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Let Z be a Boolean model based on a stationary Poisson process 1 of
compact, convex particles in Euclidean space RY. Let W denote a compact,
convex observation window. For a large class of functionals i, formulas for
mean values of ¥ (Z N W) are available in the literature. The first aim of the
present work is to study the asymptotic covariances of general geometric (ad-
ditive, translation invariant and locally bounded) functionals of Z N W for in-
creasing observation window W, including convergence rates. Our approach
is based on the Fock space representation associated with 7. For the important
special case of intrinsic volumes, the asymptotic covariance matrix is shown
to be positive definite and can be explicitly expressed in terms of suitable
moments of (local) curvature measures in the isotropic case. The second aim
of the paper is to prove multivariate central limit theorems including Berry—
Esseen bounds. These are based on a general normal approximation result
obtained by the Malliavin—Stein method.

1. Introduction. Let n be a stationary (locally finite) Poisson process on the
space K4 of convex bodies in RY, that is, on the space of compact, convex subsets
of R?. The Boolean model associated with 7 is the stationary random closed set Z
defined by

(1.1) z:=|JK,

Ken

where the Poisson process 7 is identified with its support. This is a fundamental
model of stochastic geometry and continuum percolation with many applications
in materials science and physics [3, 7, 19, 22, 31]. The intersection of Z with a
compact and convex set W C R is a finite union of compact, convex sets, that is,
an element of the convex ring R¢. It is a common strategy in stochastic geometry
to extract and explore local information about Z via functionals of the intersection
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Z NW. Perhaps the most prominent examples of such functionals on R¢ are the in-
trinsic volumes Vy, ..., V4, which contain important geometric information about
the sets to which they are applied. For instance, for a set K C R? from the convex
ring, V4(K) is the volume, V;_1(K) is half the surface area (if K is the closure of
its interior), and Vy(K) is the Euler characteristic of K ; see [31], Section 14.2, for
more details. The intrinsic volumes have several desirable properties. In particular,
they are additive, in the sense that V; (K U L) = V;(K)+ V;(L) — V;(K N L) for all
K,LeR%andi e {0, ..., d}. They are also translation invariant, and continuous
if restricted to the space of convex bodies.

For a stationary and isotropic Boolean model, Miles [20] and Davy [5] obtained
explicit formulas expressing the mean values EV;(Z N W) in terms of the inten-
sity measure of 1. We refer to [31], Section 9.1, for a discussion and more recent
developments related to this fundamental result.

In the following, we are especially interested in second-order properties and
central limit theorems of the random vector (Vo(Z N W), ..., Va(Z N W)), for a
compact and convex observation window W, but in fact we study more general ad-
ditive functionals of Z N W, namely so called geometric functionals. A functional
on the convex ring will be called geometric if it is additive, translation invariant,
locally bounded, and measurable (see Section 3 for details).

While previous contributions focus on second-order properties and central limit
theorems for volume and surface area, to the best of our knowledge we present
here the first systematic mathematical investigation of second-order properties and
central limit theorems of all intrinsic volumes and more general geometric func-
tionals of a stationary Boolean model Z. The volume functional was first stud-
ied in [1, 17], while in [9] Berry—Esseen bounds and large deviation inequalities
were established. The surface area was investigated in [21], and the results were
extended in [10] to more general functionals and point processes. Integrals over
Boolean models are considered in [2, 26], where the volume is included as a spe-
cial case and also the surface area in the latter one. Volume and surface area of a
more general Boolean model based on a Poisson process of cylinders have been
investigated in [11, 12]. From a geometric point of view, volume and surface area
are rather special functionals of Z. They arise as the restriction of deterministic
measures to Z or the boundary of Z and do not involve the curvature of the (possi-
bly intersecting) grains. A different though mathematically nonrigorous treatment
of second moments of curvature measures of an isotropic Boolean model with an
interesting application to morphological thermodynamics was presented in [18].

Our first main aim in this paper is to use the Fock space representation of
Poisson functionals [15] to explore the covariance structure of geometric func-
tionals of Z N W. Combined with some new integral geometric inequalities,
which are derived by methods and results from convex and integral geometry,
this approach appears to be perfectly tailored to our purposes. Under the mini-
mal assumption that the second moments of the intrinsic volumes of the typical
grain are finite, we show that for two geometric functionals i1 and v, the ratio
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Va(W)~LCov(yri (Z N W), ¥2(Z N W)) tends to some limit oyy,y, € R as the ob-
servation window is increased in a proper way. For the case that the third moments
of the intrinsic volumes of the typical grain are finite, we establish a rate of this
convergence in terms of the inradius of the observation window and show that it
is optimal. Via the Fock space representation the asymptotic covariances can be
expressed as series of second moments. In the important case of intrinsic volumes
of an isotropic Boolean model they can be represented in terms of curvature based
moment measures of the typical grain. In particular, the covariance structure of
the two-dimensional isotropic Boolean model becomes surprisingly explicit. For a
vector of geometric functionals of the Boolean model, it is shown that the asymp-
totic covariance matrix is positive definite under some additional conditions, which
are for example satisfied for the intrinsic volumes. The second-order analysis is
illustrated by explicit formulas for intrinsic volumes of a Boolean model with de-
terministic spherical grains, for which our formulas reduce to three-dimensional
integration of explicitly known integrands.

Our second main aim is to prove univariate and multivariate central limit theo-
rems for geometric functionals of Z N W. Under the same second moment assump-
tions as for the existence of the asymptotic covariances, we prove convergence in
distribution. We also obtain rates of convergence under slightly stronger moment
assumptions. For the multivariate central limit theorem, we argue that the rate is
optimal. Following common belief, we guess that our convergence rate V;(W)~!/2
for the univariate case is optimal as well. In the univariate case, we do not need to
assume that the functional on the convex ring is translation invariant. In the proofs,
we use the Malliavin—Stein method for Poisson functionals that was recently devel-
oped in [23, 25]. In a sense, this method builds on the Fock space representation
and the closely related Wiener—Itd6 chaos expansion of Poisson functionals. The
main obstacle to the application of these results is the fact that, as a rule, geo-
metric functionals of Z admit an infinite chaos expansion. We can resolve this by
bounding the kernels of the chaos expansion by monotone functionals.

In the case of bounded grains, it is likely that the central limit theorem and
the convergence of covariances can be derived with the theory of m-dependent
random fields, perhaps even with rates of convergence. From there, one might
proceed to the general case using a truncation argument as in [8, 12]. But such
an approach would neither yield much information on the asymptotic covariance
structure nor rates of convergence in the general case. Stabilization is another com-
mon approach to central limit theorems in stochastic geometry. We refer here to
[2, 26, 27], where the first two references deal in particular with volume and sur-
face area of the Boolean model without discussing rates of convergence. It is un-
clear whether the intrinsic volumes (other than volume or surface area) stabilize
for Boolean models with unbounded grains. But even if they do, the quantitative
bounds for the normal approximation derived by stabilization in [27] suggest that
the rates would probably be suboptimal. Moreover, in our setting we would need
to control boundary effects.
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This paper is organized as follows. In the second section, we briefly summarize
some notation and basic facts about the Boolean model and present a central limit
theorem for the intrinsic volumes of the Boolean model to be generalized later.
In the third section, we establish the existence of the asymptotic covariances of a
vector of geometric functionals of Z N W and determine the rate of convergence;
see Theorem 3.1. Section 4 is devoted to the positive definiteness of the asymptotic
covariance matrix; see Theorem 4.1. In Section 5, we focus on intrinsic volumes
and introduce a family of curvature based moment measures of the typical grain to
study infinite series of second moments arising in the Fock space representation.
The main result of this section (Theorem 5.2) is of some independent interest and
is applied in Section 6 to derive formulas for the asymptotic covariances of the
intrinsic volumes of an isotropic Boolean model in terms of the moment measures
mentioned above; see Theorem 6.1. Section 7 presents some explicit results for
a Boolean model with deterministic spherical grains. In Section 8, we provide a
general result on the normal approximation of Poisson functionals. We use this
result in Section 9 to establish multivariate and univariate central limit theorems
for geometric functionals of Z; see Theorems 9.1 and 9.3.

The extended arXiv-version [13] of this paper contains two additional appen-
dices with a description of the curvature based moment measures from Section 5
in terms of mixed measures of translative integral geometry and with integral for-
mulas for the exact (nonasymptotic) covariances of intrinsic volumes, which are
rather explicit in the two-dimensional case.

2. Boolean models and intrinsic volumes. In this section, we collect a few
basic facts about the stationary Poisson process 1 and the associated Boolean
model Z in Euclidean space R? before stating some of our main results for the
special case of intrinsic volumes. For more details on Boolean models, we refer
the reader to [3], Chapter 3, [22] or [31], Chapter 4, whereas background mate-
rial on convex geometry can be found, for example, in [30] or [31], Chapter 14.
All random objects occurring in this paper are defined on an abstract probability
space (2, F,P). A measure on K¢ is locally finite if it assigns a finite number to
(K e K4:K N C # @) for all C in the space C¢ of compact subsets of RY. We
consider the Poisson process 1 as a random element in the space N of all locally
finite counting measures on K¢, equipped with the smallest o-field such that the
mappings u — ((A) are measurable for all A in the Borel o -field (with respect to
the Hausdorff metric) of KX¢. We assume that the intensity measure A :=En of n
is invariant under the shifts K — K +x :={y +x:y € K}, x € R?. This is equiv-
alent to the stationarity of n, that is to the distributional invariance of n under all
shifts. We also assume that A is nontrivial and that A ({@}) = 0, which effectively
excludes empty grains. Theorem 4.1.1 in [31] implies that

2.1 A() = y//l{K +x €-}dxQ(dK),
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where y € (0, 00) is the intensity of n, “dx” denotes integration with respect to
the d-dimensional Lebesgue measure A4, and Q is a probability measure on K¢
satisfying Q({@}) =0 as well as

(2.2) / V(K + C)Q(dK) < 00, C ec”.

Here, asusual, K +C :={x+y:x € K, y € C} is the Minkowski sum of K and C.
Let Zy denote a typical grain, that is, a random convex set with distribution Q.
Then (2.2) can be written as

2.3) v, :=EV;(Zy) < 00, i=0,...,d.

This is a direct consequence of the Steiner formula (see [31], equation (14.5))
d

(2.4) Va(K +BY) = ka—ir?'Vi(K),  r=0,K ek,
i=0

where B¢ is the closed unit ball centered at the origin, Brd = {rx:x € B}, and
denotes the volume of the n-dimensional unit ball.
The Boolean model is given by Z = Z(n), where

zw:=J K, neN,
Ken

and K € p means that 4 ({K}) > 0. Recall that the mapping u — Z(u) from N
to the space of all closed subsets of R? (equipped with the Fell topology) is Borel
measurable (see [31], Theorem 3.6.2). Without loss of generality, we can assume
that QQ is concentrated on }Cg, where ICZ is the space of nonempty convex bodies
such that the center of the circumscribed ball is at the origin. Since the center of
the circumscribed ball of a convex body is always contained in the convex body,
we have 0 € K for all K € K¢.
Subsequently, we shall need integrability assumptions such as

(2.5) EV;(Z)* < 00, i=0,....d,
or
(2.6) EV;(Zo)® < oo, i=0,....d.

We next introduce two basic characteristics of the Boolean model Z. The vol-
ume fraction p = EVz(Z N[0, 1]%) of Z can be expressed in the form p =
1 — e7 7%, The mean covariogram of the typical grain is given by

(2.7) Ca(x) :=EV4(ZoN (Zo+x)), xR’

It follows from (2.3) that Cy(x) < vy < oo and that C;(x) — 0 as ||x|| = oo,
where ||x|| denotes the Euclidean norm of x € R¥. It is well known (see, e.g., [3],
equation (3.18)) that the covariance of Z satisfies

(2.8) POeZ, xeZ)=p>+ (1 — p)*(e’S™ —1).
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For W € K4, we define by Cw(x) :=Va(WN(W+x)),x € R, the set covariance
function of W. Combining (2.8) with Fubini’s theorem leads to the well-known
formula

(2.9) VarVy(ZNW)=(1— p)zfcw(x)(eycd(x) —1)dx, Wek®

Throughout this paper, we investigate the intersection Z N W of the Boolean
model Z with an expanding compact convex observation window W. More pre-
cisely, we consider sequences of convex bodies (W;)nen satisfying
limy,—s 00 7 (Wy,) = 00, where r(W) denotes the inradius of W € K. We de-
scribe this situation by writing » (W) — oo for short. Combining our Theorems 9.1
and 4.1 in the special case of intrinsic volumes of Z N W, we obtain the following
multivariate central limit theorem.

THEOREM 2.1. Assume that (2.5) is satisfied and let V := (Vy, ..., V4). Then
there exists a (d + 1)-dimensional centered Gaussian random vector N with a
covariance matrix % such that

1 d
———VZNW)—EV(ZnW)) — N as r(W) — oo.
v Va(W) ( )
If, additionally, the typical grain Zy has nonempty interior with positive probabil-
ity, the covariance matrix X is positive definite.

To the best of our knowledge, this is the first central limit theorem for the in-
trinsic volumes of the Boolean model beyond volume and surface area. In fact, our
Theorem 9.1 generalizes this result in several ways. It concerns a broader class of
functionals and is also quantitative in the sense that it provides rates of conver-
gence for a suitable distance under moment conditions slightly stronger than (2.6).
Theorem 9.3 yields presumably optimal rates for the Wasserstein distance in the
univariate case. As already mentioned above, our proofs rely on the Malliavin—
Stein method for Poisson functionals. We are not aware of any other approach that
might yield the same rates. In Section 6, we will derive formulas for the asymptotic
covariances between the intrinsic volumes of an isotropic Boolean model.

3. Covariance structure of geometric functionals. In this paper, we study
random variables of the form ¥ (Z N W), where ¢ is a real-valued measurable
function defined on the convex ring R¢ whose elements are finite unions of com-
pact, convex sets. Measurability again refers to the Borel o-field generated by the
Fell topology (or, equivalently, by the Hausdorff metric). We shall assume that
Y is additive, that is, ¥ (@) =0 and (K U L) = ¢(K) + ¥ (L) — ¥ (KN L)
for all K, L € R%. We shall also assume that v is translation invariant, that is,
Y (K 4+ x) =¥ (K) for all (K,x) € R4 x R4, and locally bounded in the sense
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that its absolute value is (uniformly) bounded on compact, convex sets contained
in a translate of the unit cube Q1 :=[—1/2, 1/2]¢ by a constant

(3.1) M) == sup{|Y(K)|: K e K, K € Q1 +x,x e R} < 00,

Note that this definition simplifies in the translation-invariant case since one does
not need the translations of Q.

In the following, we call a functional ¥ :R¢ — R geometric if it is addi-
tive, translation invariant, locally bounded and measurable. Examples of geo-
metric functionals are (1) mixed volumes (see Section 5.1 in [30]) of the form
Y(K):=V(KI[k],Kq,..., Kg—k), where k € {0, ..., d}, the notation K[k] means
that the body K is repeated k times, and K1, ..., Kq_4 € R are fixed. Up to nor-
malization, intrinsic volumes are obtained for K; = Bl i=1,...,d —k: (2) in-
tegrals of surface area measures (see Sections 4.1 and 4.2 in [30]) of the form
Vi (K) := [qa1 h(u) Sk (K, du), where S9-1 is the unit sphere in R4 (the boundary
of BY), h:S~1 — R is measurable and bounded, and k € {0, ..., d — 1}; (3) the
centered support function 1 (K) := h(K — s(K), u) in a fixed direction u, where
u € R? and s(K) is the Steiner point of K (see Section 1.7, Section 5.4, equa-
tion (5.100) in [30] and Lemma 6.1 in [31]); (4) total measures of translative inte-
gral geometry (see Section 6.4, especially page 234, and page 383 in [31]). These
examples of geometric functionals are substantially more general than the intrinsic
volumes. For instance, whereas intrinsic volumes are always rotation invariant, no
such invariance is built into these four classes of examples in general. Moreover,
it should be observed that linear combinations of mixed volumes are dense in the
(normed) vector space of translation invariant, continuous valuations on convex
bodies in R” (see Section 6.5, page 406, in [30]).

Our main result of this section deals with the asymptotic behavior of the covari-
ance between two geometric functionals of Z N W for expanding convex observa-
tion window W. With a measurable functional ¥ : R? — R, we associate another
measurable function ¥*: K¢ — R by

3.2) YvH(K)=Ey(ZNK)—y(K), Kek?,
if Ely(Z N K)| < oo for all K € K¢. Under assumption (2.2), it follows

from (3.10) below that y* is well defined for a geometric functional . For C € C¢
let N¢ denote the number of all particles in 7 intersecting C.

THEOREM 3.1. Let Y| and o be geometric functionals. If (2.5) is satisfied,
then the limit

. Cov(yi (ZNW), Yo (ZNW))
(33) Oy, = lim
r(W)—o0 Va(W)
exists, is finite, and is given by

1
Ulﬂmlfz:VZ;//‘//T(KIﬂKzﬂ”-ﬂKn)w;‘(Klﬂsz...mKn)
n=1""

3.4) :
x A" (d(Kz, e, Kn))Q(dKl).
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Assume that (2.6) holds and define
cp =212 42" 5% g (2N 4 1)?

d d 3
X exp (22" 254+ Dy ZE%(Z@)yE(Z w<zo>> :
i=0 i=0
Then, for W € K¢ with r(W) > 1,
Cov(y1 (ZN W), Y2 (ZNW))

| MM
V(W) Y192

B r(w)

(3.5) ‘

We start with some preparations. Our main probabilistic tool is the following
Fock space representation of Poisson functionals, derived in [15]. For any measur-
able f:N — R and K € K¢, the function Dk f :N — R is defined by
(3.6) Di f(n) == f(u+3dk) — f(n), neN,

where §g is the Dirac measure located at K. The difference operator Dk and its
iterations play a central role in the analysis of Poisson processes. For n > 2 and

.....

..........

where D! := D. Note that
Diy xf= X (s Yo ).
JC{1,2,...n} jed

where |J| denotes the number of elements of J. This shows that the op-
erator D’}(l .... K, is symmetric in Ki,..., K,, and that (u, Kq,...,K;) —
D’}(l K, f(w) 1s measurable. From [15], Theorem 1.1, we obtain for any mea-

surable f, g:N — R satisfying E £ (17)? < oo and Eg(n)? < oo that
) Cov(f(m), gm)

.....

..........

For given W € K¢ and a functional v : R? — R we shall apply (3.7) to func-
tions fy w:N — R defined by fy w(n) := ¥ (Z(u) N W). Induction yields the
following lemma.

LEMMA 3.2. Leti//:Rd — R be additive. Then, forn e N, K1, ..., K, € Ke,
and . € N,
D, .k, fo.w)
==D"WZwWnNKiN---NK,NW)—=y(K1N---NK, NW)).
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LEMMA 3.3. Let Y be an additive, locally bounded and measurable func-

tional and assume that (2.2) is satisfied. Then, for alln e N, K1, ..., K, € KA,
and W € K9,
(3.8) EDY g fuwm=(D"Y*(KiN---NK,NW)
and
d
(3.9) [ED%, .k, fu.w|<B@) Y Vi(Kin---NK,NW)

i=0
with B(W) =22 . 54 M) (E2N1 + 1). Moreover, for any A € K¢,
(3.10) Ey (Z N A)? < oo.

PROOF. We start by proving that there is a constant ¢ > 0 such that

d
(3.1 Ely(ZNA)|<caM®) ) Vi(A)
i=0

for A € K. Since (3.11) is obviously true for A = &, we assume A # @ in the fol-
lowing. We define Q(A) :={Q1+z:z € Z%, (Q1+2)NA # &}. By the inclusion—
exclusion formula for additive functionals (see, e.g., [30], (6.2), page 330), we have

w(zmm N Q)‘

Qel

|1//(ZﬂA)|:‘1//(ZﬂAﬂ U Q)‘f >
0€9(A) GAICQ(A)

For each nonempty subset Z C Q(A), we fix some cube Q7 € Z. Let Z1, ..., ZNQI
denote the particles hitting Q7. Then, for & # J C {1,..., N}, assumption (3.1)
yields that

‘1//(!@ ZiNAN erIQM <M®).

By the inclusion—exclusion formula and taking into account that v (&) = 0, we get

NQI
lWznAl< > w(U zgnmﬂg)‘
GLICQ(A) j=1 Q€1

= ¥ ¥ wNznanno)

GFICQ(A) @#IC{l,...No jeJ Qel

(3.12) < ¥ 1{ﬂ Q;é@}zNQIM(w).

PATCO(A) QeI
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The cubes in Q(A) form a grid, hence
lozzcam: N exef|<alom)

Q€T
with ¢ := 22d. By stationarity of 1, we have E2Nezr — E2No , and thus
(3.13) ElY(ZNA)| < c3M )| Q(A)|

with ¢3 := 2 E2V01 . Here, we have used that EzVc = exp((z — DYEVy(Zy +
C*)) < 0o holds for C € K% and z > 0, where C* := {—x : x € C} is the reflection
of C in the origin.

Since |Q(A)| < V4(A + /dB?), Steiner’s formula (2.4) yields

d d
(3.14) Q)| =D ka—id "V PVi(A) < ea Yy Vi(A)

i=0 i=0
with ¢4 = 59 In the last step, we used that Kd_id(d_i)/z <5 ¢ {0,...,d},
which can be deduced by elementary calculus from the representation of k;_; in
terms of the Gamma function and from Stirling’s formula. Now (3.13) together
with (3.14) yields (3.11) with ¢ := ¢3¢4. Combining (3.11) with Lemma 3.2 and
the definition of ¥* in (3.2) shows (3.8). For A € K4, we can argue as in the
derivation of (3.12), and then use (3.14), to get

d
(3.15) ¥ (A)] < 2] Q(A) | M () < cocaM () Y Vi(A).
i=0
Combining (3.11) and (3.15) for A= K; N---N K, N W with Lemma 3.2
yields (3.9).
In order to show that ¥ (Z N A) is square integrable, we first derive an upper
bound for

(3.16) Ma(y) :=sup{|y(L)|: L e K¢ L C A}.

Let L € K% with L C A. Then, using the inclusion—exclusion formula for additive
functionals and (3.1), we get

wf<L>|=w(Lm U Q)‘SZ'Q(A”MO//),
QeQ(A)

and hence M () < 219MIp (). Again by the inclusion—exclusion formula, we
have

(3.17) W(ZnA)| <Y = 1)Ma@) <2V MA@,
and, therefore,

Ey(Z N A)? <E[4V4]41fDIp ()2 < oo,
which completes the proof. [J
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LEMMA 3.4. Define B; := 22d - 2544\, Then, for all k € {0,...,d} and
W,K e K,

d d
(3.18) [ VW +0)dx < B Y Vin) 3o V(K.

i=0 r=k

PROOF. Using the same notation as in the proof of Lemma 3.3 and the fact
that Vj is increasing and translation invariant, we obtain that

[viwn i ¥ [u(wn Qﬂ(K+x)>dx

SALCO(W) Q€1

> 1{ N Q¢@}/Vk(Km(Q1+x))dx.

GATICOW) QeI

Let B’ denote a ball of radius ~/d /2. Then the kinematic formula (see [31], The-

orem 5.1.3, and note that c];.’g*kﬂ. < 1) and the rotation invariance of B’ yield

that

A

d
/Vk(Kﬂ(Q1 +x))dxf/Vk(Kﬂ(B’—i—x))dx§C5ZV,(K)
r=k

with ¢5 := 594!, On the other hand, it was shown in the proof of Lemma 3.3 that

|ezzcom: N ozol )

Qel i=0

Combining the preceding inequalities, we obtain the assertion of the lemma. [J

LEMMA 3.5. ForAeK%andn €N,

d

d
/ S VHANK N NE)Ad(KD, ... Ky)) <o Y Vi(A),
k=0 k=0

where « =y (d + 1) 81 Z;"’:OEV,-(ZO) with By as in Lemma 3.4.

PROOF. In the following calculation and also later, we use the convention
[cdA® :=c. We apply (2.1) and (3.18) to get

d
/Z Vi(ANK N---NKy)A"(d(K1, ..., Ky))
k=0

d
- ny/ Vi(AN KL N0 Knot O (K + ) dyQ(dKy)
k=0
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x A" Nd(K1, ..., Ku—1))

d d
s;)y/fﬁlgv,-(mmm---mm_l)

d

x > Ve(K)QUEK)A" (d(K1, ... Kp1))
r=k

d d
<y@+ DAY EVi(Z0) [ S VeANKin N K)
i=0 k=0

x AN d(Ky, ..., Ku_1)).

By iterating this step (n — 1) more times, we obtain the assertion. [J

LEMMA 3.6. Define By :=2-25%. Then, for K, W € K¢,

d—1 d
ra({xr eRUK +x)NOW#BN <P Y Vi(W) Y Vo (K).
i=0 r=0

PROOF. Let W # @ andlet QW) :={Q1+z:z€Z%, (Q1+2)NIW # 2).
Then we have

ra({x e R (K +x)NaW # 2})

< ¥ /1{(K+x)ﬂQ7é®}dx
QeQW)

d
= Y VaK+Q0)=[Q@W)|ca Y Vi(K)

QeQ(3W) r=0

with the same constant ¢4 as in (3.14). Let dist(x, A) := inf{||x — y||:y € A} for
x € R4 and a closed set A C R, and let 0, W :={x e W:dist(x,dW) < r} for
r > 0. Then

(3.19) Va(37 W) < V(W + BY) — Va(W).

To see this, let py : R? — W denote the metric projection to W and consider the
map T : (W + B;i) \W— RY, x > 2pw(x) —x.Letx € 97 W and choose a point
y € 0W such that ||x — y|| = dist(x, dW) <r. Using that y — x is an outer normal
of W at y, itis easy to see that T (2y —x) = x. Hence, 0, W C T ((W + B;i) \ W).
Since the metric projection is 1-Lipschitz, it is not hard to prove that 7 has the
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same property. Therefore, (3.19) follows. This yields that
|QOW)| = ha(fx € RY rdist(x, dW) < Vd}) <2(Va(W + BE) — Va(W)

d—1

<2c4 ) Vi(W),
i=0
where Steiner’s formula was used. [

LEMMA 3.7. Let W € K9 be such that r(W) > 0 and let k € {0, ...,d — 1}.
Then

VeW) _ pL - 2441
Va(W) = kgxr(W)d=k = p(W)d=k’

PROOF. Steiner’s formula and the fact that V;(W) >0, fori =0,...,d — 1,
imply that

Q24 = 1)Vi(W) = Va2@W) — Va(W)

> Va(W +r(W)B?) — Vy(W)
d—1 .
=Y ka—ir(WYTVi(W) = kgir (WY V(W).
i=0
Now the inequality «,, > 1/n!, n € N, concludes the proof. []

PROOF OF THEOREM 3.1. Let W € K¢ with r(W) > 1. In order to com-
pute the numerator in (3.3), we shall apply (3.7) with f = fy, w and g = fy, w.
From (3.10), we conclude that indeed Il*:f(n)2 < o0 and IEJg(n)2 < 00. Since Z
is stationary, the translation invariance of a functional ¥ : R¢ — R implies that
1/ : K4 — R defined by (3.2) is translation invariant as well. From (3.8), we get

1

I ED”K] K,lflh,W(n)EDnKl

nl )] T K K,lfTﬂz,W(n)An(d(Kh""Kn))

,,,,,

:Z'///wf‘((K+x)ﬂKzﬂ---ﬂKnﬂW)
n.
XYy (K+x)NKxN---NK, NW)
x A" Nd(Ka, ..., Kp))Q(dK) dx.
For n € N, we define fw , K4 — R by

1

fW,n(K) = V(W)

flﬁi“((Ker)ﬂKm---mKan)

X Y5 ((K+x)NK,N---NK, NW)
x A" Nd(Ka, ..., Ky))dx,



86 D. HUG, G. LAST AND M. SCHULTE
and f,:K? — R by
fu(K) :=/wf(KﬂKgﬂ---ﬂKn)wf(KﬂKzﬂ---ﬂKn)A”_l(d(Kz,...,K,,)).

Our aim is to prove that
= ¥ = ¥
Z‘: [ fwaK)QWEK) - ijl [ moear)

as r(W) — oo. Since we want to apply the dominated convergence theorem, we
provide an upper bound for )72, %l Sfw .n|, which is independent of W. It follows
from (3.9) in Lemma 3.3, the translation invariance of V; and A and the mono-
tonicity of the intrinsic volumes that

d

BUBWY) [,
|fW,n(K)|fi’;ow//v,((l(—*—x)mlfzﬂ ﬂKnﬂW)
xVi(K+x)NKyN---NK,NW)

x A" Nd(Ky, ..., Ky,))dx

d
BWr)B(r2)
=2 W

/ Vi(KNKyN---NK)A"Yd(Ka, ..., Kp))
i,j=0

x/Vj((K +x)NW)dx

for K € K and n € N. Combining this estimate with Lemmas 3.4 and 3.5, we get

1 d 2 V(W) !

320) —|fwa(K)| <(@d+1 Vi(K : .
(3200 —[fw.a(K)| = (d + )ﬁlﬁ(wl)ﬁ(wz)(g ( )) ;O VoW Al
By (2.5), the right-hand side of (3.20) is integrable. Moreover, Lemma 3.7 shows
that it is uniformly bounded for W € K4 with r(W) > 1, and the same holds if we
sum over all n € N.

Next, we bound | fw »(K) — f,(K)| for K € K4 and n € N. By using the trans-
lation invariance of ¥, ¥5 and A, we have

Jwn(K) — fu(K)

1 *
Vd(W)//(wl((Kerme---mKan)

X Y3((K+x)NKrN---NK, N W)
—1{x e Wi ((K +x)NK2N---NK,)
X Pi((K4+x)NKaN---NKy))dx A" N d(Ka, ..., Ky)).



SECOND-ORDER PROPERTIES OF BOOLEAN MODELS 87

Note that the integrand is zero if x € W and K 4+ x C W. The same holds for the
case that x ¢ W and (K + x) N W = &. This means that the integrand can be only
nonzero if (K +x) NdW # &. On the other hand, the integrand is always bounded
by

[Yi((K+x)NKyN---NK, NW)Y3((K+x)NKaN---NK, NW)|

+YH((K+x) N K2 NN K5 ((K +x) N KN ---N K|

d 2

< 2ﬂ(lﬂ1)ﬁ(lﬁ2)<2 Vi((K+x)NKxN---N Kn)) ;
i=0

where we have used Lemma 3.3 and the monotonicity of the intrinsic volumes.

Hence, we obtain that

| fwn(K) — fu(K)|

28(1)B(2)
SW[/I{(K—FX)DBW#@}
d 2
x(ZX/i((K—I—x)ﬂKzﬂ---ﬂKn)) dx
i=0
x A" Nd(Ky, ..., Ky))
_2B00BW2)
WZV([{)/ {(K+x)N3W # z}dx

i=0
d
X /Z VA(KNKyN---NK)A""1(d(K2, ..., Kp)),

where we have used the fact that V; is increasing and the translation invariance of
V; and A in the last step. Now Lemmas 3.5 and 3.6 yield that

28,01 B(ra)a ! (& Sa1
W(K) — fu(K)| < Vi(K V.(W).
| fwn(K) — fu(K)| < V(W) (go ())r; (W)

Together with Lemma 3.7 and (W) > 1, this shows that, for K € K4 and n €N,
d

3
1
. n—1
| fwn(K) = fu(K)| < (1, ¥2)ex (E Vi(K )) )

i=0

with (W1, ¥a) 1= 2942 . 42 . 2524 g1 M (yr) M (yr2) (E2V21 4 1)2. Therefore, for
K e K4,

3
<yB@1, ¥2)e* (ZV( )) e

i=0

3.21) Z an(K>—Z fn(K)
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Now an application of the dominated convergence theorem yields the convergence
result for r (W) — oo stated in the theorem.

Under the stronger moment assumption (2.6), (3.5) follows from (3.21) by car-
rying out the integration with respect to K and collecting all the constants. [

If the geometric functional is the volume, the asymptotic variance has a signifi-
cantly easier representation than in (3.4), namely

VarVy,(ZN'W
lim M =(1— p)Z/(eVCd(X) _ l)dx.
r(W)—o0 Va(W)

This follows from an application of the dominated convergence theorem to the
exact variance formula (2.9). The inequalities ¢’ — 1 <te’, t > 0 and Cy(x) < vg
imply that

(3.22) o44:=

/(eVCN) —1)dx <ye’™ /EVd(Zo N (Zo + x)) dx = ye?EV;(Zp)* < 0.

Together with Cy (x)/Vz(W) < 1, this means that e?¢®) — 1 is integrable and
is an upper bound for (Cy (x)/Vz(W))(e¥“4™) — 1). Now the observation that
Cw(x)/Vag(W) = 1 as r(W) — oo for any x € R? [this follows from V(W) —
Cyx) < Vd(8”_x” W), (3.19), Steiner’s formula, and Lemma 3.7] yields (3.22). In
Section 6, formulas as (3.22) are derived for the other intrinsic volumes.

The following proposition shows that the rate of convergence stated in Theo-
rem 3.1 is optimal.

PROPOSITION 3.8. Assume that (2.5) is satisfied and that the typical grain
is full-dimensional with positive probability. Then there is a constant ¢4 4 > 0 de-
pending on A such that

VarVi;(ZN'W) o Cdd

Va(W) —r(W)

0d.d
for W e K¢ with r(W) > 1.

PrROOF. Recall from the proof of Lemma 3.6 that 9. W = {z € W:
dist(z, 0W) <r} for r > 0. For s > 0, we define Dy (s) :={z € W :dist(z,dW) =
s}. Then

W_y:={z e W:dist(z, 3W) > s} = {ze R?: 2+ B! c W}

is convex, the boundary of W_; is Dy (s), and s — W_j; is strictly decreasing with
respect to set inclusion, for s € [0, r(W)].
It follows from (2.9) and (3.22) that

Var(Vyg(Z NW))

Va(W)
o [ YaW) = Va(W N (W +x))
=a-p? [ v

0d,d —

(eycd(x) —1)dx.
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Since the typical grain is full-dimensional with positive probability, there are con-
stants T > 0 and rg € (0, 1/2) such that eVCa™) _ 1> ¢ forallx € B;io. This means
that

Var(V;(Z NW))
Va(W)

> (1 - p)?

0d,d —

(3.23) .

Va(W)

/Bd (Va(W) = Va(W 0 (W + x))) dx.
ro

Denoting by B¢ (x, r) the closed ball with center x and radius r, we have

/Bd (Va(W) = Vag(WN (W +x)))dx

0

:_/Ig%fw(l{yeW}—l{yeW,yeW—i—x})dydx

= [ Va(B (3. r00) = VaW 1 By ) dy

> /B (Va(B (. 10)) = Va(W 0 B3, 70))) dy.

ror2W

Using that V(B%(y,r0)) — Va(W N B%(y, r)) > ér for y € 8 ,W with & > 0,
we obtain

(3.24) /Bd (Va(W) = Va(W N (W +x))) dx = érg Va(0,, , ).
o
It follows from Lemma 3.2.34 in [6] that

Va(d7 W) = /0 ' H™ (Dw (s)) ds

for r € [0,7(W)]. The discussion at the beginning of this proof implies that
HI=Y(Dw () is strictly decreasing on [0, »(W)]. Together with vd(a;(W) W) =
Va(W) we get for r(W) > ro/2 that

Vd(W)=/0r(W)7-(d_l(DW(s))ds ff()r(W)Hd_l<DW< 0 s))ds

n/z 2r(W) 2r(w) _
— d-1 —
—fo H™ (Dw (1)) o dt = o Vd(aro/z W).

Combining this with (3.23) and (3.24) completes the proof. [

4. Positive definiteness. In this section, we consider the positive definiteness
of the asymptotic covariance matrix for geometric functionals ¥, ..., ¥4 on RY.
We assume that ¢, for k € {0, ..., d}, is positively homogeneous of degree k and

4.1 [y (K)| = B(yrr (KX,
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for K € K¢, with a constant B(wk) > 0, which only depends on ;. These condi-
tions are motivated by the intrinsic volumes Vjy, ..., V4, where they are obviously
true. The additional assumptions on v, ..., ¥4 required in this section are used in
an essential way in the proof of Theorem 4.1 [see (4.3) and (4.7) below], but are
presumably not necessary conditions for the positive definiteness of the asymptotic
covariance matrix. In particular, (4.1) is always satisfied if the absolute value of
on K¢ is bounded from below by a functional ¥ : K¢ — R which is positive and
monotone [i.€., 1//k(K) > 1/fk(L) for K, L € K¢ with K > L]. This applies to the
second example given at the beginning of Section 3. If we assume that there is a
constant kg > 0 with & > hg, then

Y (K)| = /Sd_l h() Sk (K, du) = hodV (B[d — k1, K[K]) = dhowar (K)*

for K € K¢, which ensures that (4.1) is satisfied.

By Theorem 3.1, for k,[ € {0, ..., d}, the asymptotic covariances oy, y, exist
under the assumption (2.5). The following theorem shows that the asymptotic co-
variance matrix is positive definite. In particular, the result applies to the intrinsic
volumes Vy, ..., V4, which also means that their asymptotic variances are strictly
positive.

THEOREM 4.1. Let the preceding assumptions and (2.5) be satisfied. More-
over, assume that the typical grain Zo has nonempty interior with positive proba-
bility. Then the covariance matrix ¥ := (0y, y,)k,1=0,....d IS positive definite.

PrROOF. For a vector a = (ap, ..., ad)T € R4+ we have

2
a'Ta=vy Zl - //(;)akw,j(m NKyN---N Kn))
n= =

x A" N d(Ka, ..., K2)Q(K)).

Since each summand is nonnegative, the matrix X is positive definite if we can
prove that one summand is greater than zero for a given a € R?*! \ {0}. Specifi-
cally, under the given assumptions we shall show that the summand obtained for

n =d + 1 is positive. In order to show this, we shall prove that for K1, ..., Kj4+1 in
the support of Q and having nonempty interiors, there is a set of translation vectors
X2, ..., Xd+1 € RY of positive kz measure (recall that A; denotes d-dimensional
Lebesgue measure) for which
d
Z ar Y (K1 N (K2 +x2) N N (Kgg1 + xa41)) #0.
k=0

For the rest of the proof, we argue with a nonempty convex body L € K¢. Proper-
ties which will be required of L will be provided by an application of Lemma 4.2
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and L of the form L = K1 N (K2 + x2) N --- N (Kgq1 + xq4+1) € K4, for a set
of translation vectors xo, ..., X441 € R4 of positive AZ measure. This will finally
prove the preceding assertion, and thus the theorem.

Let N1(L) be the number of grains of n that intersect L, but do not contain it,
and let N2 (L) be the number of grains of n that contain L. Then N{(L) and N(L)
are independent, Poisson distributed random variables with parameters

siL)=A([K ek KNL#@and L ¢ K}) and
s2(L) = A({K e K?: L C K}).

If No(L) #0, then L C Z and, therefore, ¥ (ZNL) — Y (L) = (L) — Y (L) =
0. If Ni(L) = Ny(L) =0, then ZN L =@, and hence Y (Z N L) — Y (L) =
0 — Y (L) = —yx(L). This leads to

Y (L) =E[yn(ZNL) — Yy (L)]
= —exp(—s1(L) — s2(L)) (L) + R (L),

4.2)

where
Ri(L) =E1{N(L) > 1, Na(L) = 0} (v (Z N L) — Y (L)).

Next, we bound Ry (L) from above. So assume that N1(L) #0.Let Ky, ..., Ky, 1)
denote the grains of n which hit L, but do not contain L. With the definition of
M7y (i) from (3.16), we obtain from (3.17) that

[ (Z N L) — y(L)| < |9 (Z N L)| + [9(L)] < 2ME My (9.

In the following, let R(K) stand for the radius of the circumscribed ball of K € K.
For A € K¢ with A C L, let a € R9 be the center of the circumball of A, hence
A —a C2R(A)Q;. Since Yy is translation-invariant, homogeneous of degree k,
and locally bounded, we get

Wi (A)] = RRA)) Y (2R(A) (A — &))| < (2R(A) M (),

and hence

(4.3) ML (W) < (2R(L)) M ().

Thus, in the present case, we have
[V (Z N L) — y(L)] < 2M B 2RL) M (o).
Hence, the remainder term can be bounded from above by
|Ri(L)| < E[{Ny(L) = 1, Ny (L) = 0}2M1 D) 2R(L))* M ()]
= exp(—s2(L)) 2R (L)) M () exp(si (L)) (1 — exp(—2s1(L)))
< exp(—s2(L)) (2R(L)) M (Yr) exp(s1 (L)) 251 (L).
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Next, we derive an upper bound for s;(L). By definition and the reflection invari-
ance of Lebesgue measure, we have

s1(L)=)///1{(L Y ONK#D,L+x¢ K)dxQUK).

To bound the inner integral from above, we can assume that L € IC(‘f, by the
translation invariance of Lebesgue measure. If the integrand is nonzero, then
x € (K + R(L)B%) \K orx € GKE(L). Then inequality (3.19) implies that the
inner integral is bounded from above by 2V, ((K + R(L)B%) \ K). Hence, if
R(L) <1, Steiner’s formula and our moment assumption yield that

s1(L) = ceR(L),

where cg denotes a constant depending on A. Hence, if R(L) is sufficiently small,

then s1(L) < 1, and thus
s |Ri(L)| <6- (2R(L))* M (x)s1 (L) exp(—sa(L))
' <6-25 cM(Yr) R(L)* " exp(—s2(L)).

We also have from (4.3) that
lexp(—s1(L) — s2(L)) ¥ (L)|
< ML (¥i) exp(—s2(L)) < (2R(L))kM(lﬁk) exp(—s2(L)).
Hence, if R(L) is sufficiently small, we deduce from (4.2), (4.4) and (4.5) that
(4.6) Vi (L] < B R exp(—s2(L)),
where B() is a constant depending on A and . In addition,
@7 Jexp(=s1(L) = s2(L)¥r(L)] = exp(=s2(L)) (B(x) /3)r (L),

if s1(L) < 1, with B(¥) as in (4.1).
Let kg be the smallest k € {0, ..., d} such that a; # 0. Then, if R(L) is suffi-
ciently small, we get

(4.5)

d
Yy (L)
k=0
d
=Y awiw
k=kqo

= |—ak, exp(—s1(L) — s2(L)) Yo (L) + ary Rey (L) + D> ax i (L)

‘ d
k=ko+1
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d
> |ak,||lexp(—s1(L) — s2(L)) Yy (L)| — |axo Ry ()| — Y laxl|wif (L)
k=ko+1
= exp(_SZ(L))(|ak0|(/§(¢/k0)/3)r(L)ko _ ,B*R(L)k("*'l)’

where we used (4.4) and (4.7), for k = ko, and (4.6) for k > ko + 1. Here, we denote
by B* a constant which depends on ay,, ..., aq, Y, - - ., Ya, A. The lower bound
thus obtained is positive if R(L) is sufficiently small and R(L)/r(L) < cgp, for
some constant cg. The proof is completed by an application of Lemma 4.2 below.

O

The following lemma on the ratio of circumradius and inradius of translates of
convex bodies is a key argument in the proof of Theorem 4.1.

LEMMA 4.2. Forall Ky, ..., Kgq1 € K¢ with nonempty interior there is a
constant co > 0 such that

AZ({(xz, cooxayn) € (RYYR(L) < cor(L) and R(L) <r

d+1
for L=Kin (K +x,-)}> >0

i=2
forallr > 0.
PROOF. Letuy,...,uqgq1 € R? be unit vectors whose endpoints are the ver-
tices of a regular simplex. For i =1,...,d 4 1 let x; be a point in the boundary

of K; which has u; as an exterior normal vector. The support cone S(K;, x;) of K;
at x; (cf. [30], page 81) then satisfies

Ki —xi CS(Ki, x;) := Cl(U 1(Ki —Xi)> C H (Ki,ui) — xi,
t>0
where H~(K;, u;) is the supporting half-space of K; with exterior unit normal
u; and cl denotes the closure. By [31], Theorem 12.2.2, it follows that #(K; —
xi) — S(K;, x;) in the topology of closed convergence as t — co. Moreover, since

K1, ..., Kg41 have nonempty interiors, there are vectors z1,...,24+1 € R? such
that the origin is an interior point of
d+1 d+1

So = [ (S(Ki.xi) +zi) C () (H™ (K, ui) — xi +z)
i=1 i=1
and the circumradius of the intersection on the right-hand side is less than 1 (say).
Then [30], Theorem 1.8.10 and [31], Theorem 12.3.3, imply that

d+1
So :zl—iflolo(t () (K +Xi(l))),

i=1
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where x; (1) := —x; + ¢~ 'z; and the convergence is with respect to the Hausdorff
distance. Since the inradius and the circumradius of the intersection of translates
of convex bodies are continuous with respect to the translations as long as the
intersection has nonempty interior, there is some 7y > 1 such that the ratio between
inradius and circumradius of
d+1
t () (Ki +xi (1))
i=1
is close to the corresponding ratio of Sy, for # > #y and, therefore, also
_ ROZ K+ xi@)
T (O K+ xi(0))

with a constant ¢y > 1 which depends only on Ky, ..., Kz41. Moreover, for r >
to > 1 we have

d+1 d+1
R(t (K +x,'(t))) < R(ﬂ (H™(Ki,ui) — x; +Zi)> <1

i=1 i=1

0,

and thus

d+1 1
R(ﬂ (K; +x,~(t))> <
i=1

Therefore, if r < 1/(2tg) the proof of the lemma is completed by remarking that
the intersections are continuous with respect to translations as long as the inter-
section has nonempty interior and by using the translation invariance of Lebesgue
measure. Clearly, this proves the lemma for all » > 0. [J

5. Some integral formulas for intrinsic volumes. We shall see in the next
section that in the particularly important case of intrinsic volumes and under the as-
sumption of isotropy the asymptotic covariances of Theorem 3.1 can be expressed
in terms of the numbers

1
pi=r > [[Vikin- k) ViKiN- 0K
n=1""

(5.1)
x A" Nd(Ka, ..., Kp)Q(KY).

In this section, we study these numbers without isotropy assumption on Z. The
results are of independent interest.
For W e K and i, j € {0, ...,d}, we define

1
pi,j(W)::Z;/Vi(l(m---mK”mW)Vj(Klm---mKan)

(5.2) "=
x A"(d(Ky, ..., Kp)),
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which is a finite window version of p; ;. The numbers p; j(W) are further studied
in [13], Appendix B. The relationship between (5.1) and (5.2) is given in the next
corollary.

COROLLARY 5.1.  Leti, j €{0,...,d}. If (2.5) is satisfied, then p; ; < o0 and
pi,j(W)
11m =Pi,j-
r(W)—oo Vd(W)
If (2.6) is satisfied, then there is a constant c; j such that
pi,j (W)
Pi,j —
Va(W)

(5.3)

Ci.j

<
—r(W)

for W e K with r(W) > 1.
PROOF. This can be proved in a similar way as Theorem 3.1. [

The previous corollary describes p; ; as the limit of Vy (W)_lp,-, j (W) for obser-
vation windows with r (W) — oo. It is, however, more convenient to work with the
series representation (5.1). We shall see that this series can be expressed in terms
of a finite family of (curvature) measures H; ; to be introduced below.

For j € {0,...,d} and K € K4, we let ®;(K;-) denote the jth curvature
measure of K (see [31], Section 14.2). In particular, ®;(K; -) is the restriction
of Lebesgue measure to K while ®;_1(K;-) is half the (d — 1)-dimensional
Hausdorff measure restricted to the boundary of K (if the affine hull of K has
full dimension). Furthermore, ®;(K; Ry = V;(K) for all j € {0,...,d}. For
j€{0,....,d—1},neN,and K1, ..., K, € K we define

(5.4) Di(Ky,....,Ky; ):i=P;(K1N---NKp; 0K N---NAK, N
Since ®;(K7;-), j €{0,...,d — 1}, is concentrated on the boundary dK of K7,

this definition is consistent with the case n = 1. Fori € {1,...,d — 1} and k €
{1,...,d — i}, we define a measure Hi’fd on R? by

Hi’fd :=y////1{y—ze-}l{zeK1ﬂ---ﬂKk}QD,-(Kl,...,Kk;dy)dz
(5.5)
x ANNd(Ky, ..., Ko ))Q(dKy),
with the appropriate interpretation of the case k = 1.
For i,je{l,....d — 1}, ke {l,....d —i},l €{l,....,d — j}, and m €
{0, ...,k Al} we define a measure Hi]f’jl’m on R4 by

ity [[[ 1=z

56 Xy € Kfyy e O K 2 € K70 N KL, ]
X Qi (K1, ..., Ki; dy)®j(Kgt1-ms -+ s Kit1—m> d2)

x A=Ky, Kiimm—1))Q(d Kii—m),
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where K° denotes the interior of K € K¢ and with the appropriate interpretation
of the cases m =k orm = 1. Let

d—i
ld_Zk|Hldale{1 _1},
d—id—j knl N
= Ho™, ,jef{l,...,d—1},
o 1;121,,120’"'@ m)'(l—m)v ij i,J €l }

and, for j €{0,...,d — 1},
d—j y

57 hoji=Y z_v// ®;(K1,.... K RY)AVd(Ky, ... Ki-1))QWK)D).
=1 ""

Moreover, we define Hy 4(dx) := (1 — e VCa)y gx, Hy j :== Hj o := hg,;do for
jel{0,...,d—1},and Hy g := Hy o := (1 — e"V")§p, where § is the Dirac mea-
sure concentrated at the origin and Cy4(x) is the mean covariogram of the typcial
grain as defined in (2.7).

Subsequently, we assume that

(5.8) QK eK*:Vy(K)>0)) =1,

that is, the typical grain almost surely has nonempty interior.

THEOREM 5.2. Assume that (2.5) and (5.8) are satisfied. Then the measures
H; ; are all finite. Moreover, the limits (5.3) are given by

(5.9) oy =/eVCd<X>H,-,J-(dx), i, jelo,....d).
Fori =d or j =d, the result remains true without assumption (5.8).

In particular, we thus have

(5.10) Pd.d = / (e7C4™ — 1) dx,

po,a =e’" —1,and pg j =e""hg ; for j €{0,...,d —1}.
The proof of Theorem 5.2 is based on the following geometric result. Here, we
use the abbreviation [n] = {1, ..., n}.

LEMMA 5.3. Let K|, Kﬁ, el K,/l e K neN, have nonempty interiors, and
leti €{0,...,d —1}. Then

Di(KiN--NKy )= Y. q>,-(ﬂ1<,;.m (oK. N ﬂK;’),
@#1C[n] rel rel s¢l
|<di

for almost all translates K; of K| fori =2,...,n
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Hence, if (5.8) is satisfied and K € K4 has nonempty interior, then this lemma
can be applied for A" !-ae. (K3, ..., K,) € (K1,
Before we prove Lemma 5.3, we provide two auxiliary results.

LEMMA 5.4. Let Ky,...,K,, € K4, m > 2, have nonempty interiors. Then,
for HY =D _almost all (12, ..., 1,) € RV if KiN(Ky + 1) NN (K +
tm) Z D, then (K1)°N (K2 +10)°N---N(K, +1,)° # 2.

PROOF. The assertion is proved by induction over m > 2. For m = 2, the as-
sertion holds, since any #, € R4 such that KN (K2+1) #Dand K{N(K7+1) =
& is contained in the boundary of K| 4+ (—K>3), which has d-dimensional Haus-
dorff measure zero. The induction step follows from the case m = 2 and Fubini’s
theorem. For further details, see [13]. [

For the following lemma, we use basic notions from geometric measure theory
(see, e.g., [6]).

LEMMA 5.5. Let Ky,...,Ku € K4 m e N. If m <d, then for HAm=1.
almost all translates (t2, . .., ty) € RA™=D the intersection 9K N (3K2 + 1) N
-+ N (0K, + ty) has finite (d — m)-dimensional Hausdorff measure. For m > d,
the intersection is the empty set for almost all translation vectors.

PROOF. Since for m = 1 there is nothing to show, we assume that m €
{2,...,d}. Let W :=03K; x --- x 3K, C R4 let Z c R4™=D be the com-
pact image set of the Lipschitz map T:W — Z C RI”=D_ (x,..., x,) —
(x1 —x2,...,X1 — Xp,). Then the assumptions of the coarea theorem ([6], The-
orem 3.2.22 (2)) are satisfied. Thus, for H¢™=D_almost all (12, ..., t,) € Z, the
set T™{(t2, ..., t,y)} has finite ¢~ measure. Identify R with (R?)" and de-
note by 771 : (R4)” — R the projection to the first component, which is a Lipschitz
map. Then 0K N @Kz +16)N---NOKy +1t,) =m1 (T Y(t, ..., tn)}) has finite
(d — m)-dimensional Hausdorff measure for H4~D_almost all (12, ..., 1) € Z.
[If (2, ..., tn) ¢ Z, the intersection is the empty set.]

The assertion for m > d easily follows from the one form =d. O

PROOF OF LEMMA 5.3. There is nothing to show for n = 1 so that we as-
sume that n > 2. By Lemmas 5.4 and 5.5, we can assume that K1, ..., K, have a
common interior point and for @ # I C [n] each intersection (),c; K, has finite
(d — |I|)-dimensional Hausdorff measure if |/| < d, and otherwise is the empty
set.

Since ®; (K1 N ---N K, -) is concentrated on the boundary of K1 N --- N K,
the measure property yields that

Di(KiN--NKy; )= Y @i(Klm---mK,,;-mﬂammﬂzq).
@#1C[n] rel s¢l



98 D. HUG, G. LAST AND M. SCHULTE

The intersection U := (\¢; K¢ is open, U’ := (,¢; 0K, N (¢, K§ C U, and

Kin---NK,NU =(,¢; K- NU.Hence, since ®; is locally determined (see [30],
page 215), it follows that

Pi(KiN-NKy; )= > d>i<ﬂK,;-ﬂﬂ8K,ﬂﬂKs°).
@#1C[n] rel rel s¢l

Since (),¢; 0K, has finite (d — |I])-dimensional Hausdorff measure for || €
{1,...,d}, and is the empty set for |/| > d, we conclude that if d > |I| >d — i,
then (),¢; 0K, has i-dimensional Hausdorff measure zero. A special case of [4],
Theorem 5.5, then yields that

qa,-(ﬂKr;-mﬂaK,mﬂK;)zo,

rel rel s¢l
which completes the proof. [J

PROOF OF THEOREM 5.2. We start with showing that the measures H; ; are
finite. Let 7, j € {l,...,d =1}, ke {l,...,d —i},l €{l,...,d — j}, and m €
{0, ...,k Al}. Then

HE @D <y [[[[ 1K 0 Ko £ 210K K d)

X @i (Kir1-ms -y Kiti—m: dz)
x AN A(K Y, Kitem—1))Q(d Kki—m)

< V// Vo(K1 N N Kiei—m) Vi (KD Vi (Kget1—m)

x Ak”—’”_l(d(K], oo Kipt=m—1)) QA Ki1-m).-

For k + 1 —m =1 the right-hand side is finite because of assumption (2.5). Other-
wise, we obtain by Lemmas 3.5 and 3.4 that

Hilf’jl’m (Rd)

d
<22 [ [ SV 40 0 Ko V(KD
r=0
X Vj(Kii—m) dxQ*(d(K1, Kkt1—m))

d d
< (d+ Dyt 2p, / Y VeKD) Y Ve(Kir1-m) Vi (KD Vi (Kip1—m)
r=0 r=0
x Q*(d(K1, Kkti-m))-

Now it follows from (2.5) that the right-hand side is finite. Similar (but easier)
arguments show that the other measures are also finite.



SECOND-ORDER PROPERTIES OF BOOLEAN MODELS 99

Note that p; j = p;; for i, j € {0, ..., d}. To prove that the series (5.1) is given
by (5.9), we distinguish different cases and start with i = j = d. Then we have

1
pad=y Zl — f / Va(Ki N0 K AN (d(Ka. . Kn))Q(dK)

00 J/n
:r;m/...fl{yel(lm(K2+xQ)m...m(Kn+xn)}

X 1{Z€K1 N(Ky+xp)N---
N(Kp +2xp)}dydzdx;y--- dx,
X Q"(d(Kl,...,Kn))

%// Va((K2 —y) N (K2 —2)) -+ Va((K, — y) N (K, — 2))

ot

3
Il
_

x I{y € Ki}1{z € K1}dydzQ"(d(K1, ..., Ky))

I
gk
Sl

3
Il
—_

// (EVa(ZoN (Zo+y — )" "1{y, z € K1} dy dzQ(dK+)

I
2
=X

3
Il
-

// (EVa(ZoN (Zo+ )" "1{y +2 € K1)

x Hz € K1}dydzQ(dKy)

0
Zy—'/Cd(y)”dy /e”cd()) 1)dy.
n=1

Fori =0 and j =d, we get by an even simpler calculation

9]

£0.d = Z (EVd(Zo)) =e’" —1.

n= 1

This and the preceding calculation do not depend on assumption (5.8).
Next, we turntoi =0and j € {0, ...,d — 1}. Then, using V; (L) = ®;(L; RY),
for L € K9 and Lemma 5.3, we get

,Ooj—yi ! Z > /// {zeﬂKO}Cb (K;j;d2) A"V (d(K2, ..., Kyp))

Mz 1 Jcn) s¢J
[J|=l

x Q(dKy),
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where ®;(K;;-) = ®;(Kj,,...,Kj;-) for J ={ji,..., ji} [see (5.4)]. At this
stage and also later, we use the covariance property

/h(y)fbi(Kl,...,Kz;dy)
5.11)
= [ho+0®i(Ki—x,.. Ki—xidy),  xeRY,

which holds for all measurable 4 : R¢ — [0, oo]. This follows from the definition
(5.4) and [31], Theorem 14.2.2. Using (5.11) and then the invariance of A under
translations, it is easy to check that, for instance,

/// [ze kP N NK)®;(Kpr..y d) A (d(K]. ... Kno1))Q@K)

- /// Hze kP N NK®(Kq..y: d2)
x A" N d(Ky, ..., Kn))Q(K)).

From such symmetry relations, we deduce that

poyl,-zydifil< )/// {zeKp Nn---NK;}

x ®;(Ky,...,K;;dz)
x A" N d(Ka, ..., Kn))Q(dK))

1
() [ vatkn vk, i ki 2

X @n_l(d(KH_] Yoy Kn))
x A7Yd(Ky, ..., K))Q(K))

d—j o0 n—I
1 & (Yva) J
=Y _Zifo/(Kl,---,Kz;R)
oD =D
x AN d(Ky, ..., KD)QK ) = e""ho,j.
Next, we address the case i € {1,...,d — 1} and j =d. Using again Lemma 5.3

and a symmetry argument (as above), we obtain

pld_yildl< )/// {yeKi, n---NK;}

xlzeKiN---NK,}dz
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X ®;(Ky, ..., Ki;dy)
x A" N d(Ka, ..., Kp)QKY).
Then we interchange the order of summation to get

d—i oo

n—k
szky(n_k),/ / xk—i—le(Kk_H )m(Kk—i-l_Z)}"'

x 1{x, € (K = y) N (K, = 2)}
X QdKys1) - QK,) dxpyr---dx,
xHze KiN---NK}®;(Ky,...,Kr;dy)dz
x AN d(Ka, ..., Kp))QdK))

d—i
=y /f[ EVd Zoﬂ(Z()—i-y—Z)))
i=in= kk'< — !
x1{ze KiN---N Ky}
X ®;(Ky,...,Kr;dy)dz
x AN d(Ka, ..., Ki))QdK))
d—i 1

_)/Zk'////e”cd(y_”l{zelﬁﬂ-“ﬂKk}

X ®;(K1, ..., Ki;dy)dzA* " (d(Ka, ..., Kp))Q(K)),

which yields that

d—i
pa=L L[t an = [ € yan.

Finally, we consider the case where i, j € {1,...,d — 1}. Again by Lemma 5.3,
we get
1d ld ./
p”—yz >y x> [/ {yemK ze ;]
k 11=11C[n]JC[n] s¢J
|I=k |J|=]

X ®;(K;;dy)®;(Ky;dz)
x A" N d(Ka, ..., Ky)Q(dKY)

id—j kAl

00 1d—
o > Jlbenseenx]
n=1 """ k=1 1=1 m=0 1,JCln rél s¢J

[I1=k,|J|=L,1INJ |=m



102 D. HUG, G. LAST AND M. SCHULTE

x @i (Kp;dy)®;(Ky;dz)
x A" N d(Ka, ..., Ky))
x Q(dKy).

A symmetry argument shows (as before) that for each choice of 7, J such that
|[I|=k,|J|=1and |I N J|=m, the preceding integral has the same value. There
are (Z)(k ) k) possible choices of 1, J with these properties. Thus, we obtain

= R 2 (0 () (1)

k=11=1 m=0

o it erzan

xlzeKiN---NK , NKg iy N---NKyJ
x ®;(Kq,...,Kr;dy)

X @i (Kkt1-ms -+ > Kkti—m: dz)

x A=@Ky, L Kiiem—1)

X QUKip1-m) A" T @Ky g1 K)

i d-id—j % 1n>k+1— m}yn—(k—i-l—m)
= y —
oD o mitk —m)ld —m)!(n — (k +1 —m))!

% / / H xr € (K —y) N (K} —2) Y dxisi—mt1 -+ dxy
k+1—

r= m+1
X Q(de-i—l—m—f—l) - Q(dKy)

x Uy e K N NK )
xzeKiN---NKg_,,}®i(Ki,..., Ki;dy)

X @i (Kit1-ms .-y Kiti—m:dz)

x AFNA(KY, L Kitem—1) QU K i—m),

and hence
d—id—j kAl
Pi.j _y/;zzlmzom'(" m)’(l—m)'
S (yCaly — )y ktH=m
/./// Z (n—(k+1—m))!

n=k+I[—
X l{y € KI?—H ﬂ---ﬂK]?_H_m}l{Z € K? N "'ﬂKl?—m}
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X ®;(Ky,...,Ke; dy)®j(Kgr1-m» - - Kkg1—m: dz)

x AN ARy Kitm 1)) QA Ky —m)

d—id—j knl |
= Z Z Z : ' ‘ /eycd(x)Hi]f}l’m(dx).
i1 15 o Mk —m)l (I —m)!

This completes the proof of the theorem. [

Some of the measures in (5.5) and (5.6) can be expressed in terms of the mixed
moment measures

Mi, 1=E/f1{(y,z) € }®i(Zo; dy)®;(Zo;dz),  i,je(l,...,d},
and the functions C; ‘RY — [0,00), j €{l,...,d — 1}, defined by
Cj(x):=E®;(Zo; Z§ + x), x e RY,

LEMMA 5.6. Assume that (2.5) is satisfied. Then, for any i, j € {1,...,d — 1},

(5.12) Hi{d=y/1{y—z€ -}Mi,d(d(y,z)),
(5.13) HO = J/Z/ Hy —z€)Ci(y =M a(d(z. ),
(5.14) H' =y f {y —z e IM; ;(d(y,2).

PROOF. Equations (5.12) and (5.14) follow directly from the definitions,

while (5.13) follows from an easy calculation using the covariance property (5.11).
0

In the next section, we will use the following consequences of Lemma 5.6:

(5.15) Hi_1a=y / Yy —ze€IMg_1,4(d(z,y)),

Hy_14-1= J/zfl{y —z€}Ca-1(y —2)Ma_1,4(d(z, y))
(5.16)

+y/1{y—ze IMacra-1(d(y, 2).

6. Covariance structure in the isotropic case. In this section, we assume
that the typical grain is isotropic, that is, its distribution Q is invariant under rota-
tions and that the moment assumption (2.5) is satisfied. Our aim is to derive more
explicit formulas for the asymptotic covariances

. Cov(Vi(ZN W), Vi(ZNW))
(6.1) o0jj:= lim
r(W)—o00 Va(W)

, i,jef{0,....d};
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confer the statement of Theorem 3.1.

Using the iterated version of the local kinematic formula ([31], Theorem 5.3.2),
which is obtained by combining [31], Theorem 6.4.1, (b) and (6.15) and [31],
Theorem 6.4.2, (6.20), we get for j € {0,...,d —1}and [ €{l,...,d — j} that

y// ®;(Ky,..., K, R)A TN d(Ky, ..., Ki—1))QK))

d—1 [
_ d m;
=Y A
my,...,my=j i=1

mytm=(—1)d+j
where, as in [31], (5.4),
. mliy,

ij:— — m,jef{0,...,d}.
Jlk;

Combining this with (5.7) and Theorem 5.2, and under assumption (5.8), we de-
duce

(62) /OO,J =eyvde(VUj» ---ayvd—l)a .] € {0’ 7d - l}a

where P; (a multivariate polynomial on R4~J of degree d) is defined by

d—j 1 d—1 l
. .d mi
Pj(tj,...,ldfl).—cj E 7 E ncd'tmi.
=1 "" my,....m=j i=1

mytetmy=(—d+j

The following main result of this section shows that the asymptotic covari-
ances (6.1) are linear combinations of the numbers p; ; given by (5.1). To describe
the coefficients, we define for any j € {0,...,d — 1} and [ € {}, ..., d} a polyno-
mial Pj; on R?=J of degree [ — j by

I—j (_1)5 d—1 K
(6.3) Pjitj,....ta-) =Ml =j}+c; > . > [1ch tm:
s=1 : my,...,mg=j i=1

mi+--+mg=sd+j—I

and complement this definition by Py 4 := 1.

THEOREM 6.1. Assume that the typical grain is isotropic and suppose
that (2.5) holds. Then

d d
oij=0~- P)ZZZ Pik(Yvi, ..., Yva—1) Pji(yvj, ..., ¥YVa—1) Pk, 1,
k=i I=j

foralli, j€{0,...,d}.
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PROOF. The formula preceding Theorem 9.1.4 in [31] is the finite volume ver-
sion of the fundamental result of [20] and [5] on the densities of intrinsic volumes.
Using this result, we obtain for all i € {0,...,d — 1} and A € K¢ that

d

(6.4) EVI(ZNA)—Vi(A)=—1—=p)) Vi(A)Pi(yvi,....yva-1).
k=i

For i =d, equation (6.4) is a direct consequence of stationarity and the definition
P4 4 = 1. Using this formula in (3.4), we obtain the assertion from (5.1). U

COROLLARY 6.2. Assume that (2.5) is satisfied. Then, for i, j € {d — 1, d},
the assertions of Theorem 6.1 remain true in the general stationary case (without
isotropy assumption). Moreover,

od.d=(1— p)z/(eycd(x) —1)dx,
0414 =—(1=p)*yva_ /(eycd(") —1)dx

(- py / 7l M a(d(x, ).

If, in addition, (5.8) holds, then
Oa—1,a-1= (1= p)?y*v]_, /(eVCd(") —1)dx
+(1—-p)y? / e 1TV (Cq 1 (x — y) — 20a-1)Ma—1.4(d(y, X))

(1= py / 7l M 1 (d(x, y)).

PROOF. The formula preceding Theorem 9.1.4 in [31] does not require
isotropy for j =d — 1. Therefore, for i, j € {d — 1, d}, the proof of Theorem 6.1
applies without this assumption.

By definition (6.3), Py—14-1 = Pg.qg =1 and Py_1 4(yv4—1) = —Yva—1.
Therefore, we obtain from Theorem 6.1 that o454 = (1 — p)zpd,d, Od—1,d =
(1 = p)?(Pd—1,d — Y Vd—1pd,4), and

0d—1.d—1= (1= P)?(Pd—1.d-1 — YVd-1Pd—1.d — Y Vd—1Pd.d—1 + V> VI_1Pd.a)-

Inserting first (5.10), (5.9) and then (5.15) and (5.16), we obtain the result. [

Together with Corollary 6.2 the next corollary provides rather explicit formulas
for the asymptotic covariance in the two-dimensional isotropic case.
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COROLLARY 6.3. Let d = 2, assume that the typical grain is isotropic, and
suppose that (2.5) and (5.8) are satisfied. Then

2.2
_ YU
oo0=U=2p)A—-p)y +1-p)2p—3) -

]/2U2 2
s
e —p>2/x(x Y Mia(d(y. %))
4
+ 5= prynd f M (d(x, ),
2 2.2 V3v3
d0.1 = (1= pyur + (1 = p) (y v — Tl) [~ nyax

+(1-p)? f 7 — ) Mia(d(y. )

2
- /eVCZ“—”M],](d(x,y)),
)/ZUZ
op2=p(l—p)—(1— p)z(y - —1> /(eyCZ(x) —1)dx
T

2
- / O M (d(x, y)),

where

4y*? 4y3v
(@) ;:erCz@( f{ T )+ 1>,

3y3v2 2
Vvl_ yv1C1(Z) )
T T

$(2) = eVC2(2)<

The formula for o0 7 remains true without assumption (5.8).

PROOF. We have Pyo(to. 1) = 1, Po1(to, 1) = —=2t1, Poa(to, 1) = —to +
%t%, P1’1(l‘1) =1, P1,2(¢1) = —t1, and Pz’z(l‘l) = 1. Moreover, we have Py(tg,
n) =ty + %tlz and Pi(t;) = t1. Using (6.2), Theorem 5.2 and Lemma 5.6, we
obtain

v
poo—eyvz(VWLynl), po1=e"yvy, po2=e""?—1,

P11 =)/2/€VC2(Y_Z)C1()7—Z)Ml,z(d(L y))+erVCZ(y_Z)Ml,l(d(y,Z)),
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pla=Y / eVCZ(y*Z)MLz(d(y, Z)), 022 = f(eVC2(x) _ 1) dx.

The result follows by substituting these expressions into Theorem 6.1. [

The proof of Theorem 6.1 also yields the following nonasymptotic result for
which definition (5.2) should be recalled. The case d = 2 is further discussed in
Appendix B of [13].

THEOREM 6.4. Assume that the typical grain is isotropic and that (2.5) holds.
Let WeK¥andi, je{0,...,d}. Then

Cov(Vi(ZNW), Vi(ZNW))
d d
=(1=p2> Y Pikvisee s Y0a—) P (), o yva—) pra(W).
k=i I=j

7. The spherical Boolean model. In this section, we show how some of the
formulas of Section 6 can be used to determine explicitly the covariances of a
stationary and isotropic Boolean model whose typical grain is the unit ball B¢. In
this particular case, we get from Corollary 6.2 that

0d—1.4= (1~ P)2V|:_Ud—l f(eycd(x) —1)dx

1
+ E/sd—l /Bd e Cdtx=) dy?—ld_l(dx)},

where Cy(x) = Vd(Bd N (B? + x)) and H/ denotes the Jj-dimensional Hausdorff
measure. Clearly, Cy(1) := V(B4 N (B + tv)), for t > 0 and v € S, is inde-
pendent of the choice of the unit vector v and

1 d—1
C_‘d(t):2/cd_1/ V1 —u?
gd=1)/2
— J1— 0,2].
F((d+1)/2),//2 “ rel0.2

Introducing polar coordinates, we get

2
Fy(y) :=v4-1 /(e”cd(x) —1)dx =v4_1 de/ (e7Cd D — 1)1y
0

=:v4-1fa(y),

where vy_1 = dk/2. On the other hand, for an arbitrary unit vector v € S?~!, by
the rotation invariance of B¢ we get

1
Ga(y):= —/ / eV Cat=y) dy?-[d_l(dx) =v4_1 / e?Cav=0) gy,
2 Jsd-1 Jpd Bd
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0.57“ ) \

-0.55 \y//

We parameterize y in the form

y=(0—-nv+J1—0—-0)2sw, t€[0,2],s€[0,1],wevinsi!

and hence we obtain

2 1 B
Gu(y) = varr@= Do [ [ explyCaly/@ =17 +12=1)5?)

x s/t =0 dsdi
=:1v4-184(Y).

Therefore, we have

od—1.4= (1= p)yva_1(—fay) +ga(¥)),

which shows that the sign of the covariance o4_1 4 is completely determined by
the sign of the function g4 — fy.

It is preferable to plot the covariances as functions of the intensity. Here, we get

0d-1.4(y) =ye M vy_1(ga(y) — fa(y)).

Figure 1 shows the result for various dimensions.
Next, we determine the correlation coefficient Cory—; 4(y), as a function of the
intensity y . For this, we also have to determine explicitly o4 4 and 64—1,4—1, which
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requires some further calculations. First, we have
oa == p? [0 = 1)dx = 1= p)faly).
hence /64,4 = (1 — p)s/fa(y); second,
0d—1,d-1= (1 — p)2yz[(vd—1)2fd(y)
+/e”c"(x7y)cd—1(x —VIMa-1.4(d(y, x))
— 2u4-1 /eycd(x_y)Mdfl,d(d(y’ x))
+ % /eycd(x_Y)Md—l,d—l(d(xs y))]

Since C;_1(x) depends only on || x ||, we denote it by Ca—1(llx]). For 0 < ||x|| <2,
we then get

_ 1 B _ 1 1 d-3
Car(Ilxl)) = H (ST N (BT +x)) = 5(d = Dra ” H/2\/1—s2 ds.
X

Let v € SY~! be fixed. Then, arguing as in the derivation of (7.1), we obtain
/eycd(x_y)cd—l(x —YMg_1,4(d(y,x))
=v4_1 / e’ G, (x —v)dx
Bd
20t d—1
=vd_1(d—1)/<d_1/0 ./O N Vi@2—1)

x exp(yCa(y/ 2 — 12 +1(2 = 1)s?))

x Ca1(y @ =02+ 12 —1)s2) dsd
=:1vg-1(d — Dkg—1ha(y).
Furthermore, we have

Ka)?
2

d
2041 / eV CITI My a(d(x, ) = 2(va—1)’ga(y) = ( 2a(¥).

Finally, since

1 _ -
Ma—1,a-1 zz_l/gd—l /Sd_l 1{(y,2) € JH @ H! " (d2),
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we get (with an arbitrary unit vector vg)

f e CaI Dy a1 (d(x, y))

d
Kd /d 2/ exp y(:d(vo — [cosBug +Sln9v])) sin?=26 doHI~ 2( )
S H d

_ dmd — Dka_s

1 /0 sin? 20 exp(y C4(v/2(1 — cos 0))) df
= w /02 V(2 — s)d_3 exp(yCa(v2Q2 —s)))ds

. drq(d — Dka—

2 ka(y).
Hence, we have
Od—1,d—1 dkg (d d)2 drg(d — Dkg—1
m:< ) fa(y) — gd(J/)-l-fhd()/)
— Dky—
4 drg(d — Dkg lkd()/)-

4y
This finally implies that

Corg—1,4(y)

= (d%(gd()/) - fd()/)))

(%) - e

dicg(d — Dkg— dig(d — kg1 12
+—————ha(y) + —kd()/)) )
2 4y
From these considerations, we also deduce the plausible fact that
(1/2)dxgka

11m Corg—1,4(y) =lim

70 [y [ CatrydxJ(1/7)(dka/2)?

which is confirmed by our numerical calculations. Plots of Corg_j 4(-) for d =
2,...,6 are shown in Figure 2.

In a similar way, the formulas from Corollary 6.3 can be specified in the case
of a planar Boolean model with the unit circle as deterministic typical grain. Then
we have

=1,

x(ry) =430 (4 C (r) =y +1) and

7 y) =y’ OO By =260y — 1),



SECOND-ORDER PROPERTIES OF BOOLEAN MODELS

- 3

o.si \

0.6 ‘\':l
0.4 ]“
0] [
o k
-02 H
04 H
e |0

0.8 \\\

FI1G. 2. Cory_y 4(y) ford=2,..., 6.

and, for instance,

o0.0(y) =1 =2p)(1 —p)y + (1 —p)2p —3)y’n
+ (1= p)?y*(1—7y) fo(y)

2 rl
+(1—p)227r/0 /0 x(J@ =02 +1@ 12, y) i@ 1) dsd

ys -
+(1 —p)2y347'[f exp(y C2(/2(1 — cos(1)))) dt,
0
where p = p(y) =1 — e~ "7. Moreover,

001(y) = (1= p)y7 + (1 — p)*y*n(l —wy) o(y)

2 1
—I—(l—p)227'rf0 /0 )Z(\/(Z—t)2+t(2—t)s2,y)\/t(Z—t)dsdt
—(1—p)’y*2m /0 " exply Ca(/2(1 — cos(n)) .

002(y) =p( —p)— (1 = p)*y(1 —my) o(y) — (1 — p)*2y mga(y),
022(7) = (1= p)fHr(y).

The variances and covariances as well as the correlation functions for the planar
case are plotted in Figures 3 and 4.
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3 4
Y
sigma 00 -~~~ sigma 01 — — sigma 11
—-— sigma 02 — - sigma 22

FI1G. 3. Variances/covariances for d =2.

corr 01 -~ corr 02 |

FI1G. 4. Correlation functions for d = 2.
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8. Normal approximation via the Malliavin—Stein method. In this section,
we prepare the central limit theorems for geometric functionals of a Boolean model
by proving a general result on the normal approximation of Poisson functionals.
Our approach is based on recent findings in [23, 25] and uses similar arguments as
in [28].

Throughout this section, let n be a Poisson process on a measurable space
(X, X) with a o-finite intensity measure A; see [14], Chapter 12. Consider a
[—o0, oo]-valued random variable F' such that P(|F| < o00) =1 and F = f(n)
P-a.s. for some measurable f:N — R. Any such f is called a representative of
the Poisson functional F.If f is a (fixed) representative of F, we define

D)’Cl1 5, L @), neN, xy,...,x; €X,

..........

where D" is the nth iterated difference operator used in Section 3. If f is another
representative of F, then the multivariaze Mecke equation (see, e.g., [15], (2.10))
implies that Dy, f(n) = Dy, f(n) P-as. and for A"-a.e. (x1,...,x,) €
X", Let L% denote the space of all Poisson functionals F such that EF? < oo. For
Fe L% we define f, : X" — R by

.....

1
fa(x1, ..o x0) = HEDQI """" o F-
It was shown in [15], Theorem 1.1, that f,, belongs to the space L?(A") of A"-
almost everywhere symmetric functions on X" that are square-integrable with re-
spect to A"*. Now the Fock space representation (see [15], Theorem 1.1) tells us
that

o
(8.1) Var F =Y n!|| fullz,

n=1

where | - ||, denotes the norm in L2(\"). Moreover, it is known from [15], Theo-
rem 1.3, that F has the representation

(8.2) F=EF+ ) L(fa).

n=1

where [, (-) stands for the nth multiple Wiener—It6 integral, and the right-hand side
converges in L2(P). The identity (8.2) is called Wiener-Itd chaos expansion of
F. The multiple Wiener—It6 integrals are defined for square integrable symmetric
functions and are orthogonal in the sense that

n’<f9g>na n:m’

B1,() (o) = | ) e

for f € L?(A”), gE L?(k’”), and n, m € N, where (-, -),, denotes the scalar product
in LZ(\").
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If the condition

(8.3) > nnlll fully < 00

n=1

is satisfied, the difference operator (3.6) has the representation

o0
(8.4) DyF =Y nl_1(fu(x."))

n=1
P-a.s. for A-a.e. x € X (see, e.g., [15], Theorem 3.3). From now on, we write
FedomDif F e L% satisfies (8.3). The Ornstein—Uhlenbeck generator associates
with any Poisson functional F € L% such that >0 | nn|| fn ||,% < 0o the random
variable

LF ==Y nly(f,
n=1

and its pseudo-inverse is given by

o0

1
(8.5) L'F==-%" —1u(f)

n=1

for F e L%. These operators together with the difference operator and the Sko-
rohod integral, which is not used in this paper, are called Malliavin operators.
Combining (8.4) and (8.5), we see that

(8.6) DyL7'F ==L (fu(x.")

n=l1

P-a.s. for A-a.e. x € X. More details on the Wiener-Itd chaos expansion and the
Malliavin operators can be found in [15] and the references therein. In [23, 25],
the Malliavin operators and Stein’s method are combined to derive bounds for the
normal approximation of Poisson functionals. In the following, we evaluate bounds
obtained by this technique, which is called the Malliavin—Stein method.

To measure the distance between two real-valued random variables Y|, Y, we
use the Wasserstein distance that is given by

dw(Y1,Y2) = sup |Eh(Y1) —Er(Y2)|.
heLip(1)

Here, Lip(1) stands for the set of all functions 4 : R — R with a Lipschitz constant
less than or equal to one. For two m-dimensional random vectors Y1, Y2, we define

d3(Y1, Y2) = sup|Eh(Y)) — Eh(Y2)|,
heH
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where H is the set of all three times continuously differentiable functions 4 : R —

R such that
2 33h
(x)

0x; dx; dxg

(x)

max  sup

<1 and max sup
i,j=1,.com ycRm

i, k=1,....m y cRm

<1

3)6,' ij

Convergence in the Wasserstein distance or in the d3-distance implies convergence
in distribution.

In the following, we establish an upper bound for the ds-distance between
a Gaussian random vector and a random vector F = (F(D, ..., F/) of Pois-
son functionals F(V, ... Fm ¢ L%. Each of these components has a Wiener—It6
chaos expansion

00
FO _gr® Z In(fn(k))

n=1

with fn(k) € Lf,()»”), n € N. We also state a bound for the Wasserstein distance be-
tween the normalization of a Poisson functional F' and a standard Gaussian random
variable.

We need to introduce some notation. Consider functions g;:X"!" — R and
g2:X" — R, where ny,ny € N. The tensor product g; ® g2 is the function
on X" which maps each (x1,...,%Xp4n,) 0 g1(X1, ..., Xn,)82(Xn 41, -+,
Xn,4n,). This definition can be iterated in the obvious way. Fix two integers
i, j > 1 and consider functions f:X! — R and g:X/ — R. Let o be a partition
of I;j :={1,...,2i +2j} and let |o| be the number of blocks (i.e., the disjoint
sets constituting the partition) of o. The function (f ® f ® g ® g)o : XI°l - R
is defined by replacing all variables whose indices belong to the same block of
o by a new common variable. Let 7 = {/J1, ..., J4} be the partition of /;; into
the sets Jy :={1,...,i}, Lh:={i+1,...,2i}, 3 :={2i +1,...,2i + j}, and
Jy:={2i+j+1,...,2i +2j}. Let I1;; be the set 0~f all partitions o of /;; such
that [J NJ'| <1 forall J €w and all J' € 0. By II;; we denote the set of all
partitions o € I1;; such that:

G {1,2i+1}L,{i+1,2i+j+1}ecor{l,i+1,2i4+1,2i+j+ 1} €0;
(i1) each block of o has at least two elements;
(iii) for every partition of {1, 2, 3,4} in two disjoint nonempty sets M1, M,
there are u € My, v € M; such that J, and J, are both intersected by one block
ofo.

Let ﬁf}) (resp., ﬁl(jz-)) be the set of all partitions o € ﬁij such that {1,2i + 1}, {i +
1,2i+j+1}eo (resp. {1,i +1,2i +1,2i 4+ j + 1} € 0). In the terminology of
diagram formulae as it is used in [24], Chapter 4, condition (iii) means that 7 and
o generate a “connected diagram.”

Now we are able to state the main result of this section.
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THEOREM 8.1. Assume that F® ¢ L% and

(8.7) /|(f,.(k) ® P oo rh),ldn! <
forall o € 115, i,j €N, and k,1 € {1,...,m}. Further, assume that there are
a > 0and b > 1 such that
ab'ti
= @22
for all o € I'Iij, i,jeN,and k,l €{l,...,m}. Let F:=(FV ..., F™) and

let N be a centered Gaussian random vector with a given positive semidefinite
covariance matrix (0k | )k.i=1,...m- Lhen

.....

(8.8) f’ Yo P e e ), |d <

m
d3(F —EF,N) < % 3" Jors — Cov(F®, FO)|
k,i=1

( L m Z‘/W>213/2 22117/2Ll/114j‘\/_
i=1

In the univariate case, we have the following result for the Wasserstein distance.

COROLLARY 8.2. Let F € L% be such that Var F > 0 and the assump-
tions (8.7) and (8.8) are satisfied and let N be a standard Gaussian random vari-

able. Then
dW(F_EF,N)§215/2§:i”/2 .bl va_
~/ Var F = li/14]! Var F

We prepare the proof of Theorem 8.1 by two lemmas and a proposition.

LEMMA 8.3. Leti,jeN, f e L%()»i), g€ L%(}\,j), and assume that

_/|(f®f®g®g)a|d)»|"|<oo, GEH,'J'.

Then
Var<f Lioi(f(z ) j—1(g(z, ')))»(dZ))
(8.9)
= > /(f®f®g®g)gdx""
aeI‘I(l)
E f Lim1(f )2 11 (820 ))Pdz)
(8.10)

Z [eresea an

efi®
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PROOF. Combining the formulas
2
2( [ (7@ (g i)

- / f EL (£ ) -1 (£ ) 180 ) -1(8z ) (dy)A(dz)

and

e i
@1 Ef Ii_l(f<z,-))Ij_l(g<z,-))x<dz)={(()’ Hbehe oy

with Theorem 3.1 in [16] (see also [24], Corollary 7.2 and [32], Proposition 3.1)
proves the first equation. The second identity is a consequence of

E [ 1m1(f GV (8 0) 22 = [ Bloi(£G ) o186, 0) 4d2)
and, again, Theorem 3.1 in [16]. [

PROPOSITION 8.4. Let F(V, ... Fm ¢ L% be such that (8.7) holds. Let F :=

(FD ..., F™) and let N be a centered Gaussian random vector with a given
positive semidefinite covariance matrix (0k [k i=1,...m- Then
d;(F —EF,N)
Z |Ukl — COV( F® F(Z))|
2 k,l=1
(8.12) o,
m m
—+ — VVar F
n=1
I k k D i
XZ Zl] Z / f()®fl-()®fj( ®f]~())a|d)\|(’|.
k,=1i,j=1 gen”
PROOF. To avoid convergence issues, we start by proving (8.12) for Fy :=
(Fs(l), cee, Fs(m)) with the truncated Poisson functionals Fs(l) = EF® 4+
Z:l In(fn(l)), [ e€f{l,...,m}, for a fixed s € N. By construction, we have

FY. ... F'™ ¢ dom D. From [25], Theorem 4.2, it is known that

2
> (ak,l— / DZFS(k)(—DZL—lFs(l))k(dz)>

k,l=1

m 2 m
/ (Z DZF;")\) > DL FP|w(d2).
k=1

=1

d3(Fs — IEFS,N)<—J
(8.13)

~ |
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We bound the two summands on the above right-hand side separately. For the first
one, we have

m 2
J 3 E(okJ —/DZFS(k)(—DZL—lFs(l))k(dz)>
k,l=1

NE

=

<]E<ak,1 — Cov(F®, FD) 4 Cov(F®, FD)

k=1

2\ 1/2
—/DZFS(")(—DZL_IFs(l))k(dz)> )

=
k

NAE

(o = Cov(r. F)
1

2
+/E<COV(F§"),F§”) —/DZFS(k)(—DZL—lFs(l))k(dz)> )

Put g,(ll)(z) = I,,_l(fn(l)(z, -)). From (8.4), (8.6), the covariance version of (8.1)
[see (3.7)] and (8.11), we obtain that

2
ag! = E( / D.F®(=D.L" ' FO)a(dz) — Cov(F®), F.§”)>

N

N s 5
= E(/ Zig,-(k)(Z) Z gﬁ!)(z))\(dz) — Z”!<f,,(k), fn(l))n)
=l j=1

n=l1

= Var( Z i/gi(k)(Z)gﬁl)(Z))u(dZ)).

i j=1

Note that the right-hand side is well defined since (8.7) and Lemma 8.3 ensure that
each of the summands is square integrable.

Since /Var(Y; + Y>) < 4/VarY; + /VarY, for random variables Y;, Y, we
obtain

al < Y Var< / gl-(k)(z)g}”(z)k(dz))

i,j=1

< XS: iJ > /|(f,.(") ® oo f),lduel,

i,j=1 o€llj;

where we have applied (8.9) in Lemma 8.3 to get the final inequality.
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By Jensen’s inequality and the definitions of the Malliavin operators, we obtain
for the second summand in (8.13) that

m m

2
/E<Z|DZF;’<>|> > ID.L7' FP|a(dz)

k=1 =1

m
<my /E(DZF;’<>)2|DZL—1Fs<”|)\(dz)
k,I=1

my 3 ijfE|g}’<>(z)1|g§")(z)|1DZL—‘F;1>|Mdz)

<
ki=1i,j=1
m S
<my 3 ij\/ / Eg,?k)(z)2g§."’(z)2x(dz)\/ / E(D.L~' F{")a(dz).
ki=1i,j=1

Combining (8.6) and (8.11) with (8.1), we get
s
fE(DZL’l FOVudn) =S =D fP]2 < Var FO.
n=1

Now (8.10) in Lemma 8.3 completes the proof of (8.12) for F. By the triangle
inequality for the d3-distance and [16], Lemma 5.5, we have that

d3(F —EF,N) <d3(F —EF, F; — EFy) + d3(F; — EF;, N)

< m\/EIIF —EF |2 +E|F - IEFS||2\/E||F — Fy||?
+ d3(EY - ]EES‘a N)’

where || - || stands for the Euclidean norm in R™. Since Fs(l) — FO in L% as
s — 00, the first summand vanishes as s — oco. Applying (8.12) to the second
summand and letting s — oo completes the proof. [

LEMMA 8.5. For any integersi, j > 1,
(N2 Y% max{i + 1, j + 1311
[max{i, j}/71!

T ;1 <

PROOF. For a fixed partition o € ﬁ,-j, let ky, withu,ve{l,2,3,4}andu < v
be the number of blocks A € o such that |[ANJ,|=|ANJy/]=1and AN (J, U
Jy) = A. We define k4, for u, v, w € {1, 2, 3,4} with u < v < w and k234 in the

same way. For a p~ossible combination of fixed numbers k7, ..., k1234 the number
of partitions o € I1;; having this form is less than
D22 o @Gy’

ki2tk13'k14'ko3koatksalkios k124 k134 ko3a k234! — [max{i, j}/77!
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To get this inequality, we have used the fact that
k12 + ki3 + k14 + k123 + k124 + k134 + k1234 = 1,

whence one of the factors in the denominator is at least [i /77]. For a similar reason,
there must be a factor in the denominator that is at least [ j/7].

Moreover, there are less than max{i + 1, j 4+ 1}!! possible choices for k12, . .
k1234, which completes the proof. [l

L]

Note that we have not used the first and the third condition of the definition
of I1;; in the proof of Lemma 8.5, whence the inequality even holds for a larger
class of partitions. Now we are prepared for the proofs of Theorem 8.1 and Corol-
lary 8.2.

PROOF OF THEOREM 8.1. We aim at applying Proposition 8.4. Combining
Lemma 8.5 and assumption (8.8), we get

> iJJ > 160 e 10 e 10 1), ] due

i,j=1 ael:[,-_,-

00 : 1" lllbi+j
SZU max{i + 1, j + 1} a

2 max{i, j}/71!

A straightforward computation and the inequality ~/m! > |m/2]! for m € N show
that

i s maxti 1+ B, T 2 max(i, j}11biti

J — = P
st rmax(i, j}/71! SV Tmax(i, j)/71!
00 i
<213/22i'7/2b—
- = [i/14]!

where the right-hand side converges. Thus, Theorem 8.1 is a consequence of
Proposition 8.4. [

PROOF OF COROLLARY 8.2. We define the truncated Poisson functional
Fy:=EF + Y _, I,(fy) for s € N. By the triangle inequality for the Wasser-
stein distance and combining the definition of the Wasserstein distance with the
Cauchy—Schwarz inequality, we obtain that

d (F—EF N)<d (F—EF FS—EFS>+d (FS—EFS N)
v JVarF’ =W JVarF ' «/Var F v VarF '

E(F — Fy)? F, —EF;
SRR (BB )
Var F Var F




SECOND-ORDER PROPERTIES OF BOOLEAN MODELS 121

Here, the first summand vanishes as s — oo since Fy — F in L% as s — 0o. For
the second term, we know from [23], Theorem 3.1, that

d (Fs EF; N)
v «/VarF’

Var F' — Var F, 1 2
= VarF -+ VaIF/E(VarFs —szFs(—DZLlFS)A(dz))

—— | B(D.Fy)!|D.L Fy|r(d

+ v | EORT [1(d2).

Now we can use the same arguments as in the proofs of Proposition 8.4 and The-
orem 8.1. [

9. Central limit theorems for geometric functionals. In the following, we
use the general normal approximation results of the previous section to derive cen-
tral limit theorems for geometric functionals of the Boolean model (1.1). We es-
tablish central limit theorems under the minimal moment assumption (2.5), but we
need a stronger moment assumption in order to derive rates of convergence. For the
Berry-Esseen bounds, we assume that the typical grain Z; of the Boolean model
satisfies the moment assumption

9.1) EV;(Zo)**¢ < o0, iel0,...,d),

for a fixed € € (0, 1]. This allows us to state central limit theorems with rates of
convergence depending on €.

THEOREM 9.1. Let V,..., ¥, be geometric functionals on R and let
V= (Y1, ..., ¥m). Assume that (2.5) is satisfied and let N be an m-dimensional

centered Gaussian random vector with covariance matrix (o, v, )k,i=1,...m given
by (3.3). Then

ﬁ(wz AW)—EW(ZNW) -5 N asr(W) > .
d

If (9.1) is satisfied, there is a constant cy,
& such that

9.2)

v depending on Yy, ..., Yy, A, and

.....

CYiym
W(ZNW)—E¥(ZNW)), ) %

1
daf ————
3<¢Vd(W)(
for W e K¢ with r(W) > 1.

REMARK 9.2. We will see in the proof of Theorem 9.1 that the translation

invariance of i1, ..., ¥, is only used to ensure the existence of an asymptotic
covariance matrix. Hence, such a multivariate central limit theorem still holds for
functionals 1, ..., ¥, which are not translation invariant if we can establish the

existence of an asymptotic covariance matrix. In this case, the rate of convergence
depends on the rate of convergence for the covariances.
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In the univariate case, we can rescale by the square root of the variance, whence
the existence of the asymptotic variance is not necessary. Thus, translation invari-
ance of the functional is not required. We only need to assume that the variance
does not degenerate as (W) — oo, which, for instance, holds under the conditions
of Section 4.

THEOREM 9.3. Assume that (2.5) is satisfied and let \r be an additive, locally
bounded and measurable functional on R4 with constants ro > 1 and og > 0 such
that

Vary(ZNW) -
Va(W)

for W e K4 with r(W) > ro. Denote by N a standard Gaussian random variable.
Then

(9.3) 00

W(ZﬂW)—El//(ZﬂW)i)N asr(W) — oo
VVary (ZNW) ’

If (9.1) is satisfied, there is a constant cy, depending on \, A, 0, ro, and & such
that

V(ZNAW)—Ey(ZNW) cy
9.4) dW( Nar g (ZAW) ; N) = Vy (W)min(e/2.1/2)

for W € K¢ with r(W) > ry.

REMARK 9.4. Together with the well-known fact that the Kolmogorov dis-
tance to a standard Gaussian random variable is always bounded by the square root
of the Wasserstein distance to a standard Gaussian random variable (see Proposi-
tion 1.2 in [29], e.g.), it follows from (9.4) that

Y(ZNW)—Ey(ZNW) B J
jlel% P( Vary (ZNW) = x) PN =x)| = V (W)minle/4,1/4]

for W € K¢ with r(W) > ro. However, this approach leads to a weaker rate of
convergence than for the Wasserstein distance, which might be suboptimal since
for many central limit theorems one has the same rate for both distances.

REMARK 9.5. By replacing in (9.4) the volume of W by the volume of its
inball, we obtain a rate of order r(W)~Minted/2.d/2} Comparing (9.2) and (9.4),
we see that for e = 1 and d > 3 the rate of convergence in the multivariate case is
weaker than in the univariate case. This is caused by the slow rate of convergence
in Theorem 3.1 since we need to bound

< Cov(yn(ZN W), yi(ZNW))

o —
kJXZ:l Y, Vi Vd (W)
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in order to apply Theorem 8.1. In the univariate analogue, which is Corollary 8.2,
we normalize with the exact variance and do not have such a term. If we replace the
Gaussian random vector N by a centered Gaussian random vector N (W), having
the covariance matrix of V;(W)~Y2W(Z N W), the sum above vanishes and we
obtain

1 Cwl ~~~~~ I//m
which is the same rate as in the univariate case.
For k,l € {1, ..., m}, we obtain by choosing g(x) = xxx;/2 as a test function in

the definition of the ds-distance that

1
d3| —— (VY ZNW)—E¥(ZNW)),N
3( — = (WZN W) —ENZNW) )
1 ’ Cov(yu(Z N W), ¥1(Z A W)
Z 5O :
> Va(W)

Hence, Proposition 3.8 shows that the rate in (9.2) is optimal for e =1 and d > 2.

We organize the proofs of Theorems 9.1 and 9.3 such that we first impose the
moment assumption (9.1) and establish (9.2) and (9.4). In a second step, we prove
that convergence in distribution is still obtained (without convergence rates) under
the weaker moment assumption (2.5).

PROOF OF (9.2) IN THEOREM 9.1 UNDER ASSUMPTION (9.1). From now
on, we write

(=1t
SO KD = KN N K O W)
for Ki,...,Kie K% 1<k<m,andi> 1.1Itis a direct consequence of (3.8) that

fi(k) is the ith kernel of the Wiener—It6 chaos expansion of the Poisson functional
Y (ZNW).
The integrability condition (8.7) is satisfied since the kernels are bounded
by (3.9) for every W € K¢ and the measure of the grains hitting W is also finite.
In the sequel, we check assumption (8.8) for the cases o € ﬁg}) and o €
l:Il(JZ-) separately. We start with the first case. Let k,/ € {1,...,m} and o € ﬁ;}).
From (3.9) in Lemma 3.3, it follows that

(k) (k) 0} 0
[1° 0 10 @ 10 1), aa

2 4 d
swfﬂZw( M KnﬂW>A'“'(d(K1~--’Kol))

N2( N2
(l‘) (.]‘) p=]r=0 }’lENp(O')
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with nonempty sets N,(o) C {1,...,]ol}, p=1,...,4, depending on o. Every
ne{l,...,|o|} is contained in at least two of these sets. By removing the index
n from the sets until it occurs only in one set, we increase the integral and can

use Lemma 3.5 to integrate over K,. Due to the special structure of o € l:[l(}), we
obtain by iterating this step and using the abbreviation

d
hw(A) =) V,(ANW)
r=0

that
[150 @ 1P 0 1 ® £),|ant
_ BUBWD) 113
(2(j!)?
x / hw (K)hw (K1 0 K2)hw (K2 0 K3)hw (K3)A3(d(K 1, K2, K3))
BYOBWD? 11— 2
:W(xl | 3/</hW(K1)hW(K1 ﬂKz)A(dK1)> AdK>).

For a fixed K, € K¢, Lemma 3.4 implies the second inequality in

/ hw (KDhw (K1 0 K2) AWK

d d
< VE[Z Vi (Zo) / Y Vi((Zo+x)NK2N W) dx}
s=0

r=0

d 29 d
<@+ I)VﬂlE[(Z vr(zo)) ] D V(KN W).
r=0 s=0
Putting ¢7 := (d + l)y,BlE[(ZfZO V,(Z))*] and applying Lemma 3.4 again, we
get

2
/ ( [ w0 Kz)A(dKl)) AWK

d 2
< c%/<z V(K20 W)) A(dK>)

r=0

d d
< yC%E[Z Vi (Zo) / > Vi((Zo+x)NW) dx:|
r=0 s=0

d 29 4 d
<d+ lwlc%E[(Z Vr<zo>> } D Ve(W)=cg ) V(W)
r=0

s=0 r=0
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with c¢g := c%. Finally, since |o| <i + j foro € ﬁ,-j we have

2
(169 108 10 © 1), |dnle! < SELILGD)

d
133N V(W)

(D22 =~
9.5) L
a bl+]

St N

N2
with @) := max <t 1<m @ s (BWR)BW))? Xi—y V+ (W) and by := max{e, 1}. It
follows from Lemma 3.7 that there is a constant cg depending on V1, ..., ¥y, and
A such that
9.6) a @

<
Va(W)2 = Vg(W)
for W € K¢ with r(W) > 1.

Foro € ﬁfzj), we obtain from (3.9) in Lemmas 3.3 and 3.5 as above that

/|(fi(k) ® f® ®f,~(” ®fj(l))g|dA\0|
BWOBWD? 1511
=T age /

A further application of Lemma 3.4 yields the second inequality in

d 4
/(Z V(K1 N W)) A(dK))

r=0

d 4
> Vi(Kin W)) A(dKY).
r=0

d 3 .4
< )/IE[(Z min{V,(Zp), Vr(W)}) /Z Vs((Zo+x)NW) dx:|
s=0

r=0

d 3.4 d
<@+ 1>ymE[(Z min{V,(Zo), vr<W>}) > Vs(Zo)] > Vu(W).
r=0

s=0 u=0
Consequently, we have

©.7) /}(f-(k) R P ® P ") |dalo! < _aby”
. i i J J /o — (i!)z(j!)z

with

2
ay =(d + Dypi 1<nkla)<( M

[<m o

d 3.4 d
x E[(Z min{V,(Zo), vr<W)}) > Vs(Zo)] > Vu(W)
s=0 u=0

r=0
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and b, = max{«, 1}. Since

3.4

1 d
WE[(Z min{V;(Zo), vr(W>}) > Vs(Zo)}

r=0 s=0

d
Vu(W)
0

u=

d 3.4 -\ d

Vi(Z0)* Vs(W)' ™} V(W)

SE[(ZVr(Zo)) y2 VT |57 ),
r=0 s=0 a(W) u=0 a(W)

Lemma 3.7 and the moment assumption (9.1) imply that there is a constant cqg

depending on ¥y, ..., ¥, A, and & such that, for W € K4 with r(W)=>1,

a
Va(W)2 = Vag(W)e'

If we rescale the Poisson functionals by Va(W)~1/2(9.5) and (9.7) imply
that (8.8) holds with a = max{al,ag}Vd(W)_2 and b = max{by, b2}. By (9.6)
and (9.8), a is of the order V(W)= ™M1} Now (9.2) is a consequence of Theo-
rems 3.1 and 8.1. [

9.8)

PROOF OF (9.4) IN THEOREM 9.3 UNDER ASSUMPTION (9.1). By the same
arguments as in the previous proof and analogous choices for aj, ap, the condi-
tions of Corollary 8.2 are satisfied with a = max{ay, a»}. It follows from assump-
tion (9.3) that

a . max{ai, as} - imax{al,ag}
(Vary (ZNW))2 — (Vary (ZNW))2 ~ of  Va(W)?

for W € K¢ with r(W) > ry. Combining this with (9.6) and (9.8) completes the
proof. [

For W € K¢ with r(W) > 0, we define the set
My ={K e K*:V;(K) </Va(W), j €{0,...,d}}.

The restriction of n to My is a stationary Poisson process, which generates the
stationary Boolean model

zw= |J K.
KennNMwy

The idea of the proofs of Theorems 9.1 and 9.3 under the weaker moment as-
sumption (2.5) is to approximate the Boolean model Z by the Boolean model Z .
A similar truncation has been used in [12] to prove the central limit theorem for the
volume of a more general Boolean model based on a Poisson process of cylinders.

The restriction of n to My has the intensity yw := yP(Zyp € My) [note that
yw > 0 for r(W) sufficiently large] and its typical grain Zo w has the distribu-
tion P(Zo,w € -) :=P(Zp € - N Mwy)/P(Zo € My). For the Boolean model Zy,
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obviously all previous results hold if we replace Zy and y by Zo w and yw. But
Lemmas 3.3 and 3.5 as well as the upper bounds in the proof of Theorem 9.1 un-
der the stronger assumption (9.1) remain true for Zy if we take the same constants
as for Z, which we do in the sequel. The reason for this is that the constants do
only depend on the product of intensity and grain distribution and that the intrinsic
volumes are monotone.

The Boolean models Zyw and Z satisfy the following relation.

LEMMA 9.6. Let { be an additive, locally bounded and measurable func-
tional on R% and assume that (2.5) is satisfied. Then

E((Y(ZNW) —EY(ZNW)) — (¥ (Zw N W) — Ey(Zw N W)))?

lim _0
r(W)—oo Vd(W)
and
limsup BYEZOW) ~Ey(Z0 W2 +E@W (Zw N W) —Ey(Zy N W))?
r(W)—oo Vd(W)
< 0.

PROOF. Define, for K1, ..., K, € K9,

gn,W(Kla M) Kn)
(=D
V(W)

Further, we define

EvEZnKiNn---NK,NW)—=y(K1N---NK,NW)).

hn,W(Kla aKI’l)

(=n"
=——(Ev(ZwnKiN---NK,NW)—yY(KiN---NK,NW
! Vd(W)( W( w 1 n ) w( 1 n ))
for Ky,..., K, € My and h, w(K1,...,K,) :=0if thereisa j € {1,...,n} with

K;¢& My.
In view of Lemma 3.2 and the Fock space representation (3.7), the assertions of
this lemma are equivalent to

lim Zn'llgnw hnwl; =0 and

r(W)—>oo

9.9) o
limsup Y n!(llgn.wl? + I1anwl2) < 00

r(W)—o00,_1
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which we shall prove in the following. For n € N, we have

2
”gn,W_hn,W”n

:V///(gn,W(Kl+X,K2,---aKn)

—hyw(K14+x,Ko,..., Kn))zdxA”_l(d(Kg, .y Kp))Q(KY).

Our aim is to apply the dominated convergence theorem to the outer integral. For
any K € ICff, it follows from Lemmas 3.3, 3.4 and 3.5 similarly as in (3.20) that

/(gn,W(K1+X,K2,...,Kn)
— WK1+ x.Ka, ... K dx A" (d (Ko, ..., Ky)
= 2/f(gn,W(K1 +x, Kz,...,Kn)z +hyw (K1 +x, Ko, ..., Kn)z)dx

x A" N d(Ka, ..., Ky))

d 2 4 n—1
VitW) o
<2+ DAB) (go ( 0) 22 ValW)

The right-hand side of the previous inequality is uniformly bounded for (W) > 1
because of Lemma 3.7. Moreover, the sum over n is integrable with respect to
K1 due to (2.5). Thus, limit and summation in the first sum in (9.9) can be inter-

changed. By the same arguments, the second inequality above yields the second
formula in (9.9).

Next, we show that, for any K € Iij,

tim [ (nw (Ki 43, Koo Ka) = o (K1 45, Ky K

( r(W)—>oo

x A" N d(Ky, ..., Ky)) =0,

For Ky, ..., K, € My, we have
gl’l,W(Klv R K}’l) _hn,W(Klv RN Kn)
1 D"
=— E[y(ZNKiN---NK,NW)
'V Va(W)
— Vv ZwNKiN---NK, NW)].

Letus denote by Z1, ..., Zng, y the grains of 7 that intersect K1 N W and are not

in My . Then Nk, nw follows a Poisson distribution with mean A({K ¢ My : K N
KiNnW#g}.Since ZNK 1 NW=(Zw U Z; U".UZN[(I(']W)OKI NW, it
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follows from the inclusion—exclusion formula that

W(EZNKiN---NK,NW) =y (ZwNKiN---NK,NW)|

< > ‘w(zwmﬂzjmKlm---mKan)‘
)

@#JC{I,...,NKIQW jeJ

+ > 'w(ﬂzmmm---mmmw)’.

o#JC{l,...Ng,aw}  jed

Recall the definitions of the constants ¢y, ¢ and ¢4 from Section 3. Denoting by
Pw the distribution of the restriction of n to My, we obtain by (3.11) and the
monotonicity of the intrinsic volumes that

/‘w(zw) N Z;NKiN---NK,N W)‘IP’W(dM)

jeJ

d
fclM(w)Zw<ﬂ ZjﬂKlﬂ---ﬂKnﬂW>

i=0 jeJ

d
<caM®@) Y Vi(Kin---NK,NW).
i=0

Applying (3.15) and the monotonicity of the intrinsic volumes yields

‘w(ﬂzjme---mKanN

jeJ

d
562C4M(¢)2Vi<ﬂ Z,-me---mK,,mW>
i=0 jed

d
<caM@) ) ViKin---NK,NW).
i=0

Since the restrictions of n to My and to its complement are stochastically inde-
pendent, altogether we have that, for K, ..., K,, € My,

|gn,W(K11 DR K}’l) _hn,W(K17 ey Kl’l)|

(c1 + c2c)d) M(W) - n d
< E[27VKinw 1 ViicKin---NK,NW
V(W) [ ]l; (K1 )

pW) <
< Ve PP (KD) = D) ViK1 00 K W)
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with pw (K1) = A(K & Mw: K N Ky # @} and B(¥) = (c1 + coca) M ().
If there isa j € {1,...,n} such that K; ¢ My, we have g, w — hy.w = gn,w»
and it follows from Lemma 3.3 that

d

B)
lgnw(Ki,...,Ky)| < WZV(Km “NK,NW).

For a fixed K € ICg and r (W) sufficiently large such that K| € My, we have
that

2
//(gn,mlq+x,Kz,...,Kn)—hn,w<K1+x,Kz,...,Kn)) dx

x A" N d(Ka, ..., Kyp))

2 d 2
//((nvl)gz(g)(w) (Z Vk (K1 +x)NK,N---NK, N W))

x (exp(pw (K1) = 1)°

2 d 2
%(ka (Ki+x)NK>N-- ﬂK,,ﬂW))

X il{Ki ¢ MW}> dx

i=2
x A" N d(Ka, ..., Kyp))

_bW’@+npem! 1
B (n)? Va(W)

d d 2
x Z v,-(W><Z vmm) (exp(pw(KD) — 1)

ﬂ(lﬁ) (d+Dpa" = 1
(n!)? Va(W)

4 2
x Yy V,-(W)(Z Vr(K1)> (n — D pw(Ky),

i=0 r=0

where we have used Lemmas 3.4 and 3.5.

Then Lemma 3.7 and pw (K1) — 0 as r(W) — oo show that the right-hand side
vanishes for r(W) — oo. This proves (9.10) so that the dominated convergence
theorem yields the first formula in (9.9), which completes the proof. [
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PROOF OF THEOREM 9.1 UNDER ASSUMPTION (2.5). The triangle inequal-
ity for the ds-distance yields

1
_
v Va(W)

(9.11)
(U(Zw N W) —EW(Zy N W)))

1

In the sequel, we show that both terms on the right-hand side of (9.11) vanish as
r(W) — oo. By [16], Lemma 5.5, the first expression is bounded by

m(E|W(ZNW) —EW(ZNW)|*/Va(W)
+ W (Zw N W) —Ew(Zw N W)/ Va(W)) 2
x (E|w(ZNW)—-E¥(ZNW)
—W(Zy W) +EW(Zy 0 W)|*/Va(W)' 2,

where || - || stands for the Euclidean norm in R™. Since, by Lemma 9.6, the first fac-
tor is bounded and the second factor vanishes as (W) — oo, the first expression
on the right-hand side of (9.11) vanishes as r (W) — oo.

By applying Theorem 8.1 to the vector W(Zw N W) of Poisson functionals
depending on the restriction of 1 to My, we shall prove that

1
9.12)  lim d (;
@12 gim S\ Aron

Theorem 8.1 yields this without a rate of convergence if

. Cov(Y (Zw N W), Yu(Zw N W))
(9.13) lim
r(W)—oo Vd(W)

for k,l € {1,...,m} and if (8.8) holds with a fixed » > 1 and a > 0 depending on
W such that a tends to zero as r (W) — oo.

Condition (9.13) is satisfied because of Lemma 9.6 and Theorem 3.1. Inequal-
ities (9.5) and (9.7) also hold for the Boolean model Zy with the same ay, by, by
as in the proof of (9.2) under assumption (9.1) and

(W(Zw N W) —EW(Zy N W)), N) =0.

= Oy, ¢y

N (BWRBWD) yw
ap =c11 max
1<k,l<m o
d 3.4 d
x IE|:<Z min{V, (Zo.w), V,(W)}) > Vs(Zo,W):| Y V(W)
r=0 s=0 u=0
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with c11 := (d + 1)B;. This is the case since the derivations of (9.5) and (9.7)
require only finite second moments and we can use the constants related to
Z as discussed before Lemma 9.6. Consequently, (8.8) is satisfied with a =
max{ai, az}/ V4 (W)? and b = max{b;, b>}. Since (9.6) only requires that the sec-
ond moments, which are contained in cg, are finite, we obtain that a;/ Va(W)2
tends to zero as r(W) — 0o. On the other hand, lim,w)— o0 a2/ Va(W)2 =0 is
equivalent to

d 3.4
(Z min{V, (Zo,w), Vr(W)}) Z Vs(ZO,W):| =0.

r=0 s=0
The expression in the limit can be rewritten as

9.14 lim E
G149 r(W)—)ooyW |:Vd(W)

3.4

1 d
y/Vd(W) (gmln{vr(K)’Vr(W)}) Y Vs(K)UK € My}Q(dK).

s=0
For K € ICg N My, we have V,.(K) < /Vg(W) for r € {0, ..., d} and, therefore,
3.4
1

d
Va(W) (Z min{V; (K), Vr(W)}> 3" ViKUK € My)

r=0 s=0

d 2
<@+ 1)2<Z Vr(K)) :

r=0

which is independent of W and integrable with respect to Q. For any fixed K € IC;’
the left-hand side vanishes as r (W) — oo so that the dominated convergence theo-
rem implies (9.14), and hence a tends to zero as (W) — oo. Finally, Theorem 8.1
yields (9.12), which completes the proof of Theorem 9.1. [

REMARK 9.7. As discussed in Remark 9.5, (9.2) still holds if we replace the
centered Gaussian random vector N with the asymptotic covariance matrix by a
centered Gaussian random vector N (W) with the exact covariance matrix. This
can be done even if the functionals are not translation invariant since in this case
we do not need Theorem 3.1. The second part of the proof of Theorem 9.1 still
holds because (9.13) is not required in this situation. This means that under condi-

tion (2.5) for additive, locally bounded and measurable functionals ¥rq, ..., ¥,
1
lim d <7 Y(ZNW)—E¥v(ZNW)),N W):O.
olim & (s (VZ W)~ EVZ O W), NW)

PROOF OF THEOREM 9.3 UNDER ASSUMPTION (2.5). Form =1 and a cen-
tered Gaussian random variable N (W) with variance Vary (Z N W)/ Vy(W), the
previous remark implies that

_ V(ZNW) —Ey(ZNW) B
(9.15) r(vlvl)rgoodg( N ,N(W)) =0.
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It follows from the definition of the d3-distance that for random vectors Y1, Y> and
any ¢ > 0,

d3(cY1, cYa) < max{l, c}’ds(Y1, V2).

With cw := /Vg(W)//Varyy(ZN W) and a standard Gaussian random vari-
able NV, this yields
(W(ZOW)—EI//(ZDW) )
d3 ’ N
Vary (ZNW)
Y(ZNW) —Ey(ZNW)
V' Va(W)

Since cw is bounded by assumption (9.3), (9.15) completes the proof. [

< max{l, cW}3d3( ,N(W)).

REMARK 9.8. In Theorem 9.3, it is possible to weaken the assumption that
the Poisson process is stationary. In the proof, we only need to find upper bounds
for the kernels and some integrals. This is, for instance, still possible if the intensity
measure is of the form

A(-)=f KK +xe-}f(x)dxQdK)

with a nonnegative bounded function f:R? — R. Now we always get upper
bounds if we replace this intensity measure by the measure in (2.1) with y =

Sup, g | f ()] < 00,

For the multivariate central limit, this argument does not work in general since
its proof makes use of Theorem 3.1, which depends on the translation invariance
of the intensity measure. But if one can prove by other methods the existence
of an asymptotic covariance matrix, it is still possible to weaken the stationarity
assumption as described above.
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