X), we define
a local mass by

My () = / w@sdy(zs) = 3 xal@)s € 0,00]. (10)
Y (x,5)€

Here x denotes the indicator function of the set A. The set of pinpointing configura-
tions with finite local mass is then defined by

Lpp(Y) = {7 € T,(Y) | Mx(y) < oo for each compact A C X }. (11)



As easily seen, I',f(Y) € B(I'(Y')) and we denote by B(I',s(Y)) the trace o-algebra of
B(I(Y)) on Tyr(Y)

We construct a bijective mapping &€ : K(X) — I'y;(Y) by setting, for each n =
>80, € K(X), En = {(z4,s:)}. By [9, Theorem 6.2], we have

B(T,(Y)) = {EA | A€ BIK(X)}.

Hence, both £ and its inverse £~! are measurable mappings.
We denote by v := £(u) the pushforward of the measure p under the mapping €.
Thus v is a probability measure on I',¢(Y"), in particular, it is a point process in Y.
Let T'o(Y) denote the space of all finite configurations in Y

Lo(Y) :={yCY ||y] < oo}

Note that To(Y) = U2, '™ (Y), where '™ (Y) is the space of all n-point config-
urations (subsets) in Y. Clearly, I'o(Y) C I'(Y), and we denote by B(I'z(Y)) the
trace o-algebra of B(I'(Y)) on I'g(Y). The o-algebra B(I'((Y)) admits the following
description: for each n € N, I'™(Y) € B(I'o(Y)) and the restriction of B(I'y(Y)) to
'™ (Y) coincides (up to a natural isomorphism) with the collection of all symmetric
(i.e., invariant under the action of o € &,,) Borel-measurable subsets of Ya("). The

correlation measure of the point process v is defined as the (unique) measure p on
(To(Y), B(I'y(Y))) which satisfies

G(\) dv = G(MN) dp(\
/F(Y)Z () dv() /w) () dp() (12)

AEY

for each measurable function G : I'((Y) — [0,00]. In formula (12), the summation
Y e , 1s over all finite subsets A of 7.

For each n € N, we denote by p(™ the restriction of the measure p to T™(Y). By

(12), the measure p{™ can be identified with the symmetric measure on Ya(") which
satisfies

/ ST s s) du(7)
pr(y)

{(mlvsl) 7777 ($n78n)}C’Y

=/, )f(”)($1,sl,...,:Bn,sn)dp(")(:vl,sl,...,xn,sn) (13)
Y/\n
0

for each symmetric measurable function f™ : Ya(") — [0, 00]. Since v(I',(Y')) = 1, the

measure p(™ is concentrated on the smaller set
Vo= {(z1,81,. .., Tp,50) €Y | (21,...,2,) € Xﬁ(")}. (14)

The following theorem gives a three-step way of recovering the correlation measure
p of the point process v = &(yu) directly from the moment sequence (M ™).

9



Theorem 2. Let u be a random discrete measure on X which has finite moments. Let
(M) be the moment sequence of ju, and assume that condition (C1) is satisfied.

(i) For each n € N and A € Bc(Xa(n)), there exists a unique finite measure £(An) on
(Ry)™ which solves the moment problem

o 1 | . .
/ S A€ (51, 50) = = Miysr,ins1(B), (it i) € Z0 (15)
(R4)™ s

(i) For each n € N, there exists a unique measure £&™ on ¥, which satisfies
fgl)(A) = / Xa(@1, .. xn)xalst, .., 80) dEM™ (zy, 81, ..., T, Sp) (16)
Vn

for all A € BC(Xa(n)) and A € B(Ry)™).
(iii) For each n € N, let p'™ be the measure on ¥, given by
dp™ (1, 81, ..., Tny Sp) = (51 8,) T dE™ (21, 81, ..., T,y Sp). (17)

Then p™ is the restriction of the correlation measure p of the point process
v=E(u) to TM(X).

Remark 3. Note that, by the definition of a correlation measure, one always has p(@) =
1. Note also that p(™ is related to (M ™) ; via a moment problem, because, as shown

in the proof, the following relation holds, for any measurable function ¢(™ : Xa(n) —
[0, o],

/ g(”)(xl, . ,xn)s’f . sij dp(")(xl,sl, ey Ty Sp)-
Yn

1
= —' g(n)(ﬂfl,,.’ﬂn) dMn ..... in($1,...,xn). (18)
n: Xin)
0

Proof of Theorem 2. We start the proof with derivation of the following bound.

Lemma 4. Assume that, for each n € N, m™ is a symmetric measure on X™. Assume
that, for each A € B.(X), there exists a constant C > 0 such that m™(A™) < C% n!
for all n € N. Then, for any iy,...,i, € N, n € N, and A € B.(X),

E My .., (Agn)) < gqledy,! C}G+"'+in'

10



Proof. Fix any iy,...,i, € N and A € B.(X). Abbreviate I := iy + -+ + i,. Let
m={A,...,A,} € II(I) be as in (8). By the construction of the measure m;, _;,, we
get

M. i (Aén))

1
= / 0 XA”(-TL Lig41s - - 7xi1+“‘+in—1+1) dm( )(-Tla s ,.T[)
X

= / Xpraxd (1, 21) dm®D (xy, ... ;)
X1 i

— / XA dm®)
xr T
= / Symy X, dm). (19)
XTI T
Here, for a function f*) : X* — R, Sym, f*) denotes its symmetrization:
1
(Symk f(k))(1717 R ,ZEk> = Z E f(:L'U(l)7 e ,xg(k)).
gEGy,

Let ¢ € II(I) be a partition having exactly n blocks:

v ={By,...,B,}.

Set j; :== |By|, { = 1,...,n. Denote by ¥, ., the set of all such partitions 1) which
satisfy

(ib cee 7Zn) = (jo(l)a cee 7j0(n))
for some permutation o0 € &,,. An easy combinatoric argument shows that the number
N;, ...i, of all partitions in ¥, _; is equal to

I

Ni i = . 20
hoeetn le in!Tl!TQ!T3!"' ( )
Here for [ = 1,2,3, ..., r; denotes the number of coordinates in the vector (i1, s, .. ., i)
which are equal [. In particular,
T1+T2+7’3+"':TL,
which implies
7“1!7"2!7“3!"' S n!.
Therefore,
1!
N 2 T Tl (21)

11



For each ¢y € ¥;, ;..
Syml XA;;I) = Syml XAng)‘

Hence, by (19) and (21),

O

To prove statements (i)—(iii) of the theorem, let us first carry out some considera-
tions. Note that, for each n € N and each measurable function f™ : X™ — [0, oc], the
functional

K(X) 310 (0", f) € [0, o]

is measurable and

", fYdu(n) = [ " dM™. (22)
K(X) Xn

As easily seen, equality (13) can be extended to the class of all measurable (not
necessarily symmetric) functions f™ : %, — [0, cc] as follows:

1
/I: (Y) m Z f(n) (xh 815+, Tn, Sn) dV(IY)
pf

' ($1781)7--'7($n78n)6’y
Ti,...,xn different

= [ fz1,81,. 30, 50) dp™ (21,81, Ty S0). (23)
Ya

If we extend the function f™ by zero to the whole space Y™, we can rewrite (23) in
the equivalent form:

1
/r vy n! Z FO w1 51, 2, 50) du(7)
pf

’ (xl,Sl),...,(xn,Sn)E’Y

= f(”)(:cl,sl,...,xmsn)dp(”)(:cl,sl,...,xn,sn). (24)
v

12



In particular, for any measurable function ¢ : X™ — [0, co] which vanishes outside
Xﬁ(n) and any i,...,7, € N, we get

1 § i i
~/F (Y) 5 Z g( )(xl; - ,l‘n)Sll s dV(fy)
pf

. (21,81)5-, (Tn,8n)EY

:/ g (@1, .. n)st s dp™ (2, 81, T, S9). (25)
Vn

For each function f : X+ s R one can define a function Xa(") — R via

B, : Xt Xa(n). Now we will describe the opposite procedure. For simplicity
of notation, we will write below

To(w1, -5 %0) = Xy (T, -5 @), (B0, 20) € X
1

Thus, Z,(x1,...,z,) isequal to 1 if x; = 29 = - -+ = z,, and is equal to zero otherwise.
For iy,...,i, € N, we define a function Z;, _; : Xt — {0,1} by setting
Lo (T15 o Tiy i)
= Iil (.’El, cey Ty )Ilz (xi1+1? s 7$i1+i2) o Iln ($i1+"‘+in—1+17 s 7$i1+"'+in)'

For a measurable function g™ : X™ — [0, 00) which vanishes outside Xa(n), we define a
measurable function R, . ;, g™ : X1+ — [0, 00] by

(Ril,“.,z‘ng(n))(xh e Tty

= g(n) (xlv Lig+1y Tigtiot1ly - - - "/L‘i1+"'+in71+1)zil ----- in (5(]1, s 7xi1+"'+in)' (26>

Note that the function Rihm,ing(”) vanishes outside the set XT(rilJr"'H”), where ™ =
{Ay,..., A,} with the sets A;,..., A, being as in (8). For each n € K(X),

(Pat i) R g™)

- Z (Riyoingd™) (@1, ... 2r)s1 -+ - 81

(®1,81),--,(@1,81)EE(N)

= n! Z g (21, ..., zn)s st (27)
{(‘Tl751)7"'7(xn78n)}c‘€(77)

Here we write I =iy + -+ + 4, to save the space. By (25), (27), and the definition of
the measure v, we get
1

(n ) ih...,z‘ng(")) dp(n)
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= / g(”)(:pl, R LU sin dp(")(xl, S1y+-+s Ty Sp)-
Vn
Hence, by (22),

/ g(")(xl, . ,xn)slf e s;" dp(")(xl,sl, s Ty Sn)-
1

. Rzl,,lng(n) dM(ZlJ'_""ln)
n! Xht++tin
1

- R i g™ dprtFin)
nl [yttt 0 nd ’
where the partition 7 is as above. From here we conclude that equality (18) holds. We
define a symmetric measure £™ on ¥, by setting
de™ (24, 51, ..

Ty Sn) =81 Sp dp™ (X1, 51, ..., Ty, Sn). (28)
Then, equality (18) can be rewritten as follows:

/ g(”)(:vl, o ,xn)s’f e s;" df(”)(asl, S1y« s Ty Sn)-
1

T >9(n)($1= o Tn) AMy 41 (1
. XA'”
0

o), (i, i) €20, (29)

For any A € BC(XG")), let ég’) be the finite measure on (R)™ which satisfies (16).
Denote

in M, i1 (D), i=(i1,...,4,) € Z]. (30)
Then, by (29) and (30),

é-lA:/ 8111...32" dggl)<$1,...,8n), i:(ila 7271) EZ?_
Ry)"
Thus, (2

i

(31)
)1621 is the moment sequence of the finite measure 521).
Choose any A € B.(X) such that A C Aén). By formulas (1), (30) and Lemma 4,
£ i S

91,00

in S M1, i ()

< (i + D) (i + 1) C/i\1+~~+in+n
< (il + et + n)! Oj‘l+"'+in+n,

(i1,...,1n) € Z1.
We are now ready to finish the proof of the theorem. Since (£

(32)

{ )iezi is the moment
sequence of the finite measure 521 " on (R, )", and since this moment sequence satisfies
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estimate (32), we conclude from e.g. [4, Chapter 5, Subsec. 2.1, Examples 2.1, 2.2] that

the moment sequence (fiA)ieZE; uniquely identifies the measure f(A"). Hence, statement

(i) holds. Next, equality (16) evidently holds by (29). Note also that the values of the
measure £™ on the sets of the form

{(z1,81,. . @y $0) € Vo | (21, 20) €A, (51,...,5,) € A}

where A € Bc(Xﬁ(n)) and A € B((R;)"), completely identify the measure £ on #™.
Thus, statement (ii) holds. Finally, statement (iii) trivially follows from (28).
[

3 A characterization of random discrete measure in
terms of moments

In this section, we assume that p is a random measure on X which has finite moments.
Let (M™)2, be its moment sequence. We assume additionally to condition (C1) that
condition (C2) is satisfied.

Remark 5. Assumption (C2) is usually satisfied by a measure p being concentrated on
the cone K(X). In the latter case, by the proof of Theorem 2, we have

HAY) = nl €™ (%, 0 (A x Ry)")

0

M™(AY) = M,

0

:n!/ §1- 8 dp™ (21,81, .., T,y Sn),
V/nﬂ(AXR+)”
so that estimate (2) becomes
/ S1- - Sudp™ (21,81, .., Ty 5) < (CH)™
’V»,JT(AXR.&.)"

For example, in the case of the gamma measure (see Introduction), we have

1 n
/ 51---sndp(")(xl,sl,...,xn,sn):—'(/dw) ,
YuN(AXR )™ n: A

so condition (C2) is trivially satisfied.

Note also that one should not expect that the constant C in estimate (C1) becomes
small as set A shrinks to an empty set. This, for example, is not even true in the case
of the gamma measure. Indeed,

M™(A) :ﬁ (/Adx+k>.

k=0

(M™(A) is the n-th moment of the gamma distribution with parameter [, dz.) For
each n, this decays at most like [ 1 dz and hence Cj cannot decrease to zero.
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Recall that before Theorem 1 we fixed a sequence (A;)7°, of compact subsets of X
such that Ay C Ay C A3 C -+ and U2, A = X.

Proof of Theorem 1. Assume that p(K(X)) = 1 and let us show that conditions (i)
and (ii) are satisfied. Let A € Bc(Xa(")). It follows from the proof of Theorem 2 (see
in particular formula (31)) that the sequence (é}A)iem is the moment sequence of the

finite measure 5(;). Hence, condition (i) is indeed satisfied (see e.g. [4, Chapter 5,
Subsec. 2.1]).

Next, let A € B(Xﬁ(")) be of the form A = (Al)gl). Clearly, (r£)2°, is the moment

sequence of the first coordinate projection of the measure 5&1), which we denote by
Plﬁxl). The measure Plfxl) is concentrated on [0, 00), hence (5) follows (see e.g. [1,
Chapter 2, Subsec. 6.5]). By (C1), (16), (29), Lemma 4 and as A = (Al)(a")

nA:/ S e (51, 0)
(Ry)™

= / Xal(z, ... ,xn)si dg(")(acl, Sy vy Ty, Sp)
"
1

n! Jxm
0

! n
=~ Miaaa((A)g”)

<@E+DIOV, PieZ,. (33)

Xa(@r, .o xn) dMicyaa, (21, .., )

Hence, by the Carleman criterion (see e.g. [1]), the measure Plég") is the unique measure
on R which has moments (r£)22,. Therefore, by [1, formula (4) in Chapter I, Sect.1;

7

Chapter II, Subsec. 4.1; Theorem 2.5.3], formula (6) follows from the fact that the
measure Plfxl) has no atom at point 0. Thus, condition (ii) is satisfied.

Remark 6. Note that, in this part of the proof, we have not used condition (C2).

Let us now prove the converse statement. So, we assume that (M ™) is a se-
quence of symmetric Radon measures fulfilling (C1), (C2), (i), (ii) and M® = 1. That
(M) is the moment sequence of a probability measure px on (M(X), B(M(X)))
will only be used in Lemma 15. We will show the existence of a measure p’ with
¢/ (K(X)) = 1 which has as its moments (M) . Finally, we will argue that, if
(M (”))ZOZO is the moment sequence of a probability measure p, then by the uniqueness
of solution of the moment problem p =y and hence p(K(X)) = 1.

Fix any n € Nand A € BC(Xa(")). Choose A € B.(X) such that A C Aén). By (C1),
(3), and Lemma 4,

1
i? ) :ﬁMil+l ,,,,, in+1(A)
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1 n
— My, 1, a1 (AD)

< o~

ol T 0

< (i + D) (i + 1) C{l‘\l+---+z’n+n

< (i + - F iy Fn) ORI Gy € 7. ”

Furthermore, by condition (i), the sequence (fiA)ieZE; is positive definite. Hence, using

e.g. [4, Chapter 5, Subsec. 2.1, Examples 2.1, 2.2], we conclude that there exists a

A

unique measure S(A") on R™ such that (&;

i )iEZi is its moment sequence, i.e.,

g?:/ stosin deW (51, n), i=(in, ... in) € Z0. (35)

Lemma 7. Let n € N. Let {Ar}2, be a sequence of disjoint sets from Bc(Xﬁ(")).

Denote A :=J;~; Ay, and assume that A € B,( 6(")). We then have

el =l (36)
k=1

Proof. Fix any i1,...,i, € Z,. Since M@+ -+in) ig a measure, we easily get

- _lMi1+1
n

= / it gin df(An)(sl, ey Sp)-

Hence, the measures > -, 522 and £(An) have the same moments. The measure &™)
fulfils the Carleman bound, hence it is uniquely identified by its moments. So (36)
holds. O

Lemma 8. For any n € N and A € BC(Xa(n)), the measure 521) 18 concentrated on
(Ry)".

Proof. Fix any [ € N and set A = (Al)(an). By (4) and (35),

riA:/ s’idf(ﬁ)(sl,...,sn), i€ ZLy.
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Thus, the numbers (r£)2, form the moment sequence of the first coordinate projec-
tion of the measure fxl), which we denote, as above, by Plfgl). As easily follows from
(34) and the Carleman criterion, the measure Plﬁgl) is uniquely identified by its mo-
ment sequence. Then, by (5), the measure Plf(An) is concentrated on [0,00), and by

(6), (Plf(An))({O}) = 0, see [1]. Therefore, the measure Plf(A") is concentrated on R, .
Evidently, for any (i1,...,7,) € Z} and any 0 € &,,, we get

/R 5?(1)"'Si?n)dfxl)(sla---,sn)

i i
:/ sy 1<1)...8nf’ L(n) df(An)(Sla---,Sn)
R
1

E lg=1 (1)1 Z'afl(n>+1(A)

= E Mi1+1 ..... in+1(A)
= / it .. gin dﬁ(;)(sl, ey Sn).

Hence, the measure fg) is symmetric on R™. Therefore, for each j = 1,...,n, the j-th

coordinate projection of 521) is concentrated on R . This implies that the measure fg)
is concentrated on (R;)".

Now, fix an arbitrary A € BC(Xﬁ(”)). Choose | € N large enough so that A C
(Al)én) =: A’. Then, by Lemma 7,
e (CR)") < €0 CR)M =0.

Here C(R, )™ denotes the complement of (R, )". Thus, the measure §XZ) is concentrated
on (Ry)™ O

Lemma 9. For each n € N, there exists a unique measure €™ on ¥, which satisfies
(16) for all A € B.(X\") and A € B((R,)").
Proof. For each A € B.(X™), we define a measure §(An) on (Ry)"™ by

(n) ._ ¢n)
o= gAmXﬁ"V
0

(Note that A N Xa(") € B.( a(n)).) The statement analogous to Lemma 7 holds for

B.(X™). So, it suffices to prove that there exists a unique measure £™ on Y™ which
satisfies

€A x A) = (A), AeBX"), AeB((R.)"). (37)
But this follows from the fact that, for each A € B.(X™), f(An) is a measure on (R,)"
and from Lemma 7, see e.g. Remark (3), p. 66 in [12]. O
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Let us now recall a result from [15, Corollary 1] (see also [5,13]) about existence of
a unique point process with a given correlation measure. We will adopt this result to
the case of the locally compact Polish space Y = X x R,.

Let p be a measure on (I'g(Y), B(I'o(Y))). We assume that p satisfies the conditions
(LB) and (PD) introduced below.

(LB) Local bound: For any A € B.(X) and A € B.(R,), there exists a constant
constp 4 > 0 such that

P ((A x A" N ¥y,) < consty 4, né€EN,

and for any sequence A, € B.(X) such that Ay | @ and A € B.(R), we have
consty, 4 — 0 as & — oo.

To formulate condition (PD) we first need to give some definitions. For any mea-
surable functions G1,G5 : I'h(Y) — R, we define their x-product as the measurable
function Gy x G2 : T'o(Y) — R given by

GixGa(N) = Y Gi(M)Ga(Xa), AeTo(Y). (38)
A1CA, A2CA
AtUA2=A

We denote by S the class of all functions G : I'g(Y) — R which satisfy the following
assumptions:

(i) There exists N € N such that G™ := G [T™(Y) =0 for all n > N.

(ii) For each n =1,..., N, the function G™ := G | '™ (Y) can be identified with a
finite linear combination of functions of the form

Sym,(xp, @ -+ @ X5,),

where for i = 1,...,n B; = A; x A; with A; € B.(X) and A4; € B.(R,), Sym,,
denotes the operator of symmetrization of a function, and

(XB1 OSRERY XBn)(:L‘hSlv cee 7xn7sn) = XBl('Ila 31) c 'XBn(xny Sn)a
where (21, 51),..., (2p, $n) € Y with (24, 8;) # (5, ;) if i # j.

It is evident that each function G € S is bounded and integrable with respect to
the measure p, and for any G1,Gs € S, we have G; x G5 € S.

(PD) *-positive definiteness: For each G € S, we have

/ GrxGdp > 0. (39)
To(Y)
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Remark 10. Assume that p is the correlation measure of a point process v, and assume
that p satisfies (LB). Let us briefly explain why condition (PD) must then be satisfied.
For a function G € S, we denote

(KG)(y) =) _G(N), yeTI(Y),

AEY
where A @ v means that A C v and A € T'o(Y'). Then, by (12),
Gdp = / KGdv.
To(Y) r(Y)

Furthermore, an easy calculation shows that, for any G, G5 € S, we have
K(Gl *GQ) = KG1 . KGQ,

where the - in the above equality denotes the pointwise multiplication. Hence, in this
case, formula (39) becomes

/ (KG)?dv > 0.
()
Theorem 11 ([15]). Let p be a measure on (I'o(Y), B(I'o(Y))) with
ATOY) =1 (10)

which satisfies the conditions (LB) and (PD). Then there exists a unique point process
v in 'Y whose correlation measure is p.

For each n € N, we now define a measures p(™ on %, by
dp™ (21,81, ..., Tny Sp) 1= (51 8,) dEM (21,81, . .., T,y Sp). (41)

Note that p(”) is a symmetric measure on ¥,. We next define a measure p on
(DoY), B(I'y(Y))) by requiring that, for each n € N, the restriction of the measure
p to T™(Y) be equal to p™, i.e., for each measurable function G : T'y(Y) — [0, oc]

/ GO = | Glarsn . mm s dp™ @rst, o mms). (42)
T (v) n

For n = 0 we define p by (40). A crucial part of the proof of Theorem 1 is the following
theorem.

Theorem 12. Let the measure p on (I'o(Y), B(I'o(Y))) be defined by (40)—(42). Then
there exists a unique point process v in 'Y whose correlation measure is p.

In view of Theorem 11, it suffices to prove that p satisfies (LB) and (PD). We split
the proof into several lemmas.
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Lemma 13. The measure p defined by (40)—(42) satisfies (LB).
Proof. Let A € B.(R,) and let C':=sup,.4 s*. Then we see by (41) that

AP((A x A (1%) < CTEM((A X R )" N ) (13)
for each A € B.(X). By (3), (35), Lemma 9,

EM((A xRN ) = €70, (Ry)")

NG
= &o,.0
1 (n)
— m Ml 77777 I(Aa )
1
_ A A
= ML), (44)
Condition (LB) now follows from (43) and (44), and condition (C2). O

In order to prove (PD), we rewrite this condition for non-symmetrized product of
spaces. We denote

d(Y) = G dM(Y),

where the set ®©(Y) contains just one element, and for n € N, ®™(Y) := ¥#,. We
define a o-algebra B(®(Y)) on ®(Y) so that, for each n = 0,1,2,..., ®M(Y) €
B(®(Y)) and for each n € N, the restriction of B(®(Y)) to ®™(Y) coincides with
B(7;,). We can treat p as a measure on ®(Y), so that p(®©(Y)) =1 and, for n € N,
the restriction of p to ®™(Y) is p(™. We call a function G : ®(Y) — R symmetric if,
for each n € N, the restriction of G to ®™(Y) is a symmetric function. Clearly, each
function G on I'y(Y") identifies a symmetric function on ®(Y'), for which we preserve
the notation G. Furthermore, for an integrable function GG, we then have fFo v) Gdp =

Jao) G dp.
Let m,n € N. We denote by Pair(m,n) the collection of all subsets s of the set

{1,2,....m} x{m+1,m+2....,m+n}

such that, if (o, 5), (o, B;) € s and (o, 5;) # (o, B;), then a; # o and B; # ;. By
definition, an empty set is an element of Pair(m,n). For s € Pair(m,n), we denote by
|72 the number of elements of the set s. In words, this means that we build || pairs
between elements in {1,2,...,m} and in {m+1,m+2,...,m+n}. Each element can
be member of only one pair.

Let GI™ %, 5 R, GV : ¥, > R, and let » = {(au, B;)} € Pair(m,n). We define
a function (G @ GY”),. : ¥min_i — R as follows. Relabel so that

B < B < s < By
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Then (G\™ ® GY),.(y1, - .. , Ymtn—|») 1s defined as follows. Take

Ggm)(yl’ e 7ym>ng)<Zm+l7 ceey Zm—l—n)'

For each i € {1,...,|x|}, replace the variable z5, with y,,. After this, the variables z;
with j € {m+1,...,m+n}\{B,..., B} (these are the remaining z;) are consecutively
set to the values ¥m1, Yms2, - - - Ymsn—|- Here, y; := (27,5). In words, this means

that GY”) and ng) share some of the y; variables whose indices and positions in the

arguments of G\™ and G are described by the pairs in s.
For example, for m =3, n =4, » = {(3,5),(2,6)}, we have

(G§3)®Gg4))%(ylv Y2,Y3, Y4, ?J5) = G§3) (yh Y2, ?JB)GgL) (y47 Ys, Y2, 95)7 (yh Y2, Y3, Ya, y5) € 7/5

Let us interpret G\™ : ¥, — R and G{"” : %, — R as functions defined on ®(Y)
which vanish outside ®™(Y) and ®™(Y"), respectively. We then define a function

GMoeGM:a(v) 5 R

by

m n (m4+n— =), _m n
GMecy = Y e (EREY M (45)
»€Pair(m,n)

In the above formula, each (Ggm) ® Gé"))% is also treated as a function on ®(Y).

Note that a function G§°) : dO(Y) — R is just a real number and we set, for each
function Gy : (V) — R,

GGy =G oG =G . G, (46)

Extending formulas (45), (46) by linearity, we define, for any functions G1, Gy : (V) —
R, their o-product G; ¢ G2 as a function on ¢(Y).

Lemma 14. Assume that Gi and Gy are symmetric functions on ®(Y') which vanish
outside the set ngo ®M(Y) for some N € N. Then

/ Gl*ngp:/ G1<>G2dp,
(YY) (Y)

provided the integrals in the above formulas make sense.

Proof. 1t suffices to consider the case where G; = G\™ : %, = R, Go = G - ¥, > R
for some m,n € N. Using (38), we have

/ G\« GV dp
B(Y)
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mAn
- Z Z / Ggm) (y91a y@z)ng)(yGw 993) dp(m—l—n—k:) (yla R ym-i—ﬂ—k)'
k=0 y’m+n7k

(01,02,03)€ P3(m+n—k)
|01|=m—k, |02|=k, |03|=n—Fk

Here &5(m + m — k) denotes the set of all ordered partitions (61, 6s,63) of the set
{1,...,m +n — k} into three parts, |6;| denotes the number of elements in block 6,
and, for block 0; = {ry,r2,...,79,/}, Yo, denotes vy, , Yr,, ... Y, - Evidently, the set

Ps(m + n — k) contains % elements (61, 6,,05) such that |6;] = m — k,

05| = k, |05] = n — k. Hence

mAn
+n—k)!
G\™ % G5 dp = (m
/M) ! 2 ; (m —k)! (n — k) k!

X / Gﬁm) (21, ... ,xm)ng) (Tim—kt1s -+ s Tontnk) dp(mFn=h) (T1,y ooy Tk
¥,

m+n—k
(47)

On the other hand, by (45),

mAn

—k)!
Vintn—k

In!
m:n:
2(Y) k=0 »€Pair(m,n)

|>|=k
An easy combinatoric argument shows that there are

m! n! ol m!n!
m—kE " =R T k) (n— k)

elements s € Pair(m,n) such that || = k. Hence

mAn
(m) ™ g, (m+n—k)! m!n!

X / Ggm) (21, .. ,xm)ng) (Ton—kt1y -+ Tmtnk) dp(mtn=k) (1, Tk
¥

m+n—k

(48)
By (47) and (48) the lemma follows. O
We denote .
U(X) = v"(X),
n=0
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where the set U(®(X) contains one element, and for n € N, U™ (X) := X". Analo-
gously to B(®(Y)), we define the o-algebra B(¥(X)). We next define a measure M
on (U(X),B(¥(X))) so that M (V) (X)) := M©® =1 and, for n € N, the restriction
of M to U™ (X) is M™. For any functions Fl(m) and FQ(n) on ¥ (X) and ¥ (X),
respectively, their tensor product F\™ @ F\™ is a function on W™+ (X). (In the case
where either m or n is equal to zero, the tensor product becomes a usual product.)
Extending the tensor product by linearity, we define, for any functions F; and F; on
U (X), their tensor product F; ® F, as a function on W(X).
The following lemma shows that the measure M on W (X) is ®-positive definite.

Lemma 15. Assume that a function F on U(X) vanishes outside a set |J\_, U™ (X)
for some N € N. Assume that the function F ® F is integrable with respect to M.
Then

/ F&FdM > 0. (49)
(X)

Proof. The result immediately follows from

/ (™", F™) du(n) = / F™dapm™.,
M(X) "

]

Let a function ¢ : Xa(") — R be bounded, measurable, and having support from
B.( én)). For iy,...,i, € N, we set

G (21,51, .. &, 5n) = ¢ (1, ..., 20)St -8, (21,81, Tn,Sp) € Yo (50)

We extend the function ¢™ by zero to the whole space X”. We define a function

-----

'''''

n 1 n

We denote by Q the class of all functions on ®(Y') which are finite sums of functions
of form (50). Extending K by linearity, we define, for each G € Q, KG as a function
on ¥(X).

Lemma 16. For each G € Q, we have

/ Gdp = / KG dM. (52)
a(v) ¥(X)
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Proof. Let A € BC(XG(")) and let G™ be given by (50) with ¢ = ya. By Lemma 9
and formulas (3), (35), (41), and (51),

el dp(”) = XAy, ..., zy)s - st dp(”) 1,81, Tn, Sn
1 n

= / xXal(z,. .. ,xn)szlr1 e s;”_l df(”)(xl, S1y vy Xn, Sn)
Vn

:/ sil_l---s;”’ldfgl)(sl,...,sn)
Ry )™

A
= gilfl,...,infl
1

- (A)

Lyeesin

1 ) )
= / Riyoin XA dMHFin)
X

i1+-tin n!

= / KG™ dM.
¥(X)

From here it easily follows by linearity and approximation that formula (52) holds for
each G € Q. O

Lemma 17. For each G € Q,

/ GoGdp > 0.
a(Y)

Proof. Let functions ¢\™ : Xa(m) — R and ¢{" : Xa(") — R be bounded, measurable,

and having support from B,.( ém)) and BC(Xa(n)), respectively. Let iy, ..., 0m, J1,- -, Jn €

N. Let

Ggm)(:vl,sl, e Tny S) L= gim)(xl, )8 st (11,81, Ty Sm) € Vi
Gg")(xl,sl, ey Ty Sp) P = gé")(xl, . ,xn)SJf coesin (31,81, Ty Sn) € Y

Then, by (26) and (51),

(KJGY”) ® Kng))(l“h e iy i 414 )

1

= il (Ril,...,img§m) ® le,...,jngén))(xb e axi1+~~+im+j1+~~+jn)

1
TS
m:n!

x g5

X Iil,~~~,im (xh e 7xi1+-"+im):z’-j17--~7jn (xi1+'--+im+17 S 7xi1+---+im+j1+---+jn)' (53)

(m)(x . . . )
1 15 Lig 41y - vy Ligdoodipy_1+1

(i ttimt 1 Tigtotimis+1s - -« > Bigboobim+ it tino1+1)
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Define for (z1,xi, 41,y Tiygoti,,_,+1) and

(Tirtootimt15 Tintoobimtgi1s - - - > Tigbortim i +tin_1+1)
the number a; as the lowest index j such that there exists a
Bre{ivh o dim+ L ittt L i b i b G + 1)

with z; = z;. Define (o, 5;); for i > 1 analogously. In this way one produces a
» € Pair(m,n). Then (Z; ®Zj,...j.), is of the form Z; for appropri-

----- im [RRE) 7---7lm+n—k

ate ly,...,lr and k = |»%|. By (45), (50)—(53) and recalling that the measure M is
symmetric on each W) (X),

KG™ @ kG dM — / K(G™ o GI) dM.
W(X)

(X)

Hence, for any G, Gy € Q,
U(X) ¥(X)
(Note that Gy ¢ Gy € Q.) Hence, by Lemma 15 and (54), for each G € Q
/ K(GoG)dM > 0.
U(X)

Now the result follows from Lemma 16. ]

Next we extend the result of Lemma 17 to a more general class of functions G by
approximation.

Lemma 18. Let A € B.(X). Let a function G : ®(Y) — R be of the form
G=G6"+3 6", (55)

where GO : ®O(Y) — R, J € N, and each function ngj) : @) (Y) — R is of the
form

G;nj)(xl, 1.y T, Sn;) = ](-nj)(xl, . ,xnj)f;nj)(sl, e Sy, )81 Sy, (56)

Heren; € N, the functions gj(-nj) and f;nj) are measurable and bounded and each function

gj(-nj) vanishes outside the set Ag”). Then

/ GoGdp> 0. (57)
(YY)
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Proof. Let N := max{nj,ng,...,ns}. Foreachn € {1,2,..., N}, we define a measure
Conv on (Ry)™ by

2N '
v = Pl (58)

Here A, := Ag) and Pnggz denotes the projection of the (symmetric) measure 522 onto
its first n coordinates. Note that (, v is a symmetric measure on (R;)". We next
define a measure Z,, x on (R, )" by

AZn (515 50) = dCun(s1, . osn) > ] 55 (59)

AeP(n) jEA

Here &(n) denotes the power set of {1,...,n} and [[;., s; := 1. Clearly, Z, v is also
a symmetric measure. By (35), (58), and (59), the moments of the measure Z,, y are
given by

i1 in . . n
/(R " 51 Sy dZn N 81, ceey E E 511+XA ..... intxA(n),0...,07 (21, ce ,Zn) S Z+.
+ =n AeZ(n)

Hence, by (34),

/ s s dZ, N (51, 8n) < (2N—=n—1)2"(iy 4+ - ~Fip+n+2N) Ot intnd2l,
(R)

(60)

By (60) and [4, Chapter 5, Subsec. 2.1, Examples 2.1, 2.2], the set of polynomials is
dense in L*((Ry)",dZ, n).

For each j = 1,...,J, we clearly have f](nj) € L*((Ry)",dZ,, n). Hence, there

exists a sequence of polynomials (pﬂj))zozl such that
pgk) = £ (") iy L*((Ry)™,dZy, n)  as k — oo. (61)
Set G == G + 37 GV, where
G _ ) (n))
ik 1y 81y oy TnySny) 1= G5 (T1, .+ :cn])pjk (51,-++15n;)81" " 5n;.
We then have Gy € Q for each k € N. By Lemma 17,
a(Y)

We claim that

/ Gkondp—>/ GoGdp ask — oc. (63)
o(Y) o(Y)
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Indeed, let us fix any 4, j € {1,...,J} and any s € Pair(n;,n;) with |»| = [, and prove
that

| @Red et [ @ G sk
v, +n Vnjtn;—1

(64)
For simplicity of notation, let us assume that s¢ is of the form
{(ni =i+ 1n+1), (ni —14+2,m+2), (s —1+3,n;+3) ..., (ns, i + )}
Then
/ (G ® a n]))%d (ni+n;—1)
v, +n
— / gl("")(xl, o ,xni)pg’r:)(sl, ey Sny)
Y, +n
s o\ (n;)
g] (','E’nifl+17 $ni,l+2, e >$ni+njfl)pj,k (8711'7[4»17 Snifl+27 R SniJrnjfl)
X Sp;—141Sn;—1+2 " " * Sn; dg(ni+nj_l)<xla Sty -t 7xm-+nj—l7 Snﬁ—nj—l)- (65)

Hence, there exists C' > 0 such that

‘ / G(nj))% (ni+n;—1) _ / (Gz(m) ® thlkj)>%dp(m+n]fl)
Vg itng— Vni+nj—l
) (n5)
= ‘gz (.731, . xnz)g (xnz*l+17 Tpy—1425 - - - 7xni+njfl)‘
7/"7;"""]'—

X |p§jl?)(sla cee 7Sni) - fi(ni)(slv cety Sni)

(ny)
X |p]7kJ (Sni—l+17 Sni—l+27 ey Sni-l—nj—l)

n;+n;—l
X Sn;—l+1Sn;—14+2 * * * Sn; df( L )(:Cla S1y .- 7xni+njfl7 Snﬂrnjfl)

< O/ XA(”i+”j_l) (ZEl, cee ’xni“rn‘j—l)
7 +n;—1

0

X ‘pz(jlbci)(sla ce 737%) - fi(m)(slv CICEI) Sni)

| (nj)( )
pj,k Sni—l4+1 Sni—1+25 - + - 5 Snjdn;—1

n;+n;—l
X Sn;—14+1Sn;—142 " " " Sn; df( e )(xh S1y. - 7xni+n]-—l» Sni—l-n]-—l)

< C(/ XA("i"’”j_l)(xl? s ani“l‘nj—l)
'Vni-!—nj—l 0

2

X ‘pz(?};)(sh ce 7Sni) - fi(m)(sla CIIIY Sni)
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1/2
ni+n;—l
X Spi—l+1Sn;—14+2 " " * Sn, df( Y )(.171, S1y -+ Tnitnj—1s Sni-i-nj—l))

X (/ XA(niJrnj*l) (xla s 7xni+njfl>
(y/ni-&-nj—l 0

X |p§‘7j}gj)(5nifl+17 Sni—1425 -+ Sni+nj*l)|2
1/2
X Sni—14+1Sn;—142 " " Sn; dé‘(nri»njil) (xla S1y- .- 7xni+njfl> Snﬂrnjl))
< C Pl = £ Nnawe e aznn P53 oy dz,, vy = 0 88 k= 00, (66)

where we used the Cauchy inequality and (61). Analogously,

[ e [ (GG ] 0w ko e
ni/niﬁ»njfl ni/ni+nj7l

(67)
By (66) and (67), formula (64) follows. Formula (63) follows from (64). Now, the
lemma follows from (62) and (63). O

Proof of Theorem 12. As a special case of Lemma 18, formula (57) holds for each
function G € S. Hence, by Lemma 14, the measure p satisfies condition (PD). Thus,
Theorem 12 is proven. O

Since the correlation measure p of the point process v from Theorem 12 is concen-
trated on ®(Y’), the point process v is concentrated on I',(Y’), the set of pinpointing
configurations in Y, see e.g. [15, Corollary 1]. Recalling formula (10), one sees that for
each A € B.(X),

My dv = / xa(z)sdv(y)
rp(v) Ly (v) (Z

x,8)€Ey

- [ xal@)sdida,s)
= /YXA(x) dﬁ(l)(x, 5) < 00. (68)

Hence, M)y < oo v-a.s., and therefore v(I',f(Y)) = 1, cf. (11) for the definition of
[,r(Y). Recall the bijective mapping £ : K(X) — I'yr(Y). As already discussed in
Section 2, the inverse mapping £~! is measurable. So we can define a probability
measure 4’ on K(X) as the pushforward of v under £7!. Thus, to finish the proof of
Theorem 1, it suffices to show that u = p'.

Let A € B.(X). Recall that, for any 4,...,i € N, k € N|

i i 7 (k
/ Xp® (T15 0, Tp)sY s dp®)(x1, 51, ..., @k, 55) < 00.
Ve 0
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Hence, using the definition of a correlation measure (analogously as in (68)), we easily
see that, for each n € N,

/rpfm( 2 XA(f’”)S)ndVW < 0.

(z,8)€y

Therefore, for each n € N,
[y dw) <o
K(X)

Here n(A) := (1, xa), i.e., the n-measure of A. Hence, 1/ has finite moments. We denote
by (M l(f));’f:o the moment sequence of the random discrete measure p/. By Theorem 2

and the construction of the measure p, it follows that

M i =M, i1,...,i, €N, n €N, (69)

where the measures M, by starting with the

moment sequence (M ;7))“ rather than (M ™). By virtue of (69), the moment

are defined analogously to M;,

,,,,, in)

n=0"
sequence (M ;(;))%O:o coincides with the moment sequence (M ™).
Now, fix any sets Ay,..., A, € B.(X). For any iy,...,i, € Z., we get

/ n(Ay)™ - n(An)™ dp'(n)
K(X)
- / i ) (X%;Ll K- ® X%:ln)<l’1, cee 7xi1+~~~+in) dM(i1+"'+in)(x17 . 7xi1+~--+in)-
X1+ +Fin

= /M(X) n(A)™ - n(A)™ dp(n). (70)

By (C1), (70), and the Carleman criterion, the joint distribution of the random vari-
ables n(Ay),...,n(A,) under u' coincides with the joint distribution of the random
variables n(Ay),...,n(A,) under u. But it is well known (see e.g. [10]) that B(M(X))
coincides with the minimal o-algebra on M(X) with respect to which each function
n — n(A) with A € B.(X), is measurable. Therefore, we indeed get the equality

po=p O

4 Moment problem on K(X)

As a consequence of our results, we will now present a solution of the moment problem
on K(X). Consider a sequence (M™)>, where M@ = 1 and for each n € N,
M™ € M(X™) is symmetric. Analogously to the proof of Theorem 1, we define the
measure M on U(X). Denote by .# the space of all measurable, bounded functions
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F : U(X) — R such that F vanishes outside a set ¥ (X) U <U7]:[:1 A”) where N € N

and A € B.(X). We will say that the sequence (M ™) is positive definite if, for each
F € .7, (49) holds. Clearly, if (M ™), is the moment sequence of a random measure
1, then it is positive definite.

Corollary 19. Consider a sequence (M™)> . where M®) = 1 and for each n € N,
M®™ € M(X™) is symmetric. Assume that (M™) satisfies conditions (C1) and
(C2). Then (M™)2 is the moment sequence of a random discrete measure on X
if and only if (M) is positive definite and satisfies conditions (i) and (ii) of
Theorem 1.

Proof. The result immediately follows from Theorem 1 and its proof because the ex-
istence of u was only used in Lemma 15. The assertion of this lemma is nothing else
but the positive definiteness of (M ™) . O

We also obtain a characterization of point processes in terms of their moments.

Corollary 20. (i) Let p be a random measure on X, i.e., a probability measure on
(M(X), B(M(X))). Assume that u has finite moments, and let (M) be its moment
sequence. Further assume that conditions (C1) and (C2) are satisfied. Then p is
a simple point process, i.e., u(I'(X)) = 1, if and only if, for any n € N and any
i1, ..,1i, € N, we have M, = M, 1, i-e., for each A € B( 6(")),

----- in reens

(A, i, i €N (71)

In the latter case, the correlation measure p of p is given by

pUA) = 2 M), Ae B, (72)

where p™ s the restriction of p to T™(X), p™ being identified with a measure on
xt

5
(ii) Consider a sequence (M), where M® = 1 and for each n € N, M™ ¢

n=0

M(X™) is symmetric. Assume that (M™)X satisfies conditions (C1) and (C2).
Then (M(”))ZO:O 15 the moment sequence of a simple point process in X if and only

if (M) is positive definite and (71) holds.

Proof. As easily seen, it suffices to prove only part (i). Assume that p is a point process
in X. Hence, p is a random discrete measure on X. The corresponding point process
v = &E(p) is concentrated on

DX x{1}) = {{(z, D}eey | ¥ €T(X) }.

Hence, I'(X x {1}) can naturally be identified with I'(X'), and under this identification
we get u = v. Furthermore, the correlation measure p of i coincides with the correlation
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measure of v, provided we have identified I'y(X) with I'o(X x {1}). Now, formulas (71),
(72) follow from Theorem 2.
Next, assume that p is a random measure which satisfies (71). Hence, for any n € N

and A € BC(XG(")), we get

A A . .
57;1 ; :g() 0> Z17--~7'LnEZ+.

-----

In other words, for each n € N and A € Bc(Xa(n)), the moment sequence &2 is constant
and thus the measure SX”) is concentrated at one point, (1,...,1). Hence, conditions (i)

and (ii) Theorem 1 are satisfied, and so p is a random discrete measure. Consequently,
by (16) and (17), the measure p{™ is concentrated on the set

{(‘7“1717"‘7‘7;%71> | (xl,.'-,xn) € Xén)}

Therefore, the point process v = E£(u) is concentrated on I'(X x {1}). Hence, u is a
point process in X. O

Let us now assume that X = R%, or more generally, that X is a connected C*° Rie-
mannian manifold. Let D(X) := C5°(X) be the space of smooth, compactly supported,
real-valued functions on X, equipped with the nuclear space topology, see e.g. [4] for
detail. Let D’(X) be its dual space, and let €' (D’(X)) be the cylinder o-algebra on
it. Note that M(X) C D’(X) and the trace o-algebra of € (D’'(X)) on M(X) coincides
with B(M(X)).

For w € D'(X) and ¢ € D(X), we denote by (w, ) their dual pairing. Following [5],
we inductively define Wick polynomials on D'(X) by

(wi ) = (w, ), ¢€DX)

n

1 _ 8
(2", 01 ® - @ o) :=E[Z<w,%-><:w®<” V1@ BB @ o)

=1

—2 Z <w7¢i><:w®(n71):7901 X (@J%) - ®@j Q- ®(10n> )

1<i<j<n

Oy o0 € D(X), n > 2, (73)

where ¢; denotes that the factor ¢; is absent in the tensor product.
Let p be a probability measure on (D'(X), % (D’'(X))) which has finite moments.
For each n € N, we consider the function

(D'(X))™" = R

PLR @ Py — (w01 @ - @ o) dp(w). (74)
D'(X)
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These functions form a proper generalization of the correlation measure of a point
process. Let us call them generalized correlation functions of the measure p. The
above results can we rewritten in terms of conditions on the generalized correlation
functions.

Corollary 21. Assume that, for each n € N, the generalized correlation function
defined in (74) associated to a measure p on D'(X) can be represented via a (positive)

measure p™ on (Xa(n), B( 6(”))), that is, for any 1, ..., e, € D(X),

//(X)<:w®”:, 1R ® @) du(w) = /X(") o1(1) - pn(zy) dp(”)(atl, ooy xy). (75)
5

Furthermore, assume that the measures p™ satisfy condition (C2) in the sense that
MW s replaced with p™ in the formulation of (C2). Then, u is a point process, i.e.,
u(D(X)) = 1.

Proof. Using (73), one can easily derive by induction a representation of a monomial
(W, 1) -+ (w, @,) through Wick polynomials. This formula and (75) imply that, for
each n € N, there exists a (positive) measure M™ on X™ such that

/ @y 1) - (w0 o) dpa(w) = / o1(1) - o) AM® (i, 2.
D/(X) n

Furthermore, formulas (71), (72) hold, because each summand in the representation of
a monomial through Wick polynomials corresponds to a particular sub-diagonal xm
of X". (We leave details of these calculations to the interested reader.)

By the assumption of the corollary, the sequence (M ™) with M) = 1 satisfies
(C2). Furthermore, (C2) and (71) easily imply that (M), satisfies (C1). Since

n=0
(M ("));f’zo is the moment sequence of a probability measure, it is positive definite.
Hence, the statement follows from Corollary 20, (ii). O

Remark 22. In fact, Corollary 21 is essentially already contained in [5] and [15, Corol-
lary 1], though not presented as an independent result. If we do not assume a priori
the existence of a measure p, then we have additionally to assume that the generalised
correlation functions have to fulfil the condition (PD). Note that Theorem 11, taken
from [15], was used in order to obtain the point process in Y (Theorem 12), which in
turn, was used to construct the random discrete measure on X. Hence, it is not sur-
prising that we get a comparable result in the special case where instead of a random
discrete measure on X, one actually wants to characterize a point process in X.
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