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Faces in random great hypersphere tessellations

Zakhar Kabluchko* Christoph Thale’

Abstract

The concept of typical and weighted typical spherical faces for tessellations of the
d-dimensional unit sphere, generated by n independent random great hyperspheres
distributed according to a non-degenerate directional distribution, is introduced and
studied. Probabilistic interpretations for such spherical faces are given and their
directional distributions are determined. Explicit formulas for the expected f-vector,
the expected spherical QuermalSintegrals and the expected spherical intrinsic volumes
are found in the isotropic case. Their limiting behaviour as n — oo is discussed
and compared to the corresponding notions and results in the Euclidean case. The
expected statistical dimension and a problem related to intersection probabilities of
spherical random polytopes is investigated.
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1 Introduction

The analysis of random tessellations in R¢ and the resulting random polytopes has a
long tradition in stochastic geometry. Particularly attractive, at least from a mathematical
point of view, is the class of Poisson hyperplane tessellations for which many explicit
results are available, see e.g. [24, 26, 31] for representative overviews. This class of
models has recently found also interesting applications in compressed sensing [5, 7].
This paper deals with the natural analogue of such tessellations in spherical spaces of
constant positive curvature +1. More precisely, we are dealing with random tessellations
of the d-dimensional unit sphere $¢ ¢ R?*! generated by n € IN independent random
great hyperspheres. Such tessellations were previously investigated in [3, 8, 16, 27].
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Faces in random great hypersphere tessellations

These works deal with mean value relations for geometric characteristics of these
tessellations as well as with their so-called typical and, occasionally, also with their
weighted typical cells. These cells arise as follows. The typical cell is a random cell
which is selected uniformly from the (almost surely finite) collection of all cells, while
the weighted typical cell is its size biased version, where size is measured by the d-
dimensional spherical Lebesgue measure. In contrast to these previous works we are not
only interested in the cells of random great hypersphere tessellations, but also in their
lower-dimensional faces. This gives rise to new questions, mainly related to the notion of
direction, which in the spherical set-up typically have different answers compared to their
Euclidean counterparts. Motivated by the approach in [29], which deals with Poisson
hyperplane tessellations in R?, for any k& € {0,1,...,d} we introduce two different
types of random k-dimensional spherical faces associated with a great hypersphere
tessellation, the k-dimensional typical spherical face and the k-dimensional weighted
typical spherical face. In the equivalent language of conical random tessellations, the
typical spherical k-face generalizes to lower dimensions the concept of the Schlafli
random cone studied in [8, 16, 20]. We investigate the relation between and provide
probabilistic interpretations of these lower-dimensional spherical random polytopes. In
particular, we determine explicitly several of their key characteristic quantities in the
isotropic case, that is, if the distribution of the underlying great hyperspheres is the
uniform distribution on the space of great hyperspheres. This is essentially based on the
connection of weighted typical spherical k-faces by spherical polarity to random convex
hulls on half-spheres, which in turn can be analysed using the language of random beta
polytopes, see [18, 19, 22, 23]. To be precise, for each k € {0,1,...,d}, we determine
explicitly the expected number of ¢-dimensional spherical faces, ¢ € {0,1,...,k — 1},
of the typical and the weighted typical k-dimensional spherical face. We also provide
fully explicit formulas for the expected spherical Quermafintegrals and the expected
spherical intrinsic volumes. We also deal with the expected statistical dimension and
study a problem from geometric probability, dealing with intersection probabilities of
spherical random polytopes.

Our paper continues and adds to a recent active line of research on random ge-
ometric systems in non-Euclidean spaces. Recent works directly linked with this
text are the articles [6, 18, 23] on spherical convex hulls on half-spheres, the papers
[9, 10, 11, 14, 16, 17] dealing with different types of hyperplane or splitting tessella-
tions in spherical (and hyperbolic) spaces or the publications [14, 21] about Voronoi
tessellations on the sphere. Let us also mention here the work [30], which studies
intersection probabilities for deterministic and random cones, and [12], where random
tessellations of the 2-dimensional sphere generated by a gravitational allocation scheme
are investigated.

The remaining parts of this text are structured as follows. In Section 2 we recall
some preliminaries, introduce random great hypersphere tessellations and formally
define the notions of typical and weighted typical spherical k-faces. Probabilistic inter-
pretations of such faces in terms of intersections are provided in Section 3. We also
show there that the weighted typical spherical k-face is the size biased version of the
typical spherical k-face. The directional distribution of both types of faces as well as
the distribution of faces with given direction are determined in Section 4, whereas in
Section 5 we concentrate (mainly) on the isotropic case. Especially, we provide there
explicit formulas for the expected f-vector, the expected spherical QuermafRintegrals
and the expected spherical intrinsic volumes of typical and weighted typical spherical
k-faces. We also study their asymptotic behaviour, determine their statistical dimen-
sion and analyse a question related to intersection probabilities of spherical random
polytopes.
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Figure 1: Two realizations of great hypersphere tessellation of $2 with different direc-
tional distributions . In the left picture & is the uniform distribution on G,(2, 1), while
in the right picture the great hyperspheres are concentrated close to the equator.

2 Great hypersphere tessellations and typical spherical faces

2.1 Preliminaries

Spaces of subspheres and polytopes We fix a space dimension d > 1 and consider
the d-dimensional unit sphere $¢ ¢ R¥*!. For k € {0,1,...,d} we denote by G,(d, k)
the spherical Grassmannian of k-dimensional great subspheres of $¢ and refer to the
elements of G,(d,d — 1) as great hyperspheres. Also observe that G,(d,d) = {$¢}. Each
of the spaces G;(d, k) carries a unique rotation invariant Haar probability measure, vy,
see [31, Chapter 6.5]. Following the convention in [31], we also define the constant
k/2

wit1 = HF(S) = L,
where S € G,(d, k) is arbitrary and #*( - ) denotes the k-dimensional Hausdorff measure.

We write IK,(d) for the space of spherical convex subsets of $¢, where we recall
that a subset of $¢ is convex if it is the intersection of $¢ with a closed convex cone in
R4*! different from {0}. Moreover, we use the symbol P,(d) to indicate the space of
spherical polytopes in $¢. By such a polytope we understand the intersection of $¢ with
a polyhedral cone in R¢*!. The intersection of $¢ with an (£ + 1)-dimensional face of the
polyhedral cone generating a spherical polytope P € P,(d) is called an ¢-dimensional
spherical face of P, £ € {0,1,...,k}.

The Borel o-fields on K;(d) and P;(d) generated by the spherical Hausdorff distance
are denoted by B(K,(d)) and B(Ps(d)), respectively. More generally, if E is a topological
space then B(E) will denote the Borel o-field on E generated by the given topology.

Great hypersphere tessellations In this paper, x° will denote an even probability
measure on $¢ with the property that x°(S) = 0 for any great hypersphere S € G,(d,d—1).
The image measure of x° under the orthogonal complement map 1: $¢ — G,(d,d—1),u
ut N $? is denoted by «. It is a probability measure on the space G,(d,d — 1) of great
hyperspheres of $?. We let n € IN and consider a binomial point process &,, on G(d,d — 1)
with intensity measure nx. That is,

gn:{slv'-';S’n}
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with independent random great hyperspheres 51, ..., S, all having distribution x. We
assume that all random elements we consider are defined on a probability space ({2, A, P)
and denote by E expectation (integration) with respect to P. We note that our assumption
on k (or k°) implies that x is non-degenerate in the sense that with probability one the
great hyperspheres S1,...,.S, are in general position, which means that with probability
oneforanyl <i; <...<ig_r <n,ke{l,...,d}, we have that S;;N...NS;, ., € Gy(d, k).
The great hyperspheres from &, partition $¢ into a random collection of d-dimensional
spherical polytopes, which are referred to as cells in the sequel. By a classical result of
Steiner (for $2) and Schlafli (for general $%) the random collection almost surely consists

of
d n—1
C(n,d)—?Z( . > (2.1)
r=0

d-dimensional spherical random polytopes P, ..., Po(n,q), say. We call
Tn,d = Td(Sl7 BN Sn) = {Ph BERE) PC(n,d)}

a random great hypersphere tessellation of $¢ with intensity n and directional distribu-
tion . Let us remark that in this generality the model has previously been considered
in [16], while the works [3, 27] only deal with the special case where « is the uniform
distribution v4_; on G4(d,d — 1) (or, equivalently, x° is the uniform distribution on $%).
We refer to the latter situation as the isotropic case, which we will intensively study in
Section 5.

For a spherical polytope P € P,(d) and k € {0,1,...,d} we write F;(P) for the set of
its k-dimensional spherical faces, called spherical k-faces for short. The cardinality of
Fi(P) is denoted by fix(P) = |Fr(P)|. We also write

fk(Tn,d):fk(Sla--an): U ]:k(P)

PeT, 4

for the set of spherical k-faces of T, 4, which is generated by 5i,...,S,. Using the
non-degeneracy property of « it easily follows that almost surely

Al = (" )Cn = o k) = Cn.d.b), @.2)

see [16, Equation (16)].

Remark 2.1. We would like to emphasize that although we are using the same notation
as in [16, 31], we are working on $¢, while in [16, 31] the (d — 1)-dimensional unit sphere
$9-1 is considered. In particular, this implies that the sum in the definition (2.1) of
constants C(n,d) runs up to d in our case and not to d — 1 as in [16, 31]. This should be
kept in mind when our results are compared to those in the literature.

2.2 Typical and weighted typical spherical faces

We assume the same set-up as in the previous section and fix k¥ € {0,1,...,d}. In
order to avoid the discussion of degenerate cases, we assume that the number n of great
hyperspheres satisfies n > d — k.

To obtain the typical spherical k-face Z,,(Lki of the great hypersphere tessellation T, 4
we choose uniformly at random one of the C (n,d, k) spherical k-faces of T}, 4 (note that
by our assumption on n we have that 7 (7, q4) # @). The distribution of ZT(L]Z is formally
given by

1
P(Z%) e 4) :/ Y {FeA R (d(S. ) (2.3
Gs(d,d—1)™ C(TL, da k) FEFu(S1,..,50)
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where A € B(KK,(d)). In this and some other formulae we use the notation Si,...,S5, to
denote integration variables even though the same notation has been used before for
random hyperspheres. This should not lead to no confusion. We also use the convention
to drop the upper index if £ = d, that is, we write Z,, 4 instead of Zfi)i for the typical cell
of Tn,d-

Remark 2.2. Taking k£ = d in the previous definition we get back the spherical random
polytope whose conical version was studied in [16, 20] under the name Schafli random
cone.

To introduce the weighted typical spherical k-face of T, 4 one considers the k-skeleton
skely(Ty,,q) of T}, 4, by which we mean the random closed set on $¢ (in the sense of [31,
Chapter 2]) consisting of the union of all spherical k-faces of cells of T}, 4, that is,

skelo(Tha)= |J | F (2.4)

PETy qa FEFL(P)

By our assumption on n, skel, (T}, 4) # @ and it is easy to verify that the non-degeneracy
assumption on x implies that almost surely % (skely(T,.qa)) = (") wes1 € (0,00).
We can thus choose a random point v on skely (7}, 4) according to the normalized k-
dimensional Hausdorff measure. This point almost surely lies in the relative interior
of a unique spherical k-face F,, = F,,(T), 4) of T,, 4 (for ease of notation we suppress the
dependence on k here). By definition, this is what we mean by the weighted typical
spherical k-face Wff; of T}, 4, where the term ‘weight’ always refers to the Hausdorff
measure .. Its distribution is formally given by

P(W") € A)

1 (2.5)

/Gs(d,d—l)" Ak (skely (Th,a))

/ 1{F, € A} #*(@o)s™(d(Sy, ..., 5n)),
Skelk(Tn,d)

where A € B(K;(d)). As above, we use the convention to drop the upper index if k = d,
that is, we write W, 4 instead of W,(L‘z for the weighted typical cell of T}, 4.

Remark 2.3. In the special case k = d we just have skely(7},.q4) = 8¢ and Wf:g is thus the
almost surely uniquely determined cell of T}, ; which contains a uniform random point
on the sphere $?. The conical versions of such cells appeared in [16, Section 5] in the
isotropic case.

The notion of typical spherical k-faces and weighted typical spherical k-faces parallels
in spirit the concepts known from the Euclidean case (see [29] and [15]). However, a
stationary random tessellation in R has with probability one infinitely many cells, so
that Palm distributions need to be used to introduce the corresponding notions. The
compactness of the spherical space $¢ allows a much more direct approach, since the
number of k-faces of T}, 4 is almost surely finite. In addition, it should be noted that the
common stationarity assumption in the Euclidean case would translate naturally into
an isotropy assumption for random tessellations on 84 see [3, 27]. In our set-up we
work, however, with a general directional distribution, which is is not compatible with
the invariance assumption required for Palm calculus. This is the reason why we do not
work with Palm distributions for random measures on the sphere in order to define fozi

k
and Wflg
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3 Probabilistic interpretation of typical spherical faces

3.1 Interpretation of W,(ij and Z ,(Lk()i via intersections

In this section we consider a great hypersphere tessellation T, 4 of 87 of intensity
n > d — k and with non-degenerate directional distribution x, which is driven by a
binomial point process &, on G,(d,d — 1) with intensity measure nx. By foc)l and Wr(ﬂ we
denote the typical and the weighted typical spherical k-face of T;, 4, respectively, where
k€ {0,1,...,d} is a fixed dimension parameter.

Our first result is a description of the weighted typical spherical k-face Wr(lkg as the
intersection of the weighted typical cell of T}, 41,4 with a k-dimensional random great
subsphere. This can be seen as the spherical analogue of [29, Theorem 1]. Below, we also
derive a similar description for the typical spherical k-face as well. Before we present
the result, we introduce for k € {0,1,...,d — 1} the measure k; on G¢(d, k) by putting

ki(C) = / 1{S1N...NSq_1 € CYr*(A(S1,...,S4-k)) (3.1)
G.(d,d—1)d—F

for sets C' € B(G4(d, k)). It can be interpreted as 1/(,",) times the intensity of the k-th
intersection process of &, which arises by taking intersections of all (d — k)-tuples of
great hyperspheres from &,,. Clearly, k4_1 = k.

Theorem 3.1. Letd > 1, k € {0,1,...,d} and consider a great hypersphere tessellation
of $¢ with non-degenerate directional distribution « and intensity n > d — k. Let
h:K,(d) — R be a non-negative measurable function. Then

1 |
EbW) = = [ BAZ(T i) 09) @) @S,
Wkt1 J G, (d,k

where Z,(T,,—4+1,q) stands for the almost surely unique cell of T,,_q+,q containing v in
its relative interior.

Proof. We start by recalling the definition (2.4) of the k-skeleton of T}, 4. By construction
of T}, 4 we have that

skely,(Ty,.q4) = U S, N...NSi, . (3.2)
1<i1<...<tg—k<n
Since all great hyperspheres 51, ..., S, generating 7}, 4 are identically distributed and
almost surely in general position, this together with the definition (2.5) of Wf,k(g yields

Er(W")
1 / &
= h(F,(Ty.q)) 2% (dv)s™(d(SY, ..., S,
/GM TR S ep M) @0 @S5, 53)
1
/ Gs(d,d—1)" Z %k(5i10~~m5id_k)
1<i1< <Lig—r<n
x / W(Fo(Toa)) A% (o)™ (A(Sh, .., S1))
S; 1N .NS;

1<ii <. <Zd k<n

/ / / h(Fy(Ty.0))
Ga(dd=1)F Wkt1 J8in..0Sa-k /G (dd—1)n -+
R (A(Sg kg1 s Sn)) AR (dv)RTTF(A(SY, ..., S k)

1
/ / / h(Fv(Tn—d-i-k,d N (Sl n...N Sd—k)))
G.(d,d—1)d—F Wk+1 JSN..NSy_p J Gs(d,d—1)n—d+Fk

X Kn7d+k(d(sd—k+la R 571))‘%”k(dv)ﬁd7k(d(sl’ e Sd_k))’

td—k

X K
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>

Figure 2: Construction of Zr(ch)z or Wékg by intersection of T}, _ 41,4 with a random great

subsphere S.

where T, _gik.a = Ta(Sa—k+1, - - -, Sn) is the tessellation of $¢ generated by the n —d + k
great hyperspheres Sy_j+1,...,5, and Ty,_44kq4 N (S1 N...N S4_x) is our notation for
the sectional tessellation arising by as the intersection of each cell of T}, _4 4 with
S1N...N Sy_k. Applying now the definition of the measure «; yields

1
BRI = = [ BAATra08) o) (0S).
Wk+1 JGy(d,k) J S
The result follows now by observing that F,, (T, —g+k,d NS) = Zy(Th—dtr,q) N S. O

We also note the following corollary in the isotropic case. To present it, we define the
k-dimensional great subsphere Ej, = $¢ N [, where E,, is the (k + 1)-dimensional linear
subspace spanned by the last k + 1 vectors of the standard orthonormal basis of R4t!.
Moreover, we let e = (0, ...,0,1) be the north pole of $¢. Clearly, e € Ej.

Corollary 3.2. Letd > 1, k € {0,1,...,d} and consider an isotropic great hypersphere
tessellation of $? with intensity n > d — k. Let h : I{,(d) — R be a rotation invariant,
non-negative measurable function. Then

Eh(W.") = EA(Ze(T,-a1h.4) 0 Er) = BR(Wa_a i k)-

Proof. From Theorem 3.1 it follows that
1
En(W.") = —/ /Eh(Zv(Tn_d%d) N S) A (dv)rk(dS). (3.3)
Wk+1 J@,(dk) Js

For fixed S € G4(d, k) and v € S we choose a rotation ¢ € SO(d + 1) satisfying oE, = S
and pe = v (which is possible because of e € FE;). Using now the assumed rotation
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invariance of T},_ 44k ¢ and that of h, for S € G4(d, k) and v € S we obtain

EW(Zy(Th—dask,a) N S) = Eh(o™ (Zu(Tn-drk.a) NS))
h(Zy ( YT _aika) Do tS)
WM Ze(0™ Th—atk,a) N Ex)

= Eh(Ze(Th—dyk.a) N Ey).

|
il

Plugging this back into (3.3) and using that the last expression does not depend on S
and v, we deduce that

Eh(Wé’fl) =Eh(Z(Tp—atk.a) N E).
This proves the claim. O

Next, we derive the analogue of Theorem 3.1 for the typical spherical k-face ZT(Lk; of
T,.q. The result is, however, slightly different, since the typical cell of T}, _g41 4 is’not
necessarily hit by an independent random great subsphere S € G;(d, k) with distribution
ki. Instead, we have to consider the typical cell of the spherical sectional tessellation
Tr—d+k,5 = Th—da+k,q NS within the great subsphere S.

Theorem 3.3. Letd > 1, k € {0,1,...,d} and consider a great hypersphere tessellation
of $¢ with non-degenerate directional distribution  and intensity n > d — k. Let
h:Ks(d) — R be a non-negative measurable function. Then

EA(Z) = [ BhlZu s malds)
G (d,k)

where Z,_q.1,s stands for the typical cell of T;,_q1r.s.

Proof. Using the definition (2.3) of Z ( ()1 and the construction of T}, 4, we see that

1
Eh(2%) = / Condm h(F) " (d(S1,. .., Sn)
d Gs(d,d—1)n C(n, d’ k) FG]“I«(SZIV"’S”) ( 1 )

1 n
:/GS(M_WW > S ) R(A(Sh - Sn).

1<i1 <. <ig—p<n FeFR(S1,..., Sn)
FCS; NNS;

d—k
Since the great hyperspheres Si, ..., S, generating T;, 4 are all distributed according to
the same probability measure x, we obtain
En(z") = / %) / > h(F)
’ Go(dd—1yi-x C(n,d, k) Ja, (a,a—1yn—a+r

FeFi(Tn—d+k,5,n...0S4_})
X Hn7d+k(d(Sd_k+1, ey Sn))’% - (d(Sla sy Sd—k))a

where
Trn—d+k,sin..08q_, = Ta(Sa—k41s---,) N (S1N...NSq_k)

is the spherical sectional random tessellation within S;N...N.S,;_j arising by intersecting
S1N...NS4_j with the n—d+k independent great hyperspheres S;_x+1, ..., S,. Recalling
(2.2) we see that

(a2s) _ 1
C(n,d,k) C(n—d+kk)
Moreover, for x™-almost all (S1,...,S,), C(n — d + k, k) is the number of cells of

Th—d+k,51n...nS,_,» Since k is non-degenerate. So, using once again the definition (2.3),
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but this time applied to T,,—g+%,5,n...ns,_,. as well as the definition of the measure xy,
this leads to

1
En(z*) = / —/ h(F)
»d G (d,k) C(n —d+ k7 k) Gs(d,d—1)n—d+k Fe]—"k(gcprk‘s)
y Hn7d+k(d(sd—k+1’ ooy Sp))kk(dS)

_ / Eh(Zn—qsn.s) kr(dS).

The proof is thus complete. O

In the isotropic case we have the following corollary, which is the analogue of
Corollary 3.2 for the typical spherical k-face. For this, recall the definition of the great
subsphere E}.

Corollary 3.4. Letd > 1, k € {0,1,...,d} and consider an isotropic great hypersphere
tessellation of $¢ with intensity n > d — k. Let h : K,(d) — R be rotation invariant,
non-negative measurable function. Then

EA(Z\)) = Bh(Zn_asrn),
where Z, _qikk = Zn—dik,E-

Proof. We conclude from Theorem 3.3 that

)

Eh(z") = / EW(Zp—air.5) £r(dS). (3.4)
Gs(d,k)

Now, for S € G,(d, k) there is a rotation o € SO(d + 1) satisfying pE; = S. Using
this together with the isotropy of the great hypersphere tessellation and the rotation
invariance of h, we obtain

EWNZn—dirs) =Eh0 ' Zn_air,s) = BN Zy_aik.o-15) = EWZn—aik,By)-

Plugging this back into (3.4) and using that x; is a probability measure completes the
argument. O

3.2 Interpretation of Wikg via size biasing

Our next result describes the relation between ngc)l and W:z. It shows that the
weighted typical spherical k-face Wflkj is the size biased version of the typical spherical

k-face Zr(zk()i where size is measured by the k-dimensional Hausdorff measure. This can
be regarded as the spherical analogue of [29, Equation (10)], which in turn generalizes
[31, Theorem 10.4.1].

Theorem 3.5. Letd > 1, k € {0,1,...,d} and consider a great hypersphere tessellation
of $¢ with non-degenerate directional distribution x and intensity n > d — k. For non-
negative measurable functions h : IK;(d) — R one has that

EnW") = ——E[n(z") 2" 2").

Proof. We start by using the definition (2.3) of Zr(fc)z to see that

E[n(z*) 2% (Z")

1
= —_— h(F)%(F) k™(d(S4, ..., Sp)).
/Gs(d,d—l)" C(n,d, k) Fe]-'k(Szl,...,Sn)
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Splitting the integral, arguing as above and using Fubini’s theorem, this is equal to

(a2) / /
L h(F) % (F
C(n,d, k) Ja,(a,da-1)2-* Ja.(dd—1)n—da+k Z (F)EE)

FeFi(Tn—d+k,s1n...054_4)

X n"fdM(d(Sdka, ceey Sn))"ﬂdik(d(sl’ <oy k)

_ ) / / /hF
C(n,d, k) Go(d,d—1)4—* JG,(d,d—1)n—d+k Z yJF (F)

FeFi(Tn—dtk,51n...084_}

x 1{v € F} A% (dv)s" " R (A(Sg_pg1s ..., Sn))64F(d(S1, ..., Sa—r))

(") / / /
_ h(F
C(n,d, k) Ja,(@a-1yi+ Jsin..08._x JG,(d,a—1)n—da+k 2 )

FeFy(Tn—d+k,51n...054_})

x H{v e FYr"Rd(Sq ki1, .., Sn)) 2% (dv)r?F(d(Sy, ..., S 1)),
where we recall that
Tr—d+k,5i0...0Sa_p = Ta(Sa—k41s---5) N (S1N...NSq_k)

is the spherical sectional random tessellation within S; N...NS,;_j arising by intersecting
S1N...N Sy with the n — d + k independent great hyperspheres Sy_x41,. .., 5.
Next, we need to observe that for k%~*-almost all (Si,...,S;_) and "~ 9**-almost
all (S¢—k+1,...,5,) we can only have 1{v € F} = 1 for exactly one element from the set
Fi(Th—d+k.8,n...n8,_, ), Which we denote by F,, = F,(S1,...,Sy,). This yields

Eh(Z )" (2)]
(Y / / /
— —d—k/ h(F, (3.5)
C(n,d, k) Ja,(@da-1yi-+ Jsin..08a_x JG.(d,a—1)n—at (F)
n—d+k k d—k
X K (d(Sd—k—‘,-la--an))% (d’U)H (d(sl,..-,Sd_k))-

In particular, using this identity with 4 = 1 leads to

krr(k)y _ Wk+1 n
BAZa) = C(n,d, k) (d— k) (3.6

independently of . Division by E%k(fo;) on both sides of (3.5) leads in view of (3.6)
and the representations (2.4) and (3.2) of the k-skeleton skely (7}, 4) to

1 (k) k(7 (K)
E[h(Z, )" (Z
Ejf’f(Zgi)i) [ ( n,d) ( n,d)}

1
-/ / / h(F.)
Gs(d,d—1)d—F Wk+1 J51n...nSy_ JCs(d,d—1)n—d+k

X R IHA(Sakg1s -5 Sn)) AT (d0)RTF(A(SY, -, Sar)

1
- h(Fy,) 2% (dv)x™(d(S4, ..., Sy
/Gs(d,dl)" %pk(Skelk(Tn,d)) /skelk(Tn,d) (F2) (dv)(d(S) )

= En(W"),

where in the last step we used the definition (2.5) of Wflki This completes the argu-
ment. O
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4 Directional distributions and spherical faces with given direc-
tions

In this section we consider the distribution of the direction of the typical and the
weighted typical spherical k-face of T;, 4. While these distributions are fundamentally
different in the Euclidean case (see [15]), we will see the new phenomenon that in the
spherical case these distributions coincide. The reason behind this behaviour is that
the sum of the weights of all spherical k-faces of the tessellation lying in a common
k-dimensional subsphere is some constant, which is independent of the given subsphere.
Since this is true for the sum of the constant weights 1 and also for the sum of the
k-dimensional Hausdorff measures, the directional distributions coincide. This is in
contrast to the Euclidean case, where instead of the sum over all spherical k-faces lying
in a common k-dimensional subspace one considers the corresponding intensities. These
intensities strongly depend on the direction of the subspace, which leads to different
results, see [15] and [31, Chapter 10.3].

For K € K,(d) with dimlin(K) = k + 1 for some k € {0,1,...,d — 1} (here, lin(-)
stands for the linear hull of the argument set taken with respect to R4ty we write

D(K) =1lin(K)N$¢ e G, (d, k)

for the direction of a k-dimensional spherical convex set K. Moreover, recall the
definition of the measure x; from (3.1).

Theorem 4.1. Letd > 1, k € {0,1,...,d — 1} and consider a great hypersphere tessel-
lation of $¢ with non-degenerate directional distribution x and intensity n > d — k. For
C € B(Gs(d, k)) one has that

P(D(Z\)) € C) = P(D(W\)) € C) = ki (C).
Proof. We use Theorem 3.1 with h(P) = 1{D(P) € C} to see that

L / / P(D(Zo(Th_apna) O S) € C) 2% (dv)rip(dS).
+1 Ja(dr) Js

P(DW)) e )=
, ™

Since D(Z,(Ty—q+r) N S) = S this yields
1

P(D(W)) e )=
’ Wi+1

/ / 1{S € C} 7% (dv)ry(dS) = k1 (C).
Go(d,k) JS
Similarly, for the typical spherical k-face Z(*) we use Theorem 3.3 to see that

PO €)= [ PDEZusirs) € O)ralds)
G (dik)

_ / 1{S € C} ki (dS) = ki (C),
Gs(d,k)

since D(Z,,_4+r,s) = S. This completes the argument. O

Since K, (d) is a Polish space (with respect to the topology generated by the spherical

(k)

Hausdorff distance) the regular conditional distribution of W, ";, given the direction

D(WT(L’ (3) = S is well defined for S € G;(d, k). We will denote this conditional distribution
by
P(W\y € AIDW) =),  AeBK,(d). S € C(dk).

The next result yields an interpretation of this distribution as the distribution of the cell
in the spherical sectional tessellation T}, 4,5 that contains a uniform random point.
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Corollary 4.2. Letd > 1, k€ {0,1,...,d — 1} and consider a great hypersphere tessel-
lation of $¢ with non-degenerate directional distribution « and intensity n > d — k. For
ki-almost all S € G,(d, k) and A € B(K,(d)) one has that

P 4 €EAIDW, )) =8)=P(Zy(Tr-a+k,s) € 4),
where U is a uniform random point in S, which is independent of T, _ g4, s.
Proof. From Theorem 3.1 it follows that, for any C' € B(Gs(d, k)),

(W(k(g e A, DWW ") eC)

/ y k)/ v n d+k, 5’) S A7D(Zv(Tn,d+k¢5)) S C) %k(d’l))lﬁk(dS) (4.1)

wk+1

// Zo(Th_ask.s) € A) A% (dv)ki(dS),

wk+1

where we used that D(Z,(T,—4+k,s)) = S. Moreover, since by Theorem 4.1 the distribu-
tion of D(Wfllz) is given by xj, we have that

P e 4, D) € C) = /C P € A|DVY) = 8)me(ds)  (@.2)

Combining (4.1) and (4.2) yields that, for xx- almost all S € G;(d, k),

1
/ P(Zy(Th_air.s) € A) A% (dv)
Wk+1 Js

=P(Zy(Th-dtr,s) € A),

PWY") e AIDWSE) = 5) =

where the last step follows from the definition and the independence of U. O

A similar result also holds for the typical spherical k-face with a given direction. As
above, we denote this distribution by

Pz e AID(Z) = 5),  AcBE.(d). S € Cyld,k).

Corollary 4.3. Letd > 1, k € {0,1,...,d — 1} and consider a great hypersphere tessel-
lation of $¢ with non-degenerate directional distribution « and intensity n > d — k. For
ki-almost all S € G4(d, k) and A € B(KKs(d)) one has that

P(Z) € A|D(ZY) = 8) = P(Z(Ty-a1k,5) € A).

Proof. Using Theorem 4.1 for the typical spherical k-face we see that for any C €
B(Gs(d, k),

P(z € 4.0 € C) = [ Pzl € AID(ZY) = 5)m@s)
and from Theorem 3.3 we have that

P(z" eADzZM)eC) = /G . P(Z(Tp—gsr.s) € A, D(Z(Th—asr.s)) € C) ki (dS)

_ /C P(Z(To_aik.s) € A) ri(dS),

since D(Z(Ty,—4+k,s)) = S. Combination of both identities yields that, for x;- almost all
S e Gs(d, k),
P(Z%) e A|D(Z") = ) = P(Z(Tu-dsr.s) € A).

The argument is thus complete. O
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5 Explicit results in the isotropic case

In this section, if not otherwise stated, we assume that the spherical random great
hypersphere tessellation T, 4 is isotropic, which means that « is the uniform distribution
on G4(d,d —1).

5.1 The f-vector of typical and weighted typical spherical faces

To present an explicit formula for the expected number E fg(WékC;) of /-dimensional
spherical faces of the weighted typical spherical k-face of a great hilpersphere tessella-
tion 7}, 4 we need to introduce some notation taken from [18]. If [z]P(z) denotes the
coefficient of z¢ in a polynomial (or, more generally, a Laurent series) P(z), we define
the quantity

[ Q () ./ even
A[m, €] = { [z*](tanh (£)Qm(z))  : £ odd, m even (5.1)
z] (cota h( gﬂ) (x ) : £ odd, m odd
form € {0,1,2,...} and ¢ € Z, where Q,,,(z) is defined as Qo(z) = Q1(z) =1 and

Qm(z) = (1+ (m —1)%2?)(1 + (m — 3)**)(1 + (m — 5)%2%) - --

for m € {2,3,...}, and the last factor in this product is either 1 + z? or 1 + 2222. Note
that A[m,¢] = 0 whenever ¢ > m. Furthermore, let B{m, ¢} be given by

1 T 1 me
B{m’é}(f—l)'(rn—g)'/o (Slnz)e 11’ Zdl’ (52)

form € Nand ¢ € {1,...,m}. Following [18, Equation (3.16)] we also put B{m,0} = ’:n,
and B{m,¢} = 0form € Nand ¢/ € {m+ 1,m + 2,...}. This allows us to state the
following result, which yields an explicit formula for E fg(WT(lki). Some particular values
for small d and n are collected in Appendix A, see also Figuré 3.

Theorem 5.1. Letd > 1, k € {0,1,...,d} and consider an isotropic great hypersphere
tessellation of $¢ with intensity n > d+ 1. For{ € {0,1,...,k — 1} the expected number
of spherical (-faces of the weighted typical spherical k-face is given by

(n—d+k)! pd—t-n
(k—0)!
1£]
x> B{n—d+kk—2s}(k—2s—1)°A[k —2s — 2,k — £ — 2],
s=0

Ef@(WT(LI,C(Z) =

where the term 0?A[—1, —1] has to be interpreted as 2/, if it appears.

Proof. From Corollary 3.2 (applied twice) it follows that for all £ € {0,...,k},

Efi(W)) = Bfo(Ze(To—arir)) = BfeWo_arr i),

7

where Z.(T,,—aq+k,k) is the north pole cell of the isotropic great hypersphere tessellation
Ty —d+kk in $*, and Wi —a+k,k is the weighted typical cell of the same tessellation.

To proceed, let Y7, ..., Y, be independent and uniformly distributed random points on
the lower half-sphere $¢ = {x = (z1,...,2411) € $? : 2411 < 0}. The spherical random
polytope D,, q = pos(Y1,...,Y,) N $¢ is connected to the weighted cell W, 4 = Wédgl of
the spherical random tessellation T, 4 by spherical polarity. In particular, this imf)lies
that

Eff(Wn,qa) =Efa—t-1(Dn.a)

EJP 26 (2021), paper 3. https://www.imstat.org/ejp
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Figure 3: Normalized expected spherical face numbers Efy(-)/107 of Z,, 4 (left) and W,, 4
(right) as a function of ¢ for d = 19 and n = 40 (blue dots), n = 60 (orange squares) and
n = 80 (green diamonds).

forall ¢ € {0,1,...,d — 1}, see [21, Remark 1.8]. Altogether, we have

Efe(W,(lﬁz) =Ef(Wn-arrr) =Efer-1(Dn—datr.r)

forall ¢ € {0,1,...,k — 1}. The quantities on the right hand side of this identity were
explicitly determined in [18, Theorem 2.2] as follows:

| -k+1—n
Efi(Dna) = ”(;TTU' S B{nd-2s}(d-2s-1)?A[d-25s -2,k 1]  (5.3)
205k

foralld >1,n>d+1,and all k € {0,...,d — 1}. The term 02A[—1, —1], if it appears,
has to be interpreted as 2/7 according to Remark 2.3 in [18]. Applying this result to
Efi—¢—1(Dn—d+tk k), which requires to replace d by k, nbyn—d+kand kby k—¢—1
in (5.3), yields the desired formula. O

Using Theorem 3.3 together with the explicit formula for the f-vector of a Schlafli
random cone from [8] (see also [16]), we can derive an explicit formula for E fg(fo()i). In
contrast to the previous result, this formula is available for arbitrary non-degenerate
directional distributions « and is of purely combinatorial nature.

Theorem 5.2. Letd > 1, k € {0,1,...,d} and consider a great hypersphere tessellation
of $¢ with non-degenerate directional distribution x and intensity n > d — k. For
£e€{0,1,...,k—1} the expected number of (-faces of the typical spherical k-face is given
by
gz = 2 (et 6
™ C(n—d+k,k)

Proof. Theorem 3.3 yields that

Ef@(Zr(Lﬁ)i) = / EfZ(Z(T71,—d+k,S)) Kk (dS)
G (d,k)

Following the terminology in [16], the k-dimensional spherical random polytope
Z(Ty—a+k,s) in S is the spherical version of the (k,n — d + k)-Schléfli random cone
in S. Its f-vector is explicitly known from [8] or [16, Corollary 4.1]. From this it follows
that, independently of .S,

k=M RV (0 — d + £, 0)

C(n—d+kk)

Ef(Z(Th—ayrs)) =

Since Ky is a probability measure, the result follows. O
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From the particular values for E fl(Wq(Lﬁ;) and E fg(ZT(f()i) one can verify numerically

that Eff(Wd(i)l,d> = Eff(Zc(lli)l,d)’ whereas Efg(ngg) > Efg(Zr(L]z) whenever n > d+2 (see
Appendix A). While we were not able to prove such an inequality in full generality, we
show a weaker inequality for the expected vertex numbers. Since the argument requires
tools we only develop in the next section, we postpone the proof. We remark that the
corresponding inequality for the expected vertex number of the typical and the weighted
typical k-face of a Poisson hyperplane tessellation in the Euclidean space R¢ is trivial,
since the expected vertex number of the typical k-face is a lower bound for that of the
weighted typical k-face, see [29, Theorem 2].

Proposition 5.3. Letd > 1, k € {1,...,d} and consider an isotropic great hypersphere
tessellation of $¢ with intensityn > d + 1. Then

C(n—d+k,k)

K K K
Efo(With o) = Bfo(Zh,)  and  Efo(W[5) > 28C(n —d, k)

Efo(Z"))

foralln >d+ 2.
C(n—d+k,k)

Remark 5.4. It can be checked that the prefactor Z; Cln—dk) in Proposition 5.3 is always
strictly less than 1 and tends to zero, as n — oo, for any fixed d and k.

5.2 An Efron-type identity and spherical QuermaRintegrals

Let K ¢ R? be a convex body with volume one. For n > d + 1 let K,, be the convex
hull of n uniformly distributed random points in K and write V(K,,) for the volume
(d-dimensional Lebesgue measure) and fy(K,,) for the number of vertices of K,,. Efron’s
identity relates these two quantities as follows:

_ EfO(KnJrl)

EV(K,) =1
V(En) n+1

see [31, Equation (8.12)]. While this equality does not admit an extension to relationships
for the number of k-dimensional faces of K,,; for k € {1,...,d — 1}, such identities were
established in [29, Section 5] for the volume-weighted cell of a stationary and isotropic
Poisson hyperplane tessellation in R? (see also [13] for generalizations). In this case the
expected number of k-dimensional faces is linked to the expected (d — k)th Euclidean
intrinsic volume or Euclidean QuermaRintegral. For the .7¢-weighted cell W,, 4 = WT(L‘)Q
of an isotropic great hyperspheres tessellation 7T}, 4 a similar relationship was established
in [16, p. 414] (see also [23, Theorem 2.7]). It says that, for any ¢ € {0, 1,...,d} one has
that

Efio(Wpa) =2 (Z) EU(Wo_.4)- (5.4)

Here, the functionals U, are the spherical analogues of the Euclidean Quermaliintegrals
mentioned above and given by

1
U,(P) = / 1{P NS} vao(dS),
G (d,d—0)

2
whenever P € P,(d) is not a great subsphere of $¢ (if S € G,(d, k) then U,(S) = 1 if
k—£¢ > 0and even, and U;(S) = 0if £ — ¢ < 0 or odd). Our next result generalizes the
Efron-type identity (5.4) to weighted spherical k-faces.

Theorem 5.5. For d > 1 consider an isotropic great hypersphere tessellation T), 4 of g
withn > d + 1. Then, forall k € {0,1,...,d} and ¢ € {0,1,...,k} it holds that

n—d+k

Bh- ) =2(" Ty Buv, ).

EJP 26 (2021), paper 3. https://www.imstat.org/ejp
Page 15/35


https://doi.org/10.1214/20-EJP570
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Faces in random great hypersphere tessellations

0S5FE 00000, 0.5 Apoeeoeg,
[ ]
0.4 ° 0.4 *
Y [ ]
0.3 0.3
[ ] [ ]
0.2 0.2
L4 )

0.1 ° 0.1 .

+ = .._T_ & :‘

5 40 A5 T 5 10 450 T

Figure 4: The expected spherical Quermalintegrals EU( -) of Z, 4 (left) and W), 4 (right)
as a function of ¢ for d = 19 and n = 20 (blue dots), n = 40 (orange squares) and n = 60
(green diamonds).

Proof. We apply Corollary 3.2 to the rotation invariant function h(P) = f;_¢(P). This
yields

Efk—é(WT(ﬁ) =Eft ¢(Ze(Tn—avk.a) N Ex) = Efe e(Wo—arri)

where we recall that W,,_4 1 stands for the weighted typical cell of T},_ 441 1. Applying
now (5.4) to this cell leads to

n—d+k

EficeWh—dairr) = 2( v

)EUz(WndJrke,k).

Finally, we apply again Corollary 3.2 to the rotation invariant function h(P) = U,(P)
(which only depends on P and not on the dimension of the ambient space) to conclude
that

EU(Wn—dtk—ek) = EU@(Wili)e,d)'

Putting together these three identities yields the result. O

A combination of Theorem 5.5 with Theorem 5.1 also yields explicit formulas for the
expected spherical QuermafRintegrals EUg(Wé’fi) of Wflk; These quantities can also be
determined for the typical spherical k-face even for a general directional distribution (for
k = d this is known from [16]). Note that always EUO(W:g) =1/2 and EUO(fo;) =1/2
even almost surely without the expectations. Some parti&:ular values for small d and n
are collected in Appendix B, see also Figure 4.

Corollary 5.6. Letd > 1, k € {0,1,...,d} and consider a great hypersphere tessellation
of $¢ with non-degenerate directional distribution x and intensity n > d — k. For
¢e€{0,1,...,k} one has that

Cn—d+kk—10)
2C(n —d+ k, k)

EU,(Z") = (5.5)

In the isotropic case, that is, if k is the uniform distribution on G(d,d—1), and ifn > d+1
then also

—d + k)lgd-n—k
EUE(Wélfd) _ (n + 2) T
L5z
x Y B{n+l—d+kk—2s}(k—2s—1)A[k —2s — 2,0 2].
s=0
EJP 26 (2021), paper 3. https://www.imstat.org/ejp
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Proof. The result for the typical spherical k-face fo; can be concluded by combining
Theorem 3.3 with [16, Corollary 4.2]. In fact,
Cn—d+k,k—10)

2C(n —d+ k, k)

EU((Z, z%) W) =EU(Zn—atrx) =

. : . (k)
For the weighted typical spherical k-face W

obtain

we use Theorem 5.5 and Theorem 5.1 and

n—d+k+/
s = 5 (") T

B 1<nd+k+f>‘1(n+6d+k)!wdnk
T2

( /!
1454)

x Y B{n+l—d+kk—2s}(k—2s—1)°A[k —2s — 2,0 - 2]
s=0

(n —d+k)lgd—n-k

2

1454

x Y B{n+l—d+kk—2sHk—2s—1)%Alk — 25— 2,0 - 2].
s=0

The proof is thus complete. O

Given the relation between the expected number of vertices and the expected kth
spherical QuermalSintegral of W( 3, we are now prepared to give a proof of Proposi-
tion 5.3.

Proof of Proposition 5.3. Since the equality for n = d + 1 is clear, we concentrate on the
case that n > d+ 2.
Since W (3 is the size (%) biased version of Zn ar AW, )) has the size biased

distribution of #*(Z ( ) and we thus have the stochastic monotonicity

P (W) <x) <P*(Z)) < 2)

7

for all 0 < x < wi41, see [4, Section 2.2.4]. In particular, this implies monotonicity for all
moments of % (W, 7(1 ") and L%”’“(Zﬁlkd) Especially

EU(W™") > EUL(Z")), (5.6)

where we used additionally the definition of Uy and its relation to HF. Next, the
Efron-type identity in Theorem 5.5 yields that

—d+ 2k

sonor = 1(" 1) B 6.7

Moreover, combining Theorem 5.2 with Corollary 5.6 leads to
(k) C(nfd+2k,/€) (k)
EUL(Z = Efy(Z . (5.8)
k( n7d) 2k+1(n765€+2k)c(n —d + k, k) fO( n-Hc,d)
Plugging (5.7) and (5.8) into (5.6) we arrive at
(k) C(n—d+2k,k)

Ef()( n+k, d) > QkC(n— d—|—]€ k)EfO( n+k d)
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which is equivalent to
Efo(W5) 2

This completes the argument. O

In the context of Proposition 5.3 we also note the following implication, which shows
that an inequality between the expected number of (k — ¢)-dimensional spherical faces
of Wfl’_?& 4 and iji)e) 4 is stronger than the corresponding inequality for the expected

spherical QuermalRintegrals of order /.

Proposition 5.7. Letd > 1, k € {1,...,d}, £ € {1,...,k} and consider an isotropic great
hypersphere tessellation of $¢ with intensity n > d + 1. Then

Efi oW, ) > Efi_e(2), ) implies that EU,(W")) > EU,(Z")).

Proof. First, we start by noting that Theorem 5.5 yields that

1
> Efi (W, 0)-

k 1 n7d+k+£
EUAWé,J)—(

2 l

Similarly, combining Theorem 5.2 with Corollary 5.6 we conclude that

Cin—d+k+V7¢ n—d+k+/
BU,(2%) = -E ) (

-1
(k)

= Efi_(Z .

2(+1C(n — d + k, k) ¢ ) Ji-tZniea)

Using these two identities, our assumption that E fk_g(Wflli)e, ) = E fk_g(ZT(L]i) ¢.4) 1s equiv-
alent to

2(n—d+kz+€

¢

)EUg(W(k ) > 241C(n — d + k, k) <n—d+k+£

EU,(z")
Cn—d+k+10k) y4 ) f "’d)’
which in turn can be rewritten as

20C(n — d+ k, k)
Cln—d+k+0k)

k k
EU,(W")) > EU(Z").
From the geometric interpretation of the constant C(n,d) (recall (2.1)), it is evident that
Cn—d+k,k) <C(n—d+k+¢ k), which implies the result. O

Remark 5.8. The proof of Proposition 5.7 actually shows that under the same conditions

£ —
Efk,g(Wr(Lljr)M) > Efkff(Zy(Li)z,d) implies the inequality EUZ(WT(LQ) > %EUAZ&;).

5.3 Spherical intrinsic volumes

From the two formulas presented in the previous section for the spherical Quer-
malintegrals also the expected so-called spherical intrinsic volumes of Wflk; and Zfl’fc)l
can be determined explicitly. To introduce them, for a spherical convex set K € K (d)
and 0 < r < 7/2 we define the r-parallel set K, = {z € $¢ : 0 < dy(K,z) < r}, where
dy( -, -) denotes the geodesic distance on $¢ and d, (K, z) = min{d,(y,z) : y € K} stands
for the geodesic distance of x to K. The spherical Steiner formula (a special case of [31,
Theorem 6.5.1]) says that

d—1

HUK,) = Z ve(K) wé+1wd—e/ cos’ psin? ! o dp.
=0 0
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Figure 5: The expected spherical intrinsic volumes Ev,( - ) of Z,, 4 (left) and W,, 4 (right)
as a function of ¢ for d = 19 and n = 20 (blue dots), n = 40 (orange squares) and n = 60
(green diamonds).

The coefficients vy (K), v1(K),...,vqs—1(K) are the spherical intrinsic volumes of K and it
is convenient to complement them by putting vg(K) = wd_jlifd(K) and v_1(K) = vq4(K°).
However, since Zf:_l v;(K) = 1 by [31, Theorem 6.5.5], v_1(K) is determined once
vo(K),v1(K),...,vq(K) are known. If P € P,(d) is a spherical polytope the spherical
intrinsic volumes admit the representation

ve(P) = — AUFWEP),  (e{01,...,d—1}, (5.9)

w,
1 per,(p)

where ~v(F, P) stands for the external angle of P at F, see [31, page 250].

We remark that the spherical intrinsic volumes are closely related to the notion
of conical intrinsic volumes v0y(C),91(C),...,04+1(C) associated with a convex cone
C C R4, In fact, one has that

ve(CNSY) =041(C)  for £€{0,1,...,d}, (5.10)

see [2, 25]. In this paper we prefer to work with the spherical intrinsic volumes.
The spherical (or conical) intrinsic volumes are related to the spherical QuermalSinte-
grals Uy(K) by

ve(K) = Ug(K), Ud_l(K) = Ud_l(K), v(K) = Ug(K) — Upso(K) (5.11)

for ¢ € {0,1,...,d — 2}, see [16, Equation (7)]. This leads to the following formulas of
which the first one is known from [16, Corollary 4.3] for k£ = d, the second one is new
even in this case. Some particular values for small d and n are collected in Appendix C,
see also Figure 5.

Corollary 5.9. Letd > 1, k € {0,1,...,d} and consider a great hypersphere tessellation
of $¢ with non-degenerate directional distribution « and intensity n > d — k. For
£e€{0,1,...,k} one has that

n—d+k
Evg(Z(k)) _ ( ka; )
nd) = Cln—d+k k)

In the isotropic case, that is, if k is the uniform distribution on Gs(d,d—1), and ifn > d+1
and ¢ € {0,1,...,k} then also

(n—d+k)!

Boo(W,'0) = 5~ Bln— d+ k+ Lk} ALk, €.
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Proof. We apply twice Corollary 5.6 with k£ = d, and use (5.11) and (2.1) to see that

Ev((Zp,q) = BU¢(Zn,a) — BUp42(Zn.q)
~ C(n,d—1{)—C(n,d—{—2)

2C(n,d)
DG ()
C(n,d) C(n,d)

(we use here that formally EUyy1(Z,,4) = EUgt2(Zy,q) = 0). Moreover, from Corol-
lary 3.4 we conclude that, for k € {0,1,...,d},

n—d+k

( k—¢ )

EU@(ZSZ) = Evl(zn—d-i-k',k) = m

For the case of weighted faces, we first choose again k£ = d and make use of the following

two recurrence relations from [18, Equations (1.8) and (1.10)]:

An+2,k] — Aln, k] = (n+1)%An, k- 2], n>0kez, (5.12)
B{n,k—2}—B{n,k} = (k—1*B{n+2,k}, n>1k>2 (5.13)

Using Corollary 5.6 and applying (5.13) to EU,(W,,_q4) we first have that

n!
2

EU;(Wna) = 5— > B{n+0,d — 2s}(Ald — 2s,0] — Ald — 25 — 2,()),

s>0

where we use here and below that summation over all s > 0 is possible, since the other
terms appearing in the representation for EU,(W,, 4) and EUy;2(W,, 4) in Corollary 5.6
vanish. Applying now (5.12) to EUy42(W,, 4) we obtain
!
QL (B{n+€,d—2s— 2} — B{n+€,d— 2s})A[d — 2s — 2, ].
ﬂ-n
s>0

EUE+2(Wn,d) =

Subtracting both expressions from each other we get

Evy(Wy.a) = EU (W q) — EUpr2(W,.q)

n!
=5 > (B{n+t,d—2s}Ald — 25, (]
s>0

—B{n+{,d—2s—2}Ald — 25— 2,{])
n!
=5 B{n +¢,d}A[d, ).

Finally, we make use of Corollary 3.2 to conclude that

(n—d+k)!3{n_d+k+€,k}A[kﬂ'

k
Eve(WT(L,i) = Ev(Wh_airr) = o dth

This completes the argument. O

Remark 5.10. Note that Corollary 5.9 does not provide a formula for Ev,l(ng{}). To

derive a formula for this quantity, observe first that Ev_l(WT(llg) = Ev_1(Wy_a+k,r) by
Corollary 3.2. Up to rotations, W,,_44% , can be identified with the north pole cell in the
great hypersphere tessellation T},_441 . The polar spherical convex body of this cell
can be identified with the spherical convex hull D,,_g, 1 of n — d 4+ k random points
sampled independently and uniformly on the k-dimensional lower half-sphere $* . Since
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v_1(Whn—d+k.r) is defined as vy of the polar convex body (or just as the solid angle of the
corresponding cone), Theorem 2.5 of [18] yields

Ev_1(W.")) = Bv_1(Wa—as.)
_ !
zw Z B{n—d+k+1,m}m—1)*Ajm —2,-1].

27-rn7d+k
me{k+2,..., n—d+k+1}
m—Fk is even

5.4 The Euclidean case as the limit for n —

In this section we analyse the asymptotic behaviour of the (suitably rescaled) expected
spherical intrinsic volumes of the typical and the weighted typical spherical k-faces of a
great hypersphere tessellation in $¢, as n — oco. It will turn out that the limits can be
identified with the expected Euclidean intrinsic volumes of the typical and the weighted
typical k-face of a Poisson hyperplane tessellation in the d-dimensional Euclidean space
R?. We denote by V,(K), Vi(K),...,V4(K) the Euclidean intrinsic volumes of a convex
set K C RY, which, similarly to the spherical case, may formally be defined as the
coefficients of the Steiner formula, see [31, Equation (14.5)]. In particular, if P C R%is a
polytope, then

Ve(P)= > AUFWWFP), Le{01,...,d}, (5.14)
FeF,(P)

according to [31, Equation (14.14)], where, as in the spherical case, we use the symbol
Fe(P) for the set of /-dimensional face of P and ~(P, F') to denote the external angle of
P at F.

Consider a stationary and isotropic Poisson hyperplane tessellation in R%, d > 1
generated by a stationary and isotropic Poisson point process on the space of hyperplanes
in R? with intensity v > 0 as in [31, Chapter 10.3]. By A= {0,1,...,d}, we denote

v,d’
its typical k-face and by Wv(f“d) its weighted typical k-face, where the weight is given by

the k-dimensional Hausdorff measure. Formally, Z,(ch)l and Wskj are defined by means of
Palm distributions as in [29]. It is well known that

EV,(z%) = (%)E (?g?)%(g + 1) (’Z) (5.15)

for £ € {0,1,...,k}, see [31, p. 490]. Our next goal is to derive a similar formula for the
weighted typical k-face, which has not been stated in the existing literature (but see [31,
Theorem 10.4.9] for the case d = k = ¢, which will turn out to be the “simplest” possible
case).

Theorem 5.11. Foralld > 1, k € {0,1,...,d}, £ € {0,1,...,k} and v > 0 the expected ¢-
th Euclidean intrinsic volume of the weighted typical k-cell of the stationary and isotropic
Poisson hyperplane tessellation in R? is given by

T dt1)y Lt
)

EV,(W") = ( Alk, 4. (5.16)

Proof. Using [29, Theorem 1] we first have, since we are concerned with a stationary and
isotropic Poisson hyperplane tessellation, that there is a random isometry g : R* — R?
such that gWéﬁi) has the same distribution as the almost surely uniquely determined cell
containing the origin (the so-called zero cell) of a stationary isotropic Poisson hyperplane
tessellation in R* ¢ R¢. Together with the Efron-type identity for the zero cell from [29,
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Section 5] and the rotation invariance of f;_, and V;, we conclude that

(k) _ . (VKd=1\* (k)
Efi—e(Wq) = Hf(TKd ) EV/(W, ) (5.17)
for ¢ € {0,1,...,k}, where x;, = F(%/;/Z) is the volume of the /-dimensional Euclidean

unit ball. On the other hand, in [18, Theorem 1.1] the values for Efj,_ g(W,&g) have been
computed explicitly in terms of the constants A[m, ¢] defined at (5.1). In combination
with [29, Theorem 1] again this leads to

4
Efi_ (W) = %A[k,é]. (5.18)

Plugging (5.18) into (5.17) we conclude that

£

) ( drig )ZLA[k,é].

EV, (W
el vha1/) g

v,d

Using the definition of x, and simplifying the resulting constants, the result follows. O

Remark 5.12. In the special case when k = ¢ = d, taking into account that by [18,

Proposition 1.2], Ald,d] = 2dr((di7!)j1)2' one can easily verify that
2
d/ﬁ)d d
EVa(W1%) = dika( )
a(Wsa) "\ 2y

in accordance with [31, Theorem 10.4.9]. It is also interesting to compare the result of
Theorem 5.11 with (5.15).

We can now present the announced limit relation for the expected spherical intrinsic
volumes for the typical and the weighted typical spherical k-face. After the proof we
explain the geometric reason behind the rescaling with the factor n‘w,, ;.

Theorem 5.13. Letd > 1, k € {0,...,d}, £ € {0,...,k} and consider an isotropic great
hypersphere tessellation of $¢ with intensity n > d + 1. Then
lim ‘w1 Bug(Z)) = BVy(Z")) and im. nfwe 1 Bug (W) = BV (W)

n—oo

. r(4
with v = ﬁ §(§)>.

Proof. From Corollary 5.9 we have that

(*) (")

Ev,(Z L

velZna) = G = d kR

Now, we need to observe that, as n — oo, (”;i}fk) is asymptotically equivalent to %

and that C(n — d + k, k) is asymptotically equivalent to 2};—,16 recall (2.1). This shows that

0k
lim ngwg+1Evg(Zr(L]fc)l) = wg+1< >

Using (5.15) with the intensity v as in the statement of the proposition we see that

EV,(2") = (Qﬁ)fr(é + 1) (IZ)
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However, from the definition of wy;; and Legendre’s duplication formula for the gamma
function we have that

o )

207114
wep1— =bm 2 =5 A

2 () v

This proves the first claim. The second one follows similarly. In fact, from Corollary 5.9
we have that

= (w%)fr(g +1). (5.19)

(n—d+ k)

. k .
lim nszle(Wfl ;) = lim n‘wpyq
n— oo ? n— o0

and from [18, page 8] it follows that B{n —d + k + ¢, k} is asymptotically equivalent to

ﬂ_n—d+k+l

m, as n — oQ. Thus,

¢
. . (k)y _ We1T
nh_}rrolon wer1Ev (W, ) = —y Alk, 0.
On the other hand, using (5.16) with the intensity v as in the statement of the theorem
we see that

L5 +1)

BVA(Z43) = (n*) g

Alk, 1).

Applying once more the definition of wyy; and Legendre’s duplication formula for the
gamma function, we finally see that the right-hand sides of the two last expressions are
identical:

(27_‘_3/2)@1—‘(% +1) _ (2m3/2)¢ F(%) _ (2m3/2)¢ T _ o _ weprmt
re+1) 2 T 2 2ir(HL) (&) 2
This proves the second claim as well. O

Let us now give a non-rigorous explanation of the rescaling that appeared in Theo-
rem 5.13. The idea is that the sphere $¢, on small scales, is almost flat, and that in a
small window, the great hypersphere tessellation looks essentially like the Euclidean
Poisson hyperplane tessellation in the appropriate tangent space, which is identified
with R?. For simplicity we consider here only the full-dimensional cells in what follows,
that is, we put k = d. If n is large, then both the typical cell Z,, ; and the weighted typical
cell W,, 4 become “small” spherical polytopes (this will be made precise also in the next
section when we study the statistical dimension). Since the spherical content of §9 is
w4+1 and since the total number of cells in the spherical tessellation is C(n, d) ~ 2n?/d!,
the number of cells per unit spherical volume is ~ 2/(dwgy1)n?, where we write ~ for
asymptotic equivalence as n — oo. Since “small” spherical polytopes are essentially flat,
we can multiply Z,, ; and W,, 4 by n to obtain flat polytopes which are close in distribution
to the cells Z, 4 = Zifl()i and W, 4 = W,Efg of the Euclidean Poisson hyperplane tessellation
with a parameter  that has to be chosen so that the following condition is satisfied. The
mean number of cells per unit volume in the Euclidean Poisson hyperplane tessellation
should match the spherical case, i.e., it should be 2/(d!w41). According to (5.15) with
¢ = d, this yields the condition

2\ (T(H)\ "L d 1
z (5 +1) = Sdwasn.
5) (r<g> > 2 PR
Using (5.19) with ¢ replaced by d it is easy to check that the condition is satisfied for the
value of v given in Theorem 5.13. Thus, in the large n limit, the typical and the weighted
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Figure 6: Expected statistical dimensions of W,(Lkg (blue dots) and Z,(Lk; (orange squares)
with d = k£ = 2 (left panel), d = 10 and k = 5 (middle panel) and d = 20 and k = 10 (right
panel) forn € {d+1,...,d+ 20}.

spherical cells “look like” the corresponding Euclidean ones (with the above choice of )
divided by n. In fact, it is possible to state and prove such results rigorously, see [20].
Now, consider a small spherical polytope P, (for example, Z,, 4 or W, 4) which is close
to %P, where P is fixed Euclidean polytope. It remains to understand the asymptotics of
the spherical intrinsic volumes v,(P,), as n — oo. By the representation (5.9) of v, we

have that

ve(P,) = ! Y AHFFP).

W1
tRer (P,

In the large n limit, F;, € F;(P,) is approximated by - L1 F with some F € F;(P), implying
that /#(F,,) ~ n~*V;(F), while the external angle converges to its Euclidean counterpart.
Comparing this to (5.14), it follows that, as n — oo,

Ve(P)

P
velFn) nfwei1

forall ¢ € {0,...,d}. Specifying this to the case when P, is either Z,, 4 or W, 4, explains
the rescaling used in Theorem 5.13.

5.5 Statistical dimension of typical and weighted typical spherical faces

The statistical dimension §(C) of a convex cone C' C R*! is a highly important
quantity in conical optimization or high dimensional probability. In a sense, it measures
the ‘true’ dimension or size of C. It is also closely related to the widely used notion
of Gaussian width and to concentration phenomena for conical intrinsic volumes, see
[1, 2, 25]. By definition, §(C') 2, where II¢ denotes the metric projection
(or nearest-point map) to C' and g is a standard Gaussian random vector in R4+, For
example, if C C R is a k-dimensional linear subspace, then § (C) = k. On the other
hand, if C' = pos(u) for some u € $¢ is a ray, one has §(C) = 1/2. In this section we study
the expected statistical dimension of the random cones generated by the typical and the
weighted typical spherical k-face of the great hypersphere tessellation T), 4. Formally,
for k € {0,1,...,d} we define the random polyhedral cones

Zflkc)l = pos(foC)l) Cc R and W:ﬁ = pos(Wé’fg) C R,
Using the representation (5.10) of conical intrinsic volumes via spherical intrinsic vol-
umes, their expected statistical dimensions can be expressed as
k+1

k
k k
7(”; ZJEDJ n,d Z 1)Ev;(Z Z ()1)

Jj=0
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and
k+1 k

k ) k
Es(WH) Z] Ev; (W) =3 + DEv (W),
7=0
respectively. Unfortunately, there are no simple closed form expressions for Eé(ZfL’le)
and E(S(Wé’ﬁ). However, we note the following special cases of E¢ (fo;) ford =k €
{2,3,4,5}:

n?+3n+6 nd+3n2+14n+ 24

E§(Z%) = LTt Es(2®)) —
(Zn2) on2 —2n+4’ (Zn3) 2n3 — 6n2 + 16n
4 3 2 5 3 2
©(4 n® + 2n° + 23n“ 4+ 70n + 120 “(5 n° + 35n° + 120n° + 444n + 720
E6(Z.") = ES(Z%)) =

2n4 — 12n3 4+ 46n2 — 36n + 48’ n® — 20n4 + 110n3 — 220n2 + 368n "

The corresponding formulas for Ej (Wé’fg) are even more involved. For example, if
d = k = 2 we claim that

$(2)y 1 n! n—k k +2 k
Ed(Wn’z) =3 + 277"( Z (-1) k! ™
ke{0,...,n}
n—Fk is even (5.20)

+ 2(_1)n/2]]-{n is even} + 71—(_1) ”; ﬂ{n is odd})

This formula can be derived as follows. By the definition of the statistical dimension and
by Corollary 5.9, we have

E5(W,\3) = Em(Wf%) + 2Bu1 (W) + 3Bua (W)
(5.21)
= 2 — (B{n 2} +7B{n+1,2} + 3B{n+2,2}),
where we also used the values A[2,0] = 1, A[2,1] = 7/2 and A[2,2] = 1. Using the
definition of B{n, 2} given in (5.2), we obtain

1 i . n— n—k T n
m/@ (sinz)z" de=— Y (-1)" H_(_l) "1 s even}
ke{0,....n—2
WEL{—kiseven}

B{n,2} =

for n > 2; see Entries 4,5,6 in Section 1.5.40 of [28] for the value of the integral.
Inserting this formula three times into (5.21) and performing straightforward but lengthy
transformations, we arrive at (5.20). Similarly, one can obtain an explicit expression for

Es(W)) = E%(w,g?’g) + 2E0; (W,%) + 3Eva (W) + 4Euy(W,%)
4 4 32
= (B{n b+ (= + ?ﬁ)B{n +1,3}+12B{n+2,3} + = B{n+3,3}),
Vs Vs
using the formula

ek ﬂ.k -1 n/2
B{na3} == Z (-1)= Llon—k + ( 221 ]l{n iseven}, 12> 3,
ke{0,...,n—2}
n—k is even
which follows from (5.2) and Entry 12 in Section 1.5.40 of [28].
Note that since EU[(Z(k)) -0 and EU[(W,rEk{;) —0forfe{l,...,k} and n — oo, and

since almost surely UO( ) Uo(W, ) = 1/2, the limit relations
; sk)y _ 1 (k)
nh_{%o Ei(Z, ;) = 5 and nh_{r;o EJ(W 5 =
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Wn d ()

Figure 7: Illustration of the two different intersection situations for a realization of W, 4
and two different realizations of V,,, 4 with d = 2.

follow from (5.11). This is consistent with the observation that, as n — oo, Z,(ch)l and qulkg
asymptotically behave like rays emanating from the origin, whose statistical dimension
equals 1/2.

5.6 Intersection probabilities for weighted typical cells

Intersection probabilities for random cones have recently moved into the focus of
attention in stochastic geometry because of their relevance in conical optimization
problems, see [1, 2, 25]. In particular, it is of interest in these works to evaluate the
probability that a fixed cone and a randomly rotated cone share a common ray. However,
we note that randomness enters in this problem only via a random rotation. The natural
question now arises whether there are mathematically tractable models for cones having
a random shape that allow an exact determination of intersection probabilities. In
this context, the following question has been studied in [30], which we rephrase in
our equivalent spherical set-up. For fixed d > 1 and n,m € N let P, 4 be a spherical
random polytope with the same distribution as the typical cell Z,, 4 of T}, 4 and Q,,, ¢ be a
spherical random polytope with the same distribution as the typical cell Z,, 4 of T}, 4, and
assume that P, 4 and @, 4 are independent. What is the probability P(P, 4 N Qum.a # 9)
that P, 4 and @, 4 have a non-empty intersection? Using the spherical (or conical)
kinematic formula and the explicitly known values for the expected spherical (or conical)
intrinsic volumes of P, 4 and @Q,, 4 this probability was explicitly determined in [30,
Theorem 1.4]. For example, for d = 2 and d = 3 one has that

m? +2mn —m+n? —n+2
(m2—m+2)(n?—n+2)
3(m +n) (m? 4+ 2mn — 3m +n? — 3n + 8)
m (m? —3m+ 8)n (n? — 3n + 8)

P(Pn,Q N Qm,Q 7& Q) =

?

P(PosNQms# Q)=
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Figure 8: Intersection probabilities P(W,, 4 N'V,, 4 # @) and P(P,, ¢ N Q¢ # @) for the
weighted typical cell (blue dots) and typical cell (orange squares) for d € {2,5,10} and
ne{d+1,...,d+ 20}.

Our goal is to complement the result in [30] by studying the corresponding intersection
probability for weighted typical cells. Passing to their conical versions, this adds another
tractable model to the question addressed above. However, in contrast to the model
studied in [30] we would like to point out that the intersection probability for weighted
typical cells is not just a purely combinatorial quantity.

Theorem 5.14. For d > 1 and n,m > d consider two independent isotropic great
hypersphere tessellations T, q and T, 4 of $e. Let W.,,.a be the weighted typical cell of
T,.q and V,, q be the weighted typical cell of T}, 4. Then

nlm! 5] d
P(Woa Vi # @) =5 > B{n+d—i+2k d}B{m+i,d}Ald,d—i+2k]Ald,].
k=01i=2k

Proof. We use the isotropy assumption and Fubini’s theorem to see that

P(Wn,d n Vm,d 7& @) = El{Wn,d n Vm,d 7& @}

= / E1{oW, 4 N V,.a # @} v(do)
SO(d+1)

= E/ 1{oW,,a N Vin.a # @} v(do),
SO(d+1)

where we denote by v the rotation invariant Haar probability measure on SO(d + 1). To
the last expression we apply the spherical principal kinematic formula, see [31, p. 261].
In our case it says that, for almost all given realizations of W, 4 and V,,, 4,

4] 4
[ Wi Via # 8} v(de) =23 3 vamsaeWoa) (Vi)
SO(d+1) k=0 i=2k
The result now follows by taking expectations, using the independence of W,, ; and V,,, 4
and finally Corollary 5.9. O

Using the previous result it is in principle possible to obtain a fully explicit formula
for the intersection probability P(W,, 4 NV, # @) by combining Corollary 5.6 with
(5.11). For example, if we denote by ,Fy(aq,...,ap;b1,...,b,; 2) the usual hypergeometric
function, then P(W,, 2 N'V,,, 2 # @) can be expressed as

2 2nm m+1 3 m+3 =2 n+1 3 n+3 w2
A )R D)

8(n+1) | m+1 2 20 2 7 4 T2 Y
e T S [ O e )
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for m,n > 3. However, since such formulas become rather involved in general, we refrain
from presenting them. Instead, we collect some particular values for small n, m and d in
Appendix E and compare in Figure 8 the intersection probabilities P(W,, 4 N V,, 4 # 9)
for the weighted typical cell with those for the typical cell for d € {2,5,10}.

Remark 5.15. It is also possible to determine the intersection probability P(P N W,, 4 #
@), where P € P4(d) is now a fixed spherical polytope. In fact, repeating the proof of
Theorem 5.14, one shows that ford > 1and n > d+ 1,

4] 4
n!
P(P = — _ — 3 . .
(POWa#2)=— >N B{n+d—2+2k}A[d,d — i + 2k] v;(P)
k=01i=2k
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A Expected spherical face numbers
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B Expected spherical QuermafSintegrals

i = : ¢ z ¥ e
g T g ¥ ? T (fn2)ena
5 = i & T 5 (fo7)na
G ot dm T T | TRt Rt | T ot | S E S T o m | o+t | aana
oo ihtt | TRt |Womem-t| wowel |®owei| =t | Guwam
S R T okt & -1 i R ot -7 =5 | Gomna
6 8 L 9 g ¥ : u
{6 v} 2 waoy (57)6na “(52)ena (5.5z) tna pue (5,41)¢na “(5,1M) 20 “(5.yM) 10d 30 senfea
i T i & a s I || G 2ma
% T 7 T g £ ¢ || &2 na
m‘_m\mﬂﬁ;wo%mmum\%gwm M\%+o%o_mﬂ\omﬂmw+w m\%Lw%\m m\ﬂgwﬁ\w w‘w\mgﬁm m%\mgﬁm N@k\m Aw,%\_\cmb@
&~ bt o o T 6 %5 — obor + odoor — @ St dstode E-dmti GT-F+E G- T-% Aw%\svﬂbm—
6 8 L | 9 | g | y IR
{6 e} > w0y (F7)end ‘(5)7) nd pue (§m)end ‘(5)M)1Nd Jo sentep

https://www.imstat.org/ejp

EJP 26 (2021), paper 3.

Page 30/35


https://doi.org/10.1214/20-EJP570
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

lumes

https://www.imstat.org/ejp

1nsic vo

Faces in random great hypersphere tessellations

aS e T F T T || (o2)a
¢ T F i 1 T || (h2)a
T & T & 1 g (552) o
T T g 5 i T | Goz)wa
£+ 5 ~ b+ oeE 55 + o5 — ot 5ton de 5%~ & 5 & & Ammw@\_\:m;m
Ftdm wmtaw | Etorow | Rtdrdm | & & & g | (G
StE St hetame | itk dw | THY G obw | BT | TSt |1+ || (Gaed
e e Tdwe | Tthr o fn | whirofm | wow | wo % &t || (fym)d
6 8 ) 9 g % u
He' v} 3 waoy (7)s0m ‘(F2) %@ ({7) Tod ‘(5 2) e pue (Fm)sam “(§yam) 2o “(Fym) Tod (5, 4) 0adt Jo sonten
Z g z T [ % | % [t Goa
% & 7 T & z ¢ || Gz)ea
8 5 g 5 | v | ¢t |0
§ + ztor — ovoe omtei— | % 0 — asoor +oveor— | T2t om —ode | Gt o o | b b | e % | & | (patd
sttdu o tods | it o ohos todtoe | To T o —oser | st om | beof | Broe | ® AN%\SVSH
§ + ztor — oveor Homtei— | &+ om — asoor +oveor— | Se Y om —ode | it o —om | b 6T | e % | & | () d
6 8 ) 9 g ¥ € u

C Expected spherical intr

He' e} 3 waoy (§)7)m pue (7 )7)1ad (7)) 7)00m pue (2 )m)20m ‘(5 M) tod “(§,) A1) 00 Jo sonen

Page 31/35

EJP 26 (2021), paper 3.


https://doi.org/10.1214/20-EJP570
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Faces in random great hypersphere tessellations

D Statistical dimensions
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E Intersection probabilities
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