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Abstract. The S-Delaunay tessellation in R?~! is a generalization of the classical Poisson-Delaunay
tessellation. As a first result of this paper we show that the shape of a weighted typical cell of a (-
Delaunay tessellation, conditioned on having large volume, is close to the shape of a regular simplex
in R%"!. This generalizes earlier results of Hug and Schneider about the typical (non-weighted)
Poisson-Delaunay simplex. Second, the asymptotic behaviour of the volume of weighted typical
cells in high-dimensional 8-Delaunay tessellation is analysed, as d — oo. In particular, various high
dimensional limit theorems, such as quantitative central limit theorems as well as moderate and
large deviation principles, are derived.

1. Introduction

The classical Poisson-Delaunay tessellation in R4~!, which is widely used in stochastic modelling
of spatial random structures Aurenhammer et al. (2013); Blaszezyszyn et al. (2018); Haenggi (2013);
Okabe et al. (2000); Preparata and Shamos (1985); Stoyan et al. (1987), is constructed as follows.
The starting point is a stationary Poisson point process 1 in R%~! of intensity v > 0. For d distinct

points x1,...,x4 of n we consider the almost surely uniquely determined ball having z1,...,x4 on
its boundary. If this ball contains no points of 1 in its interior, the convex hull conv(zy,...,xq)

of x1,...,zq becomes a so-called Delaunay simplex. The collection of all Delaunay simplices is a
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stationary random simplicial tessellation of R%~! which is called Poisson-Delaunay tessellation. To
explain the construction of a §-Delaunay tessellation, we fix a parameter S > —1 and consider a
Poisson point process 73 in the height- or time-augmented space R4 x R, whose intensity measure
1p is the Lebesgue measure in the spatial coordinate R and has density »” in the height or time
coordinate Ry, up to an intensity parameter vycq g. Formally, jg satisfies

[ femmm) = [ [ e n’ande
RA-1xR Ri-1 JR,

for every non-negative measurable function f : R¥! x R, — R. Now, given d distinct points
z1 = (v1,h1),...,24 = (vg, hq) of ng, there is an almost surely unique translate of the standard
downward paraboloid {(v,h) € R4 x R: h < —||v||?} containing the points x1,...,74 on its
boundary. The random simplex conv(vy, . . ., vg) in R~ which is formed by the spatial projection of
the points 1, ..., x4, is a S-Delaunay simplex if and only if the interior of the downward paraboloid
determined by 1, ..., x4 does not contain any point of 73. The collection of all 8-Delaunay simplices
is again a stationary random simplicial tessellation, which is called the g-Delaunay tessellation in
R9~! and was introduced and studied in part I of this series of articles Gusakova et al. (2020).
As alreday mentioned in Gusakova et al. (2020), the §-Delaunay tessellation describes the local
asymptotic structure of so-called beta random polytopes in the d-dimensional unit ball close to its
boundary. Namely, after a suitable rescaling the boundary of the unit ball locally ‘looks’ like R%~!
and the boundary of the beta random polytope, projected to the unit sphere, locally ‘looks’ like
the g-Delaunay tessellation. We also mention that the class of beta random polytopes has recently
been given special attention in the stochastic geometry literature as they provide a common link
between a number of stochastic geometry models, see e.g. Kabluchko et al. (2019, 2020) and the
references given therein.

In the focus of this paper is the v-weighted typical cell Zg, of the S-Delaunay tessellation,
which is almost surely a (d — 1)-dimensional simplex, the so-called v-weighted typical S-Delaunay
simplex, where v > —1 is a weight parameter. We recall that, on an intuitive level, the typical
cell is a random simplex picked uniformly at random from the infinite collection of all B-Delaunay
simplices, regardless of size and shape. If the cells are weighted according to the vth power of
their volume and a simplex is now chosen according to these weights, one arrives at the v-weighted
typical S-Delaunay simplex. We will make this mathematically rigorous using the concept of Palm
distribution in Section 2.3 below. Let us remark that for v = 0 we get back the typical S-Delaunay
simplex, while for ¥ = 1 the v-weighted typical cell has, up to translation, the same distribution as
the almost surely uniquely determined cell containing the origin of R4~ (i.e., the zero cell).

In the first part of this paper we study the following question: What is the ’shape’ of the v-
weighted typical cell Z3,,, conditionally on the event that its volume is large? For the stationary
and isotropic Poisson line tessellation in the plane an analogous question goes back to D.G. Kendall
(see, for example, the preface of Stoyan et al. (1987)) and has first been studied by Kovalenko
Kovalenko (1999). Subsequently, this has triggered substantial interest in stochastic geometry and
a number of variations of Kendall’s problem have been investigated for various random tessellation
models, we refer to Hug and Schneider (2007) for a rather general result, and the survey articles
Hug and Reitzner (2016); Schneider (2008) for an overview. Most relevant in our context are the
works of Hug and Schneider Hug and Schneider (2004, 2005), where (general versions of) Kendall’s
problem has been studied for the typical cell of a classical Poisson-Delaunay tessellation in R4,
It has been proven there that the shape of the typical Poisson-Delaunay simplex, conditionally on
having a large volume, is close to that of a regular simplex in R4'. Our first result shows, in a
quantitative way, that the same phenomenon can be observed for the broad class of v-weighted
typical B-Delaunay simplices Z3,. For example, if p(Z3,) stands for a suitable measurement for
the distance of Zg, to a (d — 1)-dimensional simplex, which we formally introduce in Section 3
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below, we show in Theorem 3.1 that
d+1+23

P(p(Zg,) > €| Vol(Zs,) > a) < C exp {—062a -1 }

for any € € (0,1) and suitable constants C, ¢ € (0,00). In particular, formally taking 5 = —1 and
v = 0, we recover the main result of Hug and Schneider (2004) for the typical Poisson-Delaunay
simplex. We also study in Theorem 3.5 the tail behaviour of the random variable Vol(Z3,) at
zero and infinity, which turns out to be describable by a suitable polynomial and an exponential
function, respectively.

In the second part of this paper we study the logarithmic volume of the v-weighted typical
B-Delaunay simplex Zg, in high dimensions, that is, as the dimension d of the ambient space
tends to infinity. The motivation for such a study is driven by the fact that probabilistic limit
theorems for convex bodies in high dimensions is a central theme in the branch of mathematics
called Asymptotic Geometric Analysis. The behaviour of the logarithmic volume of random convex
bodies and especially of random simplices in high dimensions has recently been studied in stochastic
geometry in Alonso-Gutiérrez et al. (2021); Grote et al. (2019); Gusakova and Théle (2021). We
continue this line of research by providing central limit theorems as well as moderate and large
deviation principles for Y3, 4 := log Vol(Z3,,), as d — co. For example, for fixed v > —1, § > —1
and as d — 0o, we show that

1142 d
%logd—k 5 +0(1),

1
VarYp, g = 3 logd +C, + O(1/d),

EYB,y,d = —dlog d+

for some explicit constant C,, € (0,00) only depending on v, see Corollary 4.3. Moreover, putting
v Ypud—EYsua

Ys,4:= ,
P \/Var Yﬁ%d

the following quantitative central limit theorem holds, where ¢ € (0, 00) is some constant depending
on the model parameters 8 and v, see Theorem 4.4:

~ c
sup [P(Yg,,a <y) — @(y)| < :
yeRI (Vs ) = 2(y)] Tosd
We emphasize that in the special case § = —1, which corresponds to the classical Poisson-Delaunay
tessellation, this covers previous results from Gusakova and Théle (2021). We also remark in this
context that central limit theorems for other functionals of 8-Delaunay tessellations for fixed space
dimensions but in increasing observation windows will be derived in part IV of this paper.

The remaining parts of the text are structured as follows. In Section 2 we recall some necessary
background material in order to make this paper self-contained. In particular, we rephrase there
the construction of the S-Delaunay tessellation as well as definition of typical weighted 8-Delaunay
simplices. Kendall’s problem for such random simplices is studied in Section 3, whereas in Section
4 we concentrate on central limit theorems and moderate and large deviations for the logarithmic
volume of typical weighted -Delaunay simplices in high dimensions.

2. Preliminaries about the $-Delaunay tessellation

2.1. Notation and set-up. In this paper we use the following notation. Given a set A C R*1,
d > 2 we denote by conv(A) its convex hull and by int(A) its topological interior. A centred closed

£d/2
r(1+4%)
by wy := dkq we denote the surface area of unit (d — 1)-dimensional sphere. Further, given a convex
polytope P we will denote by Fy(P) the set of its vertices. By R, := [0, 00) we denote the set of all

Euclidean unit ball in R is denoted by B¢~ and its volume is given by xq := . Moreover,



26 Anna Gusakova, Zakhar Kabluchko and Christoph Thile

non-negative real numbers. We shall represent points € R? in the form = = (v, h) with v € RI-1
(called spatial coordinate) and h € R (called height, weight or time coordinate).

We start by recalling the definition and the main properties of 8-Delaunay tessellations. The first
description of a f-Delaunay tessellation was given in Gusakova et al. (2020) and is based on the
Poisson point process 7 introduced below. Fundamental facts about Poisson point processes and
tessellations, which we will omit here, can be found in Schneider and Weil (2008); Last and Penrose
(2018). Consider a Poisson point process 7g in R4 x R, with intensity measures having density

d
'ch,ﬂhﬁ, Cd, :w77>07
(8 +1)
with respect to the Lebesgue measure on R4 x R . This choice of the normalization constant
ensures that, as § — —1, the typical cell of 5-Delaunay tessellation converges in distribution to
the typical cell of the classical Poisson-Delaunay tessellation in R4~! corresponding to the intensity
2~yw;1 of the underlying Poisson point process (see Remark 2.4). This fact allows us to view the
classical Poisson-Delaunay tessellation as a limit of the g-Delaunay tessellation, as § — —1.

According to Gusakova et al. (2020) there exist two alternative ways to construct S-Delaunay
tessellations based on the Poisson processes 73. The first construction uses the notion of Laguerre
tessellations and it is more convenient for defining the tessellation and investigating the properties
of the typical cell. The second construction is defined via the paraboloid hull process, introduced
in Calka et al. (2013); Schreiber and Yukich (2008), and it is used for studying the convergence of
B-tessellations as f — oo (see Gusakova et al. (2021)) and its mixing properties in part IV of this
paper. We will consider only the approach based on Laguerre tessellations here, for more details

regarding the second approach we refer reader to Gusakova et al. (2020, Section 3.6) and Gusakova
et al. (2021, Section 3.1).

2.2. Construction. One of the most well studied types of tessellations is the classical Voronoi tes-
sellation, see, for example, Okabe et al. (2000); Stoyan et al. (1987); Schneider and Weil (2008). A
Laguerre tessellation can be considered as a generalized (or weighted) version of a Voronoi tessella-
tion and was intensively studied in Lautensack and Zuyev (2008); Lautensack (2007); Schlottmann
(1993). In this subsection we only briefly recall some facts about Laguerre tessellations. For more
details we refer the reader to part I of this paper, especially to Gusakova et al. (2020, Section 3.2 -
3.5).

The construction of a Laguerre diagram is based on the notion of a power function. For v, w €
R and W € R we define the power of w with respect to the pair (v, W) as

pOW(U), (’U, W)) = ||w - ’U”2 + W.

In this situation W is refereed as a weight of the point v. Let X € R%! x R be a countable set
of marked points in R~! such that min, y)ex pow(w, (v, W)) exists for each w € RY=1. Then the
Laguerre cell of (v, W) € X is defined as

C((v, W), X) := {w € R pow(w, (v, W)) < pow(w, (v/, W) for all (v/, W') € X}.

We emphasize that it is not necessarily the case that a Laguerre cell is non-empty or that it contains
interior points. The collection of all Laguerre cells of X having non-vanishing topological interior
is called the Laguerre diagram

LX) ={C((v,IV),X): (v,V) € X,int(C((v, W), X)) # o}.

It should be mentioned that Laguerre diagram is not necessarily a tessellation, since the latter
strongly depends on the geometric properties of the set X. However, it was shown in Gusakova
et al. (2020) that L(ng) for § > —1 is indeed a random normal tessellation.
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FIGURE 2.1. Simulation of -Delaunay tessellations in the plane with 8 = 5 (left)
and § = 15 (right).

Let £*(ng) be the dual tessellation of £(ng). This tessellation arises from £(n3) by including for
distinct points x1 = (vi, h1),..., 24 = (vq, hq) of ng the simplex conv(vy,...,vq) in £*(ng) if and
only if the Laguerre cells corresponding to (vi, h1),. .., (vg4, hg) all have non-empty interior and share
a common point. In our case L£*(ng) is almost surely a stationary random simplicial tessellation,
and moreover it can be regarded as a Laguerre tessellation of the random set

ng = {(z,K.) € R xR: 2z € Fo(L(np))}, (2.1)

where Fo(L(ng)) denotes a set of vertices of the tessellation L£(ng) and K. is a constant, such
that z € Fo(C((v,h),ng)) if and only if pow(z, (v,h)) = K. and there is no (v',h') € ng with
pow(z, (v, h')) < K., see Gusakova et al. (2020) for details. The random tessellation Dg := L*(ng),
B > —1 is called the f-Delaunay tessellation in R?~!, see Figure 2.1 for two simulations.

2.3. The v-weighted typical cell. The formal definition of the v-weighted typical cell for the family
of random tessellation £*(§), where ¢ is a Poisson point process satisfying some natural assumptions
was given in Gusakova et al. (2020). These requirements are met, for example, by the Poisson point
processes 73 for f > —1. The definition relies on the concept of generalized centre functions and
Palm calculus for marked point processes (see Schneider and Weil (2008, p. 116) and Schneider
and Weil (2000, Section 4.3)), which is a standard approach in this case. In this subsection we
will briefly recall this definition as well as some results regarding the distribution of the v-weighted
typical cells of the -Delaunay tessellation. More details can be found in Gusakova et al. (2020,
Section 4).

As explained in the previous section, the random tessellation Dg coincides with the Laguerre
tessellation of the random set 77;, described by (2.1). We consider the random marked point process

Xg = Z O(v, M), M = C((th)v”,g’) -
(v,h)€ng

in R4, whose marks are the associated and suitably centred Laguerre cells. For a given parameter
v € R we now define a probability measure Pg, on the space C’ of non-empty compact subsets of
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R41 as follows:

1 v
Ps,(-) = y E Y 1Me )l ai(v) Vol(M),
where A\g, € [0, 00] is the normalizing constant given by

Mg =E Y 1y e-1(v) Vol(M)".
(v,M)€xp

Note that Ag, might be infinite for some values of v. For any v with Ag, < 0o, a random simplex
Zg, with distribution Pg, is called the Vol”-weighted (or just v-weighted) typical cell of the
tessellation Dg. The following two special cases are of particular interest:

(i) Zg, coincides with the classical typical cell of Dg;
(ii) Zg,1 coincides with the volume-weighted typical cell of Dg, which has the same distribution
as the almost surely uniquely determined cell containing the origin, up to translation.

The next result is an explicit description of the distribution of the v-weighted typical cell of a
B-Delaunay tessellation taken from Gusakova et al. (2020, Theorem 4.5).

Lemma 2.1 (Distribution of the v-weighted typical cell). Fizx d > 2, v > —1, § > —1 and v > 0.
Then for any Borel set A C C' we have that

Ps.(A) = ozd“g’,,/ dy ... dyg / dr14(conv(ry,..., ryd))r2d6+d2+”(d71)
(Bdfl)d 0

—1mg prit1+28

d
X e Ag1 (Y- ya) H(l — |lwill*)?

where Ag_1(y1, ... ,Yaq) is the volume of conv(y1,...,yq) and ag g, and mgg are constants given by

(5 +6+1)

Md,g = di1 : (2.2)
VT (5= + 5+ 1)
ga, = 7Y ((d_l)!)”+1(d+1+26)F(W) yT( 4 8+1) )d+<ud+12)éd+l1>
By F(w DI(d + %) ﬁr(%+ﬁ+1)

r<d+2"+/3+1>dfﬁ I'(3)
L(p+1)7 L1 T(EgH)

Remark 2.2. In more probabilistic terms, the v-weighted typical cell of the S-Delaunay tessellation
Dg has the same distribution as the random simplex conv(RY1,. .., RYy), where

. . . . . 2 _ _ d+142p
(a) R is a random variable whose density is proportional to -2df+d*+v(d=1)g=ma sr on

(0,00);
(b) (Y1,...,Yy) are d random points in the unit ball B! whose joint density is proportional to

Ad*l(ylw'wyd V+1H ||yZH Y1 eBdilw“aydEBClil;

(¢) R is independent of (Y1,...,Yy).

Remark 2.3. Tt follows from the proof of Theorem 4.5 in Gusakova et al. (2020) that the normalizing
constant Ag, is finite for any v > —1. It was also conjectured that it is possible to enlarge the
diapason of possible values for v to v > —2.
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Remark 2.4. Let us point out that in the limiting case § — —1 the beta distribution with density
ci—1,5(1 — ||z]|?)P1ga—1 (x) weakly converges to the uniform distribution on the unit sphere S?~2.
Thus, Pg, for fixed v > —1 and v > 0 weakly converges to a probability measure P_; ,, which
coincides with the the distribution of the v-weighted typical cell of Poisson-Delaunay tessellation in
R corresponding to the intensity 2’yw;1 of underlying Poisson point process, see Gusakova and
Thile (2021, Theorem 2.3) for general v and Schueider and Weil (2008, Theorem 10.4.4) for the
case v = —1.

The following lemma contains an explicit formula for the moments of the random variables
Vol(Zg,) and is taken from Gusakova et al. (2020, Theorem 5.1). We will use it in Section 4
when we study the asymptotic behaviour of the log-volume of Zg, in high dimensions.

Lemma 2.5 (Volume moments of the v-weighted typical cell). Let Zg, be the v-weighted typical
cell of a B-Delaunay tessellation with 8 > —1 and v > —1. Then, for any s > —v — 1, we have

EVol(Zs,)* = —— (ﬁf(d? +B8+ 1)) s (2B AN pdidtrest2s) | )
Bv) = ((d—1)1)s fyr(% +B8+1) F(d(d+26)+(u2+s)(d—1)+1) I‘(d(‘”;*%) 1)

I‘(d_|_ M) F(d—I—TIJ +B+ 1)d d—1 F(i+u—|2—s+1)

d12B8+1
D(d+ LRy D5+ 5+ 1) 2 D5

X
1

3. Kendall’s problem for weighted -Delaunay simplices

3.1. Statement and proof of the main theorem. Consider for 5 > —1 the 8-Delaunay tessellation Dg
in R4, For fixed v > —1 we are interested in the shape of a v-weighed typical cell 73, of Dg,
given that Zg, has large volume. Previously, this question, also known as Kendall’s problem as we
explained in the introduction, was addressed for the typical cell of the classical Poisson-Delaunay
tessellation by Hug and Schneider Hug and Schneider (2004), who showed that the shape of such cell
is close to the shape of a regular simplex. Here, we extend this result in two directions, namely to
the case of S-Delaunay tessellations and at the same time to arbitrary weights v > —1. To measure
the distance between two simplices S1, S C R we let

p(S1,S2) :=inf{s > 0: for all v € Fy(S1) there exists w € Fy(S2) with ||[v — w| < s}

be the smallest s > 0 with the property that for each vertex v of S there exists a vertex w of S
such that their Euclidean distance is bounded by s. If S € R%! is a simplex, we let z(S) be the
centre and r(S) be the radius of its circumsphere, and define

p(S) = inf{p(r(S)_l(S —2(5)),T) : T a regular simplex with vertices on S

In particular, if the value of p(S) is small, we can say that the shape of the simplex S is close to
that of a regular simplex.

Theorem 3.1 (Kendall’s problem for the v-weighted typical cell). Fizd >2, 5> —1 andv > —1,
such that d+ 28 +v > 0. Let € € (0,1) and I = [a,b) be an interval, where co > b > a > ag for
some ag > 0. Then there exists a constant ¢ € (0,00) only depending on d and B and a constant
C € (0,00) only depending on d, 3, €, v and ag, such that

d B8
P(P(Zﬁyu) > ¢ VOI(Z@V) el)<C eXp{—052a 142 }

In particular,
lim P(p(Zs.) > €| Vol(Z3,) > a) = 0.

a— 00
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We remark that by formally taking f = —1 and v = 0, where Zg , is the typical cell in a classical
Poisson-Delaunay tessellation, Theorem 3.1 reduces to Hug and Schneider (2004, Theorem 1) (with
the dimension d there replaced by d — 1 in our case). The proof of Theorem 3.1 is based on the
explicit representation of the distribution of Zg, we developed in part I of this paper and which
we recalled in the previous section and otherwise closely follows the principal steps from Hug and
Schneider (2004), but with suitable modifications. In particular, the following two more technical
results are needed, whose proofs are postponed to Section 3.2. To formulate them, we denote by
T4—1 the (d — 1)-dimensional volume of a (d — 1)-dimensional regular simplex with vertices on the
unit sphere S¥~2. Moreover, we will use the following stability estimate from Hug and Schneider
(2004, Theorem 2): Let ¢ € [0,1] and S be a simplex with vertices on S¥=2 and with p(S) > e.
Then there exists a constant ¢; € (0,00) depending on d only such that

Vol(S) < (1 — ¢1e%)1g_1. (3.1)
Also, recall the definition of the constant mq g from (2.2).

Lemma 3.2. For all € € (0,1) there is a constant ca € (0,00), which depends on d, B, € and v
only, such that for all h < (c1/(c1 + 12))e? =: hg and a > 0,

2dB+d2+1
1

P(Vol(Zs,) € a[l,1 4+ h]) > caha”" ™ &

e 2(d+8)
(1 (97

o d+1428
X exp {_mdeTdfl }

- 1)€2> a -1

Lemma 3.3. For all € € (0,1) there is a constant c3 € (0,00), which depends on d, (3, € and v
only, such that for all a > 0 and h > 0,

d+1+283

]P)(VOI(Z,B,V) € a’[la 1+ h]’p(Zﬁ,I/) > 5) <c3 ha -1

_d+14+25 c 2(d+8) d+1+23
X exp{ —mgpTy 7 <1 + 51(2 -1 — 1)62>aﬁ}.

From now on we use the convention that ¢ denotes a generic constant whose value can change
from occasion to occasion. If ¢ depends on a parameter or on several parameters like d, 8 etc. this
is indicated by writing ¢(d), ¢(d, B) etc. On the other hand we reserve the symbols ¢y, co and c3 for
the constants that appeared in (3.1), Lemma 3.2 and Lemma 3.3, respectively.

Proof of Theorem 5.1: Given Lemma 3.2 and Lemma 3.3 the proof of Theorem 3.1 can now be
completed similarly as in Hug and Schneider (2004). Let I := [a,b), ¢ € (0,1) and a > ag > 0. If
ho > (b—a)/a, we put h := (b — a)/a and observe that a[l,1+ h) = I. Then Lemma 3.2 yields

d+1+28

2dB+d2+1 —

P(Vol(Zs,) € I) > caha’t ™ a1 7V
_d+1428 2(d+8)
with U :==mgp7, “" (1+9(2 &1 —1)e?). Similarly, Lemma 3.3 implies that

d+1+25 _Vadtll%fﬁ
e

P(Vol(Zg,) € I,p(Zg,) > ¢€) < czha a1

_d+1428 2(d+8)
with V:i=mgp7, *" (14 %(2°#1 —1)e?). Using now that a > ag we conclude that

d+1+283
d—1

d+1+283
d—1

P(p(Zs,,) > €| Vol(Zs,) € I) < ¢(d, B, v, &, ag) e~V V) —e(dB)ea

If on the other hand hy < (b — a)/a, then 1+ hy < b/a and a[l,1+ hy) C I. Using again Lemma
3.2 we have that

:C(d’57V757a0)6

d+1+28 L

P(Vol(Zg,) € I) > c(d, B,v,e,a0) hoa -1 e U®
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Next, using Lemma 3.3 we obtain, for i € {0,1,2,...},
P(Vol(Zs,,) € a(1+ ho)'[1,1+ ho), p(Z5,) > €)

d+1+283

c(d, B,v,e)ho((1+ ho)'a )dﬂf% —V(a(1+ho)i) da-1

d+1+23

. B8
— o(d, B, £Vho((1 4+ hoYia) T (V-0 ath0)) L —Ua(ieno)) TET

arites o d42117+12ﬁ d+14283

c(d, B,v,e)hpa -1
Using that I C ;2 a(l + ho)*[1,1 + ho] we arrive at

d+1+28
e 3(V-U)a a1 ((1+h0)i)‘“jfﬁ”e%(vw) (a0(14+ho)) a1

d+1+28 d+1+28

P(Vol(Zs,) € I, p(Zs,) > €) < e(d, B, v,e)hoa” 11 e~Ua T1 ¢=3(V-U)a &1

d+14283

< S+ ho) T ¢~ 3(V=U(ao(1+ho)) 7T
=0

Since the series in the last line converges we find another constant c(d, 8, v,€,a9) € (0,00) such
that
d+1+428 d+1428 1 d+1428

P(Vol(Z3,) € I, p(Z5,) > <) < o(d, B, v,2,ag)hga 1 e~V T =h(V=U)a T
Thus,

P(VOI(Zﬂ,u) €l p(Zﬁ,u) > 5)
P(VO](Z@V) el

P(p(Zs,) > €| Vol(Zg,) € I) =

) dti1+l2ﬁ
< e(d, B,v,¢e,a0)e2V-U)a
d+1+28

= C(d, B,v,e, ao)e_c(dﬁ)aza d—1
This completes the argument. ]

3.2. Proof of the technical lemmas. In this section we are going to prove the two technical results,
Lemma 3.2 and Lemma 3.3.

Proof of Lemma 5.2: Using the representation for Zg, in Lemma 2.1 and the substitution s =
mg ar® 128 we have that

P(Vol(Zs,) € a[1,1+ h))

= 0457617,,/ / 1(Ag—1(ry1,...,myq) € a[l,1+ h))
(Bd—l)d 0

2 _ _ d+1+2p8
p2Bd+d?4v(d—1) ,—mg ar Ag_1(y1,. .. yq)’ ™t H — lyll?)? drdyy . . . dyq

d—1
d+1+28

e(d, B, v / / T c @Mgd [1 1—|—h])
) S )
(Bd 1 Ad—l(yla v 7?/d)

2B8d+d2—d—2B+v(d—1)

X s a+I+2P e Nga(yr, - ,ya)" ! H — [ly[|*)? dsdys - . dya.

Applying the mean value theorem for integrals, for fixed y1,...,yq € B¢ in general position we
can find

g(ylv s 7yd) € [K,U],
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where
a
{:=m ( )
0 Ag—1(y1,-- -, ya)
such that

P(Vol(Zg,) € a[l,1+ h))

d+1+428 d ( a(l + h,) >d+1+2,8
all u:=m N
“p Ad—l(yla B ’@/d)

11428 d+1428 2dB+d% —d—28+v(d—1)

= ¢(d, B, )a -1 ((1+h) a1 _1)/ Wy, Yd) 1128 e~ W1,yd)
(]Bdfl)d

d+1428
T T - )P dys - dya.
=1

X Ag—1(y1s---»Yd

For € € (0,1) define the set

R(e) = {(y1,- - ya) € BN : Ag_1(yr, - ,ya) = (14 (e1/12)e%)  rg1} (3.2)
and observe that R(e) has positive measure with respect to the d-fold product of the Lebesgue
measure on B¢, Then, taking into account that d + 1 + 28 > d — 1, we obtain the lower bound

d+1+4283

P(Vol(Zg,) € a[l,1 4 h]) > c(d, B,v) ha™ d-1 / I(y1, ..., yq)dyr - .. dyq,

R(e)
where the integrand is given by

2dB+d% —d—28+v(d—1)

Iy, -5 ya) ==& ya) 12 e 8wty
d (3.3)
1- 1426
X Ad—l(ylv"'ayd)er H(l - ||yl|| )
i=1
For (y1,...,y4) € R(e) in general position we have that
d+1+28 d+1+428
a d—1 a d—1
'Sylw"ayd Zmd, ( ) >md ( ) )
( ) VRO AT
since 74_; is the maximal volume of a simplex with vertices in B¢~! and also
a(l+h) e dt1428 a(1+ (c1/12)e2)y 22
éyla--',yd Smd,< ) < ]-+h0 d=1 md,( ) ;
( ) NAg1(yrs - ya) ( ) ’ Td-1

where ho = 1112 2. This implies that

d+1+2£ 2df+d2 —d—28+v(d— 1)+d+1+2£

]P)(VOI(ZB’V) S a[17 1+ h]) ( , B, ) -1 d+ri+28 1
d+1+28

d+1428 1 12)e2)\ S22
xexp{—(1+h0) e md’ﬂ(a( +T(§11 )5)) P }

+1+ B8

d
LTI = llwill®Pdys ... dya
=1

/ Ag1(yiy - ya) T

2
2dB+d2+1
+70

=c(d,B,v,e)ha

d+1+28

X exp{ — (1 + ho) -1 mdﬂ(

IR CTED o N NN
Td—1
since the integral is just a constant depending on d, 3, v and €. The choice of hg and € implies that

d+142p8

(A +R)(1+(e1/12)) 77 < (14 (ea/a)e?)

d+1426

d+1+2ﬁ-‘

< (14 (c1/4)e” )[ !
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Since by definition of the constant ¢; we have (c1/4)e? < 1 it follows that for any integer m > 0 we
obtain

(1+ (c1/4)e)™ < 1+ (%(w - 1))52‘
Putting ¢y := ¢(d, 3, v, ¢), this yields the lower bound

2df+d%+1
1

P(Vol(Zs,) € a[l,1+ h]) > caha”™ ™ -

d+1+28
— e c1, 2(d+h) 9\ d+1+28
X exp{ —mgpT, (1 + 1 (271 —1)e )a a1 },

for all h < hg. This completes the argument. O

Proof of Lemma 5.5: Repeating the same arguments as at the beginning of the proof of Lemma 3.2
we see that
P(Vol(Zs,) € a[l, 1+ ], p((Zs)) = €)

d+1+28 2B8d+d2 —d—2B+v(d—1)

= c(d, B,v)had-1 / &1,y Y4q) dri+2p e~ EW1yd)
(Bd—1)d

d
_ d+1428
JH I 1 (plconv(y, -, wa)) = ) [T~ 1P dys - dya.
=1

X Ag_1(y1,---,Yd

The geometric stability estimate (3.1) says that p(conv(yi,...,yq)) > € implies that

Ag1(yr, - ya) < (1—c1e®) g1
Thus, if 1(p(conv(yi,...,yq)) =€) # 0 we have that

a d+1+283
d—1
éyla'-wyd Zmd, < )
( ) A Ag—1(y1,---,Yd)
a g+1428 _d+1428

d—1 2 7d+1_+2ﬁ
> md,5<—(1 — 6182)Td—1> > Md,pT, 4 (a(l+ ce)) a1 .

It is easy to ensure that for any a > 0 and ¢ € (0, 1) there exists a constant c4(c, cv), such that
%" < ceyle,a)e” ", x> 0. (3.5)
Thus, we have

28d+d? —d—2B+v(d—1)
€(y17 e 7yd) d+1+283 6_£(y17“~7yd)

d+1+28

< c(d,B,v,e)exp { (1 = (e1/(2er + 1)) 01 €y, ) |

_d+1428 449408 d+1+26
—1 ———

< c(d, B,v,e) exp{ —mgpaTy | a aT <(1 + 1)1 = (e1/(2¢1 + 1))82)> -t

Arguing as in proof of Lemma 3.2 we obtain

(4 e = (/20 + 1))52)) <14 2R S

Plugging this into the above expression for P(Vol(Zg,) € a[l,1+ h], p(Zg,) > €) proves the claim
for a suitable constant cs € (0,00) depending only on the parameters mentioned in the lemma. [

Remark 3.4. The estimate (3.5) can be made more precise. In fact, we start by writing

2% % = xae—cxe—(l—c)w <e Sup[l‘ae—(l—c)a:]‘
x>0
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The supremum is attained at © = /(1 — ¢) so that c4(c, &) can be chosen as

cq(e,a) = <1 a )ae*a.

—C

In particular, if § > 0, p > 1 and ¢ = (1 — §e2)P we have that c4(c, @) < c(a, d,p)e 2% for a suitable

constant ¢(a,d,p) € (0,00). We will take advantage of this bound in the proof of Theorem 3.5
2Bd+d?—d—2B4v(d—1)

below, where we apply this bound with o = 1598

3.3. Results about tail asymptotics. In this section we are interested in the behaviour of the tails of
the volume of the v-weighted typical cell of a 8-Delaunay tessellations at zero and infinity. We will
prove that P(Vol(Z3,) < a) behaves like a power of a, as a — 0, and that P(Vol(Z3,) < a) decays
exponentially, as a — co. To state our result we recall that mg g is defined at (2.2) and that 74_;
stands for the volume of a regular simplex with vertices on the (d — 2)-dimensional sphere S%~2.

Theorem 3.5 (Tail asymptotics for the volume of the v-weighted typical cell). Fiz d > 2, > —1

and v > —1.
_ d+1+428

(i) We have that ali_)rrolo o T logP(Vol(Zg,) > a) = —mgpry " ford+28+v>0.
(ii) Suppose that d > 2(1 — ). Then we have that il_r)r%) a~ "t P(Vol(Zs,) < a) = C for some
constant C' € (0,00) only depending on d, 5 and v.

Remark 3.6. (i) We remark that the result of Theorem 3.5 (i) reduces to a special case of Hug
and Schneider (2005, Theorem 2) when we formally put 5 = —1, which corresponds to the
classical Poisson-Delaunay tessellation. On the other hand, the result of part (ii) of Theorem
3.5 is new even for this classical model.

(ii) The dimension restriction d > 2(1 — ) in Theorem 3.5 (ii) is in fact restrictive only for
d € {2,3}. Namely, if d = 2, it requires that g > 0, for d = 3 that g > —1/2, while for
d > 4 it is automatically fulfilled, since 8 > —1.

Proof of Theorem 3.5: We start with part (i). Using Lemma 3.2 with h = hg gives

2d+d%+1 d+1+28

_ d+1+28
P(Vol(Zg,,) > a) > c(d, B,e,v)a"t ™ -1 exp{ —mapry " (1+c(d, B)e?)a a1 }

From now on we shall take e = 1/a.

At this place, we need to make more precise the dependence of the constant c¢(d, 3,e,v) on €.
This dependence arises precisely at (3.4) and an inspection of the proof there shows that ¢(d, 5, ¢, v)
can be bounded below by e%¢(v,d, ) for some positive ¢, depending on d and . This can be
achieved because the integral over the region R(¢) defined at (3.2) of the function in (3.3) can be
bounded from below by an integral over smaller region R'(¢) C R(e), which can be constructed
as follows. Consider a fixed regular simplex S with vertices s1,...,sq on a unit sphere S2. Tt is
clear then that there exists some ¢; > 0 such that for any simplex S’ with p(S,S’) < e* we have
that Vol(S') > (1 + (c1/12)e?)"74_1. Thus, we can define the region R'(¢) as a set of d-tuples
(Y1, ya) € (B4 such that |jy; — s;]| < e and 1 — ||y;]| > 1/2e%. Then the integral over the
region R/(e) of the function in (3.3) can be bounded from below by ¢(d, 8, v)e?%? multiplied by the
volume of R(g), which in turn is bounded from below by a constant multiple of eZ (@=1) " Thus,

_ d+1428 _dt1426 _ d+1428
liminfa™ a1 logP(Vol(Zg,) > a) > —mgpr, " +liminfa™ a1 log(elc(v,d, B)).

a—r o0 a—r o0
Now, since we took € = 1/a, the last limit vanishes and we arrive at

it _dt1+28

d 23
liminfa™ &1 logP(Vol(Zg,) > a) > —mgpr, ;¢

a—00
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To obtain an upper bound we let ¢ > 0 be a parameter to be determined later and write
oo ) o
P(Vol(Zs,) > a) = IP(VOI(Z@V) e J2al1,2), | J{n(Z5.) = k‘q}>
i=0 k=1

<D > B(Vol(Zg,) € 2a[1,2), p(Z5,) > k9).
i=0 k=1

The probability in the previous expression can be bounded using Lemma 3.3 with A = 1. In fact,
we have that

P(Vol(Zgs,,) € 2a[1,2],p(Z5,) > k™9

. dt1428 _d+1428 . d+1+428
< c(d, B, v)elk, ) (2a) 51 exp{ —mapr, T (14 old, Bk (2a) E T

. d+1428 _d+1+28  gy9498
<e(d,B,v)c(k,q)(2'a) a1 exp{—md757d71d‘1 a -1 }

_d+1+28 d+1+28 _dt1+28 d+1+28
d—1 1—1 a7 d—1 -2 I
X exp { — Mg pT, 4 (2" a) a1 } exp { — M4BT, 4 c(d, )k~ *9a a1 }

for i > 1. Moreover, according to Remark 3.4 the constant c(k, q) satisfies

28d+d? —d—2B+v(d—1)

C(l{:, Q) < C(d, B, V)kqu drii2p

d+1+28

BT P—d—23+0[d=1) 0, which ensures that

and we choose now ¢ = g¢(d,B,v) as
c(k,q) < c(d,B,v)k™2. Then

d+1+28 _ 4428 gi140p
P(Vol(Zg,) > a) < ¢(d, B,v)a a1 exp{ —mgpry 47! QT}

e _d+1+428 d+1+428
X Z c(k,q) exp{ —mgpry 4" e(d, B)k~%q a1 }
k=1

_dt1+28 d+1+428

oo
 d+1428 .
X(Z 2" a1 exp{ —mapry " (27 a) T } + 1).
i=1

Since we are interested in the limit as a — oo, we may suppose that ¢ > 1, say, from now on.
Then the series over i converges to a constant only depending on d and 3. Moreover, since c(k, q) <
c(d, 8,v)k=? also the series over k converges, but this time to a constant only depending on d, 3
and on v. Thus,

d+1+28 _d+14+28 44408
P(Vol(Zs,) > a) < c(d, B,v)a -1 exp{ —mgpTy 0 aﬁ}

for a > 1 and hence

d+1+28 _d+1428

-1 logP(Vol(Zs,) > a) < —mgpr, ;"

limsup a
a— 00

Together with the lower bound this proves (i).
In order to show (ii) we use the probabilistic representation of the typical cell Zg, from Remark

2.2, which says that Zg, has the same distribution as conv(RY7, ..., RYy) with the radius R being
independent of the beta random simplex Pg,, := conv(Y1,...,Yy). Writing Pg for the distribution
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of the random variable R we may write, for a > 0,

P(Vol(Zs,) < a) = P(R* ' Vol(Pg,) < a)

— - Ay —d+1
o(dyﬁﬂf)/o /(Bd_l)d 1(Ag—1(y1,---,ya) < ar ) (36)
d

X Ag(yrs o ya) T O = llwl)P dyn - dya Pr(dr).
=1

In the next step we will find the upper bound for the inner d-fold integral

1(b) 12/ (A1 (Y1, ya) < DAy, ya)"H H — [lyill*)? s - . . dya
(Bd-1)d

for general b > 0. Note that, up to a constant depending on d, § and v, I(b) is the same as the
probability P(Vol(Ps,) < b). We start by observing that

I(h) < bu+1/

d
(51 l(Ad_1(y1,...,yd H 1 — ||y || ﬁdyl . dyy
=1

= c1(d, B, )0"'P(Vol(Ps,—1) < b),

where ¢1 (3, v, d) is some positive constant. The random simplex Pg _; is the convex hull of indepen-
dent beta-distributed random points Zi, ..., Zg in B¢ with density proportional to (1 — ||y||?)?.
Let dist(L, x) := minyer, ||z — y|| denote the distance between an affine subspace L C R4 and a
point € R4~!. Then using the well-known base-times-height formula for the volume of a (d — 1)-
dimensional simplex we obtain

1
VOI(PQ’,l) = W VOl(COHV(Zl, ey del)) . dist(aff(Zl, ooy del), Zd)
1 (3.7)
=: mAd_z(Zl, cee, Zd—l) . diSt(aff(Zl, e, Zd—l), Zd),
where aff(z1, ..., 24_1) denotes the affine hull of points z1,...,24-1 € R?-1. Since Z is independent
of Z1,...,Z4_1 we have that
P(Vol(Ps,—1) < b) = / P(dist(aff (y1,. .., ya-1), Za) < (d — DbA (Y1, ..., Ya—1))
(Bd—1)d—1 (3.8)

Pth,del(d(yl’ <o 7yd—1))’

where Pz, 7, | stands for the joint distribution of Zi,...,Z4_1. For a fixed (d — 2)-dimensional
subspace L C R and for some ¢ > 0 we consider the probability P(dist(L, Z;) < ¢). Let p(L) € L
be the unique point satisfying dist(L,0) = ||p(L)||. It is clear that dist(L, Z;) = |[p(L)—proj . (Z4)|,
where L1 is the line, passing through p(L) and is orthogonal to L, and proj; 1 : R¥! s L+ denotes
the orthogonal projection onto L*. Let I;1 : L™ — R be an arbitrary but fixed isometry, such that
I; 1. (0) = 0. As a next step we use Kabluchko et al. (2020, Lemma 3.1), which ensures that the

random variable I 1 (proj; . (Z4)) has density

I'(1/2+d/2+B)
Vrl'(d/2 + 5)

Hence, since p(L) € L* and the distance is invariant under the isometry I; 1 we obtain

1

Pdist(L, Z4) < ¢) = CQ(d,ﬁ)/l Ut = pl < (1 — )P+ at,

£ (1— )51 4 (8).
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where p := I; 1 (p(L)). By the mean value theorem there exists s € [max(p — ¢, —1), min(p + ¢, 1)]
such that

P(dist(L, Zg) < ¢) < 2¢a(d, B)(1 — 2P . ¢ < e3(d, B)e. (3.9)
Substituting this into (3.8) and using the explicit description of Py, 7z | we get
d—1
P(Vol(Pg,—1) < b) < 04(daﬁ)b/ (Aaa(yr,-ya1) " TT = lwl®)? dyr - dya-1.
Byt i=1

Applying the affine Blaschke-Petkantschin formula Schneider and Weil (2008, Theorem 7.2.7) it is
easy to see that the last integral is finite, and since it is independent of b we conclude

]P)(VOI(P@_l) < b) < C5(d,ﬁ) b,
for some positive constant c5(d, ). Eventually, this implies that I(b) < cg(d, 3,d)b*+2 for any b > 0.
Plugging this back into (3.6) and using the definition of Pg from Remark 2.2 we obtain

P(Vol(Zs,v) < a) < ¢r(d, B, V)ay+2/ 2B+ +r(d=1)=(v+2)(d=1) p=ma,prt 1+ g,
0

o0 _ 2_
—as(d, e [ s (3.10)
0

< C9(d7 /87 V)al/+27

for some positive constant cg(d, 5, v) independent of a. Note that the last integral is in fact finite
for p > —3/4if d =2 and all § > —1 for d > 3. Since d > 2(1 — /) by assumption, this is always
satisfied.

In order to obtain a lower bound we note that by (3.6),

P(Vol(Zg,v) < a) > /OOO P(Vol(Pg,) < ar™ ) 1(r4™! > 4(d — 1)1, %) Pr(dr), (3.11)

where 755 denotes the (d — 2)-dimensional volume of (d — 2)-dimensional regular simplex with
vertices on the unit sphere S9=3. In what follows we consider the probability P(Vol(Pg,) < b) for
b <74 2/(4(d—1)). For any C € [0,1) we have

B(Vol(Ps,) < b)

ch(d767y)/ 1(Cb<Ad71(y17”'7yd) Sb)Adfl(ylv'”ayd V+1H HyZH ﬁdyl dy
(Bd—l)d

> ero(d, B, )V 1 /

d
1 1(Ch < Aq1(y1,--,ya) <b) [T@ = 11will*)P dys ... dya
=1

= c10(d, B, v)CVHpH (]P’(Vol(Pg7_1) < b) — P(Vol(Ps_1) < Cb)).
From (3.7) and the fact that Ag_o(21,...,24-1) < 742 for all z1,...,24-1 € B! we conclude
together with the base-times-heigh formula for the volume of (d — 1)-dimensional simplices that
P(Vol(Ps1) < b)
> P(dist(aff(Z1,...,Z4-1),Zq) < (d — 1)1, 2b)
> P(dist(aff(Z1,. .., Zg-1), Za) < (d — 1)1 0| dist(aff (Z1, . .., Z4_1),0) < 1/2)
x P(dist(aff(Z1, ..., Z4-1),0) < 1/2)
=: c11(d, B)P(dist(aff(Z1, ..., Zy—1), Za) < (d — )7 ,b| dist(aff(Z1, ..., Z4-1),0) < 1/2).
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Considering a fixed (d — 2)-dimensional affine subspace L C R4t with ||p(L)|| < 1/2, where p(L)
is defined as before, taking p := I 1 (p(L)) and applying the mean value theorem we have for any
c<1/4,

1

P(dist(L, Zy) < ¢) = c2(d, B) /_1 1([t —p| <c)(1— t2)5+% dt

— 2e5(d, B)(1 — %) 2" -,

with s € [p —¢,p+¢]. Since s < p+ ¢ < 3/4 we see that (1 — s?) > 7/16 > 1/4, which together
with the condition d > 2 — 23 leads to P(dist(L, Zy) < ¢) > ¢ca(d, 3)272~4+3¢. Hence,

P(Vol(Ps—1) < b) = en(d, Bea(d, £)272 =3 (d — 1)y yb.

Finally from (3.9) with ¢ = c11(d, 8)2720=4+1(d — 1), ,b we get

)74
P(Vol(Ps_1) < c11(d, B)27 2P~ (d — 1)7,b) < c11(d, B)ea(d, B)27 22 (d — 1)7,b.
Thus, taking C = ¢11(d, 3)2728=4+1(d — 1)7};—2 < 1 and combining everything together we obtain
P(Vol(Pg,,) < b) > c12(d, B,v) b" 12,
Substituting this back into (3.11) we conclude for a < 1/2, that

P(Vol(Zg,v) < a) > ci2(d, B, V)au+2/ P A2E=2)1 (1971 > 9(d — 1)74_5) Pr(dr)
0

- 613(d7 67 V)ay+27

for some positive constant c¢13(d, 8, ) independent of a. Together with (3.10) this finishes the proof
of part (ii). O

4. Log-volume of weighted typical cells in high dimensions

In this section we investigate the asymptotic probabilistic behaviour of the random variables
Yg .4 :=log Vol(Z3,), v>-1, 8> -1,

as d + 26 + v — oo, where we use the same notation as before. In particular, we will use the
cumulant method, which allows us to obtain a number of asymptotic probabilistic results, such as a
central limit theorem with Berry-Esseen bound, a moderate deviation principle and concentration
inequalities, as soon as fine estimates for the cumulants of the random variable under consideration
are established. At the end of the section we will investigate the mod-¢ convergence and the large
deviation behaviour based on the exact formulas for the moment generating function of the random
variables Yg , 4.

Given m € N and a random variable X with E|X|™ < oo, let ¢;,,(X) be the mth cumulant of X,
which is formally defined as

em(X) = (=)™ :;t—m logEl[e ‘tX ’t o

where i is the imaginary unit. In particular, ¢;(X) = EX and c2(X) = Var(X). Our first step is
to derive bounds for the mth cumulant and to determine asymptotic formulas for the expectation
and the variance of the random variables Yz, 4. Due to Lemma 2.5 the cumulants of the random
variables Y3, 4 can partially be expressed as a sum of derivatives of gamma functions, also known
as polygamma functions.

In the next subsection we collect some results about the asymptotic behaviour of polygamma
functions and some other auxiliary results, which we will need later. Through this section we will use
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the following notation. Given two functions f(z) and g(z) we write f = O(g) if limsup | f(z)/g(x)| <
T—00
s and f = ofg) if lim | (x)/g(z)| = 0.

4.1. Asymptotics for gamma and polygamma functions. The first very useful result regarding the
asymptotic behaviour of gamma function is classical Stirling’s formula Olver (1995):

1 1
logI'(z) :xlogaz—x—§1ogx+§log(27r)+0(1/:n), as ¢ — 00, x € R, (4.1)
1
log(n!) =nlogn —n+ ilogn +0(1), asn — oo, n €N (4.2)

Consider the digamma function ¢ (z) = () () := % logT'(x) and, more generally, the polygamma

function
dm m—+1

W (2) = —u(z) = g logT(w),  meN.

The asymptotic expansions for functlons (™) (z) are well-known (see e.g. Abramowitz and Stegun
(1964, p. 260)), but our estimates will rely on a more precise and recent results for the functions
Y(z) and 9 (z). Namely, in Qiu and Vuorinen (2005, Theorem C) it was shown that

¥(z) = logz — % +0(1/22) (4.3)
and in Mortici (2010) the asymptotics
P0@) =~ + o +01/2%) (1.4)
was obtained, as x — co. Moreover, for any x 7& 0,—1,—2,... one has that
o) =3 G

see Abramowitz and Stegun (1964, 6.4.10). Hence, we conclude that
—1)! !

xm pm+l’
The following proposition summarizes the results of Gusakova and Théle (2021, Proposition 3.1
- 3.3) and provides identities or estimates for sums of polygamma functions.

(4.5)

Proposition 4.1 (On sums of polygamma functions). For any a € (0,00) and k € N, k > 2 we
have

;iw(”‘l)z (4 s Dutath—c—1)+ Sutk+a—1)+ 7o (229
j=1

k
—(g—%>¢(a+1)—%w<%+l>—5(1+10g2)+1+%, (4.6)

Zﬂ)(l)(j;a) = %(?ﬁ(lﬂ—l—a—c—l— 1) —v¥(a+1)) +g(¢(1)(k+a—c+ 1) — M (a+1))

j=1
(R - ()

k_c¢(1)(k+a—c+ 1) + w(l)(kga), (4.7)

=

+
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and

‘iw(m)(jjta)‘ < (2m+3m! ‘ (48)

where ¢ := k mod 2, which is equal to 0 if k is even and equal to 1 if k is odd.

4.2. Cumulant estimates for the log-volume. In this section we prove general asymptotic formu-
las and estimates for the cumulants of the random variables Yj , 4 depending on all three model
parameters 3, v and d.

Proposition 4.2 (General cumulant bound and asymptotics for expectation and variance). For
any B> —1,v>—1,v>0 and d > 2 we have

EYj,.q4 = _2(dj;5+1) log(d + 2f3) — (d gé)id;; iﬂl; D log(d(d 4+ 26+ v) — (v —1)) + g
_ ;1 logd + (d%” _ i) log(d + 1) — 2”: L log(v +2) — d+2_51+110g'y+0(1),
—1)2 _
Var¥owd = —omm s 2iad+ :))—(Céjf[‘f))(clzl 28+ 1) 2+ 2d5 ot %‘/’(d tr-etl)
e () (i
- %w@ +2) - ”;r Ly 2) + éw(” (% ; 2) +0((d+28+1)72),

as d+ 20 + v — oo, where ¢ := (d — 1) mod 2. Moreover, for any 2 +v > —d+1 and d,m € N,
m >3, d> 3 we have

(11d+3+6(8+2)" H(m—-1)!  4(m—1)!

m(Y,a)| < :
lem (Y4l 4(d+28+v)m-1 * (v 4 2)m=2

Proof: By the definition of cumulants we have

m

d S
en(Voand) = = [1og EVol(Z5,,)"]

s=0'

Thus, using Lemma 2.5 and the relation I'(z + 1) = 2I'(z), « € (0, 00), we obtain that ¢,,(Y3,.q) is
equal to

1im—ny [dgrd;ﬁ1+)1 (% log 7 + logF(
dm [logr(d(d+26+y) sd

%) — logF(%) — log’y) —log(d — 1)!}

w=1)d=1)  sd—1)
e 2 +?) log ' (d + d+28+1 +d+2ﬁ+1)
_logr<d(d—|—25+u)—(y—1) +s(d2— 1)) _dlogr(d+25+u+s)

2 2 2

d—1 .
—(d— l)log(d+2ﬁ+u+s)+210g1‘<z+g+l+ g)}

s=0
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after simplification of the resulting expression. This expression can be re-written in terms of
polygamma functions as follows:

Tim—1} [dg—dQ_Bl—al <% logm + 10gI’(d+2f5+3> — logf(d—i_%m) — logy) —log(d — 1)!}

o ¥ 1( 2 ) (d+26+1)mw ( d+28+1 )
gm ¥ 1 < 2 ) gm ¥ 1 ( 2 )
1 & it vy (=)™ (m - 1)I(d—1)
il (m—1) _

+2mZ¢ ( 2 ) (d+28+v)m '

+

We now distinguish between the three different cases m = 1, m = 2 and m > 3. If m = 1,
c1(Ys,,4) = EY3,, 4 and the previous expression simplifies to

d—1 (logf‘(w> —logF(w) +w<d(d+25+v) —(v— 1)) —log'y)

d+26+1 2 2 d+28+1
— log(d — 1);+d¢(d(d+zﬁ+u>) B (d; 1)¢(d(d+2,8 +;> —(v— 1>)

_¢(d+2ﬁ+l/>+;§w(i+;+1)+0(1)’
i=1

where we used the fact that 5 > —1. Applying the asymptotic relations (4.1) and (4.3) together
with (4.6), and taking into account that d 4+ 28 + v — oo, we obtain that EY3, 4 equals to

d—1 (d+25+2

log (1 + + %log(d +26+3) +log(dd+26+v)—(vr—1))

TroFT)

d+28+1 2
d (d—1)
—log(d—|—26+1)> —logd! +logd + §logd— 5 log(d(d + 28+ v)
1 d —-1-
—(1/—1))—Elog(l/—i—Q)—flog(u—i-?))—i-ylog(u—i—d—c—1)+Elog<u+d—1)
2 4 2 2
1 d d—
2 e 4= 1).
+4og(u+d) 5 d+2,8+110g7+0()

Using the Taylor expression for the logarithm with the Lagrange form of the remainder, namely,
log(z + a) = log(x) + = + O(a’/2?),
T

and Stirling’s formula (4.2) we have

I togd+28) 2D v i 28 4 v) - (- 1)) +

EYgua=—

2(d+28+1) 2(d+26+1) 2
_%logd+ (d%—f) log(d + v) — 1log(l/+2)—d+2_ﬁl+110g7+0(1).
Next, we turn to the case m = 2. We have that c3(Y,,) = VarY), , equals to
Cf¢(1) (d(d + 25 + 1/)) n q —(:12_51—')—21)#(1) <d(d + 2616_:_22)_;1@ - 1)) B ilw(l) (d + 226 + y)
O (D) S () ¢

=1
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Taking into account that d+28+v — oo and using (4.4) and (4.7) together with a Taylor expansion
of the function 1/z with the Lagrange form of the remainder we conclude that

_ (d—1)%(d+28—-1) d 1
VarYsud = = od T 25 o)~ (- )T 26+ 1) T a(dr2p e oVt ety
d+v— 1 d+v—c+1 d
n %wydﬂ Cet1)— ,¢(1>(+”—20+) n §¢(1)( ;r’/)

1 v+1 v+ 2 1
I S . )
QP H2) = v+ 2+ d’ O\ @r2s 10
This proves the first two assertions of the proposition.
We turn now to the case that m > 3. Applying the estimates (4.5) and (4.8) for d > 3 and
v+268+d>1, we get

lem(Yaua)| < 7‘¢(m 1) (M)‘ N ‘¢(m_1)<d(d—|—25+u)—(1/—1))‘

2 d+238+1

(d=D" oy (dd+28+1) = =D\ | d | noyy(d+268+v
e ; )|+ gl (=)

1S ittt (m—1)!(d—1)

il (m—1)
+‘2m;¢ ( 2 >’+(d+2ﬁ+y)m1‘
Sinced+28+v >d—2+v > v —1 we obtain the upper bound

en (Yawa)| < d(m — 2)! 2(m — 1)! (m—-2)1(B+2)"t  (m—-1Y(B+2)™
AP = @2+ )T T (d 28+ ) (d+ 28+ v)mT (d+28+v)™
(d—1)(m —2)! d(m —1)! d—1)(m—1)!  4(m—1)

@2t T dr 2Bt (A28t (g 22

(11d+3+6(8+2)" H(m—-1)!  4(m —1)!
- 4(d+28+v)m-1 (v +2)m=2"
This completes the proof. O

The results of Proposition 4.2 allow us to consider the situation when some of the parameters
d, § and v stay fixed and the other(s) tend to infinity with possibly different speed. In particular,
assuming that 8 > —1 is some fixed number and using the Taylor expansion of the logarithm with
the Lagrange form of the remainder we have

log(d+2p8) =logd + O(1/d),
log(d(d+2B8+v) — (v —1)) =log((d — )(v +d — 1)) + O((d + v)71).

Substituting these estimates into the expression for the expectation in Proposition 4.2 we obtain

d—3 242
5 +d—l—;ﬁ—ﬁkl)bg((d_l)(y—i_d_l))

BV 0 = (5 +0(1/d)) (o d + 0(1/a) —

-1 d+ 1 1 d
— logd—i—( v Z> log(d +v) — log(y+2)+§ —logy+ O(1)
2d — 3 5+ 2v 2428 +1 d
= - logd 1 d) — 1 2)4+ - —1 1).
5 log —i—( 1 +d+2ﬂ+1)og(u+ ) og(u+)+2 ogv +O(1)

Next, we consider the variance in the same situation. Applying (4.3), (4.4) and the Taylor expansion
of the logarithm and of the function 1/z,

1 1 a
= - - ? + O(a2/$3)7

r+a T
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we get

2d0—1 (B+1)d (d—1) 1
Ha+y) T e T drvrBidr i 2eeldty)

n % - %w(y +2)— ”T“z/;(l)(u +2)+ %w“) (VTH) +O0((d+v)7?).

It should be noted that by Remark 2.4 the random variables Yj, 4 converge weakly to the ran-
dom variable Y_; , 4, as 8 — —1, where Y_; , 4 is a logarithmic volume of the v-weighted typical
cell in the classical Poisson-Delaunay tessellation in R?~! with intensity 27wd__11. The case of the
Poisson-Delaunay tessellation (case = —1) was considered in Gusakova and Thile (2021), where a
number of results, including a central limit theorem with the speed of convergence and the moder-
ate deviation principle, have been obtained, assuming that the parameters d and v tend to infinity
simultaneously at different speed. We expect that the case of fixed § and § = —1 would lead to the
same limit theorems as for d — oo and v — 00, and the proof can be obtained in the same way as
in Gusakova and Thile (2021). We would also like to point out that in Gusakova and Thile (2021)
the d-dimensional Poisson-Deaunay tessellation with intensity of underlying process -y is considered,
which should be taken into account when comparing the results.

In this article we focus from now on on the particularly interesting situation when v is some fixed
number. This covers, for example, the case of the typical (v = 0) cell and the zero-cell (v = 1) of
the B-Delaunay tessellation. For simplicity we let 8 be fixed as well.

Var YB,V,d = —

Corollary 4.3 (Cumulant bound, expectation and variance asymptotics for fixed model parame-
ters). Fizv > —1,8> —1 and vy > 0. Then, as d — oo,

11+ 2
EYp,q = —dlogd + ———

d
logd + 5 —log~y+ O(1),

1
VarYp, q = 5 logd+ C, + O(1/d),

where
v+1

1 1 2
Cyi= —50(v +2) - LT=p O +2) + 90 (L22),
and the hidden constant in O-big notation only depends on v and 5. Moreover, ford > 4 and m > 3
we have that
13(8+2)™ " (m —1)!
(v+28+4)m—2

lem(Yap.d)| <

4.3. Central limit theorem and moderate deviations. As was already mentioned above, based on cu-
mulant bounds for the random variables Yp , 4 we can prove a number of probabilistic limit theorems
for the logarithmic volume of the v-weighted typical cell Zg, of the 8-Delaunay tessellation.

For completeness, we recall the definition of a large and moderate deviation principle for a
sequence of random variables. Given a sequence (fi4)4en of probability measures on a topological
space F, we say that it satisfies a large deviation principle with speed ag4 and (good) rate function
I: FE — [0,00], if I is lower semi-continuous and has compact level sets, and if for every Borel set
B C E we have

— inf I(z) <liminfa;'l B) < i 1] B) < — inf I(x),
el (z) < liminfa, " log ua(B) < i sup a og 114(B) st (z)

where int(B) and cl(B) stand for the interior and the closure of B, respectively. We say that a
sequence (Xg)gen of random variables satisfies a large deviations principle if the sequence of their
distributions does. Moreover, if the rescaling a4 lies between that of a law of large numbers and
that of a distributional (often a central) limit theorem, we will say that a sequence (Xg)4en satisfies
a moderate deviations principle with speed aq and rate function I, see Dembo and Zeitouni (1998).
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We consider the centred and normalized random random variables
Yaud—EYprd

A /Var YBMd

oo 2AB+2)
Prd = () 4 B+ 4)/Togd

In what follows we denote by ®( - ) the distribution function of a standard Gaussian random variable.

}75?1/7(1 ::

and define

Theorem 4.4 (Berry-Esseen bound and moderate deviations for the log-volume). Suppose that
v > —1 and > —1 are some fized real numbers. Then the following assertions hold.

(i) There exists a constant ¢ € (0,00) such that for all sufficiently large d,
sup [P(Ysa < y) — ()| < cepua
yeR

(ii) Let (aq)qgen be a sequences of positive real numbers such that

lim ag = 00 and lim age = 0.
d—oo d d—oo d=Bv.d

Then the sequence of random variables (a;l?g,l,7d)deN satisfies a moderate deviations prin-

ciple on R with speed a% and rate function I(z) = x?/2.

The proof of Theorem 4.4 relies on the following lemma, which summarizes some of the main
findings of the method of cumulants for normal approximation. We refer the reader to the recent
survey article Hanna Doring and Schubert (2021) and the many references provided therein.

Lemma 4.5. Let (Xg)agen be a sequence of random variables with E[Xy4] = 0 and Var[Xy] =1 for
all d € N. Suppose that, for all m € N, m > 3 and sufficiently large n,

(m!)l-i—é
(Ag)m—2
with a constant § € [0,00) not depending on d and constants Ay € (0,00) that may depend on d.
Then the following assertions are true.

|em (Xa)| < (4.9)

(i) One has the Berry-Esseen bound

sup [P(Xg < ) — @(y)] < c(Ag) /0
yeR

with a constant ¢ € (0,00) that only depends on §.
(i1) Let (aq)dgen be a sequence of positive real numbers such that
L,

lim ag = oo and lim ag4 A;
d—o0 d—o0

Then (angd)deN satisfies a moderate deviations principle on R with speed a?l and rate
2

function I(z) = %

Proof of Theorem 4./: From the estimates in Corollary 4.3 we obtain

’Cm(Yﬁ,I/,d” 36(6 + 2) | m—2 | m—2
(Var Y@V,d)m/2 = m+/log d M€ d = M€s0.d0

lem (Ys,,4)| =

for sufficiently large d. Thus, }N’@,,,d satisfies condition (4.9) with § = 0 and Ay = 85}/ 4 respectively.
An application of Lemma 4.5 now completes the proof. O
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4.4. Mod-Gaussian convergence. In this subsection we investigate mod-¢ convergence of the loga-
rithmic volume Y3 ,, 4 of the random simplex Z3 ,, assuming, as at the end of the previous section,
that the parameters S and v are fixed and the dimension d tends to infinity. The notion of mod-¢
convergence has been introduced and studied in the previous decade in Delbaen et al. (2015); Jacod
et al. (2011). It is a powerful tool which leads to a whole collection of limit theorems including
an extended version of the central limit theorem, a local limit theorem, precise moderate and large
deviations and Cramér-Petrov type asymptotic expansions. For more references and a survey of the
topic we refer the reader to Féray et al. (2016). We remark that some of the results established in
the previous section will also follow once we have established mod-¢ convergence.

The main idea behind the concept of mod-¢ convergence of a sequence of random variables is
to look for a suitable renormalization of their moment generating functions (considered on the
complex plane C). There are a several versions and we will consider the one from Féray et al. (2016,
Definition 1.1). Let (Xg)q4en be a sequence of real-valued random variables, and let us denote by
©4(2) = E[e*X4] their moment generating functions, which are assumed to exist in a strip

Sap) = {2 €C:a <Rez < b},

where a < 0 < b are extended real numbers. Assume that there exists a non-constant infinitely
divisible distribution ¢ with moment generating function [, e**¢(dz) = exp(n(z)), which is well
defined on S(, ), and an analytic function ¢ which does not vanish on the real part of S, ), such
that

exp(—wan(z))ea(z) = ¢¥(z),  d— o0,

locally uniformly in z € S(, ) for some sequence wg — oo. Then we say that the sequence (X4)deN
converges in the mod-¢ sense on S, ;) with parameters (wq)gen and limiting function ¢. In par-
ticular, if n(z) = 22/2, one speaks about mod-Gaussian convergence. This will be the case for our
application presented below.

Mod-¢ convergence for the log-volume of different models of random simplices was recently studied
in Eichelsbacher and Knichel (2021); Grote et al. (2019); Gusakova and Thile (2021). We remark
that although Eichelsbacher and Knichel (2021) studies very general models with so-called gamma
type moments, our random variables do not precisely fit into this framework. Our argument closely
follows the one in Gusakova and Thile (2021), with suitable modifications and adaptions, of course.

Before we state the main result of this section let us recall the definition of the Barnes G-function.
The Barnes G-function is an entire function of one complex argument z € C, which can be defined
as a solution of the functional equation

G(z+1) =T(2)G(»),
satisfying the ‘initial’ condition G(1) = 1.

Theorem 4.6 (Mod-Gaussian convergence of the log-volume). For fited v > —1 and B > —1 define
the sequence (mg)aen by

o= (G 5o (3) = T - o () - R -,

Then, as d — oo, the sequence of random variables (Yﬁ v.d —Md)den converges in the mod-Gaussian
sense on the strip S(_,_1 ) with parameters wq = 5 log( ) — 1 and limiting function

(1/+2) (u+3)

P(z) = G2z G ()

Proof: Consider the moment generating function

d(z) = Elexp(2Yp,.q4)] = E[Vol(Z3,)%], z €C,
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of the random variable Y3 , 4. Then by Lemma 2.5 we obtain the representation

d—1 VAL(H + 8+ 1)
logeule) 1= ggrr o8 (Spa )~ R DY £ 5l + Tule)
where
— z+u+8+1)
logH z+u+1 )
Td(z)::—<logf( (‘”25) +2”(d—1)+1+2(d2— 1))_10gr(d(d+26) +21/(d—1)+1>>
+(10gF<W+1+Z;)—logF<W+1>>

+ (logr(d+ (lelgédgf) * dﬁég -1:1) ~logT(d-+ (Vd_+12)éd+_ll))>

- d(logf(w vl %) - logf<w + 1))

The first term Sy(z) is independent of 5 and was analysed already in Gusakova and Thile (2021).
In fact, from the proof of Theorem 5.2 in Gusakova and Thile (2021) we deduce that

s o4 5 (- s (U5) a1 aom) 5 o (451) w0 (1D,

and using the Taylor expansion of the logarithm we conclude

540 st 50+~ D (8) ) + s (2) 0 5

Let us now consider the second term Ty(z). We will use the classical Binet’s formula for the
logarithm of Gamma function Whittaker and Watson (1996, page 243):

(4.10)

—tz

1 1 e 1 1 1
logl“(z):<z—§) logz—z+2log(27r)+/0 ; (§_¥+et—1>dt’ Rez € (0,00),

in particular

B 1 Yy e e W —1) /1 1 1
logT'(24y)—logI'(z) = (2*5) log (1+;) +ylog(z+y)y+/0 - (§*¥+et _ 1)dt‘

Repeated application of this identity shows that Ty(z) equals to

(d=1)(d+v+28+1)+1+28 2(d—1)

- 2 log<1+(d—l)(d+y+2ﬁ+1)+2+2ﬂ)
z(d—1) z(d—1)

— log((d—1)(d+v+z+26+1)+2+25)+ 5 (1+1log2)

dld+v+2p)+1 zd zd zd

+ 5 log(1+d(d+y+2ﬂ)+2>+710g(d(d+y+25+z)+2)—?(1+log2)
(d—1)w+d+1+28)+28+2 1 2(d—1)

+( d+28+1 _§>log(1+(d—l)(u+d+1+2ﬁ)+2ﬂ+2>
Hd-1) <(d—1)(u+d+1+2ﬁ+z)+25+2>_ Ad=-1) , =
d+28+1 d+28+1 d+28+1 2
dd+v+26+1) z

B 2 lo ( +d+u+25+2>

—(1+1log2)

d
—%log(d+y+2ﬁ+z+2)+Rd(2),
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where
*1/1 1 1 (d(d+v+28)+2)t | _ zdt (d+v+2B+2)t , _ zt
Ry(z) = f(f—f—i-7>(e*f e 2 —1)—de” 2 (e2 -1
G= | Gt e ( ) (% -1)
_ ((d=1)(v+d+1+28)+28+2)t  z(d—1)t ((d=1)(d4+v+28+1)+24+28)t z2(d—1)t
+e d+26+T (e d+25+1 — 1) — e~ 2 (e7 72 — 1)>dt.
Now, we note, that the function ¢t — (f -7 + p 1) is bounded by 1/12 and that the inequality
le=* —1] < e~ ReZ 11 holds for all z € C. By the triangle inequality this leads to
1 OO/ _(dRe z4d(d+v+28)+2)t —(d(d+v+28)+2)t —((d—1) Re 2+ (d—1) (v+d+1+28)+28+2)t
|Rd( )| <= (6 2 +e 2 +e d128+1
12
f(<d71>(v+d+1+2ﬁ>+25+2)t —((d—1) Re z4+(d—1)(d+v+28+1)+2+28)t —((d—1)(d+v+28+1)+2+208)t
+e d+28+1 + e 2 +e 2
—(Re z+d+v+26+2)t —(d+v+28+2)t
+e 2 +e 2 )

Since z € S(_,_1,00) We have that Rez > —v — 1, showing that all exponents in the integral above

are negative. Thus, Ry(z) = O <l> Further, using the Taylor expansion for the complex logarithm
log(1+2)=2— % + O(]2]®) we simplify Ty(z) as follows:

%( ;4('52;41')1>+42 Z(d2_1)(log(d—1)+log(d+u+z+2ﬁ+1))
Ed(logd+log(d+u+26+z))—%dlog(d+l/+2ﬁ+z+2)
+M(log(d—1)—|—log(u+d+1+2ﬁ+z)—log(d+26+1))+0<1—2‘z|3>
:;<M—1ﬂ%2+2bgd—4f:;£f@> if—zugq)@kgd+y+%f+z>
+%d<210gd+y+25+z> sz(l d+y—|—2ﬁ;z—|—2)+0<l—|—d|z]3)
_;(410gd—dlogd+(d—1)1og2—y—25—2—4f++21ﬁ)fg1d)—’Z+o(1+d|z|3).

Next, employing the asymptotic behaviour of the logarithm of the gamma function (4.1) and the
Taylor approximation of the logarithm we get

(Nﬁf+B+U
r¢+p8+1)

Finally, combining this with (4.10) we obtain

)=t (3) 0140

ot ={(§ 5o (2) 5 () St
— log(d — 1)!) +logy(z) + Z:(log (g) — 2) + O(l * |Z’3>7
which finishes the proof of the theorem. O

4.5. Large deviation principle. In this subsection we complete the investigation of the high-dimen-
sional probabilistic limit theorems for the random variables Y3 ,, 4 by establishing the large deviation
principle for fixed 8 and v, as d — oo.
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Theorem 4.7 (Large deviations for the log-volume). For fized v > —1 and B > —1 the sequence
of random variables

2
— = (Yaua—EYg,
(10g(g)( Bud — EYp, @))deN

12

satisfies a large deviations principle on R with speed %log (%) and good rate function I(x) = %

Our proof of this result will rely on the Gartner-Ellis theorem, see Dembo and Zeitouni (1998,
Section 2.3). Although this is a standard tool in the large deviations theory, we reformulate a
version of it in order to keep our presentation self-contained.

Lemma 4.8 (Gértner-Ellis theorem). Consider a sequence of random variables (Xq)den in R with
logarithmic moment generating functions Agq(t) := logEe!Xd, t € R. Let (ag)aen be a positive
sequence such that ag — 00, as d — oco. Assume that for each t € R the limit
1
A(t) = lim —Ad(adt),

d—oo Qg
exists as an extended real number. Also assume that Dp := {t € R : A(t) < co} = R and that A is
differentiable on Dy. Then the sequence of random variables X4 satisfies large deviations principle
with speed ag and rate function I(x) = suplzt — A(t)], the Legendre-Fenchel transform of A.

teR

Proof of Theorem J.7: As in the proof of Theorem 4.6 we denote by ¢4(z) the moment generating
function of the random variable Y3, 4. Then the moment generating function @g(z) of the random
variable @(Y@u,d —EYp, q) satisfies

2

log &d(% log (g)) = logpq(t) — tEY}3 . 4.

Using the asymptotic representation (4.11) for the function log p4(t) together with Stirling’s formula
(1.2) and Corollary 4.3 we conclude
lim ——log @ (tlo (d)) e
im ——— = —-)) ==
oo log(d) o 7N\2 % \2)) T 3
Since the Legendre-Fenchel transform I(x) of the function ¢ — ¢2/2 is 22 /2 the claim follows from
the Gértner-Ellis theorem. O

Remark 4.9. The similar theorem has been obtained in Gusakova and Thile (2021, Theorem 5.3)
for the case when 8 = —1 or, in other words, for the v-weighted typical cell of Poisson-Delaunay
tessellation. We would like to mention here that the formulation of Theorem 5.3 in Gusakova and
Théle (2021) contains a typo. In fact, the rescaling by the factor 2/log(n/2) is missing, although
it is present in the proof.
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