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Abstract

The concept of splitting tessellations and splitting tessellation processes in spherical
spaces of dimension d > 2 is introduced. Expectations, variances and covariances of
spherical curvature measures induced by a splitting tessellation are studied using
tools from spherical integral geometry. Also the spherical pair-correlation function
of the (d — 1)-dimensional Hausdorff measure is computed explicitly and compared
to its analogue for Poisson great hypersphere tessellations. Finally, the typical cell
distribution and the distribution of the typical spherical maximal face of any dimension
k € {1,...,d — 1} are expressed as mixtures of the related distributions of Poisson
great hypersphere tessellations. This in turn is used to determine the expected length
and the precise birth time distribution of the typical maximal spherical segment of a
splitting tessellation.
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1 Introduction

Random tessellations are among the central topics considered in stochastic geometry
and constitute a key model for numerous applications, see [9, 49] as well as the refer-
ences cited therein. While random tessellations in Euclidean spaces have been explored
in great detail, their non-Euclidean counterparts are much less intensively studied in the
literature. On the other hand, in recent years non-Euclidean models in stochastic geome-
try have attracted increasing attention, in particular in random geometric structures on
manifolds, see e.g. [3, 5, 6, 12, 17, 18, 19, 28, 29, 30, 31, 41, 42]. More specifically, the
papers [6, 28, 29] deal with spherical convex hulls, [5, 19] are concerned with spherical
convex hulls of random points on half-spheres, the work [41] considers central limit
theorems for point process statistics of point processes on manifolds, [42] is devoted to
the study of random systems on Cayley graphs, and [30, 31] explores geometric aspects
of random fields on the sphere. Further results for tessellations of the d-dimensional unit
sphere by great hyperspheres have been obtained in [3] and, more recently, in [17, 18],
which generalize at the same time some mean value computations for tessellations
generated by great circles on the 2-dimensional sphere $2 in [34]. On the other hand,
in [8] an analysis of Voronoi tessellations in rather general Riemannian manifolds is
initiated. Various other recent contributions combine spherical (or conical) integral
geometry and probabilistic reasoning (see, for instance, [1, 16, 32]) or contribute to
point processes [36] and statistics in spherical space [27, 37].

In the recent paper [12] a new tessellation model of the two-dimensional unit sphere
has been introduced. It arises as the result of a recursive cell splitting scheme and
can be regarded as the spherical analogue of the STIT-tessellation model that has been
studied intensively in Euclidean stochastic geometry in the last decade. While the work
[12] focuses on the isotropic two-dimensional case and on metric and combinatorial
parameters of individual cells, the present paper has a much broader scope and deals
with so-called splitting tessellations in higher dimensional spherical spaces and with
more general direction distributions. Our focus lies on first- and second-order properties
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of cumulative functionals that are induced by the family of spherical curvature measures.
In addition, we shall describe precise distributions such as the one of the typical cell and
the typical maximal spherical segment.

Let us briefly indicate the random recursive construction of the splitting tessellation
Y; in the d-dimensional unit sphere $?. The random construction starts with $¢ as
the unique cell. After an exponential waiting time with parameter 1 a random great
hypersphere with distribution « divides $¢ into two cells. Now, this branching mechanism
continues recursively and independently in both newly created cells. Let us describe
this cell splitting scheme more formally:

1. Initiation At time zero we put Y := {$?}, 70 := 0, and we set a counter n to be equal
to 1. (More generally, we may start with an arbitrary fixed tessellation Yy = T of
$9).

2. Recursion Suppose that the counter is n > 1 and that a random time 7,,_; and a
random tessellation Y, . have been realized. Generate a random time 7,, such that

n—1
the holding time 7,, — 7,1 has the same distribution as miﬂcerfl FE. with inde-
pendent exponentially distributed random variables E. with parameter x($4_1[c]),
which in turn has the same distribution as an exponential random variable with
parameter ZcEYT",l k(84-1[c]). Here we write $;_1[c] for the set of all great hyper-
spheres hitting the interior of ¢ and hence the parameter x($;_1[c]) is equal to the
probability that a random great hypersphere with distribution « hits the interior of

the cell c.

Ifr, <t, we

- randomly pick a cell ¢, € Y, ,, where each cell ¢ € Y, _, available at time
Tn—1 is selected with probability x(Sa—1[c])/ > . cy.  #(Sa-1[c]),
Tn—1

- choose a great hypersphere S;, with distribution

K(Sq—1[cn] N +)
K(Sa—1len])

- put
YTn = ®(Cn7 S’IHYTn—l) )

that is, the cell ¢, is split by S,, into two subcells, all other cells remain
unchanged,
- increase the counter n by one and repeat the recursion step.

If 7, > t, output the random tessellation Y,

n—1"°

As a consequence of the probabilistic construction, the cells behave independently of
each other, a cell ¢ has an exponentially distributed lifetime with parameter «($;—1]c])
and finally is split into two parts by a random great hypersphere with distribution
k(Sa—1[c] N -)/k(Sa-1]c]), as described above. In Euclidean space, a corresponding
dynamic description, in a bounded observation window, has been the starting point for
various investigations of stationary iteration stable (STIT) or more general branching
random tessellations. We refer to [15] for a detailed analysis of a more general model in
Euclidean space (see, in particular, [15, Example 2.9]). For the present contribution, the
framework and the main foundational results of [15] can be adjusted to $¢, in particular,
the observation window in the Euclidean case can be replaced by the whole space $¢ and
the steering division kernel (cf. [15, Definition 2.6]) is chosen as the map which assigns
to a tessellation 7' of $¢ and a cell ¢ € T the restriction of x to $,_1[c|. Moreover, we also
take advantage of another description of the continuous time evolution of the random
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tessellation Y; for ¢ > 0, in terms of martingale properties of the piecewise constant
Markov jump process defined by (¥;):>o and taking values in the space of tessellations
of the d-dimensional unit sphere. The connection between the dynamic description given
above and the characterization via its generator is studied in detail in [15] and will be
summarized in Section 2.3.

Let us briefly present a rough overview of the content of this paper. We start in
Sections 2.1 and 2.2 by recalling some background material from spherical geometry and
spherical integral geometry. Tessellations on the sphere are introduced in Section 2.3,
where we also formally define the splitting tessellation process by its generator and by
using the general theory of pure jump Markov processes. Our key technical devices are
the content of Section 2.4. Here, we construct several classes of martingales connected
to the splitting tessellation process. A first application of the theory developed there is
the computation of the capacity functional of the random set arising as the union of the
cell boundaries of a splitting tessellation Y; in Section 3. The capacity functional is one of
the most important characteristics associated with a random set. We also use martingale
methods and tools from spherical integral geometry, most notably the valuation property
and the spherical Crofton formula, to compute the expected sum over all (localized)
spherical curvature measures in Section 4. These first-order characteristics are used
throughout the present work.

Spherical integral-geometric transformation formulas are developed in Section 5.1
and combined in Section 5.2 with further martingale tools to determine second-order
properties of splitting tessellations. In particular, the variance of the total (d — 1)-
dimensional Hausdorff measure of the union of all cell boundaries of cells of Y; is
computed explicitly. Moreover, in Section 5.3 we determine the covariance structure
of all spherical curvature measures and provide fully explicit formulas for isotropic
splitting tessellations on the 2-dimensional unit sphere. One further second-order
parameter that might be associated with a random measure on $¢ is its spherical pair-
correlation function. We formally introduce this concept in Section 5.4 using Palm
calculus for random measures on homogeneous spaces. A comparison of the second-
order parameters of a splitting tessellation on $¢ with the corresponding parameters of
a Poisson great hypersphere tessellation is the content of Section 6. For the study of the
pair-correlation function, we mainly focus on the case of isotropic splitting tessellations,
which arise precisely if x is rotation invariant, but we also provide general formulas. In
particular, we compute the pair-correlation function of the (d — 1)-dimensional Hausdorff
measure of the union of the cell boundaries.

The final Section 7 is devoted to distributional properties of the cells and the so-called
maximal spherical faces of a splitting tessellation. Again, no isotropy assumption is
required. As a technical tool we introduce in Section 7.1 a continuous-time dynamic
version of Poisson great hypersphere tessellations on $¢, again by using the general
theory of Markov jump processes. This point of view is used in Section 7.2 to establish
first a relationship between the cell intensity measure of a splitting tessellation and
that of a Poisson great hypersphere tessellation. Furthermore, this result is used to
express the intensity measure of the maximal spherical k-dimensional faces of a splitting
tessellation at time ¢ > 0 as a mixture of intensity measures of spherical k-dimensional
faces of Poisson great hypersphere tessellations up to time ¢. This crucial representation
is the key tool in Section 7.3, which leads to a representation of the distribution of the
typical maximal spherical k-dimensional face of a splitting tessellation Y; as a mixture
of the corresponding distributions of typical spherical k-dimensional faces in Poisson
great hypersphere tessellations at time s € (0,¢). Finally, this allows us to determine
precisely the expected length as well as the birth time distribution of the typical maximal
spherical segment of a splitting tessellation on $¢.
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Whenever possible we compare the results we obtain on the sphere with those for
STIT-tessellations in R that are available in the literature. This makes transparent in
which situations the results in the curved space $¢ are similar to corresponding results in
the flat case R? and allows us to highlight where significant differences can be observed.
Most of our results can be stated for general (regular) great hypersphere distributions
x, but we always highlight the case of isotropic splitting tessellations, which arises
precisely when « is rotation invariant, and we specialize to the case of $? to illustrate
more general results.

2 Preliminaries

The study of random tessellations requires a number of results and tools from
stochastic geometry, including point processes of particles, random closed sets, and
general methods from the theory of stochastic processes. In this section, we recall or
introduce the relevant concepts and explain what is needed from spherical convexity
and integral geometry.

2.1 Basic notions from spherical geometry

We fix d > 2 and consider the d-dimensional unit sphere
§¢ .= {x e R . |jz| = 1} c R4,

where || - || stands for the usual Euclidean norm in R%*!. The origin in R+ is denoted
by 0. On $¢ we use the spherical (geodesic) distance £(z,y) := arccos({(x,y)), for z,y € $¢,
where we write (z,y) for the Euclidean scalar product of vectors x and y. As usual, we
denote the induced Borel o-field by B($S?). For s > 0 we write H* for the s-dimensional
Hausdorff measure (normalized as in [14, p. 171]) and put

d+1

2m 2

Ba ::Hd(Sd):F(L;l).

By a spherically convex set we understand the intersection of $¢ with a non-empty
Euclidean convex cone in R4t!. Let IK? denote the collection of all non-empty, compact,
spherically convex sets of $¢, whose elements are called spherically convex bodies. We
equip IK? with the (spherical) Hausdorff distance and write B(IK?) for the induced Borel
o-field. Note that the induced topology on K¢ is the same as the subspace topology
induced by the Fell topology (see [49, Section 12.2]) on the space ]-'(Sd) of closed subsets
of $¢. Thus K% is a compact topological space with countable base. These statements
can be proved as in the Euclidean setting (cf. [49, Sections 12.2 and 12.3]). For K € KA
we define the dual (polar) set K* of K by K* := {x € 8 : {(z,K) > 7/2}, where
l(z, K) := min{l(z,y) : y € K} is the spherical distance from z to K (see [49, Chapter
6.5] and [18] for background information and further references).

Next we introduce a particular class of spherically convex sets. A spherical polytope
is defined as the intersection of $¢ with a Euclidean polyhedral cone in R¢*!. The latter
is defined as the intersection of finitely many closed half-spaces in R%*! that contain the
origin in their boundaries. It is convenient for our purposes to consider also the space
R%*! as a (degenerate) Euclidean polyhedral cone arising from an empty intersection of
half-spaces. This way $¢, closed half-spheres, and also k-dimensional subspheres (see
the next paragraph) become (degenerate) spherical polytopes. By P¢ ¢ IK? we denote
the space of spherical polytopes and equip P¢ with the trace o-field B(IP¢) of B(K%) on
P¢. In what follows, we shall call the d-dimensional elements of P¢ cells. For a spherical
polytope ¢ € P4, which arises as the intersection of $¢ with a Euclidean polyhedral cone
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¢, we say that a subset F' C cis a j-face of c if F' is obtained as the intersection of ¢ with
a (j + 1)-dimensional Euclidean face of the polyhedral cone ¢, j € {0, ...,d}. By Fj(c) we
denote the collection of all j-faces of c.

By a subsphere of $¢ of dimension k € {0,...,d — 1} we understand the intersection
of $¢ with a (k 4 1)-dimensional linear subspace of R%*!. We denote by S, the space of
all k-dimensional subspheres of $¢, which is equipped with the subspace topology and
the induced Borel o-field B(S;). We also put $; := {$?}. Together with the action of the
rotation group SO(d + 1) on 3, the space $; becomes a compact homogeneous space
and as such it carries a unique Haar probability measure, which is denoted by v;. For
example, the measure v,;_1 has the representation

q= L wtnsd e ) Hd(du
Va1 )*/Bd/Sdl( NSt e )" (du).

From now on we call elements of $,_; great hyperspheres of $¢. For a set B C $¢, let us
denote by

Sdfl[B] = {S €8s 1:5N int(B) #* @}
the set of all great hyperspheres of $¢ which have non-empty intersection with the
interior int(B) of B (here the interior refers to the topology of $%).

Definition 2.1. A Borel measure x on $,_; is called regular if K({S € $4-1:e€ 5}) =0
for e € $4.

Clearly, v4_1 and any measure which is absolutely continuous with respect to v4_; is
regular. The assertion of the following lemma will be used repeatedly. For S € $;_1 we
denote by S*, 5~ the two closed half-spheres bounded by S. Since we shall always work
with statements symmetric in S, S~, we do not have to specify this further.

Lemma 2.2. If x is a regular Borel measure on 3,1 and c € P9, then
K({S€S4_1:(SNec#D,ccSt)or(SNnec#0,ccS7)}) =0.

This remains true for an arbitrary compact set C C $% in place of c if k is absolutely
continuous with respect tovy_1.

Proof. First, suppose that ¢ € P¢. For each face F of ¢, we choose a point c in the
relative interior of F. If S € $,;_; satisfies SN c # 0 and S Nint(c) = (), then there is a
face F of ¢ (with dim(F) < d — 1)) such that ¢ € S. Since F has only finitely many faces,
k is subadditive and regular, that is, x({S € S4—1 : cr € S}) = 0, the assertion follows.

Now let C' C $¢ be an arbitrary compact set. If SNC # @ and C C ST orif SNC # ()
and C' C S-, then C := conv({o} U C) (the Euclidean convex hull of C' and the origin)
intersects the linear hull lin(S) of S in a non-degenerate segment and lin(.S) supports C.
Let U C R%! be an arbitrary fixed d-dimensional linear subspace. Then [48, Corollary
2.3.11] implies that

vi-1({S €84-1: (SNC#0,CCST)or (SNC#£0,CCS7)})
< v({o € SO(d +1) : oU supports C in a non-degenerate segment}) = 0.

This also proves the assertion if x is absolutely continuous with respect to v4_1. O

For a regular Borel measure x on $,;_1, there is a uniquely determined symmetric
Borel measure x° on $¢ such that

n(-):/$d1(uLm$de ) Kk (du) (2.1)

and x° is regular in the sense that x°(et N $?) = 0 for e € $2. If A C $¢ is a symmetric
Borel set, then x°(A4) = x({S € S4_1 : St N A # 0}). Conversely, any regular Borel
measure x° on $¢ leads to a regular Borel measure « on $,4_; via (2.1).
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2.2 FElements of spherical integral geometry

Let K € K¢ be a non-empty spherically convex set and fix 0 < r < 7/2. By K, we
denote the spherical r-parallel set of K, that is,

K.={zxe8: (z,K)<r}.

The spherical version of Steiner’s formula [49, Theorem 6.5.1] says that #%(K,. \ K) can
be expressed as

d—1 r
HYKNK) = BiBa—j1 Vi(K) / (cost) (sint)4 71 dt.
0

Jj=0

The coefficients Vy(K), ..., Va_1(K) are the spherical intrinsic volumes of K. In addition,
we put V;(@) := 0 for i € {0,...,d — 1}. It is often convenient to extend this list of
functionals by putting V;(K) := H?(K)/B4. The spherical intrinsic volumes are additive,
rotation invariant, continuous with respect to the Hausdorff distance and bounded by 1.
For a spherical polytope ¢ € P4, the intrinsic volumes have the explicit representation

1

Vj(c):g
I F

S oAF M (F),  jed0,....d-1},

€Fj(c)

where v(F, c) is the external angle of c at F. In terms of the polar body c¢* € P? of ¢ and
the set N(c, F) := {y € ¢* : (x,y) = 0} with an arbitrary point = in the relative interior of
F, v(F,c) can be written as

V(F,c) = %H(i—l-ﬁw(c, F).
d—1—j

For later purposes, we need the following values. First, we have
Vi(Sk) =8k, Sk €Sk, j.ke{0,...,d},

see [18, (9)] (or [49, (6.46)]). Here, J;, stands for the Kronecker symbol, which is
equal to 1 if j = k and 0 otherwise. Moreover, if K = 7y with /(x,y) < 7 is the unique
spherical segment connecting two points z,y € $¢, then we have V,(K) = 1/2 and
Vi(K) = {(x,y)/(2m), while Vo(K) = ... = V4_1(K) = 0. In particular, it should be noted
that V;(K') does not coincide with the Euler characteristic of K, which is in contrast to
the Euclidean case. By continuity, these relations extend to the case that ¢(x,y) = 7, but
then the connecting geodesic is no longer uniquely determined. Moreover, the intrinsic
volume of order d — 1 always has the representation

HIT(OK
Va-1(K) = Qﬁd(q )

where 0K denotes the boundary of K, provided that K has non-empty interior (for a d-
dimensional spherical polytope, the boundary is the union of all of its (d — 1)-dimensional
faces). If in addition S € $;_1, then

HIZYKNS)
Ba-1

We can now rephrase one of our crucial devices, namely Crofton’s formula for
spherical intrinsic volumes. For k € {0,...,d} and j € {0, ..., k}, it states that

Vaci(KNS) =

[ VK 081 d8) = Vs ().
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see [49, p. 261] (note that the case k = d is trivial).

Finally, we recall from [49, Equation (6.63)] that the invariant probability measure
of all great hyperspheres hitting a spherically convex set K € K%\ UZ:O S; can be
expressed as a sum of spherical intrinsic volumes. For this, we define

Si—1(B) :={S€84-1:SNB#0}
for a set B C $%. Then we get

=]
va-1(Sa-1(K) =2 > Von(K). (2.2)
=0

Especially for a spherical segment Ty with length ¢(z,y) < 7 we get

a1 (a1 (7)) = 2A(77) = ~l(z,y). (2.3)

In the following, we also consider local extensions of the spherical intrinsic volumes.
To introduce these, for K € K¢ and = € $¢ with /(z, K) < 7/2, let p(K,z) denote the
unique point in K closest to z. For a Borel set A C $¢ and 0 < r < 7/2, let

K. (A)={zx e K,\K:p(K,z) € A}

be the local parallel set of K determined by A and r. Then [49, Theorem 6.5.1] yields
that

d—1 .
HUK(A) =D BiBa-j-1 65(K, A)/o (cost) (sint)?=7 =1 dt,

j=0
where

1 ,

¢ (K, A) = 7 > A(F KM (F N A)

! FeF;(K)

if K € P is a spherical polytope. In particular, we have
HILK
pa-1(K, ) =~ (2.4)
Ba—1

if K € K¢ with K c S for some S € $;_,. Here and in what follows, H* ! K =
H?=1(- N K) stands for the restriction of the measure #?~! to K. (The symbol L is
generally used to denote the restriction of a measure to a subset.) Again we define
¢;(0,A) := 0 for j € {0,...,d — 1} and ¢4(K, A) := HI(K N A)/Bq4. For each K € K¢,
q/)j(K, -) is a finite Borel measure on $¢ the jth (spherical) curvature measure of K. For
any fixed Borel set A C $¢, the map K — ¢;(K, A) is measurable and has the valuation
property, that is,

¢ (K1 UKo, A) = ¢(K1, A) + ¢ (Ko, A) — ¢ (K1 N Ko, A), (2.5)

whenever Ki, K, K1 U K2 € K¢ The measure-valued map K — ¢;(K,-) is weakly
continuous, and ¢; is rotation covariant in the sense that ¢;(VK,9A) = ¢,(K, A) for
all K € K9, A € B($%) and 9 € SO(d + 1), cf. [49, Theorem 6.5.2]. Clearly, we have
$;(K,8%) = V;(K) and

1
pa_1(K,A) = m’}{d’l(aK NA) (2.6)
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if K € K% has non-empty interior. While (2.2) does not have a local analogue, the
spherical Crofton formula extends to curvature measures in the form

< ¢j(KﬂS7AﬂS) Uk(dS) :¢d,k+j(K,A) (2.7)
k
for all K € K% Borel sets A C $¢, k € {0,...,d} and j € {0,...,k}, see [49, p. 2611].
Since gbj(K N S,-) is concentrated on K N S, the integrand in (2.7) can be replaced by
¢;(K NS, A) without changing the integral.

We point out that for all formulas (with the exception of (2.2)) in this section, there
exist Euclidean counterparts involving different normalizations and in the case of the
Crofton formula a motion invariant measure which is infinite.

2.3 Spherical tessellations and spherical splitting tessellations

Spherical tessellations partition the unit sphere into finitely many non-overlapping d-
dimensional spherically convex bodies. As in the Euclidean setting, these are necessarily
spherical polytopes. For this reason, in the following definition we can equivalently
consider finite collections of spherically convex bodies or spherical polytopes (which will
be called cells in the sequel).

Definition 2.3. By a tessellation 7" of $¢ we understand a finite collection 7' C P? of
d-dimensional spherical polytopes such that

(i) U{c:ceT} =54,
(ii) any two elements of 7" have disjoint interiors.

The set of all tessellations of $¢ is denoted by T¢.

We now introduce a o-field on T¢. Recall that £ = K¢ is a compact Hausdorff space
with countable base. Let .#;(E) denote the set of simple counting measures on F, and
let ,%f(E) denote the set of locally finite (hence finite) subsets of £. We can identify
these spaces via the map i, : A(E) = Fi5(F), n — is(n) = supp(n), where supp(u)
denotes the support of a measure p. On %;;(E) we have the subspace topology 7;; of
the Fell topology on F(E), and on .#;(E) we consider the vague topology 7,4, that is, the
coarsest topology such that all evaluation maps 7 — |  gdn are continuous, whenever
g : E — R is a non-negative continuous function. Let us recall from [10, p. 23] that by a
Borel space we understand a topological space which is homeomorphic to a Borel subset
of a complete separable metric space.

Lemma 2.4. Let B;; and B,,, denote the o-fields generated by T,y and 7,4, respectively.
Then B,, = i; ' (B;s) and is(B,,) = Bis. In particular, the o-fields induced on T? by the
vague topology and by the Fell topology coincide, and T¢ is a Borel space.

Proof. The Portmanteau theorem for vague convergence implies that i, is continuous.
Hence, i3 '(T¢) C Togy. It is easy to see that this inclusion is strict (think, for example, of
two sequences of distinct points (2, )nen and (y,)new Which converge to the same limit
point € E and the sets {z,,y,}, which converge to the set {z} in the Fell topology,
but for which the sequence of the associated counting measures does not converge in
the vague topology). Then we deduce that i; ' (B;s) C By, and the same is true for the
induced subspace o-fields on T? and .#;(T?) := i;'(T%). On the other hand, if g : £ —
[0,00) is continuous and O C R is open, then {n € A(E) : [, gdn € O} € i;*(Biy), which
follows from [49, Lemma 3.1.4] (this remains true if g is measurable). Therefore, we
also get the reverse inclusion B,, C i;!(B;s), whence the first assertion. This equality
extends to the intersection with T? so that the second assertion also follows.

The spherical analogue of [49, Lemma 10.1.2] states that T? is a Borel subset of the
Polish space F(F) (with the Fell topology), and hence it is a Borel space. O
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In the following, it will be sufficient to know that T¢ is a Borel space. Since T¢ is a
subspace of the Polish space F(E), but not apparently a countable intersection of open
sets in F(F), it is not clear whether it is even a Polish space.

The o-field on T¢ can now be used to define a random tessellation as a measurable
map Y : Q — T? from an underlying probability space ({2, G, P) into the measurable
space (T4, B;¢) = (T%, B,,). Here and in what follows we shall assume that the probability
space (2, G, P) is rich enough to carry all the random objects we consider in this paper.

Definition 2.5. For 7 € T¢, c € P9 and S € $,_1, we define @ : P? x $,_; x T¢ — T? by
(e, 8,T) := (T \ {cHhU{cnST,enS~} eT?,

if c€ T and S € $4_1]c], where S* are the two closed half-spheres determined by S, and
otherwise we define ©(¢, S, T) :=T.

In other words, if c € T and S € $4_1[c] then @(c, S,T) is the tessellation arising from
T when the cell ¢ is split by the great hypersphere S.

Lemma 2.6. The map © : P4 x $;_1 x T¢ — T¢ is Borel measurable (with respect to the
induced subspace topologies).

Proof. To verify this in detail, the following observations are useful. First, the set
{(c,T) € P? x T¢: c € T} is measurable. This follows from the preceding identification
and from the general fact that {(x,n) € E x A4(E) : n({z}) > 0} is measurable. To see
this, we use n({z}) = [, 1(z = y)n(dy) and that (z,n) — [, f(z,y)n(dy) is measurable
for measurable functions f : E? — [0, 00], since this is true for measurable functions
of the form f(z,y) = h(x)g(y). On this measurable set, the map (¢,T) — T \ {c} is
measurable, since the corresponding map (z,n) — 1 — J. is measurable (J. denotes the
point mass located at ¢). Next we observe that the set {(c, S) € K¢ x$4_; : int(c)NS # (0}
is open (with respect to the corresponding subspace topologies) and hence measurable.
Then, on this set, the map K x $; 1 — A4(E), (K,S) — dxng+ + Oxns-, is measurable
(here one can use [49, Theorem 12.2.6 (a)]). O

The cell-splitting operation can be used to define a spherical splitting tessellation
as a continuous time pure jump Markov process in the space T via its generator. This
point of view had previously been adopted in [15, 50, 51, 52, 53, 54], in a Euclidean
space. For a general introduction to (time-homogeneous, pure) jump processes, we
refer to [7, Chapter 15], [10], [20, Chapter 12], [25, p. 19, Chapter 2.5], or to the
lecture notes [13, Chapter 4]. In these texts, for instance, the existence (by explicit
construction) [7, Chapter 15, Section 6] and uniqueness [7, Proposition 15.38] of pure
jump processes with a given generator are established. Moreover, in [15] the explicit
form of the generator and the distribution of the splitting tessellation up to time ¢ are
derived from the algorithmic construction which is determined by a steering division
kernel (see Remark 2.8 below). These arguments transfer to the spherical setting without
any changes (in fact, there is no need to use a bounded observation window). In our
applications, we shall exclusively consider time-homogeneous and non-explosive pure
jump processes.

Definition 2.7. Let x be a regular probability measure on $,;_1. By the splitting process
(Y)1>0 with initial tessellation Y; := {$?} and direction distribution x we understand the
continuous time pure jump Markov process on T¢ whose generator A is given by

(ANT) =3 / [f(2(c.5.T)) - (T)] (dS), TeT,
ceT /Sa-1le]

where f : TY — R is bounded and measurable. For ¢t > 0 we call Y; a splitting tessellation
with time parameter ¢.
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Figure 1: Illustration of a splitting tessellation.

Here and in the following, the underlying direction distribution « on $4_; will always
be clear from the context. For this reason we do not indicate the dependence of the
splitting process or its generator on x in our notation.

Remark 2.8. Similarly as above one can define a splitting process (Yt(T))tZa withY, =T
and a > 0, where T € T¢ is an arbitrary (fixed) initial tessellation and the starting time
is a. In most cases we shall work with 7' = {$¢} and a = 0 in this paper, which was
the motivation in Definition 2.7. However, the generalization to arbitrary (fixed) initial
tessellations is needed in Section 3. There we shall also use an explicit description of
the distribution of a splitting tessellation process over a time interval [a, b] starting with
an initial tessellation T" at time a.

To describe this distribution, we adjust the formalism introduced in [15] for so-called
branching random tessellations and define, for T € T%, a measure ¢(T; -) on P? x §;_;
by

O(T; )= 6. @ KiSa[c],

ceT

where we recall that x.54_1[c|] stands for the restriction of « to the set $,_1]c|. The total
mass of this measure is denoted by ¢(T) := ¢(T;P? x S4_1). For T, € T4, 0 < a < b,
neElN,a=s <8 <...<5,<b co...,cn € P4 and Sy € $4_1]co,---, 9 € Sa_1[cn],
we denote by D(T,; [a,b]; (s;,¢;,Sj)o<j<n) the space of cadlag functions (TSJT"))UE[M,]
on T? (that is, (TgT”))ue[a’b} is a T9-valued function on [a,}] that is right-continuous
and with left limits) such that T,(IT“) =T, u+> T&T“) is piecewise constant with jumps

only at times s1,...,s, so that Tg“) = @(cj_l,Sj_l,Tgf)l) for some c¢j_; € Tgi)l and
Sij_1 € Sq-1[cj_1], for j = 1,...,n, where so = a. This notation allows us to translate

especially [15, Equation (4.2)] to the present (spherical) framework, which for the
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splitting process (YifT“))ue[(L?b] with initial tessellation T, says that

P((Ys"™ uclap) € -) Z / / ds dan/ng 1) d(ejo1, 55-1))

{a 50<51<...<sp<b}

— (T (Ta) qu
x e Ja 6O duy (7T, 0y € D(Tas [a, b; (55, €505 )o<j<n)
X (T ) e ap) € ©)

in order to improve the readability of the formulas here (and where appropriate) we
write [ pu(dz) f(x) instead of [ f(z) u(dx) for the integral of a function f with respect to
a measure .

As pointed out before, the equivalence of this description of the splitting process
via its explicit distribution to the description in terms of the generator of the splitting
process is shown and discussed in [15] in greater generality in Euclidean space and we
remark that all arguments can be transferred to our spherical set-up.

Recall that #;(T¢) = i;}(T¢) and put pr := i3 *(T) for T € T?. Then we can express
the generator A in the form

(AS)(T) = /S [f(@(c. 8, T)) — F(T)] per(de) n(dS)

Pd
/Pd »/Sd 1

which shows that the map 7" — (Af)(T) is measurable. Moreover, f(@(c,S,T))—f(T) =0
unless c € T and S € $4-1([c]). Writing \(T') := , for the number of cells in T
and defining the transition kernel

/]Pd A (¢, 8,T) € - w(dS) pr(de),

we obtain a probability (rate) kernel # (T, -) := X\(T) '¢(T, -) and interpret \ as an
intensity (rate) function. Then we also have A(-)(T) = ¢(T, - ) — A(T)dér, that is,

(ANT) = A = D) = XT) (e f)(T) = £(T)),

where I'f := f and (7 f)(T de m(T,dm) (with a similar notation also for ¢ and py,
below). It is important to emphasme that in the present setting the intensity function A
is unbounded.

(¢, 8,T)) = f(T)] 5(dS) pr(de),

Remark 2.9. The transition probabilities p;, of the Markov process (Y;);>0 generated
by A are related to A and ¢ by p, (T, B) = ¢(T, B)h + o(h), as h | 0, whenever B C T¢ is
measurable and such that 7' ¢ B. More generally, if T’ € T¢ and f € F,(T%) (the set of
bounded, measurable functions on T%), then (p;, f)(T) = (1—hX(T)) f(T)+h(qf)(T)+o(h),
see [13, proof of Theorem 4.3] or [7, Corollary 15.29, Proposition 15.30]. Here it is
important to note that o(h) depends on T if A is unbounded. If X is bounded, then o(h) is
independent of 7" and we obtain

I (pnf — f) — Af| =0, ash O, (2.8)

for all f € F,(T?), where || - || is the sup-norm on F;(T%). Without the assumption of
a bounded intensity function, the set of all f € ]-'b(Td) for which (2.8) holds, will be a
subset of F,(T¢) which is denoted by D(.A) and is called the domain of the generator A.
These statements hold for any jump process (X;);>o with generator £ taking values in
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- YN

eee

Figure 2: Illustration of the splitting tessellation process on $2 at different time instants.
It starts with the first split and the sphere is rotated in such a way that the first great
circle coincides with the equator.

a Borel space E. While D(A) = F,(T?) for bounded ), in our applications the intensity
function will be unbounded, and therefore we only know the inclusion D(A) C F,(T9).
This is the reason why we consider a localization with respect to the values of the
intensity function A in the following.

Remark 2.10. Splitting tessellations in Euclidean spaces have been introduced in [39],
where instead of the probability measure x on $;_1 a non-normalized measure on the
space of hyperplanes is used for splitting a chosen cell in a bounded observation window.
In the current spherical setting, rotation invariance might be considered the appropriate
substitute for the translation invariance which is usually assumed in the Euclidean
framework. However, the definition of the splitting process itself, the description in
terms of its generator and the martingale properties can be extended to arbitrary regular
probability measures x on $;_1 (instead of the rotation invariant probability measure
v4—1) without additional effort. In the following, in most cases we shall first provide
results for general direction distributions and then specialize these results further.

2.4 Awuxiliary martingales

We use the theory of Markov processes to introduce some classes of martingales
associated with the splitting process (Y;):>o which is based on a general regular direction
distribution x on $,;_1. We start with a preparatory lemma, which is taken from [10,
Proposition (14.13), p. 31] to which we also refer for the general definition of a generator
of a Markov process and its domain (see [20, Lemma 19.21] for the same result under
more restrictive assumptions on the state space and the process). The additional
assertion concerning jump processes with bounded intensity functions follows from
Remark 2.9.

Lemma 2.11. Let E be a Borel space and let (X;),;>¢ be a Markov process with values in
E and with generator £ whose domain is D(L). Further, let f € D(L). Then the random
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process .
F(X0) — F(Xo) — / (Cf)(X)ds,  t>0,

is a martingale with respect to the filtration induced by (X)¢>0. If (X¢)i>0 is a jump
process with bounded intensity function, then F,(E) = D(L).

In our first application of Lemma 2.11, the space E is the space T of tessellations of
$¢. From Lemma 2.4 we know that T? is a Borel space as a Borel subset of the Polish
space F(IK¢) with the Fell topology, but we do not know whether T¢ is also a Polish
space. In view of this, it is important that Lemma 2.11 is available for a general Borel
space F and not just for Polish spaces (which seems to be the common assumption in the
literature). Further, £ will be the generator A from Definition 2.7, and (X;);>o will be
the splitting tessellation process (Y;):>o. Since we do not know whether D(A) = F,(T%)
in this setting and since we consider functionals f = ¥, which are unbounded, some
localization seems to be unavoidable.

The next result is (for instance) an analogue to [53, Proposition 2]. We present a
detailed proof in order to fix some inaccuracies in previous proofs. In what follows, we
shall write ), ;= o(Y;: 0 < s <t), t >0, for the o-field generated by the splitting process
until time ¢, and Y := (J},)¢>0 for the corresponding filtration. We work with a general
regular direction distribution x on $;_; which determines the splitting tessellation.

Proposition 2.12. Let ¢ : PY — R be bounded and measurable, and define

Se(T) =Y ¢(c) = /]quﬁdu;p, T eT?.

ceT

Then the stochastic process

My(6) = S5(%3) — Sy (Vo) - / (AZ,)(Va)ds,  t>0,

is a martingale with respect to ).

Remark 2.13. In this paper all equalities or inequalities involving random variables
are implicitly meant to hold almost surely, referring thereby to the common underlying
probability space (€2, G, P) on which all our random objects are defined.

Proof of Proposition 2.12. To see that ¥, is measurable, we extend ¢ to K% by setting
#(c) := 0 for ¢ € K%\ P?. Then the extension remains bounded and measurable. Let
B € B(R) and observe that

{T eT?:%4(T) € B} =T ni, ({ne%(]}{d):/¢dn63}> € TN Byy.

Since ¢ is assumed to be bounded, o := sup{|¢(c)| : ¢ € P4} < co. For N € N, we
consider the truncated functional

SN(T) = (S4(T) A (Na)) V (—(Na)), TeT¢,

which is measurable and bounded. In addition to (Y;):>0, for each N € IN we introduce a
jump process (YtN )t>0 with bounded (truncated) intensity function A A N, that is, with
transition kernel ¢™(T,-) := (\(T) A N)=(T,-) and generator AY := (A A N)(r —I) =
(AN N)A"L A. The processes (Y;):>o and (Y;");>0 can be constructed on the same
probability space (see [15, Section 2], [13, Chapter 4], [20, Chapter 12]). Let Ji, k € NN,
be the time of the kth jump of (Y;),>¢ with the convention that .J; := 0. By construction
we have YN =Y, for s € [0, Jy). Let YV = (Y}));>0 denote the filtration generated by
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(YN)i>0. By Lemma 2.11, since (V,"V);>0 has a bounded intensity function and -}’ is also
bounded, the process

MY (@) = S0 Y0 - [avEeas, 120,
0

is a YN -martingale.

To relate M} (¢) to M;(¢), for t > 0, we introduce the almost surely finite random
variable

v =inf{t > 0: A\(Yz) > N}.

Then, clearly we have 7y = Jy_1. Since {ry >t} = {|[V}| < N -1} = {|[Y,N| < N -1} ¢
YN ytN , fort > 0, 7y is a stopping time wiﬂl respect to both filtrations, ) and AR
Moreover, by the optional stopping theorem, M} (¢) := MX .,(¢), for t > 0, also defines
a martingale with respect to YN (see [55, Theorem 7.1.15]).

Next, we observe that Ty At < Jy_1 < Jy and

‘E¢(YTN/\t)| < |YTN/\t|05 < NOL,

hence
Eg(yfjx/\t) = E¢(YTNAt) .
If s < 7y, then s < Jy_1 and hence |Y;| < N — 1. This yields
26(2(c, S, Y)| = [£6(2(c, 8, Y5))| < Na, S €841,

and therefore
=8 (@(e, S, YN) = S(0(c, 8, Y1), s<7N.

Moreover, for s < 7y At we have

)
W) = S /MW) / B8, ) - DY (0] #(0S) (00
= (AZ)(Ya).
Thus we obtain

MN(¢) = MY, (¢) = Mryne(9) = M7V (9),  t>0.

This shows that (M~ (¢));>o is an YV -martingale. Using that 7y is an Y~ -stopping
time and that Y = Y, for s < 7y, it is easy to check that then (M;™(¢)):>0 is also
a Y-martingale. Since 7y — o0, as N — oo, we conclude that (M;(¢)):>o0 is a local
Y-martingale with respect to the localizing sequence (7n)neN-

We next argue that the local Y-martingale (M;(¢));>¢ is in fact a (proper) martingale
by showing that it is of class DL (see [22, Definition 4.8 and Problem 5.19(i)]), that is, for
each a > 0 the family

(M. (¢) : T is a stopping time with 7 < a almost surely)
is uniformly integrable. For this it is sufficient to prove that for each a > 0,

E sup [M(¢)| < o0, (2.9)

0<t<a

since | M, (¢)| < supg<,<, |M:(¢)| almost surely for each stopping time 7 with 7 < a. To
verify (2.9) we note that, almost surely,

X6 (YD)l < afYy| < afYa|
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and, since k is a probability measure,

sy < [ Baele 5. Y2) - By s(ds)ds
0 0 ccy, /Sa-1ld

t
S/ ZSads§3aa|Ya|.
0

ceY,

During the splitting process all cells divide with a rate less than or equal to one. As a
consequence, for all ¢ > 0 the number of cells of Y, is stochastically dominated by the
number of individuals in a linear pure birth process with birth rate 1. However, the latter
random variable G, has a geometric distribution with parameter e~ %, see [43, Example
5.1.1 and Section 5.11]. Thus, we have that |Y,| < G, almost surely, which implies that
E|Y,|™ < oo for all m > 0 and a > 0 (see also [39, Lemma 1] for a similar argument in
the Euclidean case). Thus, using the triangle inequality we find that

t
E sup |Mi(0) = B sup [£4(40) - Zo(Yo) - [ (AS))(¥)ds
0<t<a 0<t<a 0
< E[o|Ys] 4+ a + 3aalYs|] < oo
This completes the argument. O

To deal below also with second-order properties of splitting tessellations, we first
note another consequence of Lemma 2.11 which can be proved in essentially the same
way.

Proposition 2.14. Let ¢; : PY — R fori € {1,2} be bounded and measurable, and define
E¢1~,¢2 (T) = E¢1 (T) E¢2 (T) ) T e .

Then the stochastic process

t
Mt(¢1a QSZ) = Z¢17¢2 (l/t) - 20517052 (1/0) - / (AE¢1,¢2)(Y;) ds, t>0,
0

is a martingale with respect to ).

Proof. The argument is analogous to the one for Proposition 2.12. Therefore we merely
point out the relevant modifications. Since ¢; is bounded, a; := sup{|¢;(c)| : ¢ € P4} < 0o
for i € {1,2}. For N € IN, we consider the truncated functional

S50 (T) = (Zgy,00(T) A (NP1a2)) V (= (N?anas)), T €T,
which is measurable and bounded. The truncated jump process (Y;");>o and related
quantities (filtrations, stopping times) are defined as before. Then

¢
MY (1, ¢2) = Eﬁ,@ YN - EQ'],@ (Y5¥) — /0 (ANEQ’I,@)(YSN) ds, t>0,

is an YV-martingale, which can be related to M;(¢1, ¢2) as in the preceding proof. When
showing that (M;(¢1, ¢2))i>0 is indeed a proper martingale (not just a local martingale),
we use that E|Y,|? < oo and the bounds

26,0, Ye)| < crao|Ye|?,  t€[0,q],

and
|2¢1,¢2(®(C, S,YS)) - E%,%(YS)' < 6a10‘2|YS| + 902,

from which we conclude that the moment condition corresponding to (2.9) is satisfied. O
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It is clear that the same approach yields corresponding martingale properties of a
variety of functionals. In order to deal also with covariances of functionals of splitting
tessellations, we next consider the family of time-augmented martingales. We write
C'([0,)) for the set of all real-valued continuously differentiable functions on [0, ),
and C¢([0,00)) € C*([0, 00)) for the subset of functions with compact support.

Lemma 2.15. Let F' be a Borel space and consider E := F' x [0,00). Let (X;);>0 be a
Markov process with values in F' and generator £ whose domain is D(L). Then the
random process ()A(t)tzo with )A(t = (Xi,t) is a Markov process in E. Its generator L is
such that

99

(Lo)(w,5) = (Lg(+,5)(@) + 7 (w.5),  (w,5) € E, (2.10)

for all functions g € D(L) ® C§([0,00)). Moreover, the stochastic process

Ni(g) == g(X¢,t) — g(Xo,0) —/0 (Lg(-,8))(Xs)+ 8—(-,s)(Xs)ds (2.11)

Os
is a martingale with respect to the filtration induced by (X;):>o for all functions g €
D(L) ® C*([0, 00)).

Proof. Since F and [0,00) are Borel spaces, F is also a Borel space. It is clear that
()A(t)tzo is a Markov process. Its generator L is given by (2.10). This can easily be
confirmed for functions g € D(£) ® CL([0,0)), using the definition (see [10, p. 28]) of
a generator (see also [10, Section (31.5)]). Finally, we apply Lemma 2.11 to ()?t)tzo to
conclude the martingale property of (Ny(g))¢>o0- O

Remark 2.16. The set D(£) ® C'([0,00)) consists of all functions on F = E x [0, 00)
which are finite linear combinations of functions (x,t) — g¢1(x)g2(t), where g1 € D(L)
and g € C'(]0,00)). A version of Lemma 2.15 for jump processes with bounded intensity
function is contained in [13, Theorem 4.4]. The state space there can be extended to a
general Borel space. Moreover, minor adjustments of the arguments there show that the
result indeed holds for all functions g which are measurable and bounded and such that

% is also bounded. However, this will not be needed in the following.

From the previous lemma we shall derive martingale properties which are adjusted
to the subsequent applications involving certain geometric functionals of the cells of the
tessellations. The following proposition is the spherical analogue of [52, Equation (7.2)].
Again we provide an argument, since previous arguments require some corrections.
Proposition 2.17. Let ¢1,¢2 : P¢ — R be bounded and measurable, let by,by €
C([0,00)), and define

\IJ¢17¢2 (T> t) = (Z¢'1 (T) —b (t))(2¢2 (T) - bQ(t)) ’ T e Tdvt > 0.

Then the random process Ny(¥4, ¢,) given by (2.11) with (X;):>o replaced by (Y:):>0
and L by A is a Y-martingale.

Proof. Note that, for T € T% and ¢t > 0,
\II¢1,¢2 (T7 t) = E¢1 (T)E¢2 (T) - Z¢1 (T)b2 (t) - Z¢2 (T)bl (t) + bl (t)bZ (t) .

Using this, the fact that linear combinations of martingales are martingales, the linearity
of the generator and Proposition 2.14, it remains to show that if ¢ : P — R is bounded
and measurable and b € C''([0, )), then

Kil(Se) 1= 0(0) = Zp(Ya)b(0) — [ (A)(V)b(s) + (V¥ () s, ¢>0,
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is a Y-martingale.

Localizing ¥4 and (Y};);>0 as in the proof of Proposition 2.12, we can apply Lemma
2.15 to the jump process (Y;");>0, N € IN, which has bounded intensity function and
hence its generator has the full domain. Proceeding further as in the proof of Proposition
2.12, we first obtain that (K;(X4)):>0 is a local martingale and then a martingale. O

The following is a special case (confer [52, Proposition 3.2] for a Euclidean counter-
part).

Corollary 2.18. Let ¢ : P? — R be bounded and measurable, let b € C'([0,00)), and
define

Uy(T,t) := (Zg(T) —b(t))?, TeTt>0.

Then the random process Ny(¥,) given by (2.11) with (X,);>¢ replaced by (Y;);>0 and L
by A is a Y-martingale.

Remark 2.19. The results presented in this section do actually not use that the splitting
tessellation process takes values in the space of tessellations of the sphere and as such
they carry over to the Euclidean set-up as well. In this form the proofs presented here
fix a number of technical inaccuracies in the earlier works [52, 53] about iteration stable
(STIT-) tessellations.

3 The capacity functional

3.1 Splitting tessellations as random closed sets

We fix ¢t > 0 and consider the splitting tessellation Y; of $¢ with time parameter ¢
which is derived from a general regular direction distribution « on $;_;. It is convenient
for us to consider the random set

Zy = U dc, (3.1)

ceY:

which consists of the union of all cell boundaries dc of cells ¢ in Y;. In particular,
Zy = ). We shall show next that Z; is a random closed subset of $¢ in the usual sense of
stochastic geometry. We recall that a random closed set in $¢ is a measurable map from
an underlying probability space (£, G, P) into the measurable space (F($?), B(F($9)))
(see [49, Definition 3.1.2]), where the Borel o-field is based on the Fell topology on F (Sd).
Moreover, we show the crucial property that Z; is isotropic if and only if x = v4_1, that
is, Z; has the same distribution as the rotated random set ¢Z; for all p € SO(d + 1), in
this case.

Lemma 3.1. For everyt > 0, Z, is a random closed set in $¢. Moreover, Z, is isotropic if
and only if k = v4_1.

Proof. By construction and by the definition of the required o-fields in Section 2.3,
we know that the map Y; : (Q,G,P) — (A:(K%),B,,) is measurable. Since the map
(K, B(K%)) — (F($%), B(F($%))), ¢ — Oc, is measurable (see [49, Theorem 12.2.6]), the
induced map 9 : (A5 (K?), Bug) = (A(F(84)), B,), . 0c = > bac, is also measurable
(recall that 4. denotes the point mass in ¢ € K<, the sum extends over a finite set
of spherically convex bodies, and B;, denotes the Borel o-field induced by the vague
topology on .4;(F($%))). This shows that d o Y; is measurable. Moreover, the union map
(A (F(81), By,) — (F(S), B(F(8)), >.p6r — Up F is measurable, where the sum
and the union extend over the same finite set of I' € f(Sd) (in fact, the proof of [49,
Theorem 3.6.2] carries over to the sphere). Composing these measurable maps yields
the assertion.
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Next, we show that Z; is isotropic if Kk = v4_1. To verify this, more generally we
prove that Y; is isotropic, which means that pY; has the same distribution as Y; for all
0 € SO(d + 1). Here, we write ¢T = {oc : ¢ € T} for the rotated tessellation 7' € T¢.
Recall the definition of the generator A of the splitting tessellation process (Y;):>o from
the previous section. For a bounded and measurable map f : T — R, the rotation
invariance of the measure v;_1 on $;_; implies that

ANED =Y [ 15l S.e1) - FeD)] vaa(dS)
ceeT Sa—1[c]
= ¢, S? T)) — T)| v -1 ds
5[ Ut senas)
= Z/ [f(@(08, 05, 0T)) — f(oT)] v4—1(dS) = (A(fo0))(T).  (3.2)
zer /Sa-1d]

On the other hand, if .42 denotes the generator of the jump process (¢Y;);>0, the
usual definition of the generator involves a uniform limit in 7" € T¢. However, for the
following analysis a pointwise limit as considered in [7, Equation (15.21)] is sufficient.
In this sense, we have

(A2)(T) = Tim 5 (BIf(25) | oY = T] - (T)

= tim 7 (BI(/ 0 )(¥) | Yo = 0™ (T)] = (f 0 )0 (7))

= (A(fe0)(e (D). (3.3)

Hence, combining (3.2) and (3.3) we conclude that (Af)(T) = (A2f)(T) for all functions
f and all T € T¢, which shows that the generators (as defined in [7]) of (Y2)i>0 and
(0Y:)1>0 coincide. The assertion now follows from [7, Proposition 15.38].

If (Z;)i>0 is derived from a splitting process with direction distribution «, then after
an exponential waiting time 7 with parameter 1, we have exactly two cells and Z,, = S
is the separating great hypersphere with direction distribution . Since by construction
and assumption Z, has a rotation invariant distribution, the assertion follows. O

Remark 3.2. If x = v4_;, then the isotropy of Z; could also be proved by using [7,
Proposition 3.39] and induction (over N). In any case, the rotation invariance of vy
and the rotation covariance of the construction are the crucial points. However, the
preceding proof more generally shows that the distribution of Y; is rotation invariant for
each t > 0 provided that kK = v4_1.

3.2 Capacity functional for connected sets

The most basic quantity associated with a random closed set is its capacity functional.
We are interested in the capacity functional of Z; defined by

T,(C):=P(Z,NC #0), CeC(8Y,

where C($) is the system of closed subsets of $¢. In other words 7;(C) is the probability
that the compact test set C' is hit by the random set Z;. We shall first compute the value
of

in the case that the set C is connected. This constitutes a direct generalization of [12,
Theorem 3.5], but some adjustments of technical details are necessary.
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In the proof of Theorem 3.5 below it will be crucial to deal with a splitting tessellation
arising as a result after time ¢ of the splitting process starting with a general initial
tessellation T € $¢, recall Remark 2.8. We denote such a tessellation by Y;(T) and by
Zt(T) the corresponding union set. Note that Z(()T) = Ueer Oc # 0 unless T' = {$¢}. As in
Lemma 3.1 one shows that Zt(T) is indeed a random closed subset of $¢ and it is clear
that Zt(T) can only be isotropic if T' = {Sd} and k = v4_1. In analogy to U; we define

v =pz"nc=0), Cec(s?h).

In particular, if T = {$}, then Yt(T) =Y, Zt(T) = Z; and Ut(T)( ) =U(+).

Theorem 3.3. Let T € T? and let C' € P? be such that C is contained in the interior of
precisely one cell of T'. Then

Ut(T)(C) =exp (= K(S4-1(C)) 1), t>0,

independently of T'. If k is absolutely continuous with respect to v4_1, then this relation
holds for all connected sets C € C($%) satisfying C C int(c) for some c € T. In particular,
if C = 7y is a spherical segment connecting x,y € $¢ with {(z,y) < 7 and 7 C int(c) for
some c € T and if Kk = v4_1, then

U (@) = exp ( - %ﬂ(x, Y) t) ~

Before presenting the details of the proof of Theorem 3.3, let us define, for fixed
T € T¢, the random variable

&= Y 1CcCe), t>0, CeC(sY, (3.4)

cEYt(T>

which takes values in INy (since we consider 7' € T¢ being fixed, we suppress the
dependency of & on T in our notation). The following fact will be needed below.

Lemma 3.4. Let « and C be as in the statement of Theorem 3.3, but C # (. Then,
P-almost surely & = l(Zt(T) NC = 0). In particular, & € {0,1} holds P-almost surely. If

& =1, then P-almost surely C' is contained in the interior of a unique cell of Yt(T).

Proof. 1f Yt(T) =T, then Zt(T) = UeerOcand & =1 = 1(Zt(T) NC = 0). So we restrict
ourselves to the cases where Yt(T) # T and therefore |Yt(T)| >|T|+1>2.

Case 1: If & > 2, then there are ¢y,co € Yt(T), c1 # co, with C C ¢1, C C ¢o, hence
C C ¢; Ncy. This implies that C ¢ Z\™). Let zo € C # 0 be arbitrarily fixed. Then we
get P(& >2) <P(z € Zt(T)). Considering the algorithmic construction of (Yt(T))tZO (or
the distributional description provided in Remark 2.8) it is clear that there is a first
instance s < ¢ for which zy € Z(ET) and zg lies on the newly introduced random separating
great hypersphere having distribution x($4_1[c] N - )/k($4-1[c]). Since & is regular, this
happens with probability zero. This shows that P(& > 2) < P(z € Zt(T)) =0, see [15,
Lemma 4.1].

Case 2: If & = 0, then Zt(T) N C # 0, since otherwise {C Nint(c) : ¢ € Yt(T)}
yields a decomposition of C into two non-empty relatively open subsets of C, which
contradicts the assumption that C' is connected. Hence, in this case we conclude that
1z ne=0)=o.

Case 3: If & = 1, then there is precisely one cell ¢ € Yt(T) such that C C ¢. If
C ¢ int(c), then there is a first instance s < ¢ such that the newly introduced random
separating great hypersphere S having distribution x(S4_1[c] N - )/k(Sq4—1[c]) at time
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s hits C, but C is not contained in one of the two open half-spheres determined by S.
By Lemma 2.2, this event has measure zero (cf. the argument in Step 1). Hence, we
conclude that C C int(c) with probability one. This finally shows that if & = 1, then
Zt(T) N C = ( is satisfied P-almost surely, and then the unique cell which contains C
already contains C in its interior.

Case 4: Conversely, if Zt(T) NC =0 (and C # 0, Yt(T) #T), then C C UceYt(T) int(c).

Since C is connected, this implies that C' C int(c) for exactly one of the cells ¢ € Yt(T), in
particular, & = 1. O

Proof of Theorem 3.3. Lett > 0 be fixed. Let T, C and x be as stated in the assumptions
of the theorem. The assertion is apparently true if C = (). Hence we assume C # () in the
following.

The map ¢ : P? — R given by ¢(c) := 1(C C ¢) for ¢ € P? is measurable and bounded.
Hence Proposition 2.12 and the fact that YO(T) = T show that the random process

PRICESPEIC)

CEYt(T) ceT

- t c + c ) —o(o)| K s
/OCEZ [ e eens) —oln@s)as, 1o,

v

is a martingale with respect to the natural filtration })” induced by the random process
(Yt(T))tzo. Let & be the INg-valued random variable defined in (3.4). Since C'is contained
in the interior of precisely one cell of the initial tessellation 7', we have that ) | __, ¢(c) = 1
almost surely and we deduce that

t
Ut(T)(C)=1+/ E ) / [1(CcenSt)+1(CcenST)
0 (T) Sa—1lc]

—1(C C ¢)] k(dS) ds.

Fix s € [0,t] and observe that if £, = 0, that is, if there is no cell ¢ € v satisfying
C C ¢, then the integrand of the inner integral is equal to zero. Lemma 3.4 then implies
that if the expression under the expectation is multiplied with &, then the expectation
does not change. Moreover, again by Lemma 3.4, if {; = 1, then almost surely there is a
unique cell ¢y € v with € ¢ int(cp). Hence, almost surely the expression under the
expectation is equal to

&y / [1(C Cen ST +1(C CensS™) —1(C C o)) #(dS)
CEYS(T) Sa—1(c]

=§s/ [1(C CegNST)+1(C CTegNS™) —1(C C o)) k(dS)
Sa—1[co]

_ ,gs/ 1(C'N S £ 0) 5(dS)
Sa—1[co]
= —k(Sa_1(O))1(ZT NC =0).

To justify the second equality, we distinguish two cases. If SN C = (), then either
C C int(ST) or C C int(S™), which yields the required equality of the integrands. On the
other hand, if SN C # 0, excluding a set of S € $4_1[co] of k-measure zero, we deduce
that C ¢ ST and C ¢ S—, by Lemma 2.2. This again yields the equality of the integrands
for k-almost all S € $;_1[co].
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So, we find that

/OE > /Sdl[c][l(ccCﬂ5+)+1(CCcﬂS_)—l(CCc)]n(dS)ds

cGYS(T)

= —k(84-1(C)) /Ot Pz NC=10)ds

r(Sar(C)) / UM (C)ds,

and hence .
UT(C) =1 — K(Sar(C)) / U™ (C) ds.
0

Together with the initial condition UO(T)(C) = P(ZST) NC = 0) = 1, this equation is easily
seen to have the unique solution

U(C) = exp (= m(Sa—1(C)) 1),

independently of T. This concludes the first and second part of the proof. The final
assertion is a direct consequence of (2.3). O

3.3 Capacity functional for sets with more than one connected component

Let us now turn to the case where the set C' has more than one connected component.
In this situation one can find a recursion formula for Ut(T)(C). Ford =2, T = {$?} and
under the assumption of isotropy, this has been shown in [12, Theorem 3.5]. A similar
proof carries over to higher dimensional spherical spaces, but we shall add a number of
details that were omitted in [12]. In particular, our proof is based on a description of the
splitting process as developed in [15] (and adjusted to the present setting in Remark 2.8)
and is different from the argument for the STIT-model in the d-dimensional Euclidean
space R? presented in [39, Lemma 4].

To state the result we need to introduce some further notation. The closed spherically
convex hull C of a set C C $? is defined as C := cl{tjc; + -+ tmem €84 :t; > 0,¢; €
C,m € IN} (which is also equal to the intersection of the closure of the convex cone
spanned by C with $%). Moreover, for two sets B;, B, C $¢ we let

Sd_1<Bl|BQ> :{SESd_liBlﬂSZQ):BQmS,Bl UBQQS#@}

be the set of great hyperspheres that separate B; and Bs. Finally, if C =C;U...UC,, €
C($) is a union of m € IN disjoint non-empty connected subsets C1,...,C,, € C($%), we
shall write II(C) for the set of all proper (unordered) partitions {P, 13} of C. That is,
{P, P} € II(C) if and only if there exists some proper subset §) # I C {1,...,m} such that
P =J,c;C;i and P= Uieqr,...mpr Ci- Let T¢ denote the set of all tessellations 7" of $¢,

where either 7' = {$¢} or each cell of T is contained in a hemisphere.

Theorem 3.5. FixT € ']I‘g and suppose that « is absolutely continuous with respect to
vq_1. Let C € C($Y) be such that, for somem € N, C = C;U...UC,, with pairwise disjoint

non-empty connected subsets C1,...,C,, € C($%). Also assume that C is contained in
the interior of a single cell of T. If m = 2 with C; = {x} and Cy = {—x}, for some z € $¢,
(T)

then U, ’(C) =1 for allt > 0. In all other cases,

— Py t 2l s
UM (C) = e B @) 3 /@(Sd_l(PIPD/ e s Sa Oy, (PYU,_,(P)ds
(PPYen(e) ’

fort > 0, independently of T.

EJP 24 (2019), paper 24. http://www.imstat.org/ejp/
Page 22/60


http://dx.doi.org/10.1214/19-EJP267
http://www.imstat.org/ejp/

Splitting tessellations in spherical spaces

Proof. We shall prove the recursion formula for Ut(T)(C) and at the same time that
Ut(T)(C) is independent of T (as long as C' is contained in the interior of a single cell of
T) by induction over the number m of connected components of C. We start with the
case that m = 2 and C' = C; U Cy with C; = {z} and Cy = {—=z} for some z € $¢. Since &
is regular, we conclude that in this case Ut(T)(O) = 1for all ¢ > 0. Next, we assume that
C is not of this particular form. Then C contains at least three points, which implies that
C is connected (since it is pathwise connected). If ¢ = 0 there is nothing to prove and so
we assume that ¢ > 0. We start by writing

vy =Pz nc =)
=Pz nC=0)+Pz" nC=0,2z" nT#0). (3.5)

Since C is compact and connected and with C also C is contained in the interior of a cell
of T', Theorem 3.3 yields that

P(Zt(T) NG = 0) = e—tn(5471<6>) ; (3.6)

which is independent of 7T'.
To compute the remaining probability in (3.5), we now use the explicit description
of the distribution of (Y,M(T“))ue[ayb] given in Remark 2.8 to determine the second term

in (3.5). For this we notice first that the event that Zt(T) NC = 0 and Zt(T) NnC # 0
can only occur if up to time ¢ there was at least one jump in the splitting process. So,
using the distributional description in Remark 2.8 with a =0, b =t and Ty = T, writing
Z(Y) := U ey Oc for the random closed set induced by a tessellation Y ¢ T, using a
decomposition according to the first time s; when the set C' gets hit by a splitting great
hypersphere, and applying Fubini’s theorem, we deduce that

Pz nc=0,2" nC +0)

_Z/dsl / / - dsi-1 H/¢ d(cj_1,8;_1)) e o' o(Xi)d

{0=sp<s1<...<s;}

x (T uepo,s) € D(T5 [0, 83]; (55, ¢4, S5)o<s<i-1)) LZ(XE )N C = 0)
x / BT 5d(ci1, 8i-1) Z(XT) 1T £0,2(0T) 1 C = 0)

X Z / / d5i+1 ...ds, H / (ﬁ(’rgf)’ d(cj7 S])) — ft 'I‘(T)
=i

- {5@<67,+1< <Sn<t}

< 12(x{")yn o =y 1((rs

)uE[s ,t] GD(T( ); [Szat] (8J7C_77S )z<]<n))~

Here, we use the convention that for i = 1 the integration over {0 = sg < 51 < ... < s8;} is
omitted and that the empty product is interpreted as 1. Similarly, if ¢ = n we understand
that the integration over {s; < s;11 < ... < s, < t} is omitted. The idea behind this
decomposition is that s; is the first time when the set C' gets hit by a splitting great
hypersphere, while the intersection with C' is still empty. This means that at time s;
the connected components of C are partitioned by the separating great hypersphere S;
according to a partition in IT(C). Thereby, the terms before the sum over n describe the
evolution of the splitting process before (the ¢ — 1 integral terms involving s1,...,5;_1)
and at time s; (the integral term in the third line), while the terms thereafter give a
description of the splitting process after time s; and up to time ¢ (the n — ¢ integral terms
involving S;41,...,5n)-
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To simplify the above expression for the probability P(Zt(T) nc =1, Zt(T) NnC #10),
we start by observing that

(Z(T(T )N C =) =1(C C c for precisely one c € T(T) -

Also note that according to the definition of the measure ¢>(T§i21; -), the integral term
describing the cell splitting at time s; can be rewritten as

[ oD, dtes ) U2 T £ 0.2(10) N C = 0)
- Z Z 1(C C int(c ))/ 1(P Cint(cn S1), P Cint(cn S7)) k(dS)
cex() {P,P}en(c) Sa-1[c]

Z 1(C C int(c)) Z K(Sa—1(P|P)),

cer™ (P,P)er(C)

where ST and S~ denote the two closed half-spheres determined by the great hyper-
sphere S. Interchanging summation and integration (as we may, since the integrand is
non-negative) and calling s; = s, we thus conclude that P(Zt(T) nc =10, Zt(T) NC #0)is
equal to

/ dsz / / dss ... ds; H/(ZS (D) 5d(cjo1,851)) e Ji T

{0 s0<s1<...<s;=s}
x 1(C C c for precisely one c € T{"))
x (Y uepo,5) € D(T; [0, s); (85, ¢4, S )o<j<io1))
x Y 1(Ccint(c)) Y. #(Sa—1(P|P))

cer(™ {P,P}eri(C)

. (™
XZ / / dsiy.. dan/¢ Tgm) d(c;,S5)) e” [ o) du

<81 <o <8 <t}
(T ) (T
<1200 )N C =010 uepo € DOCs [5,1)5 (5765 57 )isy<a))
~ (T)
x 1(P and P are contained in the interiors of two different cells of Tgs )) .

Next, we observe that
(T(T)) (Y(T)) (T(T)) ~
1(Z(T; = HYNnC=0)=1(Z(T; = HYNnP=0O1(Z(T; = )nP=0).

We also notice that starting from time s and up to time ¢ the evolution of the splitting
process in the two different cells containing P and Pis independent and coincides with
the evolution of a splitting process whose initial tessellation is equal to the tessellation at
time s. Thus, after a time shift by —s in each of the integrals with respect to s;1,..., s,
we see that the sum over n from 7 to co in the last term is equal to

() Ty o~

Pz 'nP=0,2"; 'nP=0
x 1(P and P are contained in the interiors of two different cells of T(*))

() (T ~

—pz" " nP=0pz" ) (P =)
x 1(P and P are contained in the interiors of two different cells of TgT))
T( ) T( )

=05 (Pl (P

x 1(P and P are contained in the interiors of two different cells of TgT)) .

EJP 24 (2019), paper 24. http://www.imstat.org/ejp/
Page 24/60


http://dx.doi.org/10.1214/19-EJP267
http://www.imstat.org/ejp/

Splitting tessellations in spherical spaces

By construction, the number of connected components of the two sets P and Pis strictly
less than the number of connected components of C. So, by the induction hypothesis
USET))(P) and Uﬁfﬂ)(ﬁ) are independent of T, as long as P and P are contained in
the interiors of two different cells of TET). Plugging this into the last expression for the

probability P(Zt(T) nc =40, Zt(T) NC # (), we see that
Pz ne=0,2z") T +0)

t
= / dsP(Z"NC=0foru<s) Y  w(Sa—1(PP)) Ui_s(P)Ui_s(P)
0 {P,P}erI(C)

t
- / dsP(z{"NC=0) > #(Sa1(P|P)) U_s(P)U;_s(P)
0 {(P,P}erI(C)

t _ —~ ~
_ / dse= S @) S (8, 1 (PIP) Upy(P)UL_(P).
0 {P,P}er(c)

In combination with (3.5) and (3.6) this proves the formula and at the same time the
claim that Ut(T)(O) is independent of C if C is contained in the interior of a single cell of
the initial tessellation 7. The proof of the theorem is thus complete. O

In particular, Theorem 3.5 allows a recursive computation of U;(C) if C € C($9) is
a union of m € N disjoint and connected closed subsets of $¢. However, the resulting
formulas become quickly rather involved when m is large. We illustrate the method by
carrying out the first step of the recursion, that is, by taking m = 2.

Example 3.6. Let us assume that C = C; U Cy € C($%) is a union of two disjoint non-
empty connected components C;,Co € C($¢) and C contains at least three points. Then
in Theorem 3.5 the only possibility for the partition P, and P, is P, = Cy and P, = Cs.
So, combined with Theorem 3.3 we see that, for ¢ > 0,

_ t _
U (C) = e 8-804 1(84_1(C1|Cy)) / e Ba-1 O, (C)U_s(Cy) ds
0

_ t _
_ o tr(Sa1(0)) +,€($d71<01|02>)/ = 55(801(0)) o= (t=)R(Sa1(C1)
0
w e~ (t=8)r(8a—1(C2)) 44

— ¢~ tr(Sa-1(0) 4 K(Sq_1(C1|C2)) e~ t(5(8a-1({C1))+r(84-1(C2)))
t _
X/ o5 (5(8a-1(C1))+r(8a-1(C2))—r(Sa-1(O)) g5
0

e~ tre(84-1(C)) _ o—t(5(8a-1({C1))+r(8a-1(C2)))

K($a-1(C1)) + £(S4-1(Ca)) — k(Sa—1(C)) ’

provided that x(S4-1(C1)) + k(84-1(C2)) — K(Sa—1(C)) # 0. On the other hand, if
K(84-1(C1)) + K(Sq—1(C2)) — k($4—1(C)) = 0, then the computation above shows that

= e 130100 4 k(8,1 (C1|Cy))

Uy(C) = e t8a-100) 4 41584 (C1|Cy) e~ H(Ba-1(C1)+r(8a-1(C2)))

fort > 0.

Taking the initial tessellation 7' to be equal to {$?}, Theorem 3.3 and Theorem
3.5 especially provide a description of the capacity functional T; (respectively U;) of
the random closed set Z; on the class of sets consisting of finite unions of pairwise
disjoint connected subsets of $¢. We remark that this class of subsets of $¢ is in fact a
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separating class, that is to say, it is rich enough to determine the capacity functional
T;(C) uniquely for all C' € C($?). Indeed, the sets consisting of finite unions of pairwise
disjoint connected open subsets of $¢ form a base of the standard topology on $¢ and so
the claim follows from [35, Proposition 1.1.53] (in the statement of this result, Ky should
be called a pre-separating class, as is clear from the discussion in [35, Section 1.1.5]).

Remark 3.7. Theorem 3.3 and Theorem 3.5 together imply that if x = v4_1, then the
capacity functional T} of Z; satisfies T}(oC) = T:(C), C € C($%), for all o € SO(d + 1).
This again yields the isotropy of Z;, which has already been proved in Lemma 3.1 in a
more direct way.

4 Expected spherical curvature measures

In this section we consider the expectation of the sum of all localized spherical
intrinsic volumes, where the sum runs over all cells of a splitting tessellation with time
parameter ¢ > 0. Formally, we define for t > 0, j € {0,...,d} and A € B($?) the random
variables

St A) =" ¢,(c, A),
ceYy
where (Y;):>0 is a splitting tessellation process based on a regular direction distribution
kon S, 1 and ¢g(c, - ),...,daq(c, -) are the spherical curvature measures of ¢ € Y; intro-
duced in Section 2.2. The next theorem provides an exact formula for the expectation
of ¥,(t; A). More generally, we will consider the following set-up. Let & : $¢ - R be
bounded and Borel measurable. For a finite Borel measure x on $¢, we write

w(h) == hdpu.
gd

In particular, this notation will be applied in writing ¢;(c, h), ¥;(¢;h) and He(h). We
notice that 3;(t; h) reduces to 3;(¢; A) for the special choice h = 14 with A € B($%).

Theorem 4.1. Lett >0 and j € {0,...,d}. Ifk = v4_1, then
td=7 H(h)
(d=7)! Ba

where h : $¢ — R is bounded and measurable. For j = d the result holds for a general
regular direction distribution k.

EEj (t; h) =

Proof. The case j = d is obviously true for a general regular direction distribution
k. Hence, let j € {0,...,d — 1} and A € B($?). Using that V;(5%) = ¢,($¢,-) = 0 for
j € {0,...,d — 1} and the martingale property stated in Proposition 2.12, with the
bounded and measurable functional ¢(c) = ¢;(c,h), ¢ € P?, we see that the random
process

zj(t;m—/otz

/ [pj(cN ST, h)+¢j(cNST,h) — ¢j(c,h)] k(dS)ds, t>0, (4.1)
ceY; Sd*l[c]

is a Y-martingale (that is, a martingale with respect to the filtration induced by the
splitting process (Y;):>0). The valuation property (2.5) of the localized spherical intrinsic
volumes yields that

Gi(cN ST h)+ ¢i(cNS™,h) —¢j(c,h) = ¢;((cNST)N(cNST),h) =¢;(cNS,h).
Thus, taking expectations in (4.1), we deduce that

EX;(t; h) :E/Ot >

ceY,

/ 6;(c 1S, h) K(dS) ds 4.2)
Sq—1lc]
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While (4.2) holds for a general regular direction distribution «, the subsequent applica-
tion of the Crofton formula requires that we specify x = v4_1. Then, an application of
the local spherical Crofton formula (2.7) yields

t
2t h) / Z djr1(c,h)ds = /o Yit1(s;h)ds

0 cEY

Continuing this recursion we eventually reach the functional ¥;, and using Fubini’s
theorem, we arrive at

t S1 Sd—j—1
EX;(t; h) :/ / / EX;(s4—j; h) dsg—j ... dsq
0o Jo 0

Thus it remains to compute EX;(s; h). However, with probability one,

d d
h): Zébd(cah): Z H (hlc) :H (h)’

= = Ba Ba

since Y, is almost surely a tessellation for each s. This immediately implies that

i L [ [ b=

which completes the proof. O

For j € {d—1,d}, the preceding theorem has an extension to general regular direction
distributions. This has already been remarked for j = d in Theorem 4.1. To treat the
case j = d — 1, for a regular probability measure x on $;_; and a bounded measurable
function h : $¢ — R, we define

K : d— 1
F(h) = /Sd 1/ w) H (du) K(dS) . (4.3)
Since 1
d— 1 d
Ba-1 /jd ) / W) M (du) vaa(dS) = / h(uw) HE(du) , (4.4)

as both sides of the equation define rotation invariant probability measures on $%, we
obtain 7g_1 = 3, 1944, which shows that the following theorem is consistent with Theorem
4.1ifj=d—1.

Theorem 4.2, If k is a regular direction distribution, and h : 8¢ — R is bounded and
measurable, then EX;_4 (t; h) = t&(h) fort > 0.

Proof. By (4.2), we have

ESq_1(t;h) = /
0

Since kK({S € $4-1 : SNc # 0,SNint(c) = 0}) = 0 for ¢ € P¢, by Lemma 2.2, the
integration over $,_1][c|, for all ¢ € Y; (for each s and each realization of Y;), can be
extended over the larger domain $,;_; without changing the integral, and then integration
and summation can be interchanged. Using again Lemma 2.2, it follows that for x-almost
all S €841, SNec=0or SNint(c) # O, so that the non-empty sets SN, ¢ € Vs, partition
S in the sense that for any two such sets the intersection has %~ !-measure zero. Hence,

1 _
[ S emensmras) = [ 5 o [ hwnt @ as)

= -1l Ba-1

" Be 1/5 / w) H'" (du) (dS) = R(h).  (4.5)
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Combining these arguments, we finally obtain

d-1( g
EXq 1(t;h) = B 1/ /Sd 1/ w) HO(du) k(dS) ds = tR(h),

which proves the assertion. O

A quantity of particular interest is the total (d — 1)-dimensional Hausdorff measure of
all great hyperspherical pieces that have been constructed by the splitting process up to
time ¢ within a set A € B($¢). Formally, we define

HIL(t; A) Z HIL(Bcn A) =HI(Z,n A), (4.6)
CGYt

where we recall from (3.1) that Z; is the random closed set induced by the splitting
tessellation Y; which is based on a regular direction distribution . Using Theorem 4.2,
we can easily compute the expectation of H?~!(¢; A). More generally, we compute the
expected h-weighted total Hausdorff measure of Z;.

Corollary 4.3. Let x be a regular direction distribution andt > 0. Let h : $¢ 5 R be
bounded and measurable. Then

d-1 =(h) = d=1( )
EH L (t:h) = t8y17( t/S/ w) 1Y (du) k(dS)

In particular, EH?~Y(Z;) = Bq_1t fort > 0. If Kk = v4_, then

EX(t;h) = Pazi14a (h)t.
d
Proof. Relations (2.6) and (4.6) imply that
HI Nt ) = (HLZ)(2) = Ba1Sa-1(t; ). 4.7)

In particular, we get EHY~!(t;h) = 84 1EX4_1(t; h). Hence the assertion follows from
Theorems 4.1 and 4.2. O

First-order properties, that is expectations, of Euclidean intrinsic volumes asso-
ciated with STIT-tessellation in a bounded window in R? have been studied in [50, 51].
While [50] treats the planar case, but general direction distributions, the paper [51] is
restricted to translation and rotation invariant direction distributions in general dimen-
sions. The more general case of localized intrinsic volumes has not been investigated
in the Euclidean setting. A comparison of these results with Theorems 4.1 and 4.2 and
Corollary 4.3 shows that — up to dimension dependent constants (see Remark 2.10) - the
results for STIT-tessellations in R¢ and splitting tessellations of $¢ are the same. This
means that first-order properties are not sensitive enough to ‘feel’ the curvature of the
underlying space. This will change with the analysis of second-order parameters in the
next section.

5 Variances and covariances

After having investigated the expectation of the functionals >;(¢; ), fort > 0 and a
bounded measurable function h : $ — R, our next goal is to analyse their variances as
well as the covariances of X;(t; h) and X,(¢; h) for ¢ # j. We shall start with 3;_1(¢; h)
and then turn to the general case.
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5.1 A spherical integral-geometric transformation formula

As described above, our goal is to establish a formula for the variance of ¥;_1(¢; h)
for regular direction distributions x on $;_1. In the special case K = v4_1, the result has
a simpler form, which is due to the following spherical integral-geometric transformation
formula of Blaschke-Petkantschin type. In principle, such a result could be derived from
the very general kinematic formulas in [2, 57] that have been obtained using tools from
geometric measure theory. However, we prefer to give an elementary and direct proof,
which is based on the linear Blaschke-Petkantschin formula in Euclidean spaces (for
which an elementary proof is available).

Proposition 5.1. Let d > 2. If g : $¢ x $¢ — [0, 00| is measurable, then

/sd 1//g(x’y)Hd1(dx)Hd1(dy)Vd—1(dS)

B (5.1)
= 2/ / x,y) sin(f(z,y)) " HY(dz) H(dy) .

Remark 5.2. Observe that the integrals on both sides of (5.1) are well defined, but
possibly they are both infinite. However, since the left-hand side is finite if g is bounded,
the same is true for the integral on the right-hand side (in spite of the unbounded
integrand sin(¢(z,y)) !, which remains undefined on a set of measure zero).

We prepare the proof of Proposition 5.1 with the following spherical version of
the linear Blaschke-Petkantschin formula. For d-fold integrals over $¢ this has been
proved in [5, Lemma 3.2] by similar arguments. In what follows, G(d + 1, ¢) denotes the
space of ¢-dimensional linear subspaces of R?*! together with the rotation invariant
Haar probability measure whose infinitesimal element is simply denoted by dL. More-
over, V,(z1,...,z,) stands for the ¢g-volume of the parallelepiped spanned by ¢ vectors
T1,..., 0y € RO

Lemma 5.3. Fixq € {1,...,d}. If f : (3%)? — [0, 0] is measurable, then

/ f(ul,...,uq)qu(d(ul,...,uq))
(84)a

6d+1 q
= ’(,Ll7 ceey q)
Bq 1 G(d+1,q) J (LNS4)a

X Vq(u1,. .., ug) P HITD (d(uy, . .., u,)) dL.

Proof. We use the linear Blaschke-Petkantschin formula in R**t! from [49, Theorem
7.2.1] with d replaced by d + 1 there. In our notation it says that

/ g(x1,. . 2 HIH D (d(2y, ..., 2y))
(et

5d+1 Pd+1—q - Pd / / gla1,. .. zq) (5.2)
Bq 1 G(d+1,q) J L4

X Vo(21,.. ., 2g) " U1 (1, ..., 24)) AL

whenever g : (R¥T1)? — [0, 00] is measurable. Let hy, ...,k : [0,00) — [0, 00) be measur-
able functions which satisfy

o0
/ hj(r)rddrzl, je{l,....q},
0
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and let f : ($9)9 — [0, 00) be measurable. Now, apply (5.2) to

T
g, owg) = (o )Hh (lzsl)s @ wg € BT\ {0}
el | qII
and if x; = o for some i € {z1,...,q}, then we define g as zero (say). By our assumption
on hy,...,hy and using spherical coordinates in R4t and L € G(d + 1, q), respectively,

for the left-hand side of (5.2) we get

/ g(z1,...,2q) HQ(dH)(d(xl,...wq))
(Ri+1)a

B Uyl q i(s5) 8] HI(A(s1,- -, 84 “d(u, ..., uq
Joon* . L1 e )| H )

:/ f('LLl,...,uq)qu(d(ula“'vuq))7
(s)2

while for the right-hand side we obtain

BdH Dditlzg ~"7d / / (x1,...,2¢) Vg(21,. .. ,xq)d_q'H ”HQ(dH)(d(xl, ., xq))dL
ﬂq 1 G(d+1,q) JLa
5d+1 -1
— Ddtlzg "' Fd flug,. .. uq) th(sj)s?
/Bq 1 G(d+1,q) J(LNS4)a J(0,00)4 j=1

X Vy(s1t1, ..., 8quq) T HI(A(s1, .., 55)) HIT D (d(uq, . . ., uy)) AL

:M/ / Flun, . ug) Vlu, oy ug) =0
Bo-Be—1 Ja(ar1,q) Jnst)a

{/ooo)q,Hh sj)s; H1(d (817""Sq>):|H[I(q_1)(d(ul,--.,’U,q))dL

ﬁd“" / / Flun, o 1g) Vg, oy ug) = 1O (du) dLL
Ba-1 Jo(ar1,9) J(Lrsya

since Vy(s1u, ..., 8quUq) = 51+ 8¢ Vq(u1,...,uq). This proves the formula. O

Proof of Proposition 5.1. To derive (5.1), we apply the spherical Blaschke-Petkantschin
formula from Lemma 5.3 with ¢ = 2 to the function

fz,y) = sin(l(z,y))* g(z,y) ,

where g : $¢ x $¢ — [0, 0] is measurable and k > —d + 1. Since $¢ N L is an element of
34, this gives

/Sd /s 9(w,y) sin(t(z, )" H(dz) 1" (dy)

845 (5.3)
= [ ][ gtw) sin(e(, ) 1 o) W ) (@),
am s, JTJT
since Va(z,y) = sin({(z,y)). Especially for k = —1 we find that
L, [ ot sinfete, ) () (@)
gd Sdﬁ 5 (5.4)
= Pt [ [ gty sinee. )" 1 (o) W (dg) (@)
4 s, JTJT
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We now apply (5.3) once again, but this time with £ = 0, with d replaced by d — 1 and
with $¢ replaced by some fixed great hypersphere S € $,_;. This gives

/g /Sg(x, y) ' (dx) HO (dy)
- Bd%fdd /s (] /T /Tg(x, y) sin(¢(z,y)) > H' (dz) H' (dy) vi'(dT),

where $;[S] denotes the set of all elements T € $; satisfying 7 C S and v{ is the
corresponding invariant Haar probability measure. Note that for d = 2 this holds trivially
and for d > 3 we have d — 1 > 2 so that (5.3) can indeed be applied. Integrating over all
S € 85,-1, we thus get

/sdl /s /S g(a,y) 1™ (da) HOH (dy) var (dS)

- ﬁd%fdﬁ /sd_l /sl[s] /T/Tg(z’y)

x sin(0(z,y)) T2 H (dz) H (dy) vy (dT) vg_1(dS)
= JoctPacs / / / gl y) sin(€(x,)" > H'(dx) H'(dy) n(T),  (5.5)
a s, JTJT
where we used the relation

/ F(T) v (AT (dS) = [ F(T)n(dT),
Sqa_1 Sl[S] S

valid for measurable functions f : $; — [0, cc], which follows from [49, Theorem 7.1.1].
A comparison of (5.4) with (5.5) finally yields the spherical Blaschke-Petkantschin-type
identity

/sd_l /s /s g(w,y) 1 (dw) HT (dy) va-1 (dS)

= BZ;Q /Sd /Sd g(x, y) Sil’l(e(q,‘7y))_1 Hd(dx) Hd(dy)’

which completes the proof. O

5.2 The variance of the cell surface measure

After the integral-geometric preparations presented in the previous section, we are
now in the position to derive a formula for the variance of the cell surface measure
Y4_1(t; h), and thus especially for the total h-weighted Hausdorff measure H?~!(t; h),
of a splitting tessellation Y; with regular direction distribution x on $;_;. The follow-
ing result is the spherical counterpart of [52, Theorem 5.1] (derived there under the
assumption of stationarity and isotropy). We replace the bounded observation window
and the Euclidean distance in [52] by the unit sphere and the geodesic distance on $¢,
respectively. Comparing [52, Theorem 5.1] with Theorem 5.4 below for Kk = v4_1, we
first observe that different constants are due to different normalizations of underlying
integral-geometric formulas. However, instead of the numerator ||z — y||?, which appears
in the integral representation in the corresponding Euclidean formula, the result below
involves the expression ¢(z,y)sin({(z,y)). The subsequent proof will show that this is
due to the application of the spherical integral-geometric transformation formula in
Proposition 5.1. In addition, we obtain a more general version for general direction
distributions «. To state the general result, we define x(x,y) := k(Sq_1 (TY)) for z,y € $7.
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Theorem 5.4. Let h : $¢ — R be bounded and measurable, and lett > 0. Ifk is a regular
direction distribution, then

1 1 —exp (—r(z,y)t)
VarXy ((t;h) = 32 /Sdl /S/S k(z, )

x h(x)h(y) HEH(dx) HE H(dy) £(dS) < oo

In particular, Var He~1(t; h) = 2_, VarS,_1(¢; h).
If x =v4_1, then
Uz, y)t)
)

Wﬂd 9 / / 1-— exp — 1y
VarX t;h) =
a-1(t ﬁdﬁd 1 Jsa Jga  L(x,y)sin(l(z,y))

x h(z)h(y) H(dz) H(dy) < oo

Proof. We define

Sa-1(t:h) = Ba_1(t:h) = ESq_1(t:h) = > ¢a_1(c,h) — t7(h),
ceYy

where Theorem 4.2 was used. For 7 € T¢ and ¢ > 0 we put

2
Tt) = <Z¢d_1<c,h>—m<h>>

ceT

so that 41 (¢;h)? = gn(Y;,t) and gp,(Yp,0) = 0. We have

%‘7’1@5 —2 (Z% (e, h) —sm(h)) ®(h),

ceT

hence
9gn
s

Now, Corollary 2.18 with b(¢) = ®(h)t shows that

id,l(t;h)Q—o—/ {Z/S > (lsdfl(ah)_SE(h))Q

(-, 8)(¥2) = —2541 (s R)R()..

ceY. EYS\{c}U{cﬁS+,cﬁS_}
2 _
— (X taalen) — swn) | n(dS)} —2R(W)Ea1(s;h)ds, ¢ >0,
CcEY,
is a Y-martingale. The expression in brackets [...] inside the integral equals

(Sd_l(s; h) + ¢d—1(c N SJr, h) + ¢d—1(C ns—, h) — ¢d_1(c, h))2 — id_l(s; h)2
= (SBa1(s:h) + da_1(cN 8, 1))* = Sq_1(s1h)?
= ¢pa—1(cN S, h)? + 2¢q_1(cN S, h)Sq_1(s; h),
where the valuation property (2.5) of ¢4_1 is used for the first equality. Using (4.5) (as

before, the integration over $,_1[c] can be replaced by an integration over $,_; without
changing the integral), we get

S [ bua(enSin)nds) = AR

cey, 7/ 8a-1
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and conclude that the random process
B t
S 1(t;h)? — / > ba_1(cn S h)?k(dS)ds, t>0, (5.6)
0 ceY, Sa—1
is a Y-martingale. Taking expectations in (5.6) yields that
VarX, (t;h) / E) ba_1(cN S, h)? k(dS)ds. (5.7)
c€Y Sa—1

For ¢ € Y, it follows from Lemma 2.2 that for x-almost all S € $4_1 with SNc # 0, we
have H%~1(dcn S) = 0. Using this fact and applying (2.4) together with Fubini’s theorem,

we get
/Sdlﬂdl// (z,y € int(c))

x h(x)h(y) HEH(dx) HO Y (dy) x(dS) ds

:631_1/(:/3(11// Z (x,y € int(c),SNc # 0)

cEY

t
VarX, i1(t;h) = /

cEY

()h(y) H'™ ! (da) H'™ ! (dy) £(dS) ds

@“//&,1// N2, =0

x h(z)h(y) HH(dz) HO 1 (dy) x(dS) ds

where Z; is the random closed set induced by the random tessellation Y; (see (3.1)). By
Theorem 3.3, we have P(Zy N Z, = () = exp ( — x(x,y)s), and hence

VarSq_i(t;h) = Bdl//s“//exp —mcy))

(z)h(y) H L (dx) HO L (dy) k(dS) ds

Using Fubini’s theorem and carrying out the integration with respect to s, we obtain the
first part of the theorem.

The second relation easily follows from the first one and from (4.7).

Now we assume that x = v4_;. Then (2.3) shows that x(z,y) = ¢(z,y)/nw. Thus we

obtain
1- — 1y
VarSq_1(t: h) / // eXp (z9)1)
Bd 1J8q-1 )

() h(y) HT 1(d$)7{d H(dy) va-1(dS).

Note that the right-hand side is finite for non-negative and bounded functions k. This
implies the integrability needed for applying Fubini’s theorem in the preceding argument.
This expression is now transformed by means of (5.1), which shows that

TBq_2 l_eXp ﬂ—g(l‘ y) ) d d
varSu(th) = 2762 /S /S T e oS () 1 () )

and completes the proof of the theorem. O
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As a simple consequence, we get the following corollary, which will be used subse-
quently.

Corollary 5.5. Lett > 0, and let h1, hs : $* — R be bounded and measurable. Suppose
that « is a regular direction distribution. Then

Cov(Zq4- 1(t h1), Sa-1(t; ha))
1-— exp L Y)t) it o
5d 1 /Sd N / / K(2,y) hi(z)ha(y) H* *(dz) H* (dy) k(dS) < oo

In particular, Cov(He Y (t; hy), HA "1 (t; ha)) = B2, Cov(Za—1(t; h1), Sa—1(t; ha)).
If x =v4_1, then

Cov(X4-1(t; h1), Xa—1(t; ha))

— Ba-2 1_eXP ;E(m,y)t) " d(da) 1l 00
=t /S/S o) sy (el M () () <

Proof. We apply Theorem 5.4 with h = hy + ha, h = hy and h = ho, observe that
del(t; h) = Edfl(t; hl) + Edfl(t; hg) so that

VarXg_1(t;hy + he) = VarX,_i(t; hy) + VarXg_1(¢; ha)
+ QCOV(Ed_l(t; hl), Zd_l(t; hg))

and then expand also (h; + hs)? on the left-hand side. O

Remark 5.6. For x = v4_1, Theorem 5.4 and Corollary 5.5 can be reformulated by
introducing a spherical analogue of the isotropized set-covariance function of the ob-
servation window which was used in the Euclidean setting in [52, Theorem 5.1]. Let
g: 9% x $¢ — [0, 0] be measurable. For z,e € $¢ we then define

(g z,€) := / g(ox, ge) v(do) .
SO(d+1)

Fix e € $%. Then, for a measurable function f : [0, 7] — [0, cc], applying the invariance
properties of ¢ and of the spherical Hausdorff measure and Fubini’s theorem, we get

L, [ #tet st @) wé(an)
=[S eegtes ey ) vde)
= Sttter egter. o0 wia o
= [ #e) [ olor. o) vide) @
=8 [ Ft.e (g 1)
i [ [ sontgcostole + s u.e)in )t 1),

where we used that the transformation ($¢Net) x (0,7) — $<, (u, ¢) — cos(y) e +sin(p) u
has the Jacobian (sin ¢)?~!. In the special case g = 1, we have v(g;z,¢) = 1 for z,e € §¢,
hence the formulas simplify further.
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Figure 3: The variance Var H%~1(Z;) of the total surface area of all cells of the splitting
tessellation Y7 as a function of d for d € {2,3,...,20}.

Example 5.7. To illustrate Theorem 5.4, we discuss the special case Kk = 41 and g = 1.
Fix e € $¢ arbitrarily. Using Remark 5.6, we obtain

He(dx)

i - 1—exp(— %é(ﬂﬁv@)t)
VarH® (Z;) = nBa—» /Sd Uz, e)sin(l(z,e))

t
d—2 1 —exp (_%

= Wﬁdfzﬁdq/o (sing) - ) de

d 1 _ _
- (c(le)Q)!/o sin(m)d*le%p(mdz (5.8)
1+1

_em St
= (d_Q)I; (i—}—l)!/() z Sm(wz)d 24dz.

For d = 2 and ¢ > 0, this yields

1 —tz e ji—1 1j
1—e -1y
VarHl(Zt) = 47'['2/0 T dZ = 47T2 ]é 1 (j)j' = 47r2('y+1nt+ El(t)) ,

where v &~ 0.5772 is the Euler-Mascheroni constant and F (t) := ftoo s~le™*ds is the
exponential integral (see [40, Chapter 6]). For instance, we thus obtain VarH!(Z;) ~
472 - 0.7566 ~ 31.4485. For two functions f,g : [0,00) — R let us write f(t) ~ g(t)
whenever f(t)/g(t) — 1 as t — co. Using that Fy(t) ~ % by [40, Equation (6.12.1)], we
thus conclude for d = 2 that

Var#H'(Z;) ~ 47’ Int — oo, ast— 0.

In contrast, for d > 3 we have

(2m)?
(d—2)!

1
VarH?(Z;) < / msin(mz)4 3 dz < oo
0

for any t > 0. On the other hand, for fixed ¢ > 0, Var’Hd’l(Zt) — 0, as d — oo, at an
exponential rate. Using (5.8) and numerical integration (Mathematica), the numerical
values of VarH?~1(Z;) can be determined for d > 2 and ¢ > 0, see Figure 3.

As above, let us denote by H?!(¢;h), for a bounded and measurable function A :
$¢ — R, the h-weighted total Hausdorff measure of all great hyperspherical pieces of a
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splitting tessellation constructed up to time ¢ with underlying direction distribution v4_;.
Then the random process H41(t; h) := HI1(t;h) — EHY 1 (¢t;h), t > 0, is a martingale
with respect to the natural filtration ) induced by the splitting tessellation process.
Since, by the previous theorem,

sup EH4=1(t; h)? = sup VarH? L (t;h) < o0,
>0 >0

provided that d > 3, we can apply the martingale convergence theorem [44, Theorem
I1.3.1] to conclude that there exists a centred and square-integrable random variable h
for which

lim He-1(t;h) = hy

t—o0
almost surely and in the L? sense. Moreover, and again from the previous theorem, it
follows that
Ba—2 h(z)h(y)

Ba Jsa Jsa £(z,y)sin(l(z,y))

provided that d > 3. Note that if A is positive on an open set, then this asymptotic
variance is infinite for d = 2.

He(dz) HE(dy) < oo,

Varhz = lim VarH? l(t;h) =n
—00

5.3 Further variances and covariances

Our next goal is to compute the variance of ¥;(¢; h) and, more generally, the covari-
ances of the functionals ¥;(¢; k1) and X;(¢; ho) under the assumption that the direction
distribution is v4_1. In order to present the result, we need to introduce some notation.
First, let us define for f : [0,¢] — R and n € IN the iterated integral

(f,1) = /Ot /0 .../OS”lf(sn)dsn...dSstl - (n_ll)!/ot(ts)"lf(s) ds,

whenever this is well defined. Moreover, for i,j € {0,...,d — 1} we put

Ai,j(T;hl,hg) = Z/S qui(cﬂS,hl)qzﬁj(cﬂS,hg) Vd_l(dS), TETd,
ceT ¥ Pd-1l¢

where here and in what follows &4, hs : $¢ — R are bounded, measurable functions. We
are now in the position to present closed formulas for the variances and covariances in
terms of iterated integrals of EA; ;(s; h1, he), where A, ;(s; hi, ha) = A; ;(Ys; ki, ha). The
result is the spherical analogue of [51, Theorem 1].

Theorem 5.8. Letk,/ € {0,...,d — 1} andt > 0. Let h, hy, ho : $¢ — R be bounded and
measurable functions. Suppose that xk = v4_1. Then

COV(Ed_l_k(t; hl), Ed_l_g(t; hg))

k 0
k+l—m—n\ ;. m

- ( k—m > T n+1(EAd*1*m7d717n( 3 hy, h2), t)
m=0n=0

and, in particular,

VarEd_l_k(t; h) = Z

m,n=0

k 2k—m —n
k—m

) ]2k7m7”+1(EAd_1—m,d—1—n( “thyh),t).
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Proof, For a tessellation 7' € T¢ and ¢ > 0, we consider the function

" M (hy)
=D dile.hn) — Hz(whg j) 5|

ceT ceT

where the dependence of g on 7, j, hy, hs is not indicated. Recalling that

] d—i d(p
Yi(t;h) =%;(t; h) — Z di(c,h) t —1)! Hﬂi : 7
ceYy '

we have
g(Ye, t) = Xi(t;h1)X;(tshey)  and  g(Yp,0) =0.

Furthermore, we get

@ gd—i—1 'Hd(h1)

gd—i—1 d(h,
(+,8)(Ys) =— - ij(s;hg)— #H(ho)

(d=j—=1! PBa

ii(s§h1)'

Now, applying Proposition 2.17 with b; (t) = (ZL (;"16) t4=" and by(t) = (Z[ (;Lfﬂ) t?=7, the val-

uation property of the spherical curvature measures ¢;, ¢;, and the fact that (03 hy) =
0 = 3;(0; h2), we obtain that
ceYy

Su(t; b)) S5 (8 ha) /
—3i(s3h1)%;(s; hg)} vg—1(dS)ds

t Sd—i—l /Hd<hl>—A . Sd—j—l ’Hd(hg)—‘ .
+/O @—i—1) B E](S’hz)—'_(d—jfl)! By Yi(s;hi)ds

t
= Sz(t, hl)i](t,hg) —/ AZ‘J(S;hl,hQ) dS

_/0 {2 (s hn) Z/ (¢N S, o) va_1(dS)

/S [] (s;h1) + ¢i(cN s, b)) (25(s;he) + ¢j(cN s, ha))

ceYy
(s: o) Z/ (NS hy)va 1(d5)}
ceYs
- . Sd j—1 Hd(hg) _ ' Sdfifl Hd(hl)
+{E"<S’hl)(cl—;'—1)! B MG g, }ds

is a Y-martingale. Using again the Crofton formula (2.7) for the spherical curvature
measures, we conclude that

St hl)ij(t; ha) — /Ot A; j(s;h1,ho)ds
- [ IS ha) + S ) B s s
is a Y-martingale. Taking expectations yields the recursion formula
Cov(S:(t: hn), 5, (£ b)) = /Ot EA, (s hy, ha) ds

+ /t[COV(EZ‘(S; hl), Ej+1(8; h2)) + COV(EZ'+1(S; hl), Ej(s; hg))] ds s
0
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which expresses the covariance of ¥;(t; k1) and X,(¢; he) by means of EA; ;(s; hi, hs)
as well as covariances with one index increased by one. Continuing this recursion,
one eventually arrives at covariances formally involving X4(¢; h;), ¢ € {1,2}, which is
identically zero. This in turn shows that the recursion terminates after finitely many
steps. Arguing now exactly as at the beginning of Section 3.1 of [51], one arrives at the
desired formula after a change of variables. O

We notice that Theorem 5.8 is related to the variance formula from the previous
section. Indeed, putting k£ = 0 in the formula for the variance in Theorem 5.8, we get

VarYy (t;h) = I'"(BAg_1.a_1(-; h, h),t)

/ /S B Ga—1(cN S, h)? vg_1(dS)ds

which is just Equation (5.7) for k = v4_1. A similar remark applies to Corollary 5.5.

cEY

Finally in this section we present two examples illustrating how one can use Theorem
5.8 for explicit variance and covariance computations. Recall that in Example 5.7 in
the previous section we already computed the variance Var#!(Z;) of the Hausdorff
measure of cell boundaries induced by an isotropic splitting tessellation on $? (which
can be combined with (4.7)). Together with the following two examples, we thus obtain a
complete and fully explicit second-order description of the spherical intrinsic volumes of
isotropic splitting tessellations on the 2-dimensional unit sphere. This can be regarded
a spherical analogue of one of the main results from [50] for STIT tessellations in the
plane.

Example 5.9. Our goal is to compute Var ¥ (t) with ¥o(t) = >y, Vo(c) for an isotropic
splitting tessellation Y; with time parameter ¢ on the 2-dimensional unit sphere $2. Using
Theorem 5.8 we first obtain the representation

VarXo(t) = 2I3(EA; 1 (- ),t) + 2I*(EA1 o(-),t) + ' (EAgo(-),t),

where we use the abbreviation A4; ;(-) := A, ;(-;1,1). For a tessellation T € T? with
T # {$?} we have

A0,0(T) = ZA ([ D %(COS) 1/1 dS Zl/l

ceT cET
1 1
= 22‘/1(0) =3 ZVl(c)
ceT ceT

where we used that V;(s) = 1/2 for any spherical line segment s to obtain the second
equality, and Equation (2.2) for the third equality. This equality also holds if 7' = {$?},
since V(S) = 0 for S € $; and V;($2) = 0 imply that both sides are zero.

Using once more that V(s) = 1/2 for any spherical line segment s together with the
spherical Crofton formula and the fact that Va(c) = H?(c)/32, we also obtain, for T' € T?
with T # {$?},

A10(T) = Z/ Vole N S)Vi(en S) v (dS)
cer Y/ 81([c])

*ZVZ 7 Z?‘F(C)Z%, (5.9)

ceT

Z/ Vl CﬂS V1 dS)
NET

ceT
where we replaced $;([c]) by $;, which does not change the value of the integral. In
addition, we have A; o(T') = 0 for T = {$?}, since V,(S) =0 for S € $;.
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Finally, we note that

A (T) = Z/Sl([c]) Vi(en S)2m(dS).

ceT

Now we compute the iterated integrals I' (EAg o(-),t), I?(EA1 o(+),t) and I3(EA; 1(-),t).
Using Theorem 4.1, we obtain

t
1
I'(EAgo(-),1) /EZVl ds—f/ sds:ztz.
0

ceY;

Moreover,
P®AL()0) = [[(0-9) [3P05 A (8 +0- PO = (7)) 4
%/o (t=s)(1—e7) ds = % <1—t—|—;t2—et> .

To compute I3(EA;1(-),t) we use the computations already carried out in the proof
of Theorem 5.4. Using then also Proposition 5.1 and the transformation explained in
Remark 5.6, we obtain

I3<EAL1(.),t):;/ t—s) EZ/ Vi(en S)? v (dS) ds

ceY,

-7 / /S | / / ~“E0 s 201 (dz) M (dy) 11 (AS) ds

1
= (tfs) / e *dpds
0 0

o

L =P
-3 a:

2 z

Collecting all contributions, we arrive at

VarYy(t) = /2 /1 (1—2)2(1—et)

3
dz+1—t+t2—¢e?t.
0 4 4

In terms of the Euler-Mascheroni constant v and the exponential integral F; (recall their
definitions from Example 5.7) this can also be expressed as

3
VarY(t) = t21nt+t2(’y— 1 +E1(t)> +t(1—e") ~t*Int.

Example 5.10. We are now going to determine the covariance Cov(3((t), 21 (t)), where
5i(t) = Y ey, Vile), j € {0,1}, for an isotropic splitting tessellation Y; on $2. Using the
notation introduced in the previous example, Theorem 5.8 yields

COV(Zo(t), El(t)) = IZ(EALl( . ), t) + II(EAQJ( . ),t) .

The iterated integrals can be computed as follows. From (5.9) we first have that
1 1 ¢ —s 1 —t
I(EAoﬁl(-),t)zi 1—e‘ds:§(t—1+e ).
0
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Next, we compute I?(EA; 1(-),t) in the same way as in the previous example (using the
transformation formulas from Proposition 5.1 and Remark 5.6):

IQ(EALl(-),t):Bl%/Ot(t—s) /Sl/g/ge—‘<?y)8H1(dx)%l(dy) v1(dS) ds

t 1
= / (t—9) / e " dxds
0 0

L [fa=na—et)
—t/o a:.

z

As a result, we obtain the following explicit covariance formula in terms of the Euler-
Mascheroni constant v and the exponential integral F;:

1—2)(1—et) 1 _
d —(t—1
z z+2( e )

Cov(Zg(t), 21(1)) :t/o (
=tlnt+1t <’y— % —|—E1(t)> + % (1—e") ~tnt.

5.4 Spherical pair-correlation function

The purpose of this section is to compute the K-function and the spherical pair-
correlation function of the (d — 1)-dimensional random Hausdorff measure induced by a
splitting tessellation on $¢. Before we present our result, we shall first introduce the
functions we are interested in. To this end, we use the concept of Palm distributions
in homogeneous spaces (see [46]) and introduce the K-function and the spherical pair-
correlation function as the spherical analogues of corresponding functions of a stationary
random measure in R?. For an introduction of these concepts in a Euclidean space,
background information and applications to spatial statistics, we refer to Ripley’s original
contribution [45] and to the discussion included there, to [9, Chapter 7.2.2] (for general
stationary random measures) and to [9, Chapters 4.5-6] and [4, Chapters 7.3-10] (for
stationary point processes).

Let M($?) be the space of finite Borel measures on $¢ and denote by M ($?) the
o-field on IM($?) generated by the evaluation mappings m — m(A), m € M($%), for each
A € B($%). Let M be a random measure on $¢, that is, a measurable mapping from an
underlying probability space (©2,G,P) into M($9), and denote by Py := P o M~! the
distribution of M. In what follows, we assume that M has finite and non-zero intensity
measure E[M(-)]. We call ;1 := E[M($%)] € (0, 00) the intensity of M. If M is isotropic,
then E[M(-)] = 8, "H%(-) on $¢. As usual, for a set B C M($%) and ¢ € SO(d + 1), we
define oB := {o(m) : m € B} and o(m) := gm :=mo o~ L.

The unit sphere $¢ is a homogeneous space on which SO(d + 1) acts transitively, and
SO(d) can be interpreted as the stabilizer of the north pole e := (0,...,0,1) € R4+ (or
any other fixed point of $%). Following [46], for 2 € $¢ we put ©,, := {0 € SO(d+1) : ge =
r}, denote by v, the unique Haar probability measure on ©, and define v, := v, o o, !
for an arbitrary ¢, € O, (the definition is in fact independent of the particular choice of
o). We are now prepared to define the Palm distribution of the random measure M with
respect to e by

I 1 “Im v m(dx m
Pam):= [ [ e m e Byvado miae) Pastam)

1
= —E/ / 1(o~'M € B) v,(do) M(dx), B e M($8%).

K $d Jo,
Intuitively speaking, the Palm distribution of M is the conditional distribution of M
under the condition that e is in the support of M. We emphasize that this definition
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does not require that M is isotropic (here we take advantage of the compactness of $%).
Moreover, a routine argument shows that

P$;(B) =Pgi(eB), BeM(8%),0€S0(d+1). (5.10)

Using the concept of Palm distributions, we introduce the spherical K-function as
well as the spherical pair-correlation function of M.

Definition 5.11. Let M be a random measure on $¢ with intensity x € (0, 00) and Palm
distribution P§;. The spherical K-function of M is defined as

1 e
Km(r) = ; /]M(Sd) m(B(e,r)) Pys(dm), r e (0,m),

where B(e,r) = {z € $¢: {(z,e) < r} is the geodesic ball centred at e and with radius r.
If K is differentiable, then we call

L oK), e,

gm(r) = Ba—1(sinr

the spherical pair-correlation function of M.

The value Kni(r) of the K-function of M can be interpreted as the mean measure of
B(e,r) under the condition that e is in the support of M. It follows from (5.10) that the
K-function and the pair-correlation function thus defined are independent of the choice
of the reference point e € $¢.

In the following it is useful to rewrite the K-function of M. This again shows that the
preceding definitions are independent of the choice of the reference point e. We get

Kaalr) = 5 [ [ (@7 M)(Ble, ) veldo) Mian
1

_ EE/&/@ M(B(z, 7)) v, (do) M(dz)

1

= —E [ M(B(z,r)) M(dz)

H gd

1 2

_ —2E/ 1(6(x,y) < ) M2(d(z, ) (5.11)
K (84)2

This representation describes Ky(r) as the normalized second moment measure of M

of the set of all pairs (z,y) € ($¢)? having distance at most 7. Thus Kp;(r) quantifies the

chance that two points chosen independently from the support of M have distance at

most r from each other.

Remark 5.12. In the Euclidean case, the K-function is defined in a similar way. However,
the pair-correlation function is defined by

1
- K
o) = 2 K'(r).

if K is differentiable. Since drgr?~! is the surface area of a (d — 1)-sphere of radius
r in Euclidean space R, in spherical space we divide by 8;_1(sin7)?"!, the (d — 1)-
dimensional Hausdorff measure of the boundary of a geodesic ball at distance r to e.
The additional factor 3, arises, since we are working with the normalized Hausdorff
measure.

As anticipated above, we next compute the spherical K-function K;; and the pair-
correlation function gq () of the (d — 1)-dimensional random Hausdorff measure induced
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by the splitting tessellation Y; with direction distribution x = v4_; on $¢. In other words,
we consider the isotropic random measure M = H?~!_Z, with Z, defined in (3.1). For
general direction distributions, the K-function does not reduce to a one-dimensional
integral and therefore will only be provided at the end of this section.

Theorem 5.13. Suppose that k = v4_1. Ift > 0 and r € (0, ), then

~ Ba-1 [T Bi—oBal—exp(—Lp)\, .,
Kau(r) = 3 /0 (1 + 2 P osing )(sm ©) T dp

and .
Ba—2Ba 1 —exp(=")

r)=1+ -
9a.1(r) T B2, t2rsinr

Proof. Using EH?"Y(Z;NA) = (Ba_1/Ba)H(A)t for Borel sets A C $¢, which follows from
Corollary 4.3, and Corollary 5.5, we obtain for measurable functions A1, hy : $¢ — [0, c0)
that

E / | /Z a(e)haly) 7 () ()

) h (2)ha(y) H (dx) H (dy)

[ ] 21— exp (— Loz, y)t
x,y)sin(l(x,y))

Ba  z,y)
<ﬂd > /S/S i () ha (y) H (dz) H(dy)

- (Y [ [, (et e

X hl (l’)hg (y) Hd(dx) Hd(dy) )

which extends to arbitrary bounded measurable functions (z,y) — h(x,y) in the usual
way.
Thus, using (5.11) and u = EHY"1(Z;) = B4_1t, we find that

ﬁd—25d 1—exp (— =l(z,y)t)
Kd ! Bd /Sd /Sd ( 63_1 t2€(£€, y) sin(ﬁ(x, y)) )

x 1(0(z,y) < r)HY(dy) H(dx) .

Remark (5.6) implies that

r _ _ 1
Kay(r) = Ba—1 / (1 n Wﬂd;26d 1—exp ( L) ) (sin )¢ de.
0

Ba Bi t*psinp
Consequently, K, (r) is differentiable with respect to r,
Ba y Ba_oBa 1 —exp (—<tr)
9d,t (T) ﬂdfl(SiHT)dil d,t(r) +7 Bd—l 2rsinr
and thus the proof is complete. O

For a STIT tessellation in Euclidean space (assuming stationarity and isotropy), it
was shown in [52, Theorem 7.1] that the pair-correlation function is given by

2Ba-:
d—11—exp (—7((171”)15;_1”)

euc
=1
9a,t (r)=1+ 9 1272
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S

Figure 4: Illustration of a Poisson great circle tessellation on $2.

Although the structure of this formula is similar to the one obtained in the spherical
setting, there is a crucial difference. While g5%(r) is jointly scaling invariant in the
sense that g3’ (Ar) = gg%;(r) for all A, ¢,7 > 0, this property is not available for gq.(r).
Moreover, in the numerator of the formulas, the factor r2 in the Euclidean case is
replaced by rsinr in the spherical case, which yields an additional singularity at r» = 7.

Remark 5.14. Arguing as in the isotropic case and using Corollary 4.3 and Corollary
5.5, we obtain for a general regular direction distribution « that

Kau(r) =7 ({(z,y) € (8)* : (z,y) < 1})

L 1—exp(—/<;(a:,y)t) x r d—1 T d—1 K
T /S_/s/s Pry) @) ST T () HTH(dy) £(dS).

In view of this, the simple form of the K-function in the isotropic case is remarkable.

6 Comparison with Poisson great hypersphere tessellations

6.1 Construction, surface intensity and capacity functional

We now compare the pair-correlation function related to the splitting process (Y;):>0
at time t (as discussed in Section 5.4) to the pair-correlation function of a tessellation in-
duced by a Poisson process of great hyperspheres in $¢ with intensity ¢ > 0. Although we
shall mainly focus on the isotropic case in this section, we present a general framework
involving a general direction distribution in view of what is needed in Section 7.

To describe the model, let 7, be a Poisson point process on $¢ with intensity measure
t k° (as in [26], we consider 7, as a random measure, but still write « € 7, provided that
n:({x}) > 0), where «° is a regular symmetric probability measure on $¢ (cf. Section 2.1).
Let F: 8% — S, be given by F(u) := v N $? and put ®; := 7; o F~1. Then we denote
by Y, the tessellation of $¢ induced by the Poisson process ®;, that is, Y, is a Poisson
great hypersphere tessellation. The associated random closed set

7 = U F(u) = U(ULQSd)

is equal to the union of the cell boundaries of Y, see Figure 4 for an illustration. We
call x° the direction distribution and ¢ the intensity of n; and of ®; (we also refer to
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the regular measure x on $;_; associated with k° as the direction distribution of ;).
Clearly, x° is rotation invariant (that is, kK° = ﬁ;l’Hd) if and only if one (and then all) of
the random objects 7;, ®;, and Y, is isotropic.

The next lemma ensures that the great hyperspheres of ®; are almost surely in
general position, which is (implicitly) used in some of the combinatorial considerations
in the following.

Lemma 6.1. Let x° be a regular symmetric probability measure on $¢, and let Y, be
the Poisson great hypersphere tessellation induced by a Poisson point process 1, on $¢
with intensity measure tk° (or from a Poisson great hypersphere process on $,;_1 with
intensity measure tx). Then any k-face of Y, is almost surely contained in precisely d — k
great hyperspheres of ®;, for k € {0,...,d — 1}. Moreover, almost surely any j points of
7 are linearly independent (if considered as unit vectors), for j € {1,...,d + 1}.

Proof. The assertion is a consequence of Theorem 3.1.3 and Corollary 3.2.4 in [49] and
the regularity of x°. See [47, Lemma 1] for a similar argument concerning hyperplane
tessellations in a Euclidean space. O

Next we determine the intensity i := EH%"!(Z;) of the random measure H%~!.Z;.
This is the surface intensity of the tessellation Y.

Proposition 6.2. The intensity measure of the random measure H* '_Z, is given by
EHYZ,n ) =tR(-)=EH" Y (Z,n ),

where k is defined via (2.1) and Z; is the union of the cell boundaries of a splitting
tessellation Y; which is derived from the regular direction distribution k. In particular,
m=tBi-1 = p.

Moreover; t k is the intensity measure of ®; and

UB):=P(Z;NB=10)=exp(~tr(Sq4_1(B))), BeB(S?,
Proof. For each A € B($%), we obtain from Campbell’s theorem [49, Theorem 3.1.2] that

EH"YZ,nA)=E [ H" (ut N A)n(du)
Sd

=t [ H*7'(ut N A)k°(du)
gd

=t HEH(S N A) k(dS),
Sa-1
where « is defined via (2.1). The assertion concerning the intensity measures of H?~'.Z,
and H%'_Z, now follows by an application of Corollary 4.3 and definition (4.3).
By the mapping theorem (see [26, Theorem 5.1]), ¢ k is the intensity measure of ®;.
Since Z; N B = () if and only if [{S € ®; : SN B # 0}| = 0, the remaining assertion then
follows from the Poisson property of ;. O

Remark 6.3. Comparing the last assertion of Proposition 6.2 and Theorem 3.3, it follows
that the capacity functionals of Z;, and Z, coincide for spherically convex polytopes,if &
is general, or even for compact connected sets if « is absolutely continuous with respect
to v4_1. In general, of course, the capacity functionals are different (which can also be
seen from Theorem 3.5).

We have just shown that the intensity 7z of the random measure H%~'LZ, coincides
with the intensity of the random measure H4=1_Z,, where Z, is the random set cor-
responding to a splitting tessellation Y; with regular direction distribution « on $;_1
and x° and k are related via (2.1). In particular, ° is rotation invariant on S (that is,
K® = ﬁ;lHd) if and only if k is rotation invariant on $4_; (thatis, x = v4_1).
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6.2 K-function and pair-correlation function

Next, we determine the K-function K4, of % 1.Z, as well as the corresponding
pair-correlation function g, , in the rotation invariant case. The general case is described
briefly in a subsequent remark.

Proposition 6.4. For a Poisson great hypersphere tessellation Y, on $¢ induced by a
Poisson point process 1, on $¢ with intensity measure tﬂd_lHd (or from a Poisson great
hypersphere process with intensity measure tvy_, on $4_1), the K-function and the
pair-correlation function of the random measure H*~'_Z, are given by

— 5271 / (sin <p)d*1 dp + lﬂdfz / (sin cp)d’2 de, re (0,m),
d Jo

t Bd—l 0

Fd’t(T)

and

Ba—284 1

2 . )
B3, tsinr

gd’t(r) =1+ re (0,m).

Proof. Starting from (5.11) we get, for r € (0,7),
P Rar) =B [ [ 1) <r)n o wi @y
Z.JZ,

B [ [ A n@n ()
with
) = " M) A () A .
A= [ sy <o @ @)

We split the integral into two parts according to whether u # v or u = v, and denote by
77,37,£ the set of pairs of distinct points of 7;. Using Mecke’s formula for Poisson processes
(see [49, Theorem 3.2.5 and Corollary 3.2.3] or [26, Chapter 4, Theorem 4.4]), we see
that

ﬁQ Fd,t (T) =E IS H(ua v; ’f’) n?,;é(d(ua ’U)) + E B H(u7 U; T) W(du)
(8%) S

£\ 2 t
— (E) /Sd SdH(u,v;r)Hd(du)Hd(dv)‘Ffd SdH(u,u;r)Hd(du)

() A [ [ 1 < vt i)

d—1 d—1
i t/eimsd /eLnsd L(l(z,y) < r) R (dz) HT(dy)

withe = (0,...,0,1) € 8¢ (or any other deterministic point on $4), where we used (4.4)

twice and the fact that H(u,u; -) is independent of u € $¢. By Remark (5.6), we deduce
that

P Kar) = (-

' Ba

and therefore

>2B3*1ﬂdﬁd*1/ (Sin@)d_ldw‘f‘tﬁdﬂﬁd&/ (sin )42 dyp,
0 0

= ~ Bar [T, a1 1Baa [T . 4o
Kg(r)= 5, /0(sm<p) dp + tﬁd—l/o (sin ) dy, re (0,m).

From the expression for ?d}t(r) we finally conclude that the pair-correlation function

Gq4,(r) corresponding to K 4.(r) is given by

Ba—284 1

2 P
B3, tsinr

Gau(r) =1+ re (0,7).

This completes the proof. O
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Figure 5: The spherical pair-correlation functions g » (solid curve) and 92,2 (dashed
curve).

For comparison with the Euclidean case, we recall from [52, p. 299] that

Ba—2 1
Ba—1tr’

As in the case of splitting tessellations, the factor 1/r (Euclidean case) replaces the factor
1/sinr (spherical case) and the scaling invariance is available only in the Euclidean
setting.

It is instructive to rewrite the K-function in the form

_ HYB(e,r)) n 1H*" (B(e,r) Ney)
- Ba t Ba-1 ’

where ¢y € $¢ Ne' is arbitrarily chosen, which can be interpreted by means of Slivnyak’s
theorem for Poisson processes on the sphere. In fact, one concludes from [21, Corollary
2.35] that the Palm distribution P of a Poisson process on 7 on $¢ with distribution
P,, coincides with P, * §5,, where J;, corresponds to the point process that has e as its
single atom and * stands for the convolution. Namely, if e € $¢ is a ‘typical’ point of Y;
with respect to the (d — 1)-dimensional Hausdorff measure on Z; (in the sense of Palm
distributions), the value for F,“(r) arises from two contributions. First, one has to take
into account the Hausdorff measure on B(e,r) of the single great hypersphere on which
the typical point is located. This yields the second term, while the first term reflects the
contribution in B(e,r) of an independent Poisson process of great hyperspheres, which
is superimposed on the great hypersphere containing the typical point. This should be
compared to the corresponding K-function

d T
L (Bﬂie7r)) + 122_?/0 = (1-eF) (sing) 2 dp

ty
for the splitting tessellation Y;, which follows from Theorem 5.13. Since 1 — e~ < ¢,
t € IR, it follows that K;; < Fd,t. For the same reason, we also have gg; < Jai- While
this (in fact strict) inequality might be plausible on an intuitive level, it should be recalled
that Proposition 6.4 shows that the mean measures of the cell boundaries are the same
for both types of random tessellations. It is clear that g, , is symmetric with respect to
7/2 in (0, 7), which is in contrast to the behaviour of gd,t./ Finally, we observe that

g =1+

Kaq(r) (6.1)

Kd’t(’f') =

tr

gd,t(r) -1 _ p
gar(r)—1 1—exp(-L)

, r>0,
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from which the asymptotic behaviour of the ratio, as ¢tr — 0 or tr — oo, can be seen.
A more detailed study of properties of Poisson great hypersphere tessellations and a
comparison to splitting tessellations is provided in the following section and otherwise
will be the subject of a subsequent project.

Finally, let us compare the pair-correlation functions g,4; and g, , for the particular
case d = 2. For the Poisson great circle tessellation Y, on $2, we have

2

7t sinr’

yQ,t(T) = € (Ovﬂ-) )

while we get

2 rt
gg,t(r)zl—ﬁ—i_(l—e_?) 5 TE(O,TI'),

t2rsinr

for the splitting tessellation Y;, for ¢ > 0. Figure 5 shows a plot of these two functions
for the special choice ¢t = 2.

Remark 6.5. By the same arguments as in the isotropic case, we obtain for a general
regular direction distribution x° and the associated direction distribution « that

Kau(r) =% ({( € (87 : l(x,y) <r})
TR /s // (z,y) < )R (dx) HT (dy) £(dS) . (6.2)

In this form, a comparison with the result obtained for K d,t(r) in Remark 5.14 is conve-
nient. However, the second summand on the right-hand side of (6.2) can be simplified
further by the argument in Remark 5.6. In fact, for this summand we obtain the expres-
sion

d—1 1
! HI(Bles,r) N 8) n(ds) = + - Bler) Ne)
Ba-1tJs, , t Ba-1

where e,¢p € $%, ¢ L ey, and eg € S are arbitrarily chosen, which is independent of
the direction distribution (compare (6.1) in the isotropic case). Hence, only the first
summand is susceptible to the anisotropy of the tessellation (in contrast to what we have
obtained for splitting tessellations), and finally we get

Kao(r) = @ ({(2,9) € (8 : b(a,y) < r}) + LBl Ne)
t Ba—1

As in the case of splitting tessellations, in the isotropic case an even simpler expression
is obtained for the first summand.

7 Typical cells and faces, and their distributions

In this section, we describe additional relations between spherical splitting tessella-
tions and tessellations generated by Poisson processes of great hyperspheres.

7.1 A dynamic Poisson great hypersphere tessellation process

Many of our arguments and results we present below are based on a link between
splitting tessellations and Poisson great hypersphere tessellations. To establish this
link, we use a continuous-time dynamic version of the latter model and introduce in this
section a dynamic Poisson great hypersphere tessellation process which is based on a
regular direction distribution x on $;_; and the associated distribution x° on $¢ which
are related to each other by (2.1).
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Definition 7.1. For a tessellation 7 € T¢ and a great hypersphere S € $,_; we define

®(S,T):=(T\{ceT:int()nS#0HU | J {cnSt,ens}eT?

ceT
int(c)NS#D

In other words, the tessellation ®(S,T) is obtained from T by dividing by S all
cells of T' whose interior has non-empty intersection with the great hypersphere S.
This operation is similar to the splitting operation @(¢, S,T) in the context of splitting
tessellations, where only the single cell ¢ gets divided by S provided S intersects the
interior of c.

We now define the dynamic Poisson great hypersphere tessellation process (Yt)tzo-

Definition 7.2. The Poisson great hypersphere tessellation process (?t)tzo is the
continuous-time Markov process in T? with initial tessellation Y, = {$¢}, whose genera-
tor A is given by

AS)(T) = / [F(@(S.T) - [(T)] x(dS), T eT,

Sa—1

where f : T — R is any bounded and measurable function.

The probabilistic construction which is equivalent to the generator description in
Definition 7.2 is much simpler than the one for splitting tessellations. Again we start with
a single cell Y, = {$¢} at time zero. Then, at each step, after an exponential holding time
(with parameter 1) a great hypersphere S with distribution x is chosen which dissects
all cells of the current tessellation whose interior is intersected by S. In particular, in
contrast to the case of a splitting tessellation, the holding time is independent of the
state of the tessellation process.

The next result clarifies why (Y;);>0 is called a dynamic Poisson great hypersphere
tessellation process with direction distribution  (or x°).

Proposition 7.3. For any t > 0 the random tessellation Y; has the same distribution
as a Poisson great hypersphere tessellation which is derived from a Poisson process of
great hyperspheres with intensity measure tx on $,4_1 or, equivalently, from a Poisson
point process on $% with intensity measure tx°. Moreover, Y, is isotropic if and only if xk°
and k are rotation invariant.

Proof. Let 7 be a Poisson process on [0, 00) x $¢ with intensity measure H!L[0,00) ® x°.
We put 71, 3 := n([a,b] x -), for 0 < a < b. Then 7, is a simple Poisson process on g
with intensity measure (b—a)x°, which is equal in distribution to the Poisson process 7,
on $¢ (recall that we regard 7, and 7 as simple point processes and as random collections
of points). Let Y; := Tess(1jo,;)) be the random tessellation generated by {u™ : u € njg 4}
Moreover, we write Tess(7T’,7,4)), 0 < a < b, for the tessellation obtained from a great
hypersphere tessellation 7" by further intersection with great hyperspheres u N $¢ with
u € Nap- Lett >0, h >0, and let f : T¢ — R be bounded and measurable. Since
Mo,t+h] = M[0,¢] + T(t,t+h] Mo,s] @nd 7¢¢,.4-5) are stochastically independent, and 7 ;) and
Mo,n) are equal in distribution, we get

% E(f(Yiyn) | Vi =T) - f(T)} = % [E(f(Tess(jo,e+11)) | Tess(1o,q) = T) — f(T)]
= % [E(f(Tess(T, n.14n)))) — f(T)]
= % [E(f(Tess(T,npo,n)))) — f(T)] .
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Thus, for the generator A of (E)tzo we obtain

(AF)(T) = lim = [B(S(Tess(T, mo,))) ~ f(T)

hl0

= lim 1 {e_h’f(T) + he "

o F(®(S,T)) k(dS) + o(h) — f(T)}

Sa—1

= J; f(®(8,T)) k(dS) = f(T) = (Af)(T),
d—1
which yields the equality A=A, since kis a probability measure. From [7, Proposition
15.38] we then deduce that the tessellation-valued processes (}N/t)tzo and (Y;);>o are
identically distributed. Since 7)o ; and 7; are equal in distribution, also }N/f is equal in
distribution to the tessellation generated by 7;, from which the first assertion follows.
The final statement about the isotropy of Y, is clear. O

7.2 Relationships for intensity measures

We denote by Y; a splitting tessellation with time parameter ¢ > 0 and direction
distribution k. Then we define the random measure M; and its intensity measure M; on
P? by

M, = Z 5. and M, :=EM,.
ceYy
Similarly, for a Poisson great hypersphere tessellation Y, with direction distribution x°
and time parameter ¢t > 0, we put
Mt = Z 50 and mt = EMt .
CG?t
In the following, we always assume that x and «° are related via (2.1). Repeating the
proof of [53, Theorem 1] we obtain the following result. We shall nevertheless provide

the argument for completeness and to complement some details in [53] that have been
left out.

Theorem 7.4. Ift > 0, then M; = M,.

Proof. Let ¢ : PY — R be bounded and measurable. Then Proposition 2.12 ensures that

So(Yi) — S(¥o) — / 3

ceYs

/ [#(cNST) +¢(cnS™) — ¢(c)] k(dS) ds, (7.1)
Sd_ 1 [C]
t > 0, is a V-martingale. Taking expectations and using Campbell’s theorem, we get

/(b(c) Mt(dc):¢($d)+/0//é [][¢(c05+)+¢(cﬁs_)
— ¢(c)] K(dS) Ms(de) ds .

(7.2)

Let us denote by My, (IP?) the Banach space of real-valued Borel measures on P with
the total variation norm || - ||rv. Then the linear operator

T : Mpy (P?) — My, (P, p— / / [6ens+ + Oens— — 0] k(dAS) p(de),
Sa—1

is bounded with operator norm ||I'||p < 3. As observed in the proof of Proposition 2.12,
we have |M;||tv = E|Y;| < E|Y,| =: ¢, < 0 if 0 < ¢ < a. Then (7.2) can equivalently be
written in the form

t
Mt:5$d+/F(MS)dS, t207
0
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and hence |M; — M. ||tv < 3¢qlt —r| for 0 <r <t < a.
Next, we consider the dynamic Poisson great hypersphere tessellation process (Y:):>o

we introduced in Section 7.1. Proposition 2.12, applied to the Markov process (Y);>0
with generator A, yields that

SV =200~ [ [ 6ens ) +oensT) - ole)] n(ds) ds

6675
int(c)NS#D

:2¢(?t)—2¢(}@)—/() Z/S 6en ST+ 0(en§T) —ofell(@S) s, 73)
€y, “atle

t > 0, is a martingale with respect to the filtration induced by (Vt)tzo- In fact, a
localization procedure similar to the one used in the proof of Proposition 2.12 first shows
that this process is a local martingale. In order to verify that this process is of class
DL and hence a proper martingale, one also needs that the moments of |Y| are finite.
However, this is the case since the number of cells can be expressed as a deterministic
polynomial of the number of great hyperspheres of n; (see [49, Lemma 8.2.1]), which in
turn is a Poisson random variable having finite moments of all orders. In particular, we
have |M¢||tv = E|Y¢| < E[Y,| =: ¢, < 00 if 0 <t < a. Since the right-hand side in (7.3)
is the same as in (7.1), but with Y; replaced by Y s, we also obtain that

t
mt:5$d+/r(ms)d8, tZO
0

Hence (M;);>0 and (M;);>¢ solve the same initial value problem. In the current situation
the solution of this problem is unique (see [11, Section 1]), which implies the assertion. In
fact, let 0 < ¢t < a be arbitrary and put é, := ¢, +¢, < co. Then |\~/It = M; — M; € My, (P?),
t > 0, satisfies

t
IM¢]|Tv < / IT(My)|lrv ds < 3¢qt 0<t<a.
0

By induction we obtain that

(3t)"

||'\7|tHTV§Ea77 0<t<a,neNN.

Indeed, the induction step follows from the estimate

(3t)n+t
n! “ln+ 1)

(o8
VA
I
™

t t
HMtnTvg/ ||r<Ms)||Tvdsg3/ a 0<i<aneN.
0 0

Thus, taking the limit as n — oo, we conclude that || M, |y = 0 forall 0 < ¢ < a, which
proves the assertion. O

Combining Theorem 7.4 with Theorems 4.1 and 4.2, the following consequence is
obtained.
Corollary 7.5. Let h : $¢ — R be bounded and measurable, and let t > 0.
Ifje{0,...,d} and Kk = v4_1, then
td=7 H(h)
(d—37)! Ba

For a general regular direction measure «, this holds also for j = d, and

ESJ' (t; h) =

Eidfl(t; h) = tE(h) .
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Let T be a (deterministic) splitting tessellation (that is, a tessellation obtained by a
successive splitting process). By a maximal spherical face of dimension d—1 of 7" we mean
the separating pieces of great hyperspheres that arise in the construction of the splitting
tessellation 7. Further, by a maximal spherical face of dimension k£ € {0,...,d — 2}
of T'we understand any k-face of a maximal spherical face of dimension d — 1, which
arises due to the insertion of this maximal spherical face. Hence any maximal spherical
k-face belongs to a uniquely determined maximal (d — 1)-face. We denote by % (T') the
collection of these maximal spherical k-faces of T', which is a subset of the space IPg of

k-dimensional spherical polytopes in $¢. We introduce on IP% the random measure Fik)

and its intensity measure ng) by
F¥= Y 6 and FY.=EF".
FEFE (YY)

Similarly, for a great hypersphere tessellation T, we understand by a spherical k-face
of T any k-face of a cell of T' and denote by % (T') the collection of all such faces (each
k-face is included only once in .%(T), although it arises as a k-face of precisely 2¢~*
cells). On ]PZ we then define the measures

Fik) = Z 0y and E(tk) = EF,Ek).
feEFK(Yr)

The next theorem is the analogue of [53, Theorem 2]. Again, the proof is basically the
same as in the Euclidean case, but we give the argument for the sake of completeness.

Theorem 7.6. Ift >0 and k € {0,...,d — 1}, then

t
1 _
F® = (d — ky2¢! / ~Fas.
0

Proof. Letk € {0,...,d—1} be fixed. For a bounded and measurable function ¢ : P{ — R
and for f € P4 | we define ¢(f) := Y, 1 (h), where the summation extends over all
k-faces h of f. Applying the martingale property in Lemma 2.11 to

Uy(T) = > o(f),

feFi (1)

if T is a splitting tessellation (and zero otherwise), and arguing as in the proof of
Proposition 2.12, we conclude that the random process

%(n)—/otz

ceEY,

/ ¢(cn ) k(dS)ds, t>0,
Sd71 [C]
is a Y-martingale. Taking expectations and using Theorem 7.4, we get

[ ot - / t / A 9N ) r(as) (@) as (7.4)

/;//Sd_l[c] é(cN S) k(dS) M, (de) ds

Let 7; be a Poisson process on $¢, as defined in Section 6. Then, for any s € (0,t), by
Campbell’s theorem (see [49, Theorem 3.1.2]) and using the Mecke equation (see [26,

EJP 24 (2019), paper 24. http://www.imstat.org/ejp/
Page 51/60


http://dx.doi.org/10.1214/19-EJP267
http://www.imstat.org/ejp/

Splitting tessellations in spherical spaces

Chapter 4, Theorem 4.4] or [49, Theorem 3.2.5 and Corollary 3.2.3]) we obtain that

/ sNF Van=E S ohH=EY S 1fcuel)

f€EFa_1(Ys) u€nNs feFq—1(Tess(ns))

_E / S U Cut)o(f) na(du)

fe€Fa—1(Tess(ns))

_ /SE{ 3 1(f Cut)o(f)] 5w (du)

fEF4—1(Tess(ns+d4))

—sE /S / 1(int(c) N § # D)d(c N §) My (de) #(dS)

:s// #(cn S) k(dS) My (de) .
Sd_l[C]
We thus conclude that

/¢ FO-D(af) = / /¢ AHFY Y ar) ds (7.5)

/ o(f) Fi 0 (df) = / b(h)FP (dh),

since any maximal spherical k-dimensional polytope is a k-face of precisely one maximal
spherical face of dimension d — 1. On the other hand, we have the identity

/ o(HFV(Af) = (@ K2tk / s(n)F® (an),

Moreover,

because each spherical k-face of Y, is a k-face of precisely (d — k)2¢~*~! spherical
(d — 1)-faces of Y ;s (see [3, Equation (10)]). Plugging these observations into (7.5) leads

to
/w F® (dh) = (d — kzzd’“/ /w 9
OS

Since this identity holds for all bounded and measurable ¢/, the argument is complete. O

Example 7.7. Using (7.4) with ¢(f) = ¢a—1(/f, ), it follows that

E Z ba-1(f, - /¢d1 : dl(df)—t"f()

FeZ; (Y1)

Now we assume that x = v4_; and use (7.4) with ¢(f) = ¢;(f,-) for j € {0,...,d — 1}.
Then, by (4.2) and Theorem 4.1, we obtain

[oitr R - ///S y A(eNS, -) va_(dS) M, (de) ds

Ly
B (d—j)! Ba '
This is a local version in spherical space of [51, Proposition 3]. The additional lower
order terms in [51, Proposition 3] are due to the interaction with the boundary of the
observation window.
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7.3 Typical maximal spherical faces

This section requires the concept of a typical object associated with a random tessella-
tion of $¢ (see also [17, 23, 24, 46]). We provide a brief self-contained introduction, which
does not require the assumption of isotropy. Let ¢ be a particle process in $¢, that is, an
element of .#;(K?). We always assume that E¢(IK?) € (0,00). To define a typical particle
of ¢, we require a centre function. By this we mean a measurable map z : K¢ — $¢ U {o}
such that z(oK) = 0z(K) for K € K% and ¢ € SO(d + 1). An example of such a centre
function is the map which assigns to K the centre of the spherical circumsphere of K if
K € K%\ U{_,Sx and o otherwise. As in Section 5.4, we fix a reference point e € $¢ and
define ©, and v,, for x € $?. In addition, we put ©, = SO(d + 1) and v, = v. A typical
particle of ( is defined as a random spherically convex body with distribution

el .\ . 1 —1 v
Q)= g B L [ 1K E v (a0 CaK).

Clearly, Q¢ is concentrated on the set {K € K¢ : 2(K) € {e,0}}. Moreover,
Q{(A) =QZ(cd), AeB(K?,0eS0(d+1).

The typical particle of ( provides shape information about the particles of {, which is
obtained after applying uniform random rotations to the individual particles so that
their centres are e or o (depending on whether or not the particle is a great subsphere).
Note that in contrast to the Euclidean framework, which admits the choice of unique
translations so as to shift the particles to a prescribed common centre, a uniform
selection from all possible rotations is the appropriate approach in spherical space (and,
more generally, in homogeneous spaces, see [46]). If A ¢ B(K?) is rotation invariant,
then we simply have Q¢ (A) = (E¢(K?))~! E¢(A).

Now, we introduce the distribution of several random spherical polytopes as distribu-
tions of typical particles of spherical particle processes by specifying (. As before, Y; and
Y, are a splitting tessellation and a Poisson great hypersphere tessellation, respectively,
with direction distribution « (at time ¢ > 0) and e € $¢ is a fixed reference point. For
t>0andk € {0,...,d— 1} (if this applies), the distribution of

(1) the typical cell of Y; is defined by Q(d) Qs
(2) the typical cell of Y, is defined by Qid) = Q% ;
(3) the typical maximal spherical k-face of Y; is defined by Q(k) = F(k)'

)

(4) the typical spherical k-face of Y, is defined by Q, ' := Q%(k).

Our next result yields a representation of ng) in terms of (ng))se[o,t] and is the
spherical analogue of [53, Theorem 3]. For this we denote by Ny (t) = ng)(IPg) the
expected number of maximal spherical k-faces of the splitting tessellation Y; and by
Ni(t) = Fik)(]Pg) the expected number of spherical k-faces of the Poisson great hyper-
sphere tessellation Y, (as described above). The computation of Ni(t) or N (t) is in
general rather involved as considerations in [3, 18] indicate. For this reason we shall

carry out explicit computations only for the special case k = 1 below.

Theorem 7.8. Ift > 0, then Q(d) Qid)

2dk1 N
k) _ (d— k / k( a® as

t
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fork € {0,...,d — 1}. In particular,
—
N
Ni(t) = (d — k)2¢-F1 / Nils) g,
0 S

Proof. First, we note that Ny(t) = M;(P¢) = M;(IP¢) = N4(¢) by Theorem 7.4. Then, by
the definition of di), Campbell’s theorem and Theorem 7.4, we get

1 _
PO =50 L€ +)va(o)(de) My(de)

P4 IO, (o)

1 Tlee v M. (de) = Q7.
Na(t) /]Pd /@z<c> o™ e € ) ve(e(do) Mi(de) e ()

This proves the first assertion.
Next, we fix k € {0,...,d — 1}. Then, using again Campbell’s theorem and this time
Theorem 7.6, we get

S e Y, (k)
T Nk(1) /]Pd/zm o™ f e Jvap(do i (df)

(d k2dk: 1 0
- : do)Fy”(d
/0 s/lpd/zm (07'f € )vag)(de) F 7 (df) ds

(d k 2d k—1 Nk |
- / § Nk /]Pd/zm (e f€ )Vz(f)(dg) (df)

(- kzd’fl/Nk %

QM ()

(-)ds. (7.6)

The second assertion follows from the first, since Q\* (P%) = Qik) (P¢) =1 forallt,s > 0.
This completes the proof. O

In the following corollaries, we write y(a, z) fo 5%~ le=%ds, where a,z > 0, for the
lower incomplete gamma function. The first corollary provides an explicit description
of the distribution of the typical maximal spherical segment (that is, the typical max-
imal spherical 1-face) of a splitting tessellation on $¢ as a mixture of distributions of
typical spherical edges (that is, typical spherical 1-faces) in a Poisson great hypersphere
tessellation. Besides the general formulas we treat especially the case d = 2, which is
compared to the results in the Euclidean case at the end of this section.

Corollary 7.9. Ift > 0, then

t

QY d d—2 - QW

= 2 d .
‘ 2td+d’7(d_1vt)/o ’ ( sre ) ° ’

Especially, if d = 2, then

t
El) = 752—&-1;—6_’5/0 (2s+¢€7%) QS) ds.
Proof. In view of (7.6) we have to compute the mean values N, (s) and N;(t). Let £(s)
be the random number of spherical edges of a Poisson great hypersphere tessellation
process at time s > 0. We denote by P(s) the number of great hyperspheres in Y ,, which
is a Poisson distributed random variable with parameter s. If P(s) € {0,1,...,d — 2}
then £(s) = 0. If P(s) = d — 1, then &(s) = 1, while for P(s) > d, we have £(s) = 2d(7(Y).
Indeed, any collection of d great hyperspheres generating Y, (and which are in general
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position with probability one by Lemma 6.1) induces a pair of antipodal vertices. From
each such vertex there are precisely 2d emanating edges and each edge has two vertices
as its endpoints (see also [18, Equation (16)] with d replaced by d + 1 and with k = 2
there). Thus,

o gd—1 o n\ s gd—1
N =E = - 2d —e f=—(2 ). 7.7
1) = Be(s) = e+ 2 ()5 =y ten. o
To compute N;(t) we apply Theorem 7.8 to deduce that
a2 (15 272 " 4o
Ni(t) =(d—1)2 ; gNl(s)dS:(d—Q)!/os (2s+e%)ds
2472 (94
=— | — d—1,t)) . 7.8
(d2)!<d 1 ’)> (7.8)
Plugging this into (7.6) yields
¢
(1) d d—2 s g®
) = 2 -)d
OO = gt [, el

and proves the first formula. The special representation for d = 2 and k£ = 1 follows,
since in this case y(1,t) =1 — e, O

The previous result can be used, in particular, to determine the expected length of the
typical maximal spherical segment of a splitting tessellation Y; on $¢. Let us emphasize
that in contrast to the expected length of the typical maximal segment in a Euclidean
STIT-tessellation (see [33] for the planar case, [56] for the spatial case and [38, 53] for
general space dimensions), the expected length of the typical maximal spherical segment
of a splitting tessellation Y; on $¢ is universal and does not depend on the underlying
direction distribution &.

Corollary 7.10. The expected length of the typical maximal spherical segment of a
splitting tessellation Y; on $¢ with t > 0 equals

d 2mrtd—1
d—12t4 +dy(d—1,t)°

Especially, if d = 2, this reduces to

2mt
t24+1—et’

Proof. Let L(Y ;) be the expected length of the typical edge in a Poisson great hyper-
sphere tessellation of $¢ at time s > 0, and let £(Y ;) be the total edge length of Y, that
is, the sum of the lengths of all edges of Y,. The total length of all edges that are located
on the same great circle equals 27. Moreover, each such great circle almost surely arises
as an intersection of d — 1 great hyperspheres. Thus,

4 st & N \sV . 2msd!

Hence, using (7.7), the expected length of the typical edge of Y, equals

L(7.) = EL(Y,)  2m
(Ys) = Ni(s) 2s+e s’
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Figure 6: Expected length L(Y}) of the typical maximal segment of a splitting tessellation
Y; on $¢ (solid curves) and expected length L(Y ) of the typical edge of a Poisson great
circle tessellation Y, on $% (dashed curves). Left: Fixed dimension d = 2 and variable
time t € [0, 10]. Right: Fixed time ¢ = 1 and variable dimension d € {2,3,...,20}.

Combining this with Corollary 7.9 yields

2wd t d ortd—1
L(Y;) = =2 4s = .
(V1) 2td+d7(d—1,t)/0 5 s d—12td 4+ dy(d —1,1)

The formula for d = 2 follows once again from the observation that y(1,¢{) =1 —e™t. O

Example 7.11. Corollary 7.10 shows that the expected length of the typical maximal
spherical segment of the splitting tessellation Y; on $¢ at time ¢ > 0 depends on the
dimension, whereas the expected length L(Y;) of the typical edge of Y is independent

of the dimension, that is, )
— ™
LY,)=——.
(Y2) o + et

Intuition suggest that L(Y;) < L(Y;) for all ¢ > 0 in any dimension. In fact, this follows
from our formulas by basic calculus. Moreover, by partial integration, we obtain

S L) d 1+ g __d 1t
L(Y) d—11+ﬁ2it(eft+ft (g)d’lefsds) d=11+ o3¢
hence L(Y;)/L(Y;) — 1, as d — oo, for fixed ¢t > 0. On the other hand, we also have

d_l+4get L) _ d  l+ge!

d!

< —
d=11+ ;4L 7 LY,) ~d=11+ ;4 Let”
and hence
1 L, d
— <t — <CQ, tzl,

LY, d-1|—
where ¢1,c; > 0 are absolute constants. This shows that L(Y;)/L(Y;) — d/(d — 1), as
t — oo, for fixed dimension d. Moreover,

d w 1 d
— <LY;) < ——
d—1t14+t=4d—-1)! — o) < 33

, t>0,

13

see also Figure 6. It is also easy to check from these formulas that L(Y;), L(Y;) — 27 as
t— 0.
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Figure 7: Left: The expected length of the typical maximal spherical segment of a
splitting tessellation Y; on $? (solid curve) and the expected length of the typical maximal
segment of a STIT-tessellation in the plane (dashed curve) as a function of time ¢. Right:
The density of the birth time distribution of the typical maximal spherical segment of a
splitting tessellation Y; on $2 (solid curve) and the density of the birth time distribution
of the typical maximal segment of a STIT-tessellation in the plane (dashed curve) for
t = 3 as function of s € (0, 3).

Finally, we consider the distribution of the ‘birth time’ of the typical maximal spherical
segment of a splitting tessellation Y; with £ > 0. To define this concept formally, we first
observe that for each maximal edge = € Fgl) of Y; there is a unique time s = §(z) at
which z is generated by the insertion of a new maximal spherical (d — 1)-face. This gives
rise to a marked point process &; on P¢ with mark space (0, o) given by

_ _ (1)
&= D dwpe) = /]P @ py Fe(dz).
1

xEFgl)
The Palm distribution of & (with respect to a fixed reference point e € $%) is the
probability measure

1
P = ——E / O(o=12.8(2)) V=(z)(d0)
13 N1 (t) IGZF;) 6oy (o= 1z,B(x)) Yz(x)

on P{ x (0,00). Then the distribution of the birth time 3(Y;) of the typical maximal
spherical segment is defined as the marginal measure of Pgt on the mark space (0, c0).
Hence, we simply have

PO €)= B L MA@ e ).
$EF51)

which is independent of the chosen reference point e € $¢. Note that this is the same as
the marginal of the normalized intensity measure of & on the mark space, that is, the
mark distribution of &;.

Corollary 7.12. For each t > 0, the random variable $(Y;) € (0,t) has the density
ds?2(2s + e7%)
5
r2t? + dy(d — 1,t)

with respect to the Lebesgue measure on (0,t). Especially, if d = 2, this reduces to

. 25+ e
S — .
t24+1—et
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Proof. By the preceding discussion, for s < ¢t the distribution function of 3(Y;) equals

_ __1 (1) | _ Mi(s,t)
F(s)=P(B(Y;) <) = WEHx cF’: B(x) < 8}’ = W»
where N;(t) is the expected number of edges of ¥; and Ny (s, t) is the expected number
of edges whose birth time is less than or equal to s. By the continuous time probabilistic
construction of Y; we have that Ni(s,t) = N;(s), the expected number of edges of
Y;. Using the formula (7.8) for N;(¢) (and also with ¢t replaced by s for N;(s)) and
differentiating the resulting expression with respect to s completes the proof. O

The results of the Corollaries 7.10 and 7.12 might be compared with the correspond-
ing situation for stationary and isotropic STIT-tessellations in R? with time parameter
t > 0. It is known from [53, Corollary 4] that the expected length of the typical maximal
segment of such a tessellation is given by

d dFLd 1

d—1kKg1 2t

For d = 2 this reduces to 7/t, see the left panel in Figure 7 for a comparison with
the splitting tessellation on $2. Moreover, it is known from the discussion after [53,
Theorem 3] that for a STIT-tessellation in R? with time parameter ¢t > 0 the birth time
distribution of the typical maximal segment has density on (0, ) with respect to the

Lebesgue measure given by
dsdfl
s> —a
which is the density of a beta distribution on (0, ¢) with shape parameters d and 1. The
right panel in Figure 7 shows a comparison of this density with that of 5(Y}).

References

[1] Amelunxen, D., Lotz, M., McCoy, M. B. and Tropp, J. A.: Living on the edge: phase transitions
in convex programs with random data. Information and Inference 3, (2014), 224-294. MR-
3311453

[2] Arbeiter, E. and Zahle, M.: Kinematic relations for Hausdorff moment measures in spherical
spaces. Math. Nachr. 153, (1991), 333-348. MR-1131953

[3] Arbeiter, E. and Zahle, M.: Geometric measures for random mosaics in spherical spaces.
Stochastics Stochastics Rep. 46, (1994), 63-77. MR-1787167

[4] Baddeley, A. and Turner, R.: Spatial Point Patterns. Methodology and Applications with R.
Chapman & Hall/CRC Press (2016).

[5] Barény, 1., Hug, D., Reitzner, M. and Schneider, R.: Random points in halfspheres. Random
Structures Algorithms 50, (2017), 3-22. MR-3583024

[6] Brauchart, J. S., Reznikov, A. B., Saff, E. B., Sloan, I. H., Wang, Y. G. and Womersley, R. S.:
Random point sets on the sphere-hole radii, covering, and separation. Exp. Math. 27, (2018),
62-81. MR-3750928

[7] Breiman, L.: Probability. Addison-Wesley (1968). MR-0229267

[8] Calka, P, Chapron, A. and Enriquez, N.: Mean asymptotics for a Poisson-Voronoi cell on a
Riemannian manifold. arXiv:1807.09043 (2017).

[9] Chiu, S. N., Stoyan, D., Kendall, W. S. and Mecke, ]J.: Stochastic Geometry and its Applications.
Third edition, Wiley (2013). MR-3236788

[10] Davis, M. H. A.: Markov Models and Optimization. Chapman & Hall (1993). MR-1283589

[11] Deimling, K.: Ordinary Differential Equations in Banach Spaces. Lecture Notes in Mathemat-
ics 596, Springer (1977). MR-0463601

EJP 24 (2019), paper 24. http://www.imstat.org/ejp/
Page 58/60


http://www.ams.org/mathscinet-getitem?mr=3311453
http://www.ams.org/mathscinet-getitem?mr=3311453
http://www.ams.org/mathscinet-getitem?mr=1131953
http://www.ams.org/mathscinet-getitem?mr=1787167
http://www.ams.org/mathscinet-getitem?mr=3583024
http://www.ams.org/mathscinet-getitem?mr=3750928
http://www.ams.org/mathscinet-getitem?mr=0229267
http://arXiv.org/abs/1807.09043
http://www.ams.org/mathscinet-getitem?mr=3236788
http://www.ams.org/mathscinet-getitem?mr=1283589
http://www.ams.org/mathscinet-getitem?mr=0463601
http://dx.doi.org/10.1214/19-EJP267
http://www.imstat.org/ejp/

Splitting tessellations in spherical spaces

[12] DeuR, C., Horrmann, J. and Thale, C.: A random cell splitting scheme on the sphere. Stochastic
Process. Appl. 127, (2017), 1544-1564. MR-3630235

[13] Eberle, A.: Markov processes. Lecture Notes. Bonn (2017).
Available online at https://wt.iam.uni-bonn.de/eberle/skripten/.

[14] Federer, H.: Geometric Measure Theory. Springer (1969). MR-0257325

[15] Georgii, H.-O., Schreiber, T. and Thale, C.: Branching random tessellations with interaction:
a thermodynamic view. Ann. Probab. 43, (2015), 1892-1943. MR-3353818

[16] Goldstein, L., Nourdin, I. and Peccati, G.: Gaussian phase transitions and conic intrinsic
volumes: Steining the Steiner formula. Ann. Appl. Probab. 27, (2017), 1-47. MR-3619780

[17] Hug, D. and Reichenbacher, A.: Geometric inequalities, stability results and Kendall’s problem
in spherical space. arXiv:1709.06522 (2017).

[18] Hug, D. and Schneider, R.: Random conical tessellations. Discrete Comput. Geom. 52, (2016),
395-426. MR-3530973

[19] Kabluchko, Z., Marynych, A., Temesvari, D. and Thale, C.: Cones generated by random points
on half-spheres and convex hulls of Poisson point processes. arXiv:1801.08008 (2018).

[20] Kallenberg, O.: Foundations of Modern Probability. Second Edition, Springer (2002). MR-
1876169

[21] Kallenberg, O.: Probabilistic Symmetries and Invariance Principles. Springer (2005). MR-
2161313

[22] Karatzas, I. and Shreve, S. E.: Brownian Motion and Stochastic Calculus. Second Edition,
Springer (1998). MR-1121940

[23] Last, G.: Stationary random measures on homogeneous spaces. J. Theoret. Probab. 23, (2010),
478-497. MR-2644871

[24] Last, G.: Modern random measures: Palm theory and related models. In: New Perspectives
in Stochastic Geometry (Eds. W. S. Kendall, I. Molchanov), Oxford University Press, Oxford,
(2010), 77-110. MR-2654676

[25] Last, G. and Brandt, A.: Marked Point Processes on the Real Line. The Dynamic Approach.
Springer (1995). MR-1353912

[26] Last, G. and Penrose, M.: Lectures on the Poisson Process. Cambridge University Press
(2018). MR-3791470

[27] Lawrence, T., Baddeley, A., Milne, R. K. and Nair, G.: Point pattern analysis on a region of a
sphere. Stat. 5, (2016), 144-157. MR-3492966

[28] Maehara, H. and Martini, H.: Geometric probability on the sphere. Jahresber. Dtsch. Math.-
Ver. 119, (2017), 93-132. MR-3625849

[29] Maehara, H. and Martini, H.: An analogue of Sylvester’s four-point problem on the sphere.
Acta Math. Hungar. 155, (2018), 479-488. MR-3831312

[30] Marinucci, D. and Peccati, G.: Random Fields on the Sphere. Cambridge University Press
(2011). MR-2840154

[31] Marinucci, D. and Rossi, M.: Stein-Malliavin approximations for nonlinear functionals of
random eigenfunctions on $¢. J. Funct. Anal. 268, (2015), 2379-2420. MR-3318653

[32] McCoy, M. B. and Tropp, J. A.: From Steiner formulas for cones to concentration of intrinsic
volumes. Discrete Comput. Geom. 51 (2014), 926-963. MR-3216671

[33] Mecke, J., Nagel, W. and Weiss, V.: Some distributions for I-segments of planar random
homogeneous STIT tessellations. Math. Nachr. 284, (2011), 1483-1495. MR-2832660

[34] Miles, R.E.: Random points, sets and tessellations on the surface of a sphere. Sankhya Ser. A
33, (1971), 145-174. MR-0321150

[35] Molchanov, I.: Theory of Random Sets. Second Edition, Springer (2017). MR-3751326

[36] Magller, J., Nielsen, M., Porcu, E. and Rubak, E.: Determinantal point process models on the
sphere. Bernoulli 24 (2018), 1171-1201. MR-3706791

[37]1 Mgller, J. and Rubak, E.: Functional summary statistics for point processes on the sphere
with an application to determinantal point processes. Spat. Stat. 18 (2016), part A, 4-23.
MR-3573266

EJP 24 (2019), paper 24. http://www.imstat.org/ejp/
Page 59/60


http://www.ams.org/mathscinet-getitem?mr=3630235
https://wt.iam.uni-bonn.de/eberle/skripten/
http://www.ams.org/mathscinet-getitem?mr=0257325
http://www.ams.org/mathscinet-getitem?mr=3353818
http://www.ams.org/mathscinet-getitem?mr=3619780
http://arXiv.org/abs/1709.06522
http://www.ams.org/mathscinet-getitem?mr=3530973
http://arXiv.org/abs/1801.08008
http://www.ams.org/mathscinet-getitem?mr=1876169
http://www.ams.org/mathscinet-getitem?mr=1876169
http://www.ams.org/mathscinet-getitem?mr=2161313
http://www.ams.org/mathscinet-getitem?mr=2161313
http://www.ams.org/mathscinet-getitem?mr=1121940
http://www.ams.org/mathscinet-getitem?mr=2644871
http://www.ams.org/mathscinet-getitem?mr=2654676
http://www.ams.org/mathscinet-getitem?mr=1353912
http://www.ams.org/mathscinet-getitem?mr=3791470
http://www.ams.org/mathscinet-getitem?mr=3492966
http://www.ams.org/mathscinet-getitem?mr=3625849
http://www.ams.org/mathscinet-getitem?mr=3831312
http://www.ams.org/mathscinet-getitem?mr=2840154
http://www.ams.org/mathscinet-getitem?mr=3318653
http://www.ams.org/mathscinet-getitem?mr=3216671
http://www.ams.org/mathscinet-getitem?mr=2832660
http://www.ams.org/mathscinet-getitem?mr=0321150
http://www.ams.org/mathscinet-getitem?mr=3751326
http://www.ams.org/mathscinet-getitem?mr=3706791
http://www.ams.org/mathscinet-getitem?mr=3573266
http://dx.doi.org/10.1214/19-EJP267
http://www.imstat.org/ejp/

Splitting tessellations in spherical spaces

[38] Nagel, W., Nguyen, N. L., Thale, C. and Weiss, V.: A Mecke-type formula and Markov
properties for STIT tessellation processes. ALEA, Lat. Am. J. Probab. Math. Stat. 14, (2017),
691-718. MR-3689385

[39] Nagel, W. and Weiss, V.: Crack STIT tessellations: characterization of stationary random
tessellations stable with respect to iteration. Adv. in Appl. Probab. 37, (2005), 859-883.
MR-2193987

[40] Olver, W. J., Lozier, D. W,, Boisvert, R. F. and Clark, C. W. (editors): NIST Handbook of
Mathematical Functions. Cambridge University Press (2010). MR-2655349

[41] Penrose, M. D. and Yukich, Y. E.: Limit theory for point processes in manifolds. Ann. Appl.
Probab. 23, (2013), 2161-2211. MR-3127932

[42] Reddy, T. R., Vadlamani, S. and Yogeshwaran, D.: Central limit theorem for quasi-local
statistics of spin models on Cayley graphs. arXiv:1709.10424 (2017). MR-3876914

[43] Resnick, S. I.: Adventures in Stochastic Processes. Birkhduser Basel (2002). MR-1181423

[44] Revuz, D. and Yor, M.: Continuous Martingales and Brownian Motion. Springer (1999).
MR-1725357

[45] Ripley, B. D.: Modelling spatial patterns (with discussion). Journal of the Royal Statistical
Society. Series B, 39, (1977), 172-212. MR-0488279

[46] Rother, W. and Zahle, M.: Palm distributions in homogeneous spaces. Math. Nachr. 149,
(1990), 255-263. MR-1124808

[47] Schneider, R.: Small faces in stationary Poisson hyperplane tessellations. arXiv:1808.05432
(2018).

[48] Schneider, R.: Convex Bodies: The Brunn-Minkowski Theory. Second Edition, Cambridge
University Press (2014). MR-3155183

[49] Schneider, R. and Weil, W.: Stochastic and Integral Geometry. Springer (2008). MR-2455326

[50] Schreiber, T. and Thale, C.: Second-order properties and central limit theory for the vertex
process of iteration infinitely divisible and iteration stable random tessellations in the plane.
Adv. in Appl. Probab. 42, (2010), 913-935. MR-2796670

[51] Schreiber, T. and Théle, C.: Intrinsic volumes of the maximal polytope process in higher di-
mensional STIT tessellations. Stochastic Process. Appl. 121, (2011), 989-1012. MR-2775104

[52] Schreiber, T. and Thale, C.: Second-order theory for iteration stable tessellations. Probab.
Math. Statist. 32, (2012), 281-300. MR-3021459

[53] Schreiber, T. and Thale, C.: Geometry of iteration stable tessellations: Connection with
Poisson hyperplanes. Bernoulli 19, (2013), 1637-1654. MR-3129028

[54] Schreiber, T. and Thale, C.: Limit theorems for iteration stable tessellations. Ann. Probab. 41,
(2013), 2261-2278. MR-3098072

[55] Strook, D. W.: Probability Theory. An Analytic View. Second Edition, Cambridge University
Press (2011). MR-2760872

[56] Thale, C., Weiss, V. and Nagel, W.: Spatial STIT tessellations: distributional results for
I-segments. Adv. Appl. Probab. 44, (2012), 635-654. MR-3024603

[57] Vedel Jensen, E. B. and Kiéu, K.: A new integral geometric formula of the Blaschke-
Petkantschin type. Math. Nachr. 156, (1992), 57-74. MR-1233937

Acknowledgments. We thank the referee as well as an AE for careful reading and for
helpful and stimulating comments. They have led to a substantial improvement and
enlargement of the results presented in the paper. This work was partially supported by
the Deutsche Forschungsgemeinschaft (DFG) via RTG 2131 High-Dimensional Phenom-
ena in Probability - Fluctuations and Discontinuity and FOR 154 Geometry and Physics
of Spatial Random Systems.

EJP 24 (2019), paper 24. http://www.imstat.org/ejp/
Page 60/60


http://www.ams.org/mathscinet-getitem?mr=3689385
http://www.ams.org/mathscinet-getitem?mr=2193987
http://www.ams.org/mathscinet-getitem?mr=2655349
http://www.ams.org/mathscinet-getitem?mr=3127932
http://arXiv.org/abs/1709.10424
http://www.ams.org/mathscinet-getitem?mr=3876914
http://www.ams.org/mathscinet-getitem?mr=1181423
http://www.ams.org/mathscinet-getitem?mr=1725357
http://www.ams.org/mathscinet-getitem?mr=0488279
http://www.ams.org/mathscinet-getitem?mr=1124808
http://arXiv.org/abs/1808.05432
http://www.ams.org/mathscinet-getitem?mr=3155183
http://www.ams.org/mathscinet-getitem?mr=2455326
http://www.ams.org/mathscinet-getitem?mr=2796670
http://www.ams.org/mathscinet-getitem?mr=2775104
http://www.ams.org/mathscinet-getitem?mr=3021459
http://www.ams.org/mathscinet-getitem?mr=3129028
http://www.ams.org/mathscinet-getitem?mr=3098072
http://www.ams.org/mathscinet-getitem?mr=2760872
http://www.ams.org/mathscinet-getitem?mr=3024603
http://www.ams.org/mathscinet-getitem?mr=1233937
http://dx.doi.org/10.1214/19-EJP267
http://www.imstat.org/ejp/

	Introduction
	Preliminaries
	Basic notions from spherical geometry
	Elements of spherical integral geometry
	Spherical tessellations and spherical splitting tessellations
	Auxiliary martingales

	The capacity functional
	Splitting tessellations as random closed sets
	Capacity functional for connected sets
	Capacity functional for sets with more than one connected component

	Expected spherical curvature measures
	Variances and covariances
	A spherical integral-geometric transformation formula
	The variance of the cell surface measure
	Further variances and covariances
	Spherical pair-correlation function

	Comparison with Poisson great hypersphere tessellations
	Construction, surface intensity and capacity functional
	K-function and pair-correlation function

	Typical cells and faces, and their distributions
	A dynamic Poisson great hypersphere tessellation process
	Relationships for intensity measures
	Typical maximal spherical faces

	References

