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We study existence of random elements with partially specified distribu-
tions. The technique relies on the existence of a positive extension for linear
functionals accompanied by additional conditions that ensure the regularity of
the extension needed for interpreting it as a probability measure. It is shown
in which case the extension can be chosen to possess some invariance prop-
erties.

The results are applied to the existence of point processes with given
correlation measure and random closed sets with given two-point covering
function or contact distribution function. It is shown that the regularity con-
dition can be efficiently checked in many cases in order to ensure that the ob-
tained point processes are indeed locally finite and random sets have closed
realisations.

1. Introduction. Defining the distribution of a random element £ in a topo-
logical space X is equivalent to specialising the expected values for all bounded
continuous functions g(£). These expected values define a linear functional
@ (g) = Eg(¢) on the space of bounded continuous functions g: X +— R. It is well
known that a functional ® indeed corresponds to a random element if and only if
® is positive [i.e., ®(g) > 0 if g is nonnegative] and upper semi-continuous [i.e.,
®(g,) | 0if g, | O]; see, for example, [36].

Below we consider the case of functional ® defined only on some functions
on X and address the realisability of @, that is, the mere existence of a random
element & such that ®(g) = Eg(§) for g from the chosen family G of functions.
The uniqueness is not on the agenda, since typically the family G will not suffice
to uniquely specify the distribution of £. A classical example of this setting is the
existence of a probability distribution with given marginals; see [9]. The present
paper focuses on some geometric instances of the problem. We will see that in
most cases the answer to the existence problem consists of the two main steps.
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1. (Positivity) Checking the positivity condition on —in most cases this re-
quires checking a system of inequalities, which is a serious (but unavoidable) com-
putational burden.

2. (Regularity) Ensuring that the extended functional is regular (namely, upper
semi-continuous) and so defines a o -additive measure.

The first step ensures that it is possible to extend functional @ positively from a
certain family of functions to a wider family. In this work, we put the emphasis on
the latter step—checking the regularity condition, leaving aside the computational
difficulties arising from validating the positivity assumption.

The use of positive extension techniques (that goes back to Kantorovitch) in the
framework of stochastic geometry was pioneered by Kuna, Lebowitz and Speer
[13] in application to point processes, which greatly inspired the current work. In
this paper, we establish the general nature of an idea proposed in [13] and show
how it leads to various further realisability results. The new idea is to introduce
an additional function, what we call the regularity modulus, and to formulate suf-
ficient and necessary conditions in terms of a positive extension of a functional
onto the linear space containing the regularity modulus and requiring only a priori
integrability of the regularity modulus.

We concentrate on two basic examples of the realisability problem: the exis-
tence of point processes with given correlation (factorial moment) measure and
the existence of a random closed set with given two-point coverage probabilities or
contact distribution functions. The introduction to the realisability issue for point
processes is available in several papers by Kuna, Lebowitz and Speer [12, 13]; see
also Section 3 of this paper. The realisability problem for random closed sets has
been widely studied in physics and material science literature; see [8, 17, 31, 33,
34] and in particular the comprehensive monograph by Torquato [32] and a recent
survey by Quintanilla [24]. If £ is a random closed set (see Section 4 for formal
definitions) in a locally compact metric space X, its one-point covering functions
is defined by

px =Plx € £}, xeX.

It is easy to characterise all one-point covering functions of random closed sets as
follows.

THEOREM 1.1. A function py, x € X, with values in [0, 1] is the one-point
covering function of a random closed set if and only if p is upper semi-continuous.

The upper semi-continuity of the one-point covering function of a random
closed set & is a straightforward consequence of the upper semi-continuity prop-
erty of the capacity functional of a random closed set; see [22], Section 1.1.2.
Conversely, the function p from the theorem is realised (e.g.) as the one-point
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covering function of the random set £ = {x : p, > v} where v is a uniformly dis-
tributed variable (the details are left to the reader).
It is considerably more complicated to characterise two-point covering functions

pxy =P{x,y€é}, x,yeX

In view of applications to modelling of random media, it is often assumed that £ is
a stationary set in R?, so that the one-point covering function is constant and the
two-point covering function py , depends only on x —y. Since a random closed set
can be considered as an upper semi-continuous indicator function, the realisability
problem for the two-point covering function can be rephrased as follows:

Characterise covariance functions of (stationary) upper semi-continuous random func-
tions with values in {0, 1}.

These covariances are obviously a sub-family of positive semi-definite functions.
Without the upper semi-continuity requirement, this problem, of combinatorial
nature, was solved by McMillan [21] and Shepp [27, 28] using the extension
argument from [9]. More exactly, they normalised indicators by letting them take
values +1 or —1 and assumed that the mean is zero. Their result does not rely on
the topological structure of the underlying space and so does not necessarily lead
to an upper semi-continuous indicator function.

EXAMPLE 1.2. Let p, = 7 and let py = % for all x, y € R. While this two-
point covering function corresponds, for example, to the indicator field with in-
dependent values, it cannot be obtained as the two-point covering function of a
random closed set; see Proposition 4.4.

Even leaving aside the upper semi-continuity property, the McMillan—Shepp
condition involves a family of corner-positive matrices, which is poorly under-
stood. As a result, its practical use to check the realisability for random media is
rather limited. A number of authors have attempted to come up with simpler (but
only necessary) conditions; see, for example, [8, 19, 24, 33]. Another set of con-
ditions for joint distributions of binary random variables is formulated in [26] in
terms of the corresponding copulas.

The realisability problem can be also posed for point processes in terms of their
moment measures. In case of moment measures of arbitrary order, it has been
solved by Lenard [15, 16]. The case of moment measures up to the second or-
der has been studied by Kuna, Lebowitz and Speer [12], whose recent paper [13]
contains (among other results) a complete solution of this realisability problem for
point processes with finite third-order moments and hard-core type conditions with
fixed exclusion distance. The results of [13] can be extended to higher order mo-
ment measures, as was explicitly indicated there. Again, the positivity condition
of [13] is extremely difficult to verify, even more complicated than the original
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condition for point processes because of new polynomial functionals involved in
the positivity condition.

The paper is organised as follows. Section 2 presents a series of general results
on regular extensions and also invariant extensions (relevant for the existence of
stationary random elements). These results form the theoretical backbone of our
study, and are new even in the abstract setting of extending general positive linear
functionals.

Section 3 presents a number of realisability conditions for correlation measures
of point processes that considerably extend the results of [13] by relaxing the mo-
ment and hardcore conditions. One of our most important results is Theorem 3.3
that shows how to split the positivity and regularity conditions, so that the latter
can be efficiently checked. The importance of the packing number in relation to
realisability conditions for hard-core point processes is also explained.

Section 4 deals with the realisability problem for two-point covering proba-
bilities of random sets. The closedness of the corresponding random set can be
ensured by imposing appropriate regularity conditions. Section 5 addresses a fur-
ther variant of the realisability problem that involves contact distribution functions
of random sets.

The notational convention is that the carrier space is denoted as X (e.g., R, RY),
points in the carrier space are x, y, subsets of carrier spaces are denoted by capitals
X, Y, F (while Y is reserved for counting measures identified with corresponding
support sets), the families of sets (or families of counting measures) as X, N/, F
(while in Section 2 X denotes also a rather general space) and random element
in these spaces (random sets or point processes) as &, real functions acting on
X, N, F are g, v and families of such functions are G, E, V, a functional on G, E, V
is denoted by &, real numbers are denoted by ¢, r, A, while ¢ denotes a generic
constant and at the same time the corresponding constant function.

2. Extending positive functionals. Fundamental results about the extension
of positive operators form the heart of our main results, and are necessary to un-
derstand the machinery of the proofs. Nevertheless, the results of the subsequent
sections can be understood without Section 2, with the exception of Definition 2.5.

2.1. General extension theorems. Consider a vector lattice E, that is a linear
space with a partial order and such that for any vy, v € E their maximum v V vy
also belongs to E. The absolute value |v| of v is defined as the sum of v vV 0 and
(=v) vO0.

Let G be a vector subspace of E, which is not necessarily a lattice itself, that is G
may be not closed with respect to the maximum operation. We say that G majorises
E if each v € E satisfies |v| < g for some g € G. A real-valued functional ® defined
on E (resp., G) is said to be positive if ®(v) > 0 whenever v > 0 and v € E (resp.,
v € G). A functional defined on E is said to be an extension of ®:G+ R if it
coincides with ® on G. The extended & is always denoted by the same letter. The
following result about extension of positive functionals goes back to Kantorovich.
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THEOREM 2.1 (See [1], Theorem 8.12 and [35], Theorem X.3.1). Assume that
G is a majorising vector subspace of a vector lattice E. Then each positive linear
functional on G admits a positive extension on the whole E.

If G is a lattice itself, then it is possible to gain much more control over the
extension of @, for example, a continuous functional admits a continuous exten-
sion, see [35], Section X.5. On the contrary, very little is known about regularity
properties of the extension if G is not a lattice.

In the following, we assume that G and E are families of functions g on a cer-
tain space X'. If G contains constant functions, the positivity of ® over G can be
equivalently formulated as

2.1 ®(g) = inf g(X).

This equivalence is a particular case of the following result for y = 0 [replace g
with —g in (2.2)].

PROPOSITION 2.2. Assume that vector space G contains constant functions
and denote by G \ R the family of nonconstant functions from G. If x is any non-
negative function on X, then a linear functional ® on G admits a positive extension
on G+ Ry with ®(x) =r if and only if

(2.2) r= sup @(g)= sup inf [x(X)—g(X)]+ ®(g) < oo.
9€G.g<x geG\R X €X

PROOF. Since every element of G can be written ¢ + g with g € G \ R and
¢ € R, the left-hand side of (2.2) equals
r= sup sup ¢+ ®(g) =supcg + P(9),
geG\R ceR: c+g<yx geG
where cg = infxcx(x — 9)(X) is the largest ¢ such that ¢ + g < x, which yields
the equality in (2.2).

The necessity of (2.2) is straightforward because » < ®(x) < oo. For the suffi-
ciency, assume that (2.2) holds. The proof consists in checking that assigning the
value ®(x) = r yields a positive extension on G + Ry. Let us first prove that &
is positive on G. If some g < 0 satisfies ®(g) > 0, then ®(rg) 1 co as t — o0
whereas rg < x, which contradicts (2.2).

Let g+ Ax >0 for A #0 and g € G. If A > 0, then —A~'g < x, whence
O(—r"lg) <rand ®(g+rx) > —Ar+A1d(x) =0.If A <0, —r"'g > x whence
—1"lgis larger than any g’ < x, and

o(-27'g) = sup () =r
g'eG.9'<x
by monotonicity of ® on G. Hence, ®(g+ Ax) > —Ar + AP (x)=0. U

The advantage of the latter condition in (2.2) consists in the explicit reference to
the space X where random elements lie instead of checking the inequality g < .
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2.2. Regularity conditions and distributions of random elements. Let E be a
certain family of functions v: X > R defined on a space X with lattice operation
being the pointwise maximum and the corresponding partial order.

THEOREM 2.3 (Daniell, see [4], Section 4.5 and [11], Theorem 14.1). Let a
vector lattice E consist of real-valued functions on X and let E contain constants.
If ® is a positive functional on E such that ®(v,) | 0 for each sequence v, | 0
and ® (1) = 1, then there exists a unique random element & in X, measurable with
respect to the o -algebra generated by all functions from E, such that ® (v) = Ev(§)
forallveE.

In view of the positivity of @, the condition imposed on P is equivalent to its
upper semi-continuity on E. In this paper, we start with a functional ® defined on
a vector sub-space G C E and discuss the existence of a random element £ € X
such that ®(g) = Eg(§) for all g € G. In this case, ® is said to be realisable as a
probability distribution on X'.

ASSUMPTION 2.4. The vector space G of functions on X contains constants
and, for each g1, g; € G, there exists a g € G such that (g; vV @) <g.

From now on assume that X" is a completely regular topological space, that is,
each closed set and each singleton disjoint from it can be separated by a continuous
function.

DEFINITION 2.5. Given a vector space G of functions on &X', a regularity mod-
ulus on X is a lower semi-continuous function y : X — [0, oo] such that

(2.3) Ho={X e X: x(X) <g(X)}

is relatively compact for each g € G (if all g € G are bounded, yx is a regularity
modulus if and only if it has compact level sets).

Examples of regularity moduli are given in Sections 3 and 4. A measurable
function v: X > R is said to be y-regular if v is continuous on Hq for each g
in G. Each continuous function is trivially x-regular. The proof of the following
central result is based on the ideas from the proof of [13], Theorem 3.14. It should
be noted that our result entails not only the realisability, but also provides a bound
for the expected value of the regularity modulus. It also holds on not necessarily
completely regular space & if the regularity modulus is continuous or otherwise
without the explicit bound on Ex (§).

THEOREM 2.6. Consider a vector space G of functions on X satisfying As-
sumption 2.4 and such that each g from G is x -regular for a regularity modulus .
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Let @ be a linear functional on G with ® (1) = 1. Then, for any given r > 0, there
exists a Borel random element & in X such that

(2.4) {EQ@) = ®(9) forall g € G,
Ex¢) <r,

if and only if

2.5) sup  P(g) <r.

9eG,9=<x

PROOF. Condition (2.5) is necessary because g < y implies ®(g) = Eg(§) <
Ex@é) =r.

Sufficiency. Let E be the family of all x-regular functions v that satisfy v < g
for some g € G. Each function v € E is Borel measurable. Note that E contains
all bounded continuous functions that generate the Baire o -algebra on X being in
general a sub-o -algebra of the Borel one. For each vy, v, € E, the function v| V vo
is x-regular and is majorised by g; V gz, where g1, g2 € G majorise v; and va,
respectively. In view of Assumption 2.4, E is a lattice.

Without loss of generality, assume that the supremum in (2.5) equals r. By
Proposition 2.2, ® is positive on G and can be positively extended onto G 4+ Ry
with ®(x) = r, and further on to E 4 Ry by Theorem 2.1. It remains to prove
that the obtained extension satisfies conditions of Theorem 2.3. For that, we use
an argument similar to that of [13]. First, restrict the obtained functional ® onto E.
Assume that x is strictly positive. Consider a sequence {v,,n > 1} C E such that
v, 4 0. For each n, let g, be a function of G such that v, < g,,. Take ¢ > 0. Then
Kn ={X:v,(X) > ex(X)} is a subset of relatively compact Hg, /¢, since x is a
regularity modulus. Since v, is continuous on Hg, /., the set K, is closed and,
therefore, compact. The pointwise convergence v, | 0 yields that (), K, = & (re-
call that x is strictly positive). Since {K,} is a decreasing sequence of compact
sets, KCp, = & for some ng, whence v, (X) < ex(X) for sufficiently large n. The
positivity of @ on E 4 Ry implies ®(v;) <e®(x) = er, whence ®(v,) | 0. The-
orem 2.3 yields the existence of a random element £ in X such that ®(v) = Ev(§)
forall ve E.

Since x is lower semi-continuous and &’ is completely regular, it can be point-
wisely approximated from below by a sequence {v,} of nonnegative continuous
functions; see [2], Chapter 9. Then v,, = min(xn, v,,) belongs to E and also approx-
imates x from below, so that EV, (§) = ®(V,) < ®(x) = r, while the monotone
convergence theorem yields

Ex(§) = lim BV, () <r.

If x is not strictly positive, it suffices to apply the above argument to x' =1+ x
and use the linearity of . [J
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Condition (2.5), equivalent to (2.2), is expressed solely in terms of the values
taken by ® on G and, therefore, yields a self-contained solution of the realisability
problem. It is not easy to check in general, but if ¥ can be approximated by func-
tions x, € G, n > 1, then it is possible to “split” (2.5) into the positivity condition
on ® and the uniform boundedness of ®(x,), n > 1. This idea is used successfully
in several different frameworks, which justify the abstract setting of Theorem 2.6:
in Section 3 for point processes (see Theorem 3.1), in Section 4.4 for random
closed sets (see Theorem 4.9) and in [6] in the framework of random measurable
sets with the regularity modulus being the perimeter of a set.

The realisability problem is particularly simple if X is compact and G consists
of continuous functions. Then, for identically vanishing x, Theorem 2.6 yields the
following result, which is similar to the Riesz—Markov theorem; see [11].

COROLLARY 2.7. Let X be a compact space with its Borel o-algebra. Con-
sider a vector space G containing constants such that each g € G is continuous
and a map ®: G+ R such that ® (1) = 1. Then there exists a random element &
in X such that Eg(§) = ®(g) for all g € G if and only if ® is a linear positive
functional on G.

It should be noted that the complete regularity assumption on X" is not needed
if the regularity modulus x is continuous.

2.3. Passing to the limit. The following result shows that the family of all
random elements that realise @ in the sense of (2.4) is weakly compact.

THEOREM 2.8. Assume that G satisfies Assumption 2.4 and consists of con-
tinuous functions on a Polish space X with regularity modulus x . Let ® be a linear
positive functional on G. Then the family 9 of all Borel random elements & that
satisfy (2.4) for any given r > 0 is compact in the weak topology.

PROOF. Since y is aregularity modulus, the set H,/; is compact. By Markov’s
inequality,
P(E ¢ My} =P{x (&) > r/e} <e,

for all £ € 9, so that 97 is tight.

Let {&,, n > 1} be random elements from 2J1. Assume that &, converges weakly
to some &. Without loss of generality, assume that the &,’s are defined on the same
probability space and converge almost surely to £. Since x is nonnegative, Fatou’s
lemma yields

r =z liminfEx (§,) > Eliminf x (§,) = Ex (lim§,) = Ex (£),

where the lower semi-continuity of x also has been used.
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Take an arbitrary g € G and define H,4 as in (2.3). Let g™ (X) = max(g(X), 0)
be the positive part of g. Then, for A > 0,

Eg* (&) =Eg™ (5,)1e,¢7,, + EgT (60) e, 0,

Since g is continuous, H,q4 is closed (and compact), so that if &, € H,q4 for in-
finitely many 7, then also § € H,g. Furthermore, Ag and also g itself, are continu-
ous and bounded on H,g, so that Fatou’s lemma yields

lim sup Eg+(én)]lgneﬂ,\g <Elimsup(g* (&,)1e, Hig)
<Eg" (§)lecn,, <Eg™(§).
Thus,

X &n)

limsup Eg* (5,) < X"~ +Eg* (6) < % +EgT ().

Since A is arbitrary,
limsupEg*(&,) <Eg*(§).

Since g* is nonnegative, Fatou’s lemma yields that Eg*(&,) — Eg*(&). By ap-
plying the same argument to the function (—g), limEg(§,) = Eg(§), so that
Eg(¢) = ®(g) for all g € G. Therefore, £ € M.

The following result concerns realisability of pointwise limits of linear func-
tionals. Special conditions of this type for correlation measures of point processes
are given in [13], Section 3.4.

THEOREM 2.9. Let {®,,n > 1} be a sequence of linear positive functionals
on a space G that satisfies the assumptions of Theorem 2.8. Assume that

(2.6) liminf sup &,(g) < oo.

" geG.g=x
If ®,,(g) = P(g) for all g € G, then ® is realisable as a random element & satis-
fying (2.4) and such that & is the weak limit of random elements realising ®,, for
a subsequence ny.

PROOF. By passing to a subsequence, it suffices to assume that (2.6) holds for
the limit instead of the lower limit. Let &, be a random element that realises ®,,.
If r is larger than the limit of (2.6), then P{§, ¢ H,/.} < ¢, so that {,} is a tight
sequence. Without loss of generality, assume that &, weakly converges to a random
element .

The pointwise convergence of ®,, yields that Eg(§,) — ®(g) for all g € G. Now
the arguments from the proof of Theorem 2.8 can be used to show that Eg(§,) —
Eg(§), so that Eg(§) = ®(g) for all g € G, that is, £ indeed satisfies (2.4). [
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2.4. Invariant extension. Consider an Abelian group ® of continuous trans-
formations acting on X'. For a function v on X, define

OV(X)=v(X), 0O, ,XcA.

A functional ® is said to be ®@-invariant if, for each 6 € ® and v from the domain
of definition of ®, ®(Av) is defined and equal to O (v).

A Borel random element £ in X is said to be ®-stationary if, for each 6 € ©,
6& has the same distribution as &. A variant of the following result for correlation
measures of point processes is given in [13], Theorem 4.3.

THEOREM 2.10.  Assume that G is a O-invariant space satisfying Assump-
tion 2.4 and consisting of x -regular functions. Furthermore, assume that at least
one of the following conditions holds:

(1) G consists of continuous functions and x is pointwisely approximated from
below by a monotone sequence of functions g, € G, n > 1.
(i) x is ®O-invariant.

Let @ be a O-invariant functional on G. Then, for every given r > 0, there exists a
®-stationary random element & in X satisfying (2.4) if and only if (2.5) holds.

PROOF. (i) Asin [13], Proposition 4.1, the proof consists in checking hypothe-
ses of the Markov—Kakutani fixed-point theorem. Let 971 be the family of random
elements £ that realise ® on G, and satisfy Ex (&) < r for every 6 € ®. The fam-
ily 90 is easily seen to be convex with respect to addition of measures, it is compact
by Theorem 2.8, and ®-invariant, since ® is ®-invariant on G. It remains to prove
that 90 is not empty.

In view of (2.5), it is possible to extend & positively onto G + Ry, so that
Ex (¢§) <r. The ®-invariance of ® on G together with the monotone convergence
theorem imply that Ex (6&) = Ex (§) <r, whence & € 9.

(ii) By Proposition 2.2, we can extend & positively onto the ®-invariant vec-
tor space V=G + Ry. Since ® is ®-invariant on G, we have ®(0(g+tx)) =
DO +tPOyx)=P(g+1tyx)forg+ty inV, whence @ is ®-invariant on V. Ac-
cording to [29], Theorem 3, ® admits a positive ®-invariant extension to the space
E + Ry, defined like in the proof of Theorem 2.6. The restriction of the obtained
functional onto E corresponds to a random element & in X that verifies (2.4) and
satisfies E(Ov)(§) = ®(Av) = & (v) = Ev(§), 6 € O, for v in E. Since E contains
all bounded continuous functions on &X', 6& and & are identically distributed for all
fe®. O

3. Correlation measures of point processes.
3.1. Framework and main results. Let N be the family of locally finite count-

ing measures on a locally compact complete separable metric space X. We denote
the support of Y € A by the same letter ¥, so that x € ¥ means Y ({x}) > 1.
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Equip A with the vague topology, see [3], Chapter 7, so that N is metric and
so completely regular. A random element & in N with the corresponding Borel
o -algebra is called a point process. Denote by Ny the family of simple counting
measures, that is, those which do not attach mass 2 or more to any given point. If £
is simple, that is, & € Ny a.s., then & can be identified with a locally finite random
set in X, which is also denoted by £.

For a real function 4 on X x X and counting measure ¥ = _; é,; given by the
sum of Dirac measures, define

oM =Y hxi.x)),

Xi XjEY,iF ]

whenever the series absolutely converges, the empty sum being 0. Note that the
sum in the right-hand side is taken over all pairs of distinct points from the support
of Y, where multiple points appear several times according to their multiplicities.
The value g, (Y) is necessarily finite if / is bounded and has a bounded support.
The value g, (Y) is termed in [13] the quadratic polynomial of Y, while polyno-
mials of order n > 1 are sums of functions of n points of the process, and are
constants if n = 0.

Let G be the vector space formed by constants and functions gy for 4 from the
space %, of symmetric continuous functions with compact support. Note that G
satisfies Assumption 2.4, since

(c1+9n) V(c2+9n,) <c1 Ve +9nvi, €G

for all ¢y, co € R and hy, hy € %,. Furthermore, each g, is continuous in the vague
topology, and so is x-regular for any regularity modulus .

Assume that & has locally finite second moment, that is, E£ (A)? is finite for each
bounded A. The correlation measure p (also called the second factorial moment
measure) of a point process & is a measure on X x X that satisfies

3.1) jx . y)p(dxdy) = Egy(®)

for each h € €,; see [3], Section 5.4 and [30], Section 4.3. The left-hand side
defines a linear functional ®(g;) on g;, € G.

Let X be a subset of N/, which may be N itself. Recall that a subset of a com-
pletely regular space is completely regular, see [14], Theorem 14.1.2. Given a sym-
metric locally finite measure p on X x X, the realisability problem amounts to the
existence of a point process £ with realisations from X and with correlation mea-
sure p, so that ®(g,) = Egy, (&) for all 1 € %,.

By (2.1), the positivity of & means

(3.2) ®(gn) = inf g (¥)

for all & € %,. Then it is clear that the positivity of ® is necessary for its realis-
ability. If X' is compact in the vague topology, then Corollary 2.7 applies and the
positivity condition (3.2) is necessary and sufficient for the realisability of p.
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However, in general the positivity condition alone is not sufficient for the real-
isability; see [12], Example 3.12. In the following, we find another condition that
is not directly related to the positivity, but together with the positivity, is necessary
and sufficient for the realisability.

As an introduction, let us present our results for X being a subset of the Eu-
clidean space R4, For ¢ > 0, define

e = 3 l=yIT7 YeN,
x,yeY, x#y
which is later acknowledged as being a regularity modulus (see Definition 2.5) if
& # 0. Note that x.(Y) is infinite if ¥ has multiple points. The tools developed in
this paper enable us to resolve the original realisability problem with a supplemen-
tary regularity condition involving .

THEOREM 3.1. (i) Let X be a compact subset of R? without isolated points.
A symmetric finite measure p(dx dy) on X x X is the correlation measure of a
simple point process & C X such that Exo(§) < oo if and only if ® given by the
left-hand side of (3.1) is positive and

/ I — ylI~¢pdx dy) < oo.
XxX

(i) Let p be a symmetric locally finite measure on R? x R? such that
P((A+x)x (B+x))=p(A X B) forall x € R? and measurable sets A and B.
Then there exists a simple stationary point process & with correlation measure p,
such that

Exo(6ENC) < o0
for every compact C C R¥, if and only if ® defined by (3.1) is positive and

(3.3) / I — v~ pdx dy) < 00
BxB

for some open set B.

PROOF. The proof relies of several theorems that will appear later in this sec-
tion. The first statement follows from Theorem 3.5 using the fact that the packing
number P;(X) of X is bounded by ¢z~ for all sufficiently small ¢. For (ii), apply
Theorem 3.9(ii) noticing that the imposed condition is equivalent to (3.24). [

In the remainder of this section, one can find a quantification of this result [i.e.,
how the left-hand member of (3.3) controls the value of Exo(X N C)] as well as
generalisations for general metric spaces. The main argument used is a splitting
method based on Theorem 2.6; the details are made clear in the proof of Theo-
rem 3.3. Note that the packing number of the metric space appears as a crucial
quantity to uncouple in this way the realisability problem; see Lemma 3.2.
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3.2. Moment conditions. The family A} of all counting measures with total
mass at most k on a compact space X is compact. Thus, a measure p on X x X is
realisable as a point process with at most k points if (3.2) holds with X = A%.

Assume that Y is a finite counting measure. For o > 2, define

Xa(Y) =Y (X)%, YeN.

The finiteness of E x4 (£) amounts to the finiteness of the moment of order « for
the total mass of &. Since & € €, is bounded by a constant ¢’ and « > 2, the family

[YeN: o) <c+gM} Y eN:Y(X)* <c+Y(X)?)

consists of counting measures with total masses bounded by a certain constant
and, therefore, is compact in the space N . Hence, y, is a regularity modulus and
so Theorem 2.6 yields the realisability condition

(3.4) sup d(g) <o0
9€G.9<Xa
of p by a point process & whose total number of points has finite moment of or-
der «. Note that [13], Theorem 3.14, provides a variant of this result assuming the
existence of the third factorial moment of the cardinality of & (i.e., with o = 3)
and for the joint realisability of the intensity and the correlation measures. The
condition of [13], Theorem 3.14 (reformulated for the correlation measure only)
reads in our notation as ¢ + ®(gp) + br > 0 whenever ¢ 4 g, + bx3 is nonneg-
ative on V. Noticing that b > 0, this is equivalent to the fact that ¢ + ®(gy) <r
whenever ¢ + g5 < x3, being exactly (3.4). If ® is a group of continuous transfor-
mations acting on X and p is ®-invariant, then the point process & can be chosen
®-stationary by Theorem 2.10(i1).
In order to handle possibly nonfinite point processes &, define

Yo p (V) = (Z ﬁ(x))

xeY

o
’

YeN,

for a lower semi-continuous strictly positive function §:X +— R and « > 2. By
approximating 8 from below with compactly supported functions, it is easy to see
that x4, g is a regularity modulus. By Theorem 2.6 and (2.2), for any given r > 0,
there is a point process & with correlation measure p such that Ex, g(§) < r if and
only if p satisfies

G5 il [apV) — e+ [ hGxypsdy) <r. heb,

For o = 3, condition (3.5) is a reformulation of [13], Theorem 3.17, meaning
the positivity of & on a family of positive polynomials that involve symmetric
functions of the support points up to the third order. The realisability condition for
®-stationary random elements can be obtained by applying Theorem 2.10.
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3.3. Hardcore point processes on a compact space. Assume that X is a com-
pact metric space with metric d. Let N, be the family of e-hard-core point sets
in X (including the empty set), that is, each Y € N attaches unit masses to distinct
points with pairwise distances at least ¢ with a fixed ¢ > 0. In this case, no multiple
points are allowed, that is, N C Np.

According to [7, 10], a subset X of simple counting measures N is relatively
compact if and only if sup{Y(K):Y € X’} is finite and the infimum over ¥ € X
of the minimal distance between two points in ¥ N K is strictly positive for each
compact set K C X. The hard-core condition yields that the number of points in
any compact set is uniformly bounded, and so N, is indeed compact. By Corol-
lary 2.7, p is realisable as the correlation measure of an ¢-hard-core point process
with given ¢ > 0 if and only if

(3.6) P(gn) = Yienj;f/s 9n(Y)

for all h € %,. This result is formulated in [13], Theorem 3.4, which essentially
reduces to the positivity of @ over the family ¢ + g (in our setting).

In this paper, we assume that the hardcore distance is not predetermined and the
point process takes realisations from |J,. o /MNe, which coincides with A in case
of compact X'. Note that (3.6) is stronger than the positivity of @ on functions gy,
defined on the whole family Ny and formulated as

(3.7 @(gn) = Iylenjf[0 an(Y), h € .

If X does not have isolated points, then the infimum in (3.7) can be taken over N
This is seen by approximating a multiple atom with a sequence of simple counting
measures supported by points converging to the atom’s location.

In the following, we use the (hard-core) regularity modulus of the form

=Y Ydxi.xp)),  YeN,

x,‘,xj'EY,i;ﬁj

where 1 : (0, c0) — [0, oc] is a monotone decreasing right-continuous function,
such that ¥ (1) — oo as ¢ | 0. The compactness of X and the lower semi-continuity
of ¥ imply that X&C is lower semi-continuous on Nj. As shown below Xl}f is a
regularity modulus if ¢ grows sufficiently fast at zero.

Let P;(X) be the packing number of X, that is, the maximum number of points
in X with pairwise distances exceeding ¢, see [20], page 78. It is convenient to
define the packing number at t = 0 as Py(X) = oo if X is infinite and otherwise let
Py(X) be the cardinality of X.

LEMMA 3.2. Function )(II},C is a regularity modulus on Ny if

(3.8) V(@) /P(X)—> 00 ast|O.
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PROOF. In view of the compactness of X, it is possible to bound & € 6, by a
constant A, so that Xf;c is a regularity modulus if
Hy = {Y e No: xff(¥) <AY (X))

is compact in Ny for each A > 0. For this, it suffices to show that the total mass of
all Y € H;, is bounded by a fixed number and H; C N for some & > 0.

Let y;(n) be the minimal number of pairs (x;, x;) with i # j, such that x;, x; €
Y and d(x;, x;) <1 over all counting measures Y of total mass n.

Take ¢ such that ¥ (¢)/ P, (X) > A. If Y(X) > n, then

XM = Y Y OLaway< = Y @).

XiX;EY,i#]
Therefore,
Hy C{Y:n 2y (v () <)

consists of ¥ with total mass uniformly bounded by fixed number 7, . Indeed, by
Lemma A.1,

=P X)L

n 1)
P (X)
Choose ¢ > 0 so that yr(¢) > kn% fort <e.ForY € H; and any x;,x; €Y,

Y (d(xi, xj)) < xf,}C(Y) < an?,

whence d(x;, x;) > ¢. Thus, H, C Ne, so H, is relatively compact. [

lim n_zy,(n) > lim n_zn(
n—oo n— oo

The following theorem shows that the realisability condition can be split into the
positivity condition (3.7) on the linear functional ® and the regularity condition
(3.9) on the correlation measure, so that the latter can be easily checked. Such
a split is possible because the regularity modulus X}}C can be approximated by
functions from G.

THEOREM 3.3. A locally finite measure p on X x X is the correlation mea-
sure of a simple point process & such that E)(]};C (&) <r for some r > 0 with
satisfying (3.8) if and only if (3.7) holds and

(3.9) [ v y)pxdy <r.

PROOF. Necessity. The definition of the correlation measure implies that

[, vt »)pxdy =Ex© <r.

Sufficiency. First assume that 1/ only takes finite values. The proof consists of
checking (2.2), which is equivalent to (2.5).
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For each family of positive numbers {74, g € G},

(3.10)  sup lnf [X(Y) 9(¥)]+ @(g) <sup inf [x(¥)—g(¥)]+ @(9).
geGY geG YN

The crucial step of the proof consists in the careful choice of 7 > 0.
Fix g € G. For ¢t > 0, define ¥;(s) = ¥ (max(z,s)), s > 0. Since any Y € N;
does not contain any two points at distance less than ¢, x (Y) = gy, (X). Therefore,

A1 f|x(Y Y)| = inf —g)(Y).
(3.11) ,n [ (Y) —9(1)] YlgNt(gw, 9(Y)
Our aim is to prove that

(3.12) Jnf (@4, — () = inf (g, —9)(¥),

because then, since gy, € G, the positivity of ® on G yields that (3.11) is not
greater than ®(gy, — g). Thus, (3.10) is bounded above by

sup ®(gy, —9) + P(9) < sup Q(gy,) = / Y (d(x, y))p(dx dy)
geG XxX
by the monotone convergence theorem.

The proof of (3.12) relies on the proper choice for ¢ (depending on g). Assume
without loss of generality g = gj, for i € 6, with absolute value bounded by A > 0.
By (3.8), there exists #o such that ¥ (t9) / P, (X) > A + 1. By Lemma A.1, there is
ng such that for all Y with mass n > ng, the number of pairs of points of ¥ at
distance at most #( satisfies

2
Vo (n) =n P;O (X) .

Choose t < g so that ¥ (¢) > An(z) and consider any Y € Ny \ NV;. If Y (X) < ny,
then

9y, () = ¥ (1) > and > g (Y),
while if Y (X) > ng, then

9y, (V) — 9n (Y) = gy, (¥) — Gu(¥) = ¥ (10) 5y (V) — An® > 0.

Thus for Y ¢ N;, we have gy, (Y) — gn(Y) > 0. Therefore, the infimum of
9y, — 9x, which is nonpositive because zero is obtained for ¥ = &, is reached
on N;, and (3.12) is proved.

Now assume that v (¢) is infinite for 7 € [0, §) and finite on (8, co) with § > 0.
If () > oo as t | §, then the above arguments apply with 79 > § chosen such
that v (f9)/ Ps(X) > A.

Assume that ¥ (§) is finite. Let 1o (¢) be a function satisfying (3.8) and finite for
all t > 0, for example, V(1) =t~ P,(X). Define ¥*(t) = ¥ (¢) for t > § and let
Y*(t) = Yo(t) +a for ¢ € (0, §) with a sufficiently large a, so that ¥/* is monotone
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right-continuous, and x]}/ﬁ is a regularity modulus. Applying the previous argu-
ments to * yields that there exists a point process & such that E X};C* (&) <r.Since
r < 00, p vanishes on {(x, y):d(x, y) < 4}, and so EXI};C*(S) = Exf,}c(é) <r. O

The following result is obtained by letting 1 be infinite on [0, ¢) and otherwise
setting it to zero.

COROLLARY 3.4. A measure p on X x X is the correlation measure of a
point process & with &€ € N a.s. if and only if (3.7) holds and p({(x, y) :d(x, y) <
e} =0.

The following result yields a direct realisability condition for p without men-
tioning a regularity modulus.

THEOREM 3.5. Let p be a locally finite measure on X x X, and fix any r > 0.
Then there exists, for every r' > r, a simple point process & with correlation mea-
sure p, such that

(313) E Z Pd(x[,Xj)(X) = r/’
Xi XjE€EIF]

if and only if (3.7) holds and

(3.14) [ Pacypxdy) <r.
XxX

PROOF.  Necessity. Call h;(x,y) = min(¢, Pg(x,y)(X)) for x # y € X and
t > 0. Assume that & realises p and satisfies (3.13). The monotone convergence
theorem yields that

/ Patr.y)(X)p(dx dy) = lim Egy, (£) <7’
XxX r—0Q

for every r’ > r, whence (3.14) holds.
Sufficiency. Define a measure on R by

p'(la, b)) =p({(x,y) e X x X:a <d(x,y) <b}).

Fubini’s theorem yields that
r=[ Poo .
Ry
Let {tx, k > 1} be a strictly decreasing sequence of numbers such that

f P (X)p'(dr) <27,
[0,%)
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For m > 1, the function

‘”’”(’)z{P,(Xx i1 >ty

is monotone right-continuous and satisfies v, (¢)/ Py (X) — oo as t — 0. Then

/ VU (d(x, y))p(dx dy) =f Y (1) p' (dr)
XxX Ry

ffR P+ Y k2t <r+ 3 K2k,

k>m k>m

By Theorem 3.3, choosing m sufficiently large yields the realisability of p by a
point process & satisfying

E Z Pa; ;) (X) SEX%(S) <r+ Zk2_k <r'.
X, X €, iF] k>m O

REMARK 3.6. Let ® be a group of continuous transformations on X that leave
p invariant, that is, p(6 A X O B) = p(A x B) for all & € ® and Borel A, B. Since
the regularity modulus X{;,C can be approximated from below by a sequence of
functions from G, Theorem 2.10(i) is applicable and so the corresponding point
process & in Theorems 3.3, 3.5 and Corollary 3.4 can be chosen ®-stationary. If ®
consists of isometric transformations, then Theorem 2.10(ii) is also applicable.

3.4. Noncompact case and stationarity. Assume that X = R? and d(x, y) =
|lx — y|| is the Euclidean metric. Let ¢ be a positive right-continuous monotone
function on R such that w(t)td — o0 as t — (. Denote by B,, the open ball of
radius n centred at 0. Given a known bound for the packing number in the Eu-
clidean space ([20], page 78, Lemma 3.2) implies that XE;C is a regularity modulus
on every By, n > 1. Define

(3.15) X = > Bl x)NY (Il —x;l)

Xi,x;EY,i#]

for a bounded lower semi-continuous strictly positive on R¢ x R? function f.

THEOREM 3.7. Let p be a locally finite measure on R? x R?,

(i) The measure p is realisable as the correlation measure of a point process &
that satisfies E ng/f (&) <r ifand only if (3.7) holds and

(3.16) L, B lls = yDpxdy) <.
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(i1) Fixr >0, let
(3.17) rn=/ lx —yl~pxdy), n=>1,
B, x B,

and let {B;,,n > 1} be a sequence of nonincreasing numbers converging to 0. Then
the following assertions are equivalent.

(a) Equation (3.7) holds and
(3.18) Y Bulrng1 —ra) <r <00,

n>1

in particular every rp, n > 1, is finite.
(b) Forevery r' > r, there exists & with correlation measure p and such that

(3.19) Y Bu—BusDE Y lni—x <

n>1 Xi,XjEBy,i#£]

PROOF. Sufficiency. (i) The function ngb is a regularity modulus on N, since

Hen={Y €eX:xf5(V) <c+a(Y)}, ceRhe%,

is compact in N. This follows from Lemma 3.2, which yields the compactness of
the restriction of Y from #. ; onto any compact set C. Indeed, this family of re-
stricted counting measures coincides with the family of simple counting measures
supported by C such that X{;C(Y) <c/m+gp/m(Y), where m > 01is alower bound
of B(x,y) forx,yeC.

In order to apply Theorem 2.6 with the regularity modulus (3.15) and in view
of (2.5) it suffices to show that

(3.20) in
€

0t [ D =]+ [ herypxdy) <r

for all & € 6,. Assume that & is supported by a subset of B,, x B, for some n > 1.
Then (3.20) holds by the same reasoning as in the proof of Theorem 3.3 applied
to the compact space B,. (One might first consider only Y C B,, and then note
that the infimum over all Y € A is necessarily smaller.) By Theorem 2.6, (3.16)
implies the existence of a point process & with correlation measure p that satisfies
Exps, (&) <r.

(i1) Define Y, = (B, x By) \ (B,—1 X By—1), n > 1 (with By = @). For every
n > 1, define the measure

py(la, b)) = p({(x,y) € By x By:a <|lx —y| <b}),
and let

t,?:sup{t>0:/ s_d,o,/l(ds)SZ_k}, k> 1.
[0,1)
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Since p;, ., > p, for every n > 1, for every k,n > 1 we have t,?“

{m,,n > 1} be a nondecreasing sequence of positive integers so that

(3.21) > Ba (rn — a1 Y kz—k) <r

< 1. Let

n>1 k>m,
Now define
: n n n
() = kt iy, <t<g <ty
ift>1 .
n

Since m;, < mpy1, Yny1 < ¥, for every n > 1. Function v, satisfies v, (t)td —
oo as t — 0, whence, for every n > 1, th is a regularity modulus on counting
measures supported by B,, and

f Uu(llx — yll)p(dx dy) < / (D)0l (1),
Y, R,

where
pp(la, b)) = p({(x,y) € Yy:a <|lx — yll <b}) < p,(la,b)).
Then
—d /" "
/Yn Un(llx = yll)p(dxdy) < /R+ Py, (d) +/<tmn Yn (1) p, (dt).
‘We have

/ = p!/(dt) = / Ix — v~ p(dx dy) = rn — ra_i
R+ (BnXBn)\(Bn—lXBn—l)

and

/, _, In@plan = / _, Wn0pan = gmjn K2+,
whence
(322) /\Y Un(llx = yl)pdxdy) <ry—ra1+ 3 k27F,

k>my,
Define ¥ (x, y) = ¥, (|lx — y|) for x,y € Y,,. Since ¥,,+1 < ¥, and functions
Y, n > 1, are lower semi-continuous, the function v is lower semi-continuous on
R? x R?. Define B(x, y) = B, on Y,,. Since B, n > 1, decrease, B is a lower semi-
continuous function on R? x R¢. Since wn < Y for every k < n, the restriction
of X/}Sl onto sets Y C Bj, is larger than X,g v,» Whence Xlﬁ’fy is a regularity modulus
on Ny. By Theorem 2.6, ® is realised by a point process & satisfying

B @< [, By ypdxd) =Y [ dullx - yiotxdy)

n>1
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Since t 9 < Y, (t) for each n and t > 0,

Exjy (§) = lim EY ", (xigj (N By) — xS (6N By_1)
n=1

> lim E) By — Bur) Xy (6N B ))
n=1

>3 Bu—BusDE Y i —xjlI 7Y

n>1 i#],Xi,Xj€By

Using successively (3.22) and (3.21),

S [ nlx = ylotxdy) < 3 pa(ra—rimr+ X 027 <¢

n>1 n>1 k>m,
we arrive at (3.19).

Necessity. For (ii), remark first that for x # y € R?
B Y = yI7! = (Bu = Bu+ D)Ly, I =y 7%
n>1

where g is defined in the sufficiency part of the proof. The function S in (i)
and the function (x, y) — B(x, y)||lx — y|| —4 in (ii) are lower semi-continuous and
can therefore be approximated from below by compactly supported continuous
functions. The rest follows from the monotone convergence theorem similarly to
the proof of necessity in Theorem 3.5. [J

REMARK 3.8. Remark for point (ii) that if each r,, n > 1, is finite, there
always exists a sequence {8,} of sufficiently small numbers such that the right-
hand side of (3.18) is finite.

If the distribution of point process & is invariant with respect to the group ® of
translations of R?, then £ is called stationary. Its correlation measure p is trans-
lation invariant, that is, p((A + x) x (B 4+ x)) = p(A x B) for all x € R¢ and
SO

(3.23) pax By =3 [ [ 1isenpidydx,
A JRd

where 1 is the intensity of & and p is a measure on R¢ called the reduced correla-
tion measure; see [25], page 76.

THEOREM 3.9. Let p be a locally finite measure on R?, let B be a bounded
lower semi-continuous strictly positive function on R satisfying

o= [ Bux+ydr<oo,  yeR

and let r be a monotone decreasing nonnegative function such that t 1 (t) — oo.
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(1) p is the reduced correlation measure of a stationary point process & that
satisfies E X}}fp (&) <r ifand only if (3.7) holds and

fRd B (Iyl)ady) <r.

(ii) p is realisable as the reduced correlation measure of a stationary point
process & that satisfies (3.19) for some sequence {B,, n > 1} if and only if

(3.24) fB Iy 5(dy) < 00

for some open ball B containing the origin. If [pa Iy~ 5(dy) is finite, it is pos-
sible to let B, =n~97% n > 1, for any fixed § > 0.

PROOF. It suffices to use (3.23) to confirm the conditions imposed in Theo-
rem 3.7, see also Remark 3.8. In order to show that & can be chosen stationary, note
that X}}fp can be pointwisely approximated from below by a monotone sequence of
functions from G, so Theorem 2.10(i) applies. [

3.5. Joint realisability of the intensity and correlation. Recall that the inten-
sity measure p; of a point process & is defined from

EY he) = [hp@x,  heton,

x; €€

where %1 is the family of continuous functions on X with compact support. A pair
(p1, p) of locally finite nonnegative measures on X and X x X, respectively, is said
to be jointly realisable if there exists a point process & with intensity measure pj
and correlation measure p.

Let G be the vector space formed by constants and functions

9 n(Y) =D h(x)+gn(Y), YeN,
xeY

for h1 € 65,1 and h € 6,. It is easy to see that Assumption 2.4 is verified in this
case. The pair (p1, p) yields a linear functional

(3.25) O (g, 1) = /X 71 (01 (dox) + /X e yp(dxdy),

The realisability of ® by a point process & means that ®(gy, ) = Egp, » (). Func-
tional @ is positive on G if and only if

(3.26) D (gny,n) Z}gfvghl,h(y), hi € 6o,1,h € C,.

Similar arguments as before apply and yield the joint realisability conditions.
Consider the special case of stationary processes in X = R? with the reduced cor-
relation measure p [see (3.23)] and intensity p;(dx) = Adx proportional to the
Lebesgue measure.
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THEOREM 3.10. Let A be a constant, and let p be a locally finite measure
of R4. Then there is a stationary point process & with intensity p1(dx) = Adx and
reduced correlation measure p if ® given by (3.25) satisfies (3.26) with X = Ny
and

/ 121~ 5(dz) < oo
B

for some open set B containing the origin.

PrROOF. It suffices to note that gj, , is dominated by cg;, for a constant ¢ and
follow the proof of (ii) in Theorem 3.7. The condition on p follows from (3.17)
and (3.23). O

4. Realisability of covering probabilities for random sets. The nature of
realisability problem changes with the choice of the family of subsets of a carrier
space X taken as possible values for a random set. We start with the case when a
random set is allowed to be any subset of X, where realisability results are avail-
able under minimal conditions, while the obtained random set lacks properties and
might even not be measurable. In the remainder of this section, we treat the case of
random closed sets, a classical setting in stochastic geometry. Some examples of
possible regularity moduli are presented, along with the corresponding realisabil-
ity results that resemble those of [12] in the point processes setting. The framework
of random measurable sets with finite perimeter (in the variational sense), devel-
oped in the forthcoming paper [6], provides a compromise between regularity of
the random set and the explicitness of conditions.

4.1. Random binary functions. Let X be the family of all subsets of X iden-
tified with their indicator functions. Endow X with the topology of pointwise
convergence and the corresponding o -algebra. Since A" is compact, Corollary 2.7
yields the following result.

THEOREM 4.1. Let G be a vector space that consists of continuous functions
on X and includes constants, and let ® be a map from G to R. Then there exists
a random indicator function &, such that ®(g) = Eg(§) for all g € G if and only if
@ is a linear positive functional on G and (1) = 1.

The key issue in applying Theorem 4.1 is the choice of the space G.

EXAMPLE 4.2 (One-point covering function). Let G be generated by con-
stants ¢ and one-point indicator functions g, (F) = IycF, F € X, for x € X. The
positivity of a linear functional ®:G +— R together with ®(1) = 1 means that
d(gy) €10, 1] for all x € X. Thus, a function p, = ®(gy) is a one-point covering
function P{x € &} for a random set & if and only if p, takes values in [0, 1]. Com-
pare with Theorem 1.1, where the extra upper semi-continuity condition ensures
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that the corresponding random binary function is upper semi-continuous and so &
is a random closed set.

EXAMPLE 4.3 (Covariances of random sets). Consider vector space G gen-
erated by constants and functions gy y(F) = 1y yeF for x, y € X. The values of a
linear functional ® on G are determined by py y = ®(gx,y), x, y € X. By (2.1),
is positive on G if and only if

n n

(41) Zaijpxi,xj zFirclggZaij]lxi,XjEF
ij=1 ij=1

for all n > 1 and all matrices (a; j)?jzl- In particular, if a;; = a;aj, then (4.1) im-

plies the nonnegative definiteness of py y, x, y € X. Note that the one-point cover-

ing probabilities are specified if py y are given.

4.2. The closedness condition. A random closed set & in a locally compact
metric space X is a random element that takes values in the family X = F of closed
subsets of X equipped with the o -algebra (called the Effros o -algebra) generated
by families {F € F:F N K # &} for all compact sets K. The distribution of a
random closed set £ is uniquely determined by its capacity functional

T(K)=P{ENK # @)

for all K from the family of all compact sets in X; see [18] and [22], Theo-
rem 1.1.13.

Theorem 4.1 ensures only the existence of a binary stochastic process with given
marginal distributions up to a certain order. However, it is not guaranteed that
the constructed stochastic process has upper semi-continuous realisations, which
should be the case if this process is the indicator of a random closed set in a topo-
logical space X. If the carrier space X is finite (more generally, has a discrete
topology), then this problem is avoided, since each random set is closed. Further-
more, the closedness issue can be settled in the following special case of two-point
probabilities in the product form (and can be generalised for multi-point covering
probabilities). The following result implies, in particular, that the random indica-
tor function from Example 1.2 does not correspond to a random closed set. It also
illustrates regularity problems arising in realisability problems for random closed
sets.

THEOREM 4.4. Assume that X is a separable space. A function

_ { PxPy, fx#y,
Px,y = o
Px ifx=y
is a two-point covering function of a random closed set if and only if p,, x € X,
is an upper semi-continuous function with values in [0, 1] such that each point x
with py € (0, 1) has an open neighbourhood U such that py > 0 only for at most
a countable number of y € U and the sum of p for y € U is finite.
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PROOF. Sufficiency. Note that the set L = {x: p, = 1} is closed by the upper
semi-continuity of p,. The separability of X and the condition of theorem imply
that the set M = {x: p, € (0, 1)} is at most countable. The sufficiency is obtained
by a direct construction of a random subset Z of M that contains each point x
with probability p, independently of all other points. It remains to show that the
random set £ = Z U L is closed. Consider x € M and its neighbourhood from the
condition of theorem. Since } _ p, < 00, only a finite number of y belong to Z and
so they do not converge to x. Thus, x with probability zero appears as a limit of
other points from & unless x € L and so belongs to £ almost surely.

Necessity. The function p, = P{x € £} is upper semi-continuous, since £ is a
random closed set. The product form of the two-point covering function implies
that the capacity functional on two-point set is given by

T({x,y}) = px + Py — PxPy-
The upper semi-continuity property of the capacity functional yields that

limsup 7T ({x, y}) < px,
y—>x

while the monotonicity implies that 7 ({x, y}) — px as y — x. Thus, p,(1 —
px) — 0as y — x forall x. Unless p, =1, we have p, — 0.

Assume that p, > 0 and p,, > 0, where x, — x and x,, # x with }_ p, = o0.
A variant of the lemma of Borel-Cantelli for pairwise independent events (see [5],
Lemma 6.2.5) implies that almost surely infinitely many points x, belong to &,
so that x € £ a.s. by the closedness of £ and so p, = 1. Thus, the sum of p,, for
each sequence {x,} in a neighbourhood of x is finite. This rules out the existence
of uncountably many y with p, > 0 in any neighbourhood of x. Indeed, then
{y: py = 1/n} is finite for all n, and so the union of such sets is countable. [J

It is known that F is compact and completely regular in the Fell topology
that generates the Effros o -algebra; see [14], Theorem 17.V.3 and [22]. However,
Corollary 2.7 is not applicable, since functions 1, \cr, F € F, generating the vec-
tor space G, do not generate the Effros o-algebra on F.

It is known ([22], Theorem 1.2.6) that the o -algebra generated by G on the fam-
ily of regular closed sets (that coincide with closures of their interiors) coincides
with the trace of the Effros o-algebra on the family of regular closed sets. How-
ever, the family of regular closed sets is no longer compact in the Fell topology.
Furthermore, indicator functions are not continuous in the Fell topology, so it is
again not possible to appeal to Corollary 2.7 or explicitly check the upper semi-
continuity condition required in Daniell’s theorem.

In order to describe a useful family G of functionals acting on sets, consider a
o -finite measure v on X and define

(4.2) 9n (F) =/Fth(x,y)v(dX)v(dy)
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for all measurable F C X and 4 from the family %, of symmetric continuous
functions with compact support in X x X. A function p, y, x,y € X, generates a
functional acting on g;, as

4.3) ®(gy) = /X  PeshG )V (dy).

The function py y is said to be weakly realisable as the two-point covering func-
tion if there exists a random set & (or the corresponding random indicator function)
such that £ is almost surely measurable and Egy, (§) = ®(gy,) for all & € %,. By ap-
proximating the atomic masses at two points with continuous functions, it is easy
to see that the weak realisability is equivalent to ®(gy,y) = px,y for v ® v-almost
all (x, y), in contrast to the strong realisability requiring this equality everywhere.
The strong and weak realisability do not coincide in general. For instance, a non-
positive function which vanishes almost everywhere, but takes some negative val-
ues is weakly realisable by the empty set, but not strongly realisable. Nevertheless,
in the case of a stationary random regular closed set £ in RY and the Lebesgue
measure v, the strong and weak realisability properties coincide; see Theorem 4.7.

In view of the required continuity property of functions from G, it is essential
to ensure that g5 (F), F € F, defined in (4.2) is continuous in the Fell topology.
Note that it is not the case for most nontrivial measures v, even for the Lebesgue
measure. The continuity holds only on some subfamilies of F considered in the
following sections.

4.3. Neighbourhoods of closed sets. For simplicity, in the following consider
random sets in the Euclidean space, that is, assume that X = R with Euclidean
metric d.

Let F¢ be the family of e-neighbourhoods of closed sets in R4, that is, F¢
consists of F¢ = {x:d(x, F) < ¢} for all F € F and also contains the empty set.
The vector space G is generated by constants and the functions g;, defined by (4.2)
with the Lebesgue measure v.

LEMMA 4.5. The space F¢ with the Fell topology is compact and, for each
h € 6,, the function gy, is continuous on F°¢.

PROOF. Recall that the upper limit of a sequence of sets {F,} is the set of all
limits for sequences {x,,} such that x,, € F,, for all k, while the lower limit is
the set of all limits for convergent sequences {x,} such that x,, € F,, for all n. The
sequence of closed sets converges in the Fell topology if its upper and lower limits
coincide.

If F, = F,fvo € F*? converges to F in the Fell topology, then we can assume
without loss of generality (by passing to subsequences) that F;, (o converges to Fp,
so that F = Fj and F' € F°. Thus, F* is a closed subset of F and so is compact,
since F is compact itself.



142 R. LACHIEZE-REY AND I. MOLCHANOV

Consider a nonnegative i € %, supported by a ball B centred at the origin with
sufficiently large radius R. If F,, — F in the Fell topology, then the upper limit of
(F, N BR) is a subset of (F N Bg). Thus, g, (F) =g, (F, N Br) < gn((FN Br)%)
for any § > O and sufficiently large n, so that g, is upper semi-continuous on F
and so on F*.

In order to prove the lower semi-continuity of g, on F¢ assume F, = F;f,o —
F = Fj and F, o — Fo. Fix § > 0. Then the lower limit of F,, o N B4 includes
Fo N Bg. Indeed, if x € Fy N Bg, then x,, — x for x,, € F,, ¢ and so x,, € Br4s for
all sufficiently large n. Thus, for sufficiently large n, we have

(Fo N BR) C (Fu0N Brys)’.
Taking (e — §)-neighbourhoods of the both sides yields that
(Fo N BR)*™® C (Fu,0 N Br+s)® C (Fy N Brese)-

Ifxe FS_5 N Br_¢+s, then there is a point y € Fy with d(x, y) <& — §, in partic-
ular y € Bgr. Thus,

(F5™° N Broes) C (Fao N BR)™™".

Taking r sufficiently large yields that g;, (F,) > gh(F(f _5). Since the interior of F
equals ;-0 FOS_‘S, the Lebesgue theorem yields that g, (Fg_‘s) —gp(F)asé — 0,
that is, g is lower semi-continuous on F*.

For a nonpositive function 4 with compact support, the result follows by apply-
ing the above argument to its positive and negative parts. [

THEOREM 4.6. A function pyx y, X,y € RY, is weakly realisable by a random
closed set & with realisations in F°¢ for given ¢ > 0 if and only if

CD ']lf F h € Cg
(gh) Z 1 pgh( )a 0>
Whe’e @(gh) iS given bv (43)

PROOF. In view of the continuity of gj established in Lemma 4.5, it suffices
to refer to Corollary 2.7. [J

In order to handle random sets with realisations from the space F° = J,_ o F°,
we need the regularity modulus x (F) defined as the infimum of ¢ > 0 such that
FeF'Y and y(F) = oo if F ¢ FO.

THEOREM 4.7. For any given r > 0, a function py y, x,y € RY, is weakly
realisable by a random closed set & such that Ex (§) <r if and only if
(4.4) inf [x (F) —gn(F)]+ ®(gn) <r, h € %,
FeF?
where ®(gy,) is given by (4.3). If, additionally, py y is an even continuous function
of x — y, then py y is strongly realisable by a stationary random closed set &.
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PROOF. Function yx is lower semi-continuous, since {F € F: x(F) <c} =
FYe is closed for all ¢ > 0. Furthermore,

4.5) {FeF:x(F)<gw(F)}C{FeF:x(F)<c},

where ¢ = [ |h(x, y)|v(dx)v(dy) is a finite upper bound for g;, (F). The left-hand
side of (4.5) is compact, since gy, is continuous on F!/¢ by Lemma 4.5 and the
right-hand side of (4.5) is compact. Thus, yx is a regularity modulus and the result
follows from Theorem 2.6 and (2.2).

Note that the regularity modulus x is invariant for the group ® of translations
of R?. By Theorem 2.10(ii), & can be chosen to be stationary. In order to con-
firm the strong realisability, it remains to show that the covariance function of a
stationary regular closed random set is continuous.

Since x (£) is integrable, & € FV, so that £ is almost surely regular closed and
its boundary 0 has a.s. vanishing Lebesgue measure. By Fubini’s theorem, almost
every point x belongs to the boundary of & with probability zero, and so P{x €
0&} =0 for all x in view of the stationarity property.

Let P{x, y € £} be the covariance function of &. Take x, y € R¢, and (x,, y,)
that converges to (x, y). Since with probability 1, x does not belong to 0§, 1 ¢
is almost surely equal to 1 yeny(¢) for the interior Int(§) of & and so 1, ¢ almost
surely converges to 1. Similarly, 1, ce — 1yc¢ a.s., whence the product con-
verges too 1y, ee, y,ee — Lyeg,yes. The Lebesgue theorem yields that P{x,, y, €
&} — P{x,y € &}. Since p, , and P{x, y € £} are both continuous and coincide al-
most surely, they are equal everywhere. The continuity of P{x, y € £} can be also
obtained by referring to a result of [23] saying that the capacity functional of each
stationary regular closed random set is continuous in the Hausdorff metric. [J

4.4. Convexity restrictions. The family C of convex closed sets in R? (includ-
ing the empty set) is closed in the Fell topology and it is easy to see that the
function g;, given by (4.2) is continuous on C. Corollary 2.7 yields that p, , is
weakly realisable for a convex random closed set if and only if

)] > inf F
(gh)_;}écgh( )

for the functional ®(gy) given by (4.3).

Let P be the convex ring in R?, that is, the family of finite unions of compact
convex subsets of R?. For F € P, let x (F) be the smallest number &, such that F
can be represented as the union of k convex compact sets.

THEOREM 4.8. Let ® be linear functional defined by (4.3). Fix any r > 0.
Then there is a random closed set & with realisations in P such that Eg,(§) =
®(gp) forall h € €, and Ex(§) <r if and only if

}relg[x(F>—gh(F)]+<I>(gh) <r, h € Go.
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PROOF. The family P of unions of at most k convex compact sets is closed
in F and so is compact, whence x is lower semi-continuous. It is easily seen that
gy 1s continuous on convex compact sets, and so is also continuous on Pj. Thus,
gp is x-regular and Theorem 2.6 applies. [

If X =10, 1], then P is be the family of finite unions of segments in [0, 1].
The number of convex components of F' C [0, 1] is the variation of its indicator
function,

n—1

X(F)=sup ) [lyer — 1y, eFl,
i=0

where the supremum is taken over partitions 0 =#y < ¢ <--- <t, = 1. The quan-
tity

v(F)=  sup /(p’(x)dx,
pe?! 0<p=<1"F

where ¢! is the family of differentiable functions on [0, 1], captures the number
of components of F with nonempty interiors, in particular v(F) < y (F). Remark
that v is not a regularity modulus, because a set F with small v(F) can contain an
arbitrarily large number of isolated singletons.

THEOREM 4.9. If py y is a function of x, y € [0, 1] such that
(4.6) sup f Py ()¢ (y) dx dy = oo,
pe?!,0<p<1/XxX
then there is no random closed set & satisfying Ex (£)? < oo having Dx,y as its

two-point covering function.

PROOF. Let H be the family of functions & (x, y) = ¢’ (x)¢'(y) for ¢ € €
with 0 < ¢ < 1. Then

V(F)? = sup 1y yerh(x, y)dxdy = supgy(F).
heH /XxX heH

Theorem 2.6 implies that  is realisable by a random closed set & with Ex (£)% <
oo if and only if

; 2
53(2,[}23[“’7) —on(M)]+ q’(gh)] < oo.

It implies in particular

Z:E[Fig([x(F)z —an(F)] + <I>(gh)] < 00.
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Since x (F)?>v(F)?> gn(F) for h € H, this condition would imply that

sup ®(gp) < o0,
heH

contradicting (4.6). Thus @ is not realisable. [J

Further results on realisability of random sets can be found in [6], where it is
shown that by relaxing the closedness assumption it is possible to split the positiv-
ity and regularity conditions as it was the case in Section 3.3.

S. Contact distribution functions for random sets. Results from Section 4
concern realisability of the two-point covering probabilities, which are closely re-
lated to the values of the capacity functional (hitting probabilities) on two-point
sets. Here, we consider the realisability problem for a capacity functional defined
on the family of balls in R¢. If T is the capacity functional of a random closed
set £, then

T(Br(x)) = P(& N Br(x) # 2)

is closely related to the spherical contact distribution function P{d(x, §) < R|x ¢
&}, R = 0, which is the cumulative distribution function of the distance between &
and x given that x ¢ £.

THEOREM 5.1. A function tx(R), R>0, x € A C R4, is realisable as
T (Bgr(x)) for a random closed set & if and only if

m
(5.1) P(g) =) aity(Ri) =0
i=1
forallm=>1,x1,...,xy € Aand Ry, ..., Ry, >0, such that the function
m
(5.2) g(F) = ZaiﬂBRi nF£z =0, FeF

i=1

is nonnegative.

PROOF. The necessity is evident.

Sufficiency. Let G be the vector space generated by constants and functions
Onx(F) =h(d(x, F)), F € F, where d(x, F) is the distance from x € R? to the
nearest point of F, and & is a continuous function on R with bounded support.
The functions gy, , are all continuous in the Fell topology, since the Fell topology
in R? coincides with the topology of pointwise convergence of distance functions
d(x, F) forx e R?; see [22], Theorem B.12.

It suffices to show that @ is positive on G. Let g(F) = >/, a;h;(d(x;, F)).
Uniform approximation of Ay, ..., h,;, by step functions on their supports yields a
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function g of the form (5.2) so that §(F) > —e for some ¢ > 0. Letting ¢ | 0 and
using (5.1) yield that

m
@ =Y ai [ hi0)de, 0= 0,
i=1 O
If 7, (R) = 7(R) does not depend on x, it may be possible to realise it as the
contact distribution function of a stationary random closed set. If the argument x
of 7, (R) takes only a single value, then the necessary and sufficient condition on
7, (-) is that it is a nondecreasing right-continuous function with values in [0, 1],
that is, the cumulative distribution function of a sub-probability measure on R .
The following result concerns the case of x taking two possible values.

THEOREM 5.2. Let x1,x2 € R?, with | = lx1 — x2|l, and let Ty, and T, be
cumulative distribution functions of two sub-probability measures on Ry. Then
there exists a random closed set & such that t,;(R) = T (Bgr(x;)) for r > 0 and
i=1,2ifand only if forallr >0

(5.3) Ty, (max(R —1,0)) < 7, (R) < 7o, (R + D).

PROOF. Necessity. Let & be arandom closed set with 7y, (R) = T (Br(x;)). Let
aj and ap be random points such that a1, a; € £ a.s. and R; =d(x;, a;) =d(x;, &),
i = 1,2, have cumulative distribution functions 7y, and t,, respectively. Then
|[R1 — Ro| <. Indeed, if, for instance, R; > R + [, then ay is nearer to x; than
ay contrary to the assumption. Thus Ry < R implies Ry < R + [, so that 7, (R) <
Ty, (R 4 [). The symmetry argument with x; and x; interchanged yields (5.3).

Sufficiency. Define two random variables R; and R, as inverse functions to
Ty, and 7y, applied to a single uniform random variable, so that (5.3) yields that
Ry — Ry| <! a.s. This means that none of the balls Bg, (x1) and Bg,(x2) lies in
the interior of the other one. Now construct random closed set £ consisting of two
points: a1 on the boundary of Bg, (x1) but outside of the interior of Bg,(x2) and
ap on the boundary of Bg,(x2) but outside of the interior of Bg,(x1). Then a; is
nearest to x1 and a; is nearest to xo with given distributions of the distance. [

APPENDIX: A COMBINATORIAL LEMMA

Recall that P;(X) denotes the packing number of X with metric d, that is, the
maximum number of points in the space X with pairwise distance exceeding f;
see [20], page 78.

LEMMA A.1. IfY =) 4,, is a counting measure of total mass n, then for all
t >0,

n
Z]ld(x,-,x-)gzzn( —1>-
Py ! P (X)
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PROOF. Denote
n(Y,x;) =Y(B;(xi)) — 1,
where B;(x;) is the closed ball of radius ¢ centred at x;. Furthermore, denote
9n, (V) = Lag xj)<i-
i#j
Then
9n, (Y —8x,) = gn, (Y) —2n(Y, x;),
9n, (Y +8x) = gn, (Y) +2n(Y, x;) + 2.

Let x; and x; be two distinct points from the support of ¥ with d(x;, x;) < 1.
Assume that n(Y, x;) <n(Y, x;) orn(Y, x;) =n(Y, x;) with i < j and define

Y=Y =6, 468y
obtained from Y by transferring a mass 1 from x; to x;. Call Y =Y —§, ;- Remark
that n(Y"”, x;) =n(Y, x;) — 1 because d(x;, x;) <t. Since n(Y, x;) > n(¥, x;),
an, (Y")=an, (Y") +2n(Y", x;) +2
=gn,(Y) —2n(Y,x;) +2n(Y", x;) +2
=gp (Y)—=2n(Y,x;) +2n(Y,x;) —2+2
< g, (Y).

Furthermore, n(Y’, x;) = n(Y, x;) because the transferred mass remains in the ball
with centre x; and radius ¢, and n(Y’, x;) = n(Y, x;) as well. Thus, n(Y’, x;) <
n(Y’, x;). Repeat the mass transfer from x; to x; until the mass at x; disappears.
Call the resulting counting measure Y.

Apply the same construction to Y and repeat it until there are no more distinct
points at distance at most ¢. This happens in a finite time because the cardinality
of the support of Y strictly decreases at each step.

The obtained counting measure Y is supported by a set of points {yy, ..., y;}
with pairwise distances exceeding ¢. Thus,

q
On, (¥) =g, (V) =) mi(m; — 1),
i=1

where m; = ?({yi}). Under the restriction Z?Zlmi = n, the minimal value
> im;(m; — 1) is reached for m; = n/q, whence

gh,<Y>zn(f—1).
q

It remains to note that g < P;(X). U
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It is also possible to define a counting measure by placing masses from the
interval [n/q,n/q + 1] at the points forming the packing net of X. Thus, there
exists a counting measure Y such that

n
gh,(Y)SVl(Pt(X)‘i‘l)-
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