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Stein’s method. We give different types of bounds for different point processes. While some of
our bounds are given in terms of coupling of the point process with its Palm version, the others
are in terms of the local dependence structure formalized via the notion of stabilization. We
provide two supporting examples for our new framework — one is for Morse critical points of the
distance function, and the other is for large k-nearest neighbor balls. Our bounds considerably
extend the results in Barbour and Brown (1992), Decreusefond, Schulte and Théle (2016) and
Otto (2020).

RESUME. — Nous présentons de nouveaux résultats d’approximation par des processus de
Poisson pour les fonctionnelles stabilisantes de processus de Poisson et binomiaux. Ces fonc-
tionnelles peuvent avoir des interactions non bornées, et recouvrent de nombreux exemples en
géométrie stochastique. Nous obtenons des bornes pour la distance de Kantorovich-Rubinstein
grace par la méthode de Stein pour le générateur. Nous donnons différents types de bornes
pour différents processus ponctuels. Alors que certaines de nos bornes soient données en termes
de couplage du processus ponctuel avec sa version Palm, les autres sont exprimées en termes
de la structure de dépendance locale, formalisée par la notion de stabilisation. Nous donnons
deux exemples significatifs de ce nouveau cadre — 'un pour les points critiques Morse de la
fonction distance, I’autre pour les grandes boules pour les k voisins les plus proches. Nos bornes
étendent considérablement les résultats de Barbour et Brown (1992), Decreusefond, Schulte et
Théle (2016) et Otto (2020).

1. Introduction

Poisson processes arise in many fields of probability theory and are arguably the
most prominent class of point processes. At the same time they are very convenient to
work with since they exhibit complete spatial independence (i.e., point configurations
within disjoint sets are independent). Therefore, approximating an involved point
process by a Poisson process is an important problem. This is also the crucial step
in establishing convergence in distribution to a Poisson process. This paper focuses
on Poisson process approximation for a large class of point processes that often
arise in stochastic geometry. The processes we study are functionals of Poisson
(or binomial) point processes, which are themselves not Poisson, and in particular
lack spatial independence. The results we present here significantly generalize recent
ones [DST16, Ott20] by either considering a stronger approximation distance or more
general functionals. Our approach is based on Stein’s method for Poisson process
approximation; see e.g. [Bar88, BB92, BHJ92, CX04, DST16, Xia05]. Now we shall
offer a quick preview of our setup, results and some background literature.

Let v be either a Poisson process or a binomial point process (i.e., a collection of n
i.i.d. points) in some space X. We denote by Nx the set of o-finite point configurations
on X. For k € N, a second space Y and measurable functions f : X¥ x Nx — Y and
g : Xk x Nx — {0,1} that are symmetric in the first & arguments, we consider the
following point process on Y,

(1) == 3 90x0)sem,

’ xeui

where V;’Z denotes the set of all k-tuples of distinct points of v, and 6, stands for the
Dirac measure concentrated at y € Y. Point processes of the form (1.1) often arise
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Poisson approximation under stabilization 1491

in stochastic geometry (cf. [Ott20, PS22]). For example, consider the case X = R,
Y=R,k=1,¢g=1and f(z,v) being the minimal distance from x to another point
of v. The point process £ is then the collection of all nearest neighbor distances of v.

Our main results deal with the comparison of ¢ with a Poisson process ¢ on Y
with a finite intensity measure. We consider the Kantorovich-Rubinstein distance
between the distributions of the two processes & and (, defined as
(12 dicn (&, 0= sup [E{h(©)} ~ E{h(O}].

h e LIP(Y)

where LIP(Y) is the class of measurable 1-Lipschitz functions with respect to the
total variation distance on the space of finite point configurations on Y (see (2.1)).
Note that convergence in Kantorovich—Rubinstein distance implies convergence in
distribution, and that the Kantorovich—Rubinstein distance dominates the total
variation distance

(1.3) drv(§,¢):= sup |[P(§ € A)—P(C e A),
Ac Ny

where Ny is the o-field on the space Ny. The Kantorovich-Rubinstein distance,
which is often studied in the context of optimal transport, is more sensitive to
differences between the compared point processes than the total variation distance
since the test functions can take larger values than only zero and one. Studying the
Kantorovich-Rubinstein distance goes in the opposite direction to many other works
on Poisson process approximation via Stein’s method, where weaker distances than
the total variation distance were considered, see e.g. [BB92, BHJ92, CX04, Sch05,
Sch09, Xia05].

In general, if the behaviour of £ is close to that of a Poisson process, by taking
Y = R one gets an approximation for

max{f(x, V)X € V;'Z,g(x, V) = 1}.

Thus, approximation results for the point process £ can be a crucial tool to compute
the limiting distributions of some extreme values of £. In a similar fashion, we can
treat functionals of & other than the maximum, such as order statistics, sums of the
points or number of points in a certain region.

This paper continues the line of research initiated in [DST16]. There, processes
of the form (1.1) were studied, but for a special case where g and f depend only
on x and not on v, i.e., f(x,v) = f(x),g(x,v) = g(x). In other words, the results
of [DST16] allow to deal with point processes that have the form of U-statistics.
However, this formulation excludes point processes that arise naturally such as the
nearest neighbor example mentioned above. This lacuna is addressed in the present
paper. We summarize our main results as follows.

e We establish a general Poisson process approximation result (Theorem 3.1),
which extends [BB92, Theorem 2.6] from the total variation distance to the
Kantorovich-Rubinstein distance. Here we do not assume any structure on
¢ and the bounds are given in terms of a coupling between ¢ and its Palm
measure.

e A similar result is derived for {[v] under the assumption that v is a Poisson
process and that f in (1.1) depends only on x (see Theorem 3.3). This result
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already extends the Poisson process approximation result of [DST16, Theo-
rem 3.1] and may be considered as the process-level analogue of the Poisson
approximation result in [Pen18, Theorem 3.1]. Theorem 3.1 and Theorem 3.3
already cover many existing applications in the literature (see [DST16, Ott20]).

e We establish a Poisson process approximation result for {[v] when v is a
Poisson process and f(x,v), g(x, V) depend on random neighborhoods around
x (see Theorem 4.1). This is an important concept in stochastic geometry
known as stabilization. We elaborate on this in Remark 1.1. Here, our bounds
are given more explicitly in terms of g as well as the tail probabilities of the
random neighborhoods. This result in its full generality is one of the novel
contributions of this work and an analogous result even in total variation
distance is not available to the best of our knowledge. Under total variation
distance, approximation results are proven only for f(x,v) = f(x) in [Ott20,
Theorem 3.3] and the bounds therein are same as ours (barring a factor of 2)
even though our bounds hold for more general functions f and in the stronger
Kantorovich-Rubinstein distance.

e For the binomial case, the lack of spatial independence leads to a more
restricted statement and more involved bounds. In particular, for £ = 1
we can show a Poisson process approximation result under stabilization of
f(x,v),g(x,v) (see Theorem 5.1). The restriction to k£ = 1 here is more for
ease of stating the bounds, see Remark 5.2. We are not aware of such a
general approximation result even under weaker distances for point processes
driven by stabilizing functionals of binomial point processes. In fact, such
results are not known even for functionals with finite range of stabilization,
ie., f(x,v),g(z,v) depend on fixed compact neighborhoods around x.

One point of difference between the four results is that the bounds in the first two
results do not assume any local dependence structure on f and g, and the bounds
are given in terms of a coupling. On the other hand, the latter two bounds are
given explicitly in terms of the functional g alone. As will be illustrated in Section 6,
our general bounds shall necessitate a few additional computations in applications
compared to those for a Poisson (non-functional) approximation result. Since a
marked point process with points in a space X' and marks in a space M can be
seen as a point process on the larger space X' x M, which one can choose as X or
Y, our results also apply to marked point processes, but we shall not develop any
applications to underlying marked point processes here.

Remark 1.1. — The notion of stabilization was introduced in the context of
proving laws of large numbers and central limit theorems for functionals of point
processes (see the surveys [Sch10, Yuk13]), and is meant to capture the spatial de-
pendence of the functionals. Apart from its extensive use in proving laws of large
numbers and central limit theorems, it has also been used to prove moderate de-
viations [ERS15] and normal approximation bounds [LRSY19]. Even though this
notion is implicitly used in some of the Poisson approximation results, to the best
of our knowledge there has not been a general Poisson process approximation result
for stabilizing functionals until the recent work [Ott20]. In this regards, our article
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makes an important contribution in furthering the usage of stabilization in Pois-
son process approximation. More detailed comparisons of our results with those in
the literature (especially [BB92, DST16, Ott20]) are provided after the respective
theorem statements.

Apart from extending total variation bounds in [Ott20] to Kantorovich-Rubinstein
distance and the applications therein, we further envisage that the general Poisson
process approximation result (Theorem 3.1) and the proof approach may be useful
for deriving similar bounds when v is not a Poisson process as well. Our latter results
(Theorems 4.1 and 5.1), significantly enhance the scope of many applications and
also allow us to consider more general point processes than those investigated in the
literature so far.

In order to demonstrate the applicability and versatility of our results, we consider
two examples — one from the field of random topology and the other from stochastic
geometry:

(1) Morse critical points: For a homogeneous Poisson process on a flat torus, we
consider the distance function (from the points) and define critical points
together with their Morse index. Grouping together all critical points of the
same index, we have a point process for which we wish to prove Poisson
convergence under suitable scaling. This convergence statement has a signifi-
cant contribution to the analysis of the homological connectivity phenomenon
studied in [Bob22]. In particular, it yields the asymptotic behaviour of the
persistent homology in the critical window for homological connectivity (see
Remark 6.3).

(2) Large k-nearest neighbor balls: For an underlying Poisson or binomial point
process we put around each point a ball whose radius is the distance to its
k-nearest neighbor and establish that the scaled volumes (with respect to the
intensity measure) of these balls can be approximated by a Poisson process. In
both cases, our results yield explicit bounds for the rate of convergence (when
the point processes are restricted to suitable sets). Here, by a more careful
computation, we obtain better bounds than those in [Ott20, Theorem 4.2] for
underlying Poisson processes and we also obtain a new approximation result
when the underlying point process v is a binomial point process. Comparisons
between our applications and those existing in the literature as well as more
potential applications are discussed in Section 6.

Before we end the introduction, we will say a quick word about our proofs. In
order to control the Kantorovich—Rubinstein distance between ¢ and ¢, we employ
the same generator approach as in [DST16], see also [BB92]. To further bound the
resulting expressions we use two classical approaches from Stein’s method, coupling
and local dependence, which lead to slightly different results for the Poisson process
approximation of &.

This paper is organized as follows. After introducing some preliminaries in Sec-
tion 2 (including Stein’s method for Poisson process approximation), we present our
coupling approach in Section 3. Local dependence (and stabilization) is used for
underlying Poisson and binomial point processes in Sections 4 and 5, respectively.
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Finally, we provide two applications of our main results to random topology and
stochastic geometry in Section 6.

2. Preliminaries
2.1. Point processes

We shall adapt the notation from [DST16] and for more on point process theory,
we refer the reader to [BBK20, LP17]. Let (X, &) be a locally compact second
countable Hausdorff space (lcscH space). We denote by Nx the space of o-finite
counting measures on X, and by Ny the space of all finite counting measures on
X. We equip the spaces Nx and Ny with the corresponding o-algebras Ny and Ny,
which are induced by the maps w +— w(B) for all B € X.

By [LP17, Proposition 6.2], each w € Nx can be written as w = Y, c; d,,, where
()i 1 is a countable collection of points in X and , stands for the Dirac measure
concentrated at x € X. Due to this representation we can think of counting measures
as multisets and treat them as such by abusing notation. Thus, we write }_, ¢, for
the sum over all x;, © € I, which is the same as the integral with respect to w. More
generally, we define for k € N,

wi ={(@iy, .o, ®iy) Uy e, ip € 105 F Uy, g £ U}
and denote by >,
is the same as the integral with respect to the k™ factorial measure of w (see [LP17,
Subsection 4.2]). By w NS we mean the restriction of w to S € X. Moreover, we
write wy C wy for wy,wy € Nx if wi(A) < wy(A) for all A € X. In addition, for

wi,wy € Nx such that w; = 37, ¢/ 05, and wy = 37, ¢ ; d,,, we define

w1 \(.UQ = Z 61:
ze{x;ieIN\{y;:5€J}
The sets under the sum must be understood as multisets since wy, wy and wy \ wy
can have multiple points (i.e., points x € X such that w({z}) > 1). The symmetric
difference wyAws is defined as w1 Awsy := wy \ wo + wsy \ wy.
The total variation distance between two measures pq, o on X is defined as

dry (p, p2) = sup |1 (A) — pa(A)].
AeX
p1(A), p2(A) <oo

We denote by Lip(X) the class of measurable functionals i : Nx — R such that for
all wi, wy € Nx,

(2.1) |h(w1) — h(ws)| < dpy (wy, ws).

In other words, LiP(X) is the class of measurable 1-Lipschitz functionals on N
with respect to the total variation distance between measures. Let || - || denote the
total variation of a signed measure, i.e., |u| = p(X) + p_(X) where p,,pu_ are
the positive and negative parts of the signed measure p. Note that if wy,wy € /N\X,
then dpy (wy,ws) = max{(w; \ we)(X), (wa \ w1)(X)}. Hence, we have the following

s k) € the sum over all k-tuples of distinct points of w, which
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relation between the total variation distance and the total variation of the difference
between counting measures

dry (w1, w2) < Jlwr — wal| = (w1Awy) (X) < 2dpy (w1, wa).

The first inequality becomes an equality when w; C wy. Thus, measuring distance be-
tween counting measures via total variation distance and total variation of measures
differs at most by a factor of 2.

Recall the definitions of Kantorovich-Rubinstein (KR) distance dxgr and the clas-
sical total variation distance dv in (1.2) and (1.3) respectively. We refer to [DST16,
Section 2.5] for a dual formulation as well as more details on the KR distance. Since,
for A € Ny, w — 1{w € A} is a function in LP(X), we have that drv ({1, &) <
dkr (¢, ¢2) for finite point processes (; and (,. For an example of a sequence of point
processes that converges in dpy but not in dgg, see [DST16, Example 2.2].

Let ¢ be a point process with o-finite intensity measure M, i.e., E{((A4)} = M(A)
for all A € X. The reduced Palm expectation of ¢ at x denoted by E. is defined
via the Campbell-Mecke-Little formula [BBK20, Corollary 3.1.14], as follows. For a
measurable function f : X x Nx — R, it holds that

(2.2) E { > mo} = [EL{f (w.C+0,) ().
zEe(

The above formula can be extended to integrable real-valued functions by standard
measure-theoretic arguments. Strictly speaking, E, is defined only for M-a.e. z, but
this suffices for our purposes. The corresponding probability distribution is denoted
by P, and the point process with this probability distribution is denoted by (..

An essential tool for studying Poisson processes is the multivariate Mecke equation
(see [LP17, Theorem 4.4]). For a Poisson process n on X with o-finite intensity

measure K and a measurable function f : X* x Nx — R,, we have that

(23 BSOS o= [ ELS(xn+ 60} K (dx),
xéni X
where x = (21, ..., x3) and 0y := 2% | 0,.. The Mecke equation for k = 1 character-

izes the Poisson process [LP17, Theorem 4.1] and by the definition of the reduced
Palm version of a point process, we can also rephrase this characterization as ), 4 n

for all x € X, where 2 denotes equality in distribution of the two random elements.
For two Poisson processes (; and (, with finite intensity measures M and L, it is
known (see [DST16, Remark 3.2 (iv)]) that

(2.4) dkr(C1; G2) < dry(M, L).

Thus, it follows from the triangle inequality for dxgr that, for any finite point process

57
(2.5) dkr (& G) < dry(M, L) 4+ dgr(§, ().

Due to this inequality it is often sufficient to compare a finite point process with a
Poisson process with the same intensity measure.
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2.2. Stein’s method for Poisson process approximation

Stein’s method is used to compare the distributions of two random objects (cf.
[Ros11]). In our case we would like to compare a point process £ to a given Poisson
process (. We will use the generator approach with respect to the KR distance as
in [DST16], using Glauber dynamics for Poisson process. See e.g. [BB92, BHJ92,
CX04, Sch05, Sch09, Xia05] for more on Poisson process approximation under other
metrics.

Let ¢ be a Poisson process on (X, X), with a finite intensity measure M. For

h: ﬁx — Rand w € ﬁx, we define
(2.6) Lh(w) = / Dyh(w)M(dz) — / Duh(w — 8, )w(dz),
X X

where D,h(w) := h(w+9,) — h(w), and [x f(x)w(dz) =Y, ., f(z). It can be shown
(see [DVJO7, Proposition 10.4.VII] or [Pre75]) that the operator £ is the generator
of a Markov process whose stationary distribution is the same as that of (. Further,
L satisfies the following equation (see [DST16, (4.3)])

(2.7) E{h(Q)} — hlw) = |~ LPA(w)ds,

where P; denotes the Markov semigroup (also known as the Ornstein—Uhlenbeck
semigroup) corresponding to the generator £, and Pyh = h. The Markov process
(Cs)s>0 corresponding to the generator L is called Glauber dynamics and is the
spatial birth-death process in continuous time described as follows. If (; = w at time
s, each particle in w dies at rate 1 and new particles are born at rate M(X) with
their location chosen according to the probability measure M(-)/M(X). The new
particles also have an exponentially distributed (with mean 1) lifetime. With this
process representation, we can represent the semigroup P; as follows. For h : Nx —» R
we have
Pih(w) = E{h(C) | G0 = w}-

An important property we will use later is that P, satisfies the following Lipschitz

property with respect to the total variation of measures [DST16, Lemma 5.2],

(2.8) | Psh(wy) — Psh(ws)| < 7% (w1 Aws) (X),

for wy,wy € /N\X and h € Lip(X). The property is deduced using the above represen-
tation of the semigroup and the exponential lifetimes of the particles.

3. Approximation for point processes via Palm coupling

We present two results in this section that provide Poisson process approximation
bounds in the KR distance via suitable coupling between the original process and its
Palm measure. While our first theorem holds for general point processes, the second
theorem is specialized to the case of point processes driven by a Poisson process.
These two results already significantly generalize many of the existing bounds in the
literature. We shall discuss these connections in detail after the respective theorem
statements.
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THEOREM 3.1. — Let £ be a finite point process with intensity measure L on X,
such that L(X) < co. Let ( be a Poisson process with a finite intensity measure M
on X. Suppose that for L-a.e. x € X we have coupled point processes £, Ez such that
& 4 ¢, and Ew 4 €, respectively (£ denotes the reduced Palm version of the point
process € at ). We also assume that x — E{(6*A&*)(X)} is measurable. Then

dir(€,€) < drv (L, M) +2 [ E{(¢°A8") ()} L(da).

Remark 3.2. — Note that the couplings £* and Ex may be defined on differ-
ent probability spaces for different z. However, the measurability condition on
z— E{(§"AE")(X)} is satisfied if the couplings £* and £ are defined on the same

probability space for all x and the random function z — (£%,£*) is measurable.

A version of the above theorem for the total variation distance was proven in [BB92,
Theorem 2.6] without the factor of 2. The result of Barbour and Brown [BB92] was
used in [Ott20, Theorem 3.3] to derive total variation distance bounds for Poisson
approximation of stabilizing statistics of Euclidean Poisson processes. The above
theorem implies that the bounds in [Ott20, Theorem 3.3] hold also under the stronger
KR distance immediately, only with an additional factor of 2. We shall later state
a much more general theorem for stabilizing statistics in Section 4. Our proof of
Theorem 3.1 is similar in spirit to that of [BB92, Theorem 2.6], using Lipschitz
functions rather than bounded functions of the point processes.

Proof of Theorem 3.1. — Due to (2.5) we can assume that M = L throughout the
proof. Let h € Lip(X), and recall the definition of the generator £ of the Glauber
dynamics in (2.6). Observe that Lh(w) < L(X) + w(X) for w € Ny. Using the
finiteness of L(X) with Fubini-Tonelli Theorem, and the Campbell-Little-Mecke
formula (2.2), we have that

E{Lh(§)} = [ E{D.h(€)}L(dx) - [ EL{D.h(€)} L(dr)
_ /X (E{D.h(€)} - E{D,h (£)}) L(dx).

Using our coupling assumption and the Lipschitz assumption on h, we can bound
the absolute value of the last integrand by

E{|D.h(6") - Do (€)[} SE{|h (6" +8:) = h (€ +0.)
<2E{(¢&A87) (X)}

+|h (€)= h (&)

for x € X so that
E{Lh)}] <2 [ E{(6°A8") (X)} Lide) = Re
Similarly, replacing h by Psh and using (2.8), we have that
[E{LP(E)} < e Re.

Integrating over s yields

(3.1) |7 B} ds < Re
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Combining (2.6) with (2.8) leads to |[LPsh(€)] < e *(L(X) + £(X)). Using this
and the finiteness of L(X), we can apply the Fubini-Tonelli Theorem in the Stein
equation (2.7) to conclude that

(32)  E{h(C)} —E{a()} =F {/OOO EPsh(f)ds} _ /OOO E {LP,h(€)} ds.

Thus, from definition of KR distance (1.2), (3.2) and (3.1) we have that

[T EAePA© s < swp [TIE{LPAE} s < Re

dKR(éa C) - sup he L) Jo
P

h € Lip(X)

as required. O

Next, we want to apply the proof strategy of Theorem 3.1 in the specific case when
¢ is generated by statistics of a Poisson process. Let (X, X') and (Y, ) be lescH spaces
and let f : X¥ — Y be a symmetric measurable function. Let g : X¥ x Nx — {0, 1} be
another measurable function that is also symmetric with respect to the x coordinates.
For w € Ny, define

(3.3) ol =17 Y 90,

'wai

In other words, the function g is used as a “flag” indicating whether or not to include
a point at f(x) in our point process {[w]. We will study the case £ := £[n], where n
is a Poisson process on X with a o-finite intensity measure K. A simple consequence
of the Mecke formula (2.3) is that the intensity measure L of £ can be expressed as

1

(3.4 L(dy) = 5 [, 1160 € dy} p(oK (dx),

where p(x) := E{g(x,n+ 0x)}.

THEOREM 3.3. — Let n be a Poisson process on X with a o-finite intensity
measure K. Let € := {[n] be as defined in (3.3) and such that L(Y) < oco. Suppose
that for (almost) every x € XF with p(x) > 0, we have a pair of coupled point
processes £ and £, such that & £ ¢, and & < (£[n+ 6] —0s0) [ {g(x,n+ 0x) = 1}
(i.e., the conditional distribution of £[n + dx| — dzx) given g(x,n + dx) = 1). Assume
also that x — E {(gxﬁgx)(Y)} is measurable. Let ¢ be a Poisson process on Y with
a finite intensity measure M. Then,

2 X A ¢£X
dicr(§,€) < dry (L, M) + /X CE{(€AE) (V) } p()K" (dx).
Remark 3.4. — Before proceeding to the proof, we show how the above theorem

includes the results in [Penl8, Theorem 3.1] and [DST16, Theorem 3.1] as special
cases.

(1) If g(x,w) = g(x) we can set dom(f) = {x : g(x) = 1} and then p(x) =

1 {x € dom(f)}. Further, there is a natural coupling where we take £* =

£, = £+E[x,n+0x), where {[x, n+0x] = &[N+ 0x] = 05x) —&[n] (see [DSTIE,
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(6.2)] for an explicit expression). By the assumptions on f and g we have that
&[x,n + dx] € Ny. In this case, we have that

(£08) (V) = Elx,n+ 8. (Y),

which is the same as the bound obtained for R, in [DST16, page 2172]. Follow-
ing the arguments there, we recover the Poisson case of [DST16, Theorem 3.1],
which is one of the main theorems in that paper.

In many cases, the bound achieved using the coupling in Theorem 3.3 is
very similar to the bound one often obtains when applying [Penl8, Theo-
rem 3.1]. This bound is merely the Poisson approximation for £(Y); see the
proof of [IY20, Theorem 2.8], for example. In some of these examples, the
bounds obtained for the approximation of the random wvariable £(Y) can be
extended to bounds for Poisson process approximation with a few additional
calculations.

The above theorem suffices in order to extend the results of [Ott20] (see
Theorem 3.3 therein) under the KR distance. However, in Theorem 4.1 we
will present an extension to more general Poisson driven point processes.

Our proof combines ideas from the proof of Theorem 3.1 and those in the proof

of [Penl8, Theorem 3.1], for the case of {(Y). If we were to apply Theorem 3.1
directly, then we need a coupling of ¢ and its Palm measure on the space Y. This is
not the coupling we have assumed in the above theorem.

Proof of Theorem 3.3. — Due to (2.5), it suffices to prove the statement for

the case L = M. Let h € Lip(Y). Recall that £ is the generator of the Glauber
dynamics (2.6) as in the proof of Theorem 3.1. By (3.3), we obtain

Lh(§) = [ D(EL(dy) — [ Db (€ ~0,)&(dy)
= [ DMOLEy) — 2 3 g Dy [ (€~ )]

’ xGn’;é

Using Fubini-Tonelli, the finiteness of L(Y), the multivariate Mecke formula (2.3)
and the definition of L in (3.4), we have that

(35) E{LA()} = [ E{D,h()} L(dy)

B ;l /Xk = {9 (%, 7 4 0x) Dy [h (5 [+ 0x] — 5f<x)ﬂ } K" (dx)

= = [ (B {Dr hie)
~E{ Dy [P (€11 + 0] = 000)] | 9 (60 + 0x) = 1}) p(x) K (dx).

From the above identity, the existence of coupled point processes £, EX and the

Lipschitz property (2.1), we can derive that
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[, (E{Ds0 1)1}~ B{ Dy [ ()] }) K" ()
< kl, /Xk E{ |7 (8 4+ 0500) = b (€ + 70| } POKE (dx)
g1 L) = (&) roorcias

< 2 [ E{(€08) (1)} proK" ().

Xk

[E{LA(E)} =

Now, we can follow the proof of Theorem 3.1 by substituting the above bound instead
of R therein and complete the proof as in Theorem 3.1. O

4. Stabilization for Poisson input

In this section, we consider the Poisson-driven point process & = £[n], and extend
the bound in Theorem 3.3 to the case where both f and ¢ are locally dependent,
i.e., may depend not only on x but also on some (random) neighborhood around x.

Recall that (X, X) and (Y,)) are lescH spaces. Let g : X¥ x Nx — {0,1}, f :
XF x Nx — Y be measurable functions that are also symmetric in the x coordinates.
Let F := F(X) be the space of all closed subsets of X equipped with the smallest
o-algebra containing {F € F : N K # (0} for all compact K C X. This o-algebra
is the Borel o-algebra generated by the Fell topology (see [BBK20, Chapter 9]). Let
S : X¥ x Nx — F be a measurable function. In this section we assume that f and
g are localized to S, i.e., for all w € Ny, for all x € w’ and for all S O S(x,w), we
have that

g(x.w) = glx,wN S), and

(4.1) fx,w)=f(x,wn8), if g(x,w)=1,

where we use wN S as a multiset. We also assume that S(x,w) is a stopping set, i.e.,
for every compact set S C X we have that

(4.2) {w e Nx:S(x,w) C S} ={w e Nx:S(x,wnSs)cCS}.

The construction of a measurable S as above is not always obvious. Often, such an
S is constructed as a ball of random radius with the radius being called as radius
of stabilization. The justification for the measurability of the radius of stabilization
in the Euclidean case can be found in [Pen07, Definition 2.1 and below]. We also
refer the reader to [Ott20, Section 2] for more information on stopping sets (see
also [BL09, Appendix A] and [LPY21, Appendix A]). Finally, we point out that
more general regions than balls can occur as “localizing regions” S (see [BM22]).
Next, define

(13 TR S CAn L

’ wai
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and consider £ := £[n] where 7 is a Poisson process with a o-finite intensity measure
K, as before. Using the multivariate Mecke formulae (2.3), we have that the intensity
measure L of £ is given by

1
(44)  Lidy) = o [ E{L{f (xn+0,) € dy} g (xn+ 6} K- (d).
For a set A C X and x = (7, ..., ;) € X* we write x C A to denote {1, ..., 21}

c A

THEOREM 4.1. — Let £ = &[n] be the point process defined as in (4.3) with
L(Y) < o0 and f,g and S satisfying (4.1) and (4.2). Let ¢ be a Poisson process
with a finite intensity measure M. Further, suppose that we are given a measurable
mapping x + Sy from X* to F satisfying x C Sx. Define

g(x,w) == g(x,w)L{S(x,w) C Sy}
for w € Nx, and
1
é-tr = gtr[n] = g Z g(Xﬂ?)éf(xm)’
xET)i
Then
dkr (£, Q) < dry(L,M) + 2 (Var(&.(Y)) — E{&:(Y)}) + E1 + 2E;

dpy(L,M) + By + Ey + Es + E4

with
2

Er=gy [ B (e + 50 1{S (x4 8) ¢ )} KA (),

Ey= (,j)Q L, [ 1808, # 0VE{G (x, 1+ 80} E {7 (2,7 + 0,)} KH(d)KH (dx),

2
Bymrews [ ] ASkN S, # 0VE(G (.0 + 8+ 6)§ (2.0 + 0x + 8,))
(k)2 Jxwx Jxw
x KF(dz)KF(dx),
2 1
Bi= e [ BTG Gt ) (1, 7) 0+ B+ 5,))
G @QI%...,k} (k= [I])! Jxk Jxck=n !
x KFl(dz)K*(dx),
where for I = {iy, ..., i,} we set x; = (x4, ..., x;, ), and (x7,2) = (i, ..., 2,
21y ey Zhem)-

Note that the bound is similar to that in [Ott20, Theorem 3.3] while it holds for a
more general class of point processes under the stronger KR distance and for a more
general notion of “localizing region” than balls. The proof of [Ott20, Theorem 3.3]
proceeds by constructing a coupling between ¢ and & and then using [BB92, Theo-
rem 2.6] (the total variation distance analogue of our Theorem 3.1). The proof here
is much simpler — we use the canonical truncation via Sx to reduce the proof to
Poisson approximation bounds for truncated point processes with bounded range
of dependence. We first prove the bound for the truncated point process and then
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use this result to complete the proof of Theorem 4.1. Our proof techniques have
been refined further in [Ott21, Theorem 8| and thereby leading to improved bounds.
These improved bounds are crucial for some applications; see [Ott21].

Proof. — As before, we assume that L = M, and use (2.5) otherwise. The proof
will proceed in two steps as described above.

Step 1. The case of bounded range of dependence. — We first assume that
for all x € X* and w € Nyx we have that S(x,w) C Sy. This implies that § = g,
¢ =&, and Ey = 0. Moreover, (4.1) leads to

(4.5) gx,w)=g(xwnNS%) and if gxw)=1 [f(x,w)=Ff(x,wNS%).

Fix h € L1p(Y). Similarly to the derivation in (3.5), we use (4.4) to obtain that

E{LH(E)} = 1 [, B9 0n +6 Dy [0 (€10} KA (0

- kl!/XkE{g (%, + 0) Do) [B (€10 +0x] = Sppenian )| } K (dx),

where 7 is a Poisson process, independent of 7 and »’ 4 7. Integrating over s as
n (3.2), yields

(4.6) ]E{h( )} —E{n(¢ )}
% / [, (B {9 6 +85) Dyt [P(ED)
E{g (%, 7+ 03) Dpixnran) [Pl (614 0] = Openssn) | }) K (dx)ds.

For x € X* define

Ex = [77]

1
:g Z 9(z, 77)5f(z,n)

’ z€ni:52ﬂ5x=®

1
(4.7) =5 2 9@mN+0) 0w

: zEni:SzﬂSx:(D

== 3 92,10 55) Oz nnsg),
: Ze(nﬁSf()I;:SzﬂSx:@

where A€ stands for the complement of A. The second and third equalities follow
from the assumption (4.5) on f and g, and the fact that z C S, C SS. Now, it follows
from (2.8) that
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(4.8) |E{g (%7 + 0x) Dyt 0 [Poh(EmD] ]
—E{g ;1 +6.) Dyxri0) [Poh (&)1} |

< ;GSE {g (x,1 + 0x) > 9(z, 77)}

zeni:SzﬂSx;ﬁ@

SEe /Xk 1{5,NSx #0}E{g(x,n+0)} E{g (2,7 + 6,)} K"(dz).

Observe that by definition (4.7) we have & [n] C &[n + x| — g(X, 7 + 0x)0 p(x,+8,) 8S
multisets. Thus, we can define the point process

Ex = Exln) = €[N+ 0] — g (%, + 0x) Spxemson) — I Z 92,1 + 0x) O p(ants0)-

zEni

In other words, &5 [n] contains the points of £[n+ x| that are generated by nonempty
strict subsets of x. Using (2.8) and the Mecke formula, we derive that

(4.9) ’E{ X, 1+ 0x) D fxn+6y) [Psh (f 1+ 0x] — 5f(x,77+5x))]}
—E {9 (5,1 +0) Dyonian) [P (&)1

<277 (E{g(x,n—l—éx)kl' Z g(z,n+5x)}

Tzenk S, NSk A0
+ E{g (.0 + 8) &Ll (V) })
< ;j;e_s/xk 1{S, N Sx # O} E{g (x,n + 0x + 8,) g (2,7 + 5x + 6,)} K*(dz)
+2¢E {9 (.0 + 6 &l (V)}

By assumption (4.5), f(x,n+ 0x) and g(x,n + dx) depend only on N Sy, while &
is a functional of n NS¢ (see (4.7)). Together with the independence property of
Poisson processes, we obtain that

(4.10) E{g (x,1/ + ) Dyiars50 Psh (6] }
=E {9 (x, 1+ 8x) Dy Pl (éxln)) }

Substituting (4.8), (4.9) and (4.10) into (4.6), using the triangle inequality and
integrating over s, yields
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[E{h()} — E{n(&)} |

(13!)2 /Xk /Xk 1{S, N S # O} E{g(x, 1+ 0x)} E{g(2,n + 6,)}

x K"(dz)K"(dx)
2
- (k')2 /Xk /Xk 1 {SZ n Sx 7& (D}E {g(X,ﬁ + 6x + 5Z>g(z777 + 5x + 6z)}
x K*(dz)K"(dx)
" :4 [ E {9 6o+ 00 &lrl(v) | K- (dx).

Here, the first and the second term on the right-hand side are Fs and Ej3, respectively.
Notice that

<

k2;! /X E {g (x,n + 8<) Eml(Y) | K*(dx)
- ’j'@ 2 (k—lll\)‘/xze /xzc—mE{g(x>77+5x+5z)g((X1,z),n+5x+5z)}
T0CIC{l, ..k} '

x KF1l(dz)K*(dx),
which is equal to Ej. Together with E; = 0, this proves the second bound in the
theorem. A short computation shows that

Ey = 2E{£(Y)’} - 2E {£(Y)}
() L [ B e bt 8 g+ 6t ) KN @)K ).

From (4.5) and the independence property of 7 it follows that
1 2
2 <;{;|) /X /X E{g (x,7+ 0x + 6,) g (2,7 + 0x + 6,)} K*(dz) K" (dx)

—om (e +2(5) [, [ Ao Gont bt 0 g(en+ bt )
—E{g(x,n+0x +0,)} E{g (2,0 + 0y + 6,)} KF(dz)K"(dx)

2 1y?
— 2E {£(Y)} +2(k!> /Xk/xkn{sx NS, # 0}
x (E{g (x,n+ 0x + 0,) g (2,1 + 0x + 02)}
—E{g (x,n + 0x + 0)} E{g (2,7 + 65 + 0,)} )K*(dz)K"(dx)
= 2E{¢(Y)}* + B3 — E».
Combining the previous identities yields that
Ey =2 (Var(§(Y)) — E{¢(Y)}) + B> — E,
which proves the first bound in the Theorem 4.1.
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Step 2. The general case. — We will use Step 1 to complete the proof of the
general result in the Theorem 4.1.

We denote by Ly, the intensity measure of the truncated point process &, which
was defined in the statement of the theorem. It follows from the multivariate Mecke
equation (2.3) that

L (dy)

1
= [ E{g (xn+ 8 LS (m+ 6 € S} L{S (.7 + 8) € dy}} K¥(d).
Let (i be a Poisson process with intensity measure L¢,. From the triangle inequality
for the KR distance along with (2.1) and (2.4) we obtain

dkr (€, ) < dkr (& &) + dr (&ir, Gir) + dr (€, Cir)
< E{drv (& &)} + dkr (i, Cir) + drv (L, Ly,)
Since L, (A) < L(A) and &,(A) < &(A) for all A € Y, and using (4.4), we have

dry (L, Liy) = L(Y) — L, (Y)
= [ Bt 50 1S (xon +5) 2 S} KH(dx)
— El
==
and 5
E {dry (6.60)} = E{€(Y) — &(¥)} = L(Y) ~ Ly(¥) = .

Thus, we have shown that

(4.11) dkr (£, ¢) < dkr (&, Gir) + En.

Recall that g(x,n + dx) := g(x,17 + dx) L {S(x,n + 0x) C Sx}, and observe that by
the stopping set property of S (4.2), both f and g satisfy the local dependence
assumptions in (4.5). Hence, using Step 1 of the proof, we can derive the necessary
bounds for dkgr (&, Cir) in (4.11) and complete the proof. d

5. Stabilization for binomial input

In this section we focus on the binomial point process (3, (replacing the Poisson
process), i.e., a point process consisting of n independent points, distributed accord-
ing to some probability measure Q. In this case, we have that for any measurable
function h : X¥ x Nx — R, and n > k,

(1) EL Y A =0 [ E (6Bt 00} Q).

XEBZJ&

with (n)g :=mn-...-(n —k+1). Note that (5.1) is the analogue for binomial point
processes of the multivariate Mecke formula (2.3).
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Let 3, be a binomial point process, and let

E:=E18a) = D> 9(x, 82)0s(,8.)-

xeﬁn

Here, g and f are as in Section 4 for an underlying Poisson process, but we allow
only £ =1 in the sequel. By (5.1), the point process ¢ has an intensity measure

(52)  L(dy)=n [ E{g (e, Bt +8)T{f (2. Bt +5,) € dy}} Q(da).
THEOREM 5.1. — Let € and L be as above with f, g and a measurable function

S : X x Nx — F satisfying (4.1) and (4.2) and let ( be a Poisson process with a

finite intensity measure M. Further, suppose that we are given a measurable mapping

x — S, from X to F satistying x € S, and Q(S;) < 1 for all x € X. For w € Nx
and x € w, define

() = g(e,)1 {S(r.) C 8.}
Then
dkr(§,¢) < dry(L,M) + Ey + Ey + B3+ B4+ Es + Eg,
where
B = 2n/XIE {92, Bues +6,) L{S (2, s + 62) € S:}} Q(d),
Byi=2n? [ 1{S, 1S, # OB {5 (@, Bot + 6)}E {5 (3, Ba-s + 6,)} Q° (d(w,9)).

Es ::2n2/x21{smsy¢w}
X E{G (2, Bu2z + 6z + 0,) § (4, Bu—2 + 0 + 6,)} Q* (d(, 7)),

By = Zn/x ((1 +nQ(S:)) E{g (, Bur + d2)}
+n/SZE{§(x,Bn_2+5x+5z)}Q(d2)>
x (/X]l{sﬂ” NSy =0} E{G (v, Ben-s +0y) } Qu(dy)
—|—n/X2]l{SzﬂSy1 =0,y € S, }
x E{G (v, Bema + 0y +0,) } Q2 (d (y1,32)) ) Q(da),

Es = 20° /X 1{S, NS, = OYE{G (2, Bu1 + 0.)} E{G (4, Bz + 6,)}
X Q(S:)Q.(S,)Q%(d(x, y)),
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E'G::2n/ 1{S. NS, =0} E{G(, Bz +02) 7 (1, Buz +6,)}
X Qu(Sy)Q (d(z,y))
+2n//11{5 NS, =0} EA{G (x, B3+ 0s +0.) (Y, Bus +0,)}
X Q.(8,)Q(d2)Q*(d(x,y)),

and where me is a binomial point process of m independent points distributed

according to Q. (-) = Q(- N SS)/Q(SS).

Remark 5.2. — A few remarks are in place regarding the above theorem in relation
to the approximation results in the previous sections.

(1) The binomial point process does not possess the same spatial independence as
the Poisson process and hence the bounds are more complicated here. However,
we expect that in many applications, the computation of the bounds should
not be more difficult than in the Poisson case.

(2) Since the bounds are already quite involved, we have restricted ourselves to
only the case k = 1, i.e., to functions f, g that take x € X as an input instead
of x € Xk,

(3) Our proof shall follow the same strategy as in Theorem 4.1 but accounting for
the added complication due to the lack of spatial independence in the binomial
point process. In the special case where f(x,w) = f(x) (as in Theorem 3.3)
we can use a coupling approach as in the proof of Theorem 3.3, but this shall
not significantly simplify the proof or the bounds in the above theorem.

Proof. — By (2.5), we can assume as before that L = M. Further, we shall prove
the theorem under the assumption that g = g and follow the arguments as in Step 2
in the proof of Theorem 4.1, to complete the proof of the general case. Observe that
in the case of g = g we have F; = 0.

Assume from here onwards that § = ¢, i.e., S(z,w) C S, for all x € X and w € Nx.
For a Lipschitz function h, we have by (2.6) and (2.7) that

E{r(Q)} —E{r(&)}
— /0°° /YE{DyPsh(g)} L(dy)ds — /OOOE { S D,Ph (€ - 5y)} ds

yeg

Using (5.1) we have

/OOOE{ZDyPSh(g—éy)}ds

ye

/ { Ba) Dy Pib (€ — 5f(z,ﬁn>)} ds
xeﬁn

—n/ / (2, Bn—1 + 62) Dp(z,8,_+6,) Psh (5 [Bn-1+ 6] — 5f(x,5n,1+5w))}
x Q(dx)ds.

TOME 5 (2022)



1508 O. BOBROWSKI, M. SCHULTE & D. YOGESHWARAN

Denoting by /5, an independent copy of f,,,, we obtain from (5.2) that
[ [E{D, P} Lidy)ds
—_ o !
= n/o /XE {g («% n—1 T 593) Df(x,ﬁ,’l,lJréz)Psh (& [Bn])} Q(dx)ds.

Combining the three previous identities leads to
E{h(Q)} —EL{n(§)}

[ B {g (#8014 8) Dy s PREIRD ]
~B{g(@, 801+ 02) Dyep s Peb (€ [Bur + 0a) = 0w, 140, | Qlda)ds.
For x € X and w € N we define

Ealw] = > 9y W)y

YEwW, Sz NSy =0
For x € X and s > 0 let

Tyo = [E{g (5. 80s +8.) Dy sy PR (€IS}
B {g (581 + ) Dyl sy P (& (8D}

Tops = ‘E{ T, Bn1+ 6z) Dy 1+6.) Psh (f [Bn1 +02) — 5f(xﬁn_1+5z))}
—E{g(x. Bucr + 02) Ditep,rss0 Pl (& [Bama)) } |-

Towe = [B{0 (5,811 + 6) Dy )Pl (60 (5]

~E{g (2, 801+ ) Dyap r4a0) o (& [Bua]) } |
so that by the triangle inequality

(53)  [E{h(Q)} —E{nO}|<n / h /X (Tios + Toms + Tsas) Q(dz)ds.
Fix x € X and s > 0. It follows from (2.8) that
Tros < 2¢°E{g (2, 8,1 +8:) drv (€[5, £:08:]) )
= 2e7"E{g (, 81 +0:) } E{dav (£[Ba], &[B])}

bl

and

T < 2B {g (2, Bu1 +82) drv (£ [Bar + 0] = S5 11600, Ea [Baa]) } -
By (5.1) we have

E{drv (§[Bn] & [Bn])} < E { Z 9y, ﬁn>}

yeﬁnyszﬂsy#@

= n/X 1{S: NSy # 0E{g (v, Bn-1+6y)} Q(dy),
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so that
Ties <2e°E{g (2,8, 4 +6,)}n /X 1{S, NS, #0}E{g (y, Bar +3,)} Q(dy).

The inequality

g (LU, ﬁnfl + 5:):) dTV (5 [ﬁnfl + 5:p] - 5f(x,ﬁn,1+5x)7 fx [anl])

< g (x, Bn—l + 595) Z g (y7 Bn—l + 537) 5
yEanl,SxﬂSyiﬁ

where we used that by our assumptions g(y, 8,1 + 0z) = g(y, Bu—1) if Sz NS, =0,
and (5.1) lead to

T2,:L‘,s
< QG_SHA 1 {SI N Sy 7& @} E {g (I’7 Bn—Z + 62: + 6y) g (y7 671—2 + 5:5 + 5?;)} Q(dy)

Thus, we have shown that

54) o ” [ TiasQUdr)ds < By and n [ - [ T Q) ds < By,
0 X 0 X

Next, we define N,,,(x) = (,,(S;) and N/ (x) = B/, (Sz). Recall from the statement of
the theorem that me is a binomial point process of m independent points distributed
according to Q.(-) = Q(- N SS)/Q(SS), which we assume to be independent from
(Be)een and (Bp)een. From (2.8) we obtain

s = [E {9 (2, Bu1 +02) Dyarvan Poh (& [87)) )
—E{g (2, Bu-1 + 0) Dya g rssn) ol (& [Bu-a]) } |
= ’E {9 Bt +02) Do 480 Peh (& [Pan-nyw)] ) }
~E{g (@, o1+ 02) Dy po st Pb (€ [Boniovusiw)]) } ‘
<27 E{g (@, Bucr + 02) (& [Brn-nyw)] A& [Brmi-nuw]) ()}

We denote the points of Bm’m, by )?1, ce )?m For ¢ < n we have
(55) (& [Bans] D& [Ban]) (V)
< Y 1{s.n5g =0bg(% i)

i=n—~_+1
n n—~¢
+ Y Y 1{s.nSg =0} g (X, Bene) 1{X; €Sz }
i=n—_(+1 j=1

n

n—~¢
3 Shafsnsg - 0)o(T A0 T ess)

i=n—0+1 j=1

Here, the first sum on the right-hand side counts the points of &, [an] associated
with points from (3, ,, \ By n—¢, While the second and the third term bound the number
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of points that are present in &, [Bmvn_g] or &, [an] and not present or different in the
other point process. We will use the triangle inequality

(gx [5:):71 N/ (z ] Agx [5:):71 1—-Np— 1(90)}) (Y)
(é.’t {Bwn N ( } Aé.’t {B:}c n}) (Y) + (f:v [B:Jc,n} Aéﬂc {Bx,n—l—an1($)}) (Y)
in the following. It follows from (5.5) with ¢ = N/ (z) that

E{(& [Bon-nyw)] A& [Ban]) (V)}
gE{ 5- ﬂ{sxmsi:@}g(mm)}

i=n—N}, (z)+1

—
8
N

3

M=

L E { 3 1{S. NS¢ =0} g (X, Benny) 1{Xi € S)?j}}

n
=n—N/ (z)+1

<.
Il
—

3

M=

—
8
N

+IE{ 5 ﬂ{szmsgjzw}g@,@m)n{zes;(j}}
i=n—N! (z)+1
= U, +U, +Us,.

We define U;, := E{g(z, B,-1 + d.)} U;, for i € {1,2,3}. Applying once more (5.5)
with £ = N,,_1(x) + 1 leads to

<.
Il
—

E {g (.T,Bn,1 + 696) (fﬂc [690 n} Afx [59:71 1-Np—1( }) }

<E{g<x,6n_1+5x> > 1{snsg =0}y (Xwﬁwvn)}

i=n—Np_1(x)

+ E{g ([L’, 671—1 + 590)

L n—1-Nn_1(z) - B
’ ‘ NZ (=) Z1 | L {Sz a S)?J' - @}g (Xﬁﬁx,n—l—NnA(:c)) 1 {Xz c S)?j} }
1=n—Nn_1( j=

n n—l—anl(]))

+E{g($,ﬁn—1+5z) Z Z I{Swmsgj:(/)}

i=n—Np_1(z) J=1

) (5501 (%, € 55 })
= U4,x + U5,a: + U6,ac-

From (5.1), which can be adapted to the situation, where one sums only over a
fraction of the points, and the independence of N) (x) and 3, it follows that

Ul =EAN, (@)} [ 145.05, =0} {g (y. Fon1 +5,) } Qulay),
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while the independence of 3,_; and f,, and (5.1) lead to
Use = E{g @, fo1 +8) L+ Noca (@)} [ 1{S. 018, = 0}
x E{g (v, Ben-1 +6,) } Qu(dy)
— (Etote s+ 00b+ (0= 1) [ Bl (ofus 46450} Q05))
X /X 1{S, NSy =0} E{g (v, o +3,) } Quldy).
Together with E{N(z)} = nQ(S,) and Uy, = E{g(z, Bs_1 + 6,)} U], we obtain

(5.6) Uy +Usyp =
(04 0@ E (3 0cs 480} + (0= 1) [ B o 62+6) Q)
x [ 11808, = 0VE{g (v, Brnr +4,)} Quldy).
By similar independence arguments as above and (5.1), we have

0 < IE{ S S a{snsy —0be (X5 1{K ¢ sgj}}

t=n—N/! (z)+1 j=1

< nE{N;(x)}/XQ 1{5,nS, =0 1{pes,}
X E{g (1. Brn-a + 0y, +0,,) } Q2 (dlg1, 1))

and
Use < nEAg (2, Bp1 +6;) (14 Ny (7))}
x [, 1{8: 5, =0} 1{m € 5,,)
< E{g (y1, Ben2+ 0y, +0,) } Q2 (d (y1,32))
<n (E {g (2, Bn1 +0,)} + ”/s E{g (2, Bu2+ 0, +0.)} Q(dz)>
x [, 11808, =0} 1{ €5,}

X ]E {g (yla Bx,an + 5y1 + 53/2)} Qi (d(yb y2)) .
From the definition of Us, and E{N/ (z)} = nQ(S,) we derive

(5.7) Usy + Usy
< n( (14+nQ(Sy)E{g(z,Bn-1+0:)} + n/sz E{g(z,Bn—2+ 0, +6.)} Q(dz))

X /X2 1 {Sx N Sy1 = @} 1 {yQ S S’yl}E {g (yl»Bx,n72 + 53/1 + 5y2)} Qi (d(yh y2)) .
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Combining (5.6) and (5.7) yields
(5.8) 20 [ (Vs + Usie + Usa + Us) Q(da) < By,

By (4.1) and the assumption S(z,w) C 5, for all z € X, w € Ny, we obtain

(5.9) 1{z € 5.} g (2,0 +0,) = 1{z ¢ 5} 9(2,w)

for 21,29 € X and w € Nx with 2z € w. For € X we deduce from (5.1) and (5.9)
that

ne N @)
Up. =E{ Ny (z) >

=1

1 {Sx N S;(j = (Z)} g (55] Bz,n—Ng(m)) Q. (S)?j)}

= E{ Z 1 {ZL’l - Sz} 1 {Sx N Szz = Q}g (anﬁn) Q. (sz)}
(

x1,22) €6
=n(n—1)Q(S;) /X 1{S. NSy, =0}E{g(y, Buz+9,)} Qu(S,)Q(dy)
so that, with Us, = E{g(z, 8,1 + 0)} U3 .,
(5.10) 2 /X Us., Q(dz) < Es.

Finally, applying again (5.1) and (5.9) leads to

n—1—Np_1(z)
U5,:1: :E{g (I’,ﬁn,1 +6ZE) (1—|—Nn,1($)) Z

j=1

< {50155, =0} (X1 10) @ (55|

=ESg(@,fu+8,) > 1{S.NS,=0}g(y,5n1) Qx(Sy)}

Y€ Bn—1

+ E {g (I,ﬂn_l + (ir) Z 1 {yl € Sz} 1 {Sac N Sy2 = (b}

(yhyz)eﬁi_l,#

X g (Y2, Bn-1) Qz (Sy,) }

< n/X 1{S. NS, =0}E{g(x, Bn-2+0z) g (¥, Bu-2+ 6,)} Qa (S,) Q(dy)

+n/x/s 1{S, NS, =0} E{g(z,Bus + 00 +6.) g (U, s + 6,)}
x Q.(S,)Q(d2)Q(dy)

for x € X, which implies

(5.11) Qn/XUmQ(dx) < Fe.
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Combining (5.8), (5.10) and (5.11) provides a bound for the integral over Tj, ,
which together with (5.3) and (5.4) completes the proof of Theorem 5.1. O

6. Applications

In this section we present applications of our results to (a) the critical points
of a random distance function and (b) the volume (with respect to the intensity
measure) of large k-nearest neighbor balls. Though some Poisson approximation
results are known in both of these models, our results extend these in two ways.
Firstly, we consider more general point processes than those considered before and
secondly, we provide rates of convergence under a stronger metric. More details on
comparison with the existing literature for these specific applications will be given
in the respective subsections.

We wish to point out that these applications are to illustrate our generic results and
it is conceivable that many more such applications of our results would be possible.
For example, one may consider extremes of circum-radii and in-radii of Poisson—
Voronoi tessellations as in [CC14, Chel4, PS22] and also other stabilizing statistics
as in [Ott20]. For example, we can deduce immediately from Theorem 4.1 and the
proofs in [Ott20] that [Ott20, Theorems 4.2, 5.5 and 6.5] hold under the stronger KR
distance. Using Theorems 3.3 or 4.1, we may extend many Poisson approximation
results to Poisson process approximation results. For example, a coupling similar to
that in Theorem 3.3 was used in [IY20, Theorem 2.8] to prove Poisson convergence
for the number of isolated faces in a Vietoris—Rips complex. We expect that other
Poisson approximation results in [Pen18] could also be extended using our framework
(see Remark 3.4). Also, we believe that Poisson convergence results (for example,
see [OA17, Theorem 2.1]) based on dependency graph method [AGG89] could be
extended to a Poisson process approximation using our Theorem 4.1. Another point to
emphasize is that most of the afore-mentioned articles consider only approximation
for point processes induced by Poisson point processes but our bounds will help
extending them to point processes induced by binomial point processes as well. For
example, see Theorem 6.5.

6.1. Critical points for the random distance function

Let w be a point configuration in some metric space. In this section we are interested

in the space generated by the union of balls around w,
B’/‘<W) = U Br(p)a
pEW

where B,.(p) denotes the closed ball of radius r centred at p. In [Kah11] the theoretical
study of homology of B,(-) taken over random point processes was initiated. Briefly,
homology is an algebraic-topological structure representing information about cycles
in various dimensions, where O-dimensional cycles correspond to connected compo-
nents, 1-dimensional cycles correspond to loops surrounding “holes”, 2-dimensional
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cycles correspond to surfaces enclosing “air pockets”; ete. (cf. [Hat02]). Increasing
the radius r, Morse Theory (cf. [GRI7, Mil63]) states that changes in the homology
of B,(w) occur at critical levels of the distance function

plr;w) = glelg dist(x, p),

where dist(+, -) is the distance under the corresponding metric. For every critical point,
Morse theory also assigns an index which, roughly speaking, counts the number of
independent directions around the critical point, along which the distance function is
decreasing. Critical points of index k can then affect the homology of B, (n) either in
dimension k (creating new k-dimensional cycles) or in dimension k£ — 1 (terminating
a (k—1)-dimensional cycle). Thus, the work in [BA14, Bob22] focused on the critical
points and their indexes, as a proxy to the homology. We shall define critical points
more formally below. Note that we will not elaborate more on the connection between
critical points and homology as this will involve introducing algebraic topology basics.
For more on the homology of B, (w), we refer the reader to the survey [BK18].

The work in [Bob22] focused on a homogeneous Poisson process defined on a flat
torus X = T? = R¢/Z% (which can be thought of as the unit box [0, 1]¢ with a
periodic boundary). Specifically, it considered a Poisson process n = 1, on T with
a fixed n. The main objective there was to characterize the phase transition for
homological connectivity, i.e., where the k' homology of the random union B,(1,)
converges to the k'™ homology of the underlying torus T?¢. The main part of the
proof there, shows that the very last obstructions to the £ homological connectivity
are in one-to-one correspondence with critical points of index k. In fact, it is shown
in [Bob22, Section 8] that in terms of persistent homology these obstructions form
infinitesimally small persistence intervals that are the very last ones to appear in the
persistence barcode. The conditions for points to be critical, as presented in [Bob22,
Section 2.3] are localized in the sense of Section 4. Hence, we are interested in
providing a limit theorem for this process of obstructions.

Let r,, be defined via

(6.1) ap = wanr® =logn + (k — 1)loglogn + ay,

where wy is the volume of a d-dimensional unit ball, and o € R is fixed. We call the
values of r, satisfying (6.1) the “k-homological connectivity” regime. Let R,, be any
value satisfying

(6.2) lim R, =0, and nlem Tn/Rn = 0.

n— o0

The analysis in [Bob22] focused on the number of critical points ¢ € T? with Morse
index k, such that p(c;n,) € (rn, Ry]. Defining by Cj,, the number of such critical
points, in [Bob22, Proposition 4.1] the following was proved.

PROPOSITION 6.1. — Let o € R, and let r,, R,, satisfy (6.1) and (6.2), respec-
tively. Then

nli_)m@]E {Crn} = nli_>moo Var (C.p) = Dge™®°,

where D, is a known constant.
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Note that the limiting results are independent of the choice of R, (provided
that (6.2) is satisfied). To prove Proposition 6.1, [Bob22] used the fact that critical
points of index k are generated by subsets x € (1,)%"". Defining

(6.3) g(x,mn)
= 1 {x C 7, generates a critical point of index k, with p € (r,, R,]},

then we can write

Ck,n = (/{Z T 1)' Z g (Xann) :
‘xe (7771)];—1
Our goal here is not only to prove a Poisson limit for the random variable C ,, but
to provide an elaborate point-process limit for the actual configuration of critical
points that appear in (r,, R,]. To this end, we require a few more definitions.

We will consider subsets x € (T?)*™! that are (a) in general position, and (b)
contained in a ball of radius R,,. For such subsets we can define ¢(x) and p(x) as the
center and radius of the unique (k—1)-sphere containing x. In [Bob22, Lemma 2.3] it
was shown that every critical point of p(- ;7,) with Morse index k, is of the form ¢(x)
for some x € (nn)’;“, and the corresponding critical value satisfies p(c¢(x);n,) = p(x).

Next, following (6.1) we define
a(x) = wanp(x)* —logn — (k — 1) loglogn.
Our goal is to define a point process on T? x R representing pairs of the form
(¢(x), a(x)) for those critical points in (r,, R,|, by defining
1
- L I — ) IIn J X)>»
& = &lml = ) > 9% s

T x€ (Wn)];,jl

where f(x) = (¢(x), a(x)), and r, satisfies (6.1). In other words, the domain space
here is X = T and the image space is Y := T¢ x Ry, where Ry := [ag, o). From
Proposition 6.1 and noting that Cy,, = & (Y), we obtain that

(6.4) Jdim E {&(Y)} = lim_Var (&k(Y)) = Dye .
We will prove that & converges to a Poisson process on Y.

THEOREM 6.2. — Let oy € R, and &, as defined above. Then for n > 3 and
R, = /Ty, we have

d—k

dir (&, Gi) < Ca, (loglogn)?(logn)™ &,

for some C,,, > 0, and where (. is a Poisson process on Y = T¢ x Ry, with intensity
Dre~*dadc. In particular, this implies that & KR, (r as n — 0.

In other words, the process of all pairs (c,«) representing critical points and
critical values, has a limit of a Poisson process which is homogeneous in ¢ and has
an exponentially decaying intensity in a.
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Remark 6.3. —
(1) [Bob22, Theorem 8.1] presents a weaker statement than Theorem 6.2 here.

The limiting point process in [Bob22] was only for the critical radii, while here
we show that a Poisson limit also extends to the combined location+radius
point process. Regarding the proofs, the calculations in [Bob22] provide all the
moment estimates needed to invoke Theorem 4.1. However, the key ingredient
needed to prove the Poisson limit in [Bob22] is in fact Theorem 4.1 which
appears here for the first time.

(2) We can also conclude from Theorem 6.2 the convergence of the entire point

process of critical points and distances (i.e., on T¢ x R). More precisely,
consider

5/; 1] ==

k+1

X € (7]71);5

(k+1)
1{x C 7, generates a critical point of index k with p(x) < R, }dsx),

where f(x), p(x) are as defined above. Since Theorem 6.2 holds for all aq €
R, by the characterization of convergence in distribution of point processes
in [Kal02, Theorem 16.16], we have that &,[n,] % ¢}, where ¢} is a Poisson
process on Y = T¢ x R, with intensity Dye~*dadec.

(3) The choice of R, = /1, was required in order to get the bound presented

in Theorem 6.2. In terms of the homological connectivity phenomenon, this
choice has no practical consequence. In fact it can be shown that even at
radius r = 2r, with high probability B,(n,) covers the torus T¢ completely.
This implies that homology exhibits no further changes, and the only changes
we expect to see are at radii smaller than 2r,, < /7. Choosing a larger R,
leads to process convergence for a larger point process which is more desirable.

Proof of Theorem 6.2. — Following the notation above, we denote by L and M the
intensity measures of &, and (j, respectively. Denote X := T¢, and note that since 7,
is a homogeneous Poisson process with rate n on X, we have that K(dz) = ndz. Also,
setting Sx = B,(x)(c(x)) then the definitions for the critical points in [Bob22] imply
that g(x,m,) is indeed localized to Sy, i.e., condition (4.1) holds with S(x,w) = Sx.

Using Theorem 4.1 we have,

(6.5) dkr (&, Ck) < dryv (L, M)

+ 2 {Var (&(Y)) — E{&(Y)}}

2 2
+ ((k + 1)!) /xkﬂ /xkﬂ L{8, N S # 0}
x E{g (x,7n + 0x) } E{g (2, m + 6,) } KM (dz) K* (dx).

First, recall that ¢}, is a Poisson process on Y = T% x R, with intensity Dye *dadc.
Then for any measurable A C Y,

M(A) = E{Co(A)} = D, /A ¢~*dade.
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Next, from Lemma A.1 we have

L(A) =E{&(A)} = Dkn/A T | { wand} dsde,

where
A:={(c,s):(c;a) € A, s =logn+ (k—1)loglogn + o} .

Therefore, defining I,(a) :== 1 {logn + (k—1)loglogn + a < wanfL}, we have
(6.6) L(A)
= Dkn/ (logn + (k — 1) loglogn 4 a)* " e~(eentk=Dloglognta) 1 ()dade
A

k—1

k—1)logl

= Dk/ (1 + ( )loglogn + a) e I, (a)dade.
A logn

If n is large enough, then oy > —loglogn, and we have

(6.7) |L(A) — M(A

k—1
b ([n —1)loglogn + O‘) _ 1) e *dadc
N logn
k—1 — 1) logl
<D, ( ) < ) loglogn + 04) e~ dade + Dk;/(l — I, (a))e %da
< logn R
k—1 ((k —1)loglogn)i— i —a
-0z 2 () () e s

+ Dke—wang—Hogn—i-(k 1)loglogn

_0 <loglogn> |
logn
where we used the fact that [p ale™®da < oo and that R, = V-

The fact that Var (§(Y)) — E{(Y)} — 0 is given by (6.4). Further, from
Lemma A.2, we have

(6:8) Var (£4(Y)) — E{&(Y)} = O ((loglog n)*(log n) "7 .

We are left now with bounding the last term in (6.5).
Fix x and note that if S, N Sx # 0, then |c(z) — ¢(x)| < p(z) + p(x) < 2R,.
Therefore, using (6.6), we derive that

1 /Xm L{S, N Sx # 0} E{g (2,0, + 0,)} K" (dz)

W
ém {1 {c(2) € Ba,(c(x))} g (z,mn + 0,)} KF (dz)

1
S+
= L(Bag, (c(x)) x Ry) = Vol (Bag, (¢(x)) - L (T* x Ro) = wq (2R,)" Dye ™,

TOME 5 (2022)



1518 O. BOBROWSKI, M. SCHULTE & D. YOGESHWARAN

where we used the fact that Vol(T¢) = 1. Finally, we can conclude that

1
(6.9) CERN /XM /XM 1{S, N Sx % OVE {g(x, 7 + 0x)}
X E{g (2,1 + 8)} K (d2) K* (dx)

< wa(2R,) Dye™ E {g (2,7, + 0,)} K (dx) = O (R1).

1
(k+1)! /xkﬂ
Since R,, = /T, we have R? = O(y/logn/n). Combining the bounds in (6.7)-(6.9)
completes the proof. O

6.2. Large k-nearest neighbor balls

We look at the point process of the scaled volumes of k-nearest neighbor balls.
We shall consider the setup as in [Ott20, Section 4]. This is a well-studied statistic
in computational and stochastic geometry with varied applications (see [Pen97,
Pg. 342]). Tt is also closely related to another important object, the minimal spanning
tree. We remark on this briefly in our discussion after Theorem 6.4.

Let X =T¢ d > 2 as in the previous section and identify it with [0, 1]¢, and let K
be a finite measure on (X, X). Define for k > 1 and w € Ny,

Ri(z,w) :=inf{r > 0:w (B, (x) \ {z}) 2k},
Ki(7,w) 1= K (Bp,(z.)(7))

where B,.(z) is the closed ball of radius r around z. In other words, R, is the k-nearest
neighbor distance of x, and K}, is the measure of the ball of radius Ry around zx. Let
Y = X x R, and define
f[w] = Z 5(z,nKk(x,w)fan)7
TreEw

where
(6.10) a, = logn + (k —1)loglogn — log(k — 1)

In other words, for an underlying point process v, £[v] is a point process of pairs,
each pair consisting of a point and the scaled volume of its k-nearest neighbor ball.
The scaling is chosen such that we count only the extremal (maximal) ones.

THEOREM 6.4. — Let d > 2 and k > 1. Let n, be a Poisson process with
intensity measure nK and assume that K is a probability measure with a density
A: X — (0,00) such that 0 < A < A(z) < Ay < oo for all x € X. Let  be a Poisson
process with intensity measure M(dx,dt) = M\(z)dze™*dt on X x R. Then, for any
bo € R, there exists a constant C' € (0,00) only depending on by, k, d, A, and \_
such that

611 ducr (€] 1 (X x (b0,00)) € N (X x (B, 00)) ) < C 28"

logn

for all n > 3. Moreover, &[n,] 4 ¢ asn — .
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We have assumed A_ > 0 and A, < oo for technical reasons to simplify some
estimates involving K.

The constant C' in the theorem can be deduced from the bounds in (6.12), (6.13),
(6.14), (6.15) and (6.16). The convergence of {[n,] was obtained in [Pen97, Theo-
rem 2] in the case of homogeneous Poisson processes. Our above theorem considers
inhomogeneous Poisson processes as well. Further [Pen97, Theorem 2| is used to
prove Poisson process convergence of extremal edge lengths of the minimal spanning
tree built on the complete graph on 7, with Euclidean distances as the edge-weights
(see [Pen97, Theorem 3]). The proof technique of [Pen97, Theorem 2] is to discretize
and use the Chen—Stein bound of [AGG89].

[Ott20, Theorem 4.2] gives bounds under total variation distance for the projection
of £[n,] N (X x (0,00)) to X. We will now show that using our Theorem 4.1 with some
additional computations compared to [Ott20, Theorem 4.2], we obtain improved
rates of convergence for the more general point process £[n,,] N (X x (b, 00)) for any
by € R.

Proof. — Let by € R be fixed. Set g(z,w) := 1 {nKy(z,w) — a, > by} and f(z,w)
= (x,nKy(z,w) — a,). Define

éo[w] = Z g(maw)éf(a?,w)a w e NXa

rEw

and observe that & |w] = w] N (X X (by, 00)). We put
rop(x,u) = inf{r : nK(B,.(z)) > a,, + u} .

We will apply Theorem 4.1 with f and g as above to compare &y[n,] with the
restriction of ¢ to X x (by, 00). Denoting S(x,w) = Bp, (s)(x), observe that f and
g are both localized to S, which is a stopping set. Further, we set S, = B,z ()
for a fixed b € (max{0, by}, 00), which will be chosen later as a function of n.

We shall compute one-by-one the terms in the KR distance bound provided by
Theorem 4.1. Observe that since we are summing over points, the last term F, is
absent. Throughout this proof all inequalities are supposed to hold for all n € N
such that a,, + by > 0.

Note that for z € X, we have {nKy(z,n, + 0,) — an > u} = {nn(By,, (20 (2)) < k}
(a.s.). Consider the first term in the bound of Theorem 4.1. Define g,, := nA_wq/2% —
a,, where wy is the volume of the unit ball in R?. Denote the intensity measure of
& by L. Then for B € X and u € (bo, 0,) we have by the Mecke formula that

L (B x (u,00)) = n/BIP’(nKk (x,nn + 03) — a,, > u) AM(z)dx

ZWéPW(&mm@D<k—OM@M

k-1 ' k—1 ;
. L) (k= 1)!(an + )’
—nK(B) Y et B T ey gy 3
nK(B) = ‘ i! ‘ (B) = il(logn)k-t

where we used (6.10) in the last equality. Thus, the density ¢ of L satisfies

Ux,u) = /\(:17)6_7‘(((117:);—7;;])6_1
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for z € X and u € (b, 0,,). Let My be the intensity measure of ¢y := (N (X x (by, 00)).
Now we obtain

(6.12) dpy (L, M)
w (an + u)kil

< _
/bo ‘ (logm)k—1

log logn

—e | du+ L (X X (0p,00)) + My (X X (05, 00))

x VYO0

logn

with a constant Cy € (0,00) only depending on by, k, d and A\_. Next, we compute
the integral in the second term of the bound in Theorem 4.1. Similar to the above
calculation, we can derive that

B <2n /X P (1 (Byony(@)) <k — 1) Aa)da

(6.13) k—1
— 1) logl
< Cre <1+(k; ) log ogn+b>

logn

for b < p,, with C; := 2k!.

Observing that {S(z,w) C S,} = {Ri(z,w) < r,(z,b)} and using the definition
of g, the integral in the third term of the bound in Theorem 4.1 can be bounded
from above by

B <2n® [ [ B(Ru(w.m,+8,) € (ra.bo). (. b))
x P (Rk (Z, Mn + 5z) € (Tn(Z, bQ),Tn(Z, b)])
X L{|lx —z| < rn(ac b) + rn(z,0)} Ma)A(z) de dz

2” / / 77n B,., xbo) ) k— ) ( (Brn(z,bo)(z)) <k— 1)

(6.14) x 1{|z — 2| < rn(x b) + (2, 0)} A(x)A(2) dz dz,
<2 (e_bo 2 (k- oz ) an+1bo)z> / / 1{|x — z| < rp(z,b) +r(z,0)}
X ANz)\(z)dzdz
CQ(zn?j— b

where in the last bound we have used that

nt0b
sup wanry (z,0)? < A1 sup nK (B,nn(w)) _ Gt .
rzeX rzeX A_

Note that the constant Cy € (0, 00) depends on by, k, Ay and A_.
Similarly to the above bound, the fourth term in Theorem 4.1 can be bounded by
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<20 [ [P (Ina+ 0] (Brsoan (@) < = Ll + 8] (B e () <k = 1)
X ]l{|x— z| < rp(x, b) +ra(2,0)} Mz)A(2) dz dz

2n2)\2// [N 4 02] ( Broy(2,60) x))g nn—l-é]( 717121,0)(2))<k—1>
x 1{|]z — 2| mm{rn (,b0) ,7n (2,b0)}}
X L{|lx — z| < rp(z,b) +7rp(2,0)} dedz

+2n2)\2//P(nn+5 By o) (@)

<k — [Un‘“”( T,Lzbo)(z)><k_1)
X L{[x — z[ > min {ry (z,b0) ,7n (2, b0) } }
X L{|x — z| < rp(z,b) +7rp(2,0)} dedz
=: B3+ E3s.

<
<

We first consider Fj ;. Since E31 = 0 for k = 1, we can assume k£ > 2 in the sequel.
We obtain that

E31 S 2n )\2 / / Tin ( rn(z, bo)( )) < k — 277771 (Brn(z,bo)(z)) g k — 2)
X 1{|x — z| <min{r, (z,bo), 7, (2,b0)}}
X L{|lx —z| < rup(z,b) +1p(2,0)} dodz

<42 [ [P (0 (Bryoan @) < k=20 (Byy o) (2)) <k —2)
X L{r, (z,by) <7p(z,b0)} 1 {|:v —z| < rp(x,b) +1(2,0)} dedz
< 4n2)\3_/X/XP Nn Brn(x,bo)(m»

-2)
XP(% (Brnzbo)( )\Brnﬂcbo)( ))ék )
X 1{r, (z,b0) <7y (2,00)} L{|x — 2| < rpx,b) +70(2,0)} dedz.

For z, 2 € X we have

k—2 7
= (@n+00)" aibe) Cho k
P (nn (Brn(%bo)(x)) <k— 2) = ; Te th) < - (an:_ bo)

with some constant Cy, 1 € (0,00) only depending on by and k and

P (77” (Brn 2,bo) ( ) \BTn(x bo)( )) < k— 2)
2 (0K (B (D \ B @)

7!

Brn(z,bo)(Z)\Brn(z,bo)(x))

I
'M‘

I
o

Cloe K (Bra 00 (\Bro o) () /2

N
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1522 O. BOBROWSKI, M. SCHULTE & D. YOGESHWARAN

with some constant Cj € (0, 00) only depending on k. By a short computation one
can establish that there exists a dimension dependent constant ¢4 € (0, 00) such that

[B1(0) \ Bi(v)] = calv]

for all v € B(0,2), see e.g. [PG10, Equation (7.5)]. From this and r,(x, by) < r,(z,bo)
we deduce

K (Bro(20)(2) \ Bro(ai) (7))
|Broeio) (2) \ Broao) ()]
|Brz0) () \ Broe) ()] = Acarn (2,b0)" " |z — 2.

Combining the previous estimates and using spherical coordinates we obtain

Esy < 4n2)\2 / / Coo efm_cdm,z,bo)d-l|H|/2
x n (a, + bo)

x 1{|x — z| < rp(z,b) +1rp(2,0)} dedz
< 4)\101,0,;‘;0;@ bodwdfx/o e~ -carn(zbo) T s/2d=1 g 4

n

n 2 0
< 4)&0;, 1Crdwq / / e w1t dudz.
0 a, + by Jx (nA,chn (2, b0>d_1)d 0

Since N wqry, (2, bo)¢ > nK(B,, (:5)(2)) = @y, + by, we conclude that there exists a
constant C3; € (0,00) only depending on by, k, d, A+ and A_ such that

Cs 1
(an + bO)d

(6.15) Es1 <

For Es5 5 we obtain

Esy < 4An’X; // B, (2,b0) (T )) k—1,m, (Brn(z,bw(z)) <k - 1)
X 1{|z —z| > r, (m bo) , 7 (2,b0) =15 (x bo)}
X 1{|lz —z| <rp(z,b) +r,(2,0)} do
)

<4n2/\§r/X/]P’ T Brnrbo)( ))

x P (nn (Brn 2,bo) ( \B'rn(x bo ) < )
X 1{|z — 2| > r, (2,b0) , 70 (2,b0) = 7y (2,b0)}
X L{|x — z| <rp(z,b) + 70(2,0)} dedz.

/N
w

Let T,z € X. There exists a constant Cllno,k € (O, (X)) onlv de di 0 L suc
that y pending on bo and uch

I B Cln —|— b u C!
(777L ( rn(x,bo) (ZL’)) ) E 0 in T, (an+bo) < M‘

=0
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From |z — z| > r,(z, by) and the assumptions on K it follows that

K (Br,20)(2) \ Braao)(@)) = A [ Broe0) (2) \ Brogat) (7))
> AQ_ |Broeo) (2)] > 2/\/\1K (Brozo)(2))

so that

K (Bry(z0)(2) \ Brateo) (%)) = 7 (an + bo)
with v := A_/(2)\;). Consequently, we can choose a constant Cj , € (0,00) only
depending on by and k such that
(an + o)™
n? '

P (00 (Bra(e0) (2) \ Broapo) () <k —1) < Cyl,

Moreover, we have nA_wgr, (z,b)* < nK(B,, 2 () = a, + b and nA_wgr,(z,b)?
<nK(B,, (2 (%)) = an + b. Combining all these estimates, we see that there exists
a constant Cs o € (0,00) only depending on by, k, A+ and A_ such that

1(an+b)" " a, +b (an +b0)* " (a, +b)
- =Cs2 :
nv n n
Combining (6.12), (6.13), (6.14), (6.15) and (6.16) with Theorem 4.1 yields that

dxcr (€[] N (X x (b0, 00)) , ¢ N (X x (B, 00)) )

(616) E32 032

log1 k—1)logl b) ! Ltb 1
<00w+01€_b 1+( )loglogn + +02a i +03,17d
logn logn (an + bo)
ntbo) an +0
R )
ny

Now the choice b = logn proves (6.11).
Since convergence in KR distance implies convergence in distribution, we have

E[nn] N (X X (by, 0)) % ¢ N (X x (b, 00)) as n — co.
By the characterization of convergence in distribution of point processes in [Kal02,

Theorem 16.16], this implies £[n,,] 2 ¢ asn — oo. O

In the next theorem, we consider the large k-nearest neighbor balls for an underly-
ing binomial point process under some assumptions on the density of the distribution
of the points. For an underlying homogeneous binomial point process Poisson pro-
cess convergence was established in [Pen97]. As mentioned before, we are not aware
of any quantitative result for binomial point processes even with a weaker rate of
convergence or under weaker approximation distance in the literature. For recent
Poisson approximation results concerning k-nearest neighbor balls of a binomial
point process in R? see [CHO21] and (for k¥ = 1) [GHW19]. The results of [CHO21]
are in total variation distance for marginal distributions of the point processes that
we consider and the convergence rates are the same.

THEOREM 6.5. — Let d > 2 and k > 1. Let (8, be a binomial point process of n
points distributed according to a probability measure K on X and assume that K
has a density A : X — (0,00) such that 0 < A_ < A(z) < Ay < oo for all x € X. Let
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1524 O. BOBROWSKI, M. SCHULTE & D. YOGESHWARAN

¢ be a Poisson process with intensity measure M(dx,dt) = A(z)dze ' dt on X x R.
Then, for any by € R, there exists a constant C' € (0,00) only depending on by, k, d,
Ay and A_ such that

loglogn

(6.17)  duc (8] (X x (50,00)) ¢ N (X x (bo, o0)) ) < O

for all n > 3. Moreover, £[3,] % ¢ as n — oo.

Proof. — Tt suffices to prove (6.17) and the remaining statement follows as in
Theorem 6.4. The rest of the proof will be concerned about proving (6.17).

We define f, g, S, &, . and p, exactly as in the proof of Theorem 6.4. We also
define S, = B,z () for a fixed b € (max{0,bo}, ay], which will be chosen later.
Our goal is to apply Theorem 5.1.

Throughout this proof we use several times the observation that

(6.18) 0<e? —(1—y/n)"<e Y

3

for y € R and n € N such that y/n < 1/2. From now on we assume that n is
sufficiently large so that

an+b0 <

1
< - d 0
- 1 o

N

2ay,
(6.19) 0< <
n

=

We denote by L the intensity measure of £[3,]. For B € X and u € (by, min{o,, a,})
we have

L(B X (U, OO)) / (ﬁn 1 ( 7n( mu)($)

-1 (n—l) an+u <1 Ay + U
0
—1

(n an—i—u (1 an+u)” 1=

SN—
/N
oy
|
. —
~—
>
—~
2
o
8

E

.
|

?r

=nK(B)

0

<.
Il

Thus L has the density

Uz, u) = —n)\(x)jz;l (n ;Ui (a&t?i);!_l <1 B an;r u>n1i
(n—1in—1—ifan+u) (1 _ +u>n_2_i

k—
+ nA(x) A . - i

o

n
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for x € X and u € (bg, min{o,, a,}), whence

() — e
1 (g, +u) ! an Fu\" 22 (g, ) A + U\ "2
< A I L S [
”; (i —1)! ( n ) +n;) il ( n )
— 1) —k n k—1 n n—k—1
N n(n _)k n (an + u) ( _a —|—u) -
nk—1 n  (k—=1)! n
= R1+R2+R3.

From (6.18) and (6.19) we deduce that

ne

. <1 B an, —|—U>nkl o 4/€+1 (an+u) _ 4k+1<k _ 1)[ e—u ‘
= gkl 3k+1 (10g n)kfl

n

Together with |a, +ul/ <277 (|a,? + [u)’) and sup,c p, o) v}/ ™/? < 0o for j € N
this yields

Clefu/Z Czefu/Q

and RQ <
logn logn

?

where ¢1, co € (0,00) depend only on by and k. For R3 we have

(n—11n—Fk n(a, +u)k1 ( a, + u)n—k—l
< -1 1—
—I— n(an + U)k—l _ naﬁ_l <1 B an, + u)’n—k‘—l
(k—1)! (k—1)! n

k+1
. 1_<1_an—i—u>

k—1 —k—1
na,, ( _ Gn u)”
n

(k—1)!

nat1 a, +u\"  _
L (1— ) —e Y.
(k—1)! n

n

+

By the same arguments as used for R; and Ry and

nak=1 ( apn + u)” —u
(& — 1) n ‘

k—1
na,, —Qn—U __ —U

e

nak=1 (an + u)?

n —an—u

<
(k—1)! n

which follows from (6.18), we obtain

~uq? N cre “loglogn

u/2 u/2 —u/2

Cc3€e
n logn n n logn

cue Cse an, Cgl
+

Rs <
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1526 O. BOBROWSKI, M. SCHULTE & D. YOGESHWARAN

with constants cs, ¢4, ¢5, ¢g, ¢7 € (0,00) depending only on by and k. Let R(u) denote
the sum of the upper bounds for R, Ry and R3 and let M be the intensity measure
of (N (X x (by,00)). The estimates above imply that

(6.20) dyy (L, M)

< /boo R(u) du+ L (XX (min {gn, an} ,00)) + Mo (Xx (min {¢n, an} , 00))

,loglogn

< G
% logn

with a constant C € (0,00) depending on by, k, d and A_.

In the following we compute the terms FEy, ..., Eg from Theorem 5.1. Using the
above expression for L, we obtain that

B < 2n /B P (Buot (Broen(2)) < k — 1) Az)da

(6.21) B -
< cto 1y (oD orlosn 1)
with Cf := 2k!(3)¥". For n € N and z € X define U, = B, (5.40)(x). It follows

from (6.18) and

~~

6.19) that

(622) E{g(r,ur + 0.0} <P (Bur(U) <k~ 1)
_ % n—1—1 — 7 ~
:k; 1<nf1> (an—i-bo) (1_an+bo> <47k§(anfbo) 6_(an+bo)<ﬂ

k !
= ) n n 3" = o! n

with a constant ¢; € (0,00) depending only on by and k. For z,y,y1,y, € X with
S:NU,, = () we obtain analogously that there exists a constant ¢ € (0, 00) depending
only on by and k such that

(6.23) E{g(z,Br—2+ 6, +8,)} <E{g(x,Br2+d,)}
<P(Bua(Un) Sk —1) < 2,
(6.24) E {g (3/17 Bx,nﬂ + 0y + 5yz)} <P (Bx n2 (Uy,) <k — 1)
<P(Bua(Uy) k-1 < 2
and
E{g (41, Bom1 +03) } <P (Bomr (Uy) <k —1)
(6.25) _
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For x,y € X and i,j € {0,1, ..., k — 1} we have

P (671—2 (Um) =1, Bn—Q (Uy) - ])

min{,j}
== P(ﬁn,Q (UxﬂUzj):i—s,ﬁn,Q(UgﬁﬂUy):j—s,ﬁn,g(UzﬂUy):5)
s=0
min{i,j} . o i—s .
S =i g qe) TR e N,y

= (1 —s)I(j — s)!ls!
x K(U,NU,) (1 =K (U, UU,)) >

71—

R (K (Ve U)K g 0 0,))

<4 ; .
= (i —s)! (J—s)!
(nK (U, N U,))*
x T exp (—nK (U, UU,) )
min{7,5}

=48 3 P (g (UnNUS) =i — 8,00 (USNU) = j = 5,00 (Us N U,) = 5)
s=0
= 4P (0 (Uz) = 4,71 (Uy) = 7).,
where the inequality follows from (6.18) and (6.19). This implies that

E {g (Q?, ﬂan + 590 + 5y) g (ya 67172 + 51 + 5y)}
<A ([ + 0] (U2) <k =1, [ + 0] (Uy) <k — 1)

and if S, N S, =0,

(6.27) E{g(z,Bn-2+402) g (U, B2 +0,)}
=E{g(z,Bn2+ 0z +0,) gy, Bn2 + 0z +0y)}
< 4'P (7 +0y) (Uz) <k =1, (00 +62) (Uy) <k —1)
< AP (9, (Up) <k —1,m, (Uy) <k —1)

C
= 4P (5, (U) b= )P (U) <k —1) < 3

with a constant ¢; € (0,00) depending only on by and k. A similar computation
shows that there exists a constant ¢; € (0,00) depending only on by and k such that

(6.28) E{g(x,Bu-s+0s+0.) g (Y, Bn-z+ )}
< E {g (.CC, /8n73 + 51) g (y7 57173 + 5y)}

c
<

s

2

3
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for z,y,2z € X with S, NS, = 0. In the sequel, we will use that g < g¢. It follows
from (6.22) and

1{S.NS, £ 0} < L{|x —y| < ral,b) + ra(y, b)}
<1 <2

ra(z,0)} + 1 {|x —y| < 2r,(y,0)}
that
B, <283 - 1{S. NS, #0} K? (d(z,y))
(6.29) < 4ct / K (Bor, ) (2)) K(dz)
At @, + b
26d\+ On
< 4c72 P

From (6.26) and the same arguments as in the Poisson case (see (6.15) and (6.16))
we obtain that

By <24 [ 148,08, #0}P (I +6,) (U)
(6.30) <k =1 [+ 0] (Uy) <k — 1) K* (d(2,y))

1 o400 (a4, + b
<Oy o) (e D)
7(CLn—i—bo) ’ ny

with constants Cy ;, C5 5,7 € (0,00) only depending on by, k, d, A and A_. Because
of (6.22) and (6.23) we have, for x € X,

(1+nK (5:))E{g (z, Bo1 + 62)} + n/s E{g(z, Ba-2+ 0. + 6:)} K(d2)
L a (1+a,+b) cz(an—irb).

< +
n n
From b < a,, and (6.19) we derive for all z € X that K(S ) < 2 < 1, whence for
Q = K the measure Q, in Theorem 5.1 is dominated by $K. Together with (6.24)

and (6.25) this implies that

B < 2n <01(1 —i—nan +b) N cg(a2+ b)) <4 Co 16 62 / K (S, ) dy1)>

(6.31)

4 16 _ n+b
<2(c1(1+an+b)+cg(an+b))(322+9 a )

By (6.22) and (6.23) we have

b

(6.32) Bs < i(an +b)%n Clcg 25152(““”
It follows from (6.27) and (6.28) that

¢34 (an, +0) s A(an+0)7 8, a, +b

9 C n 3 n . n

(6.33) Es<2n nZT +2n n2T_§(C3+C4(an+b)) —
Choosing b = a,, and combining the bounds (6.20), (6.21), (6.29), (6.30), (6.31),
(6.32) and (6.33) with Theorem 5.1 proves (6.17). O
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Appendix A. Additional details for the proof of Theorem 6.2

Recall the definition of g(x,7) in (6.3),

g (x,n) :=1{x C n generates a critical point of index k, with p € (r,, R,]} .
Next, recall that ¢(x) and p(x) are defined as the center and radius of the unique (k—
1)-dimensional sphere containing x. In addition, define o(x) to be the k-dimensional
simplex spanned by x and let B(x) be the open ball with center ¢(x) and radius
r(x). Setting

hait(x) := L{c(x) € (%)},
Jerit (%,77) := L{B(x) N7 = 0} ,
then according to [BW17, Lemma 2.4], x generates a critical point of index k (for
the distance function from n) if and only if At (X) = gait(x,7) = 1. Further defining

hp (%) 1= heie(x) 1 {p(x) € (r, Rn},
we can write
(Al) g(X7 7]) = Gerit (X7 n)hrn (X>
Finally, recall the definition of &,

= = )
&k = &k [0l ] Zkﬂg(xﬂh) F(x)»
xe(nn)?g

where f(x) = (c(x),a(x)), and
a(x) == wanp(x)? —logn — (k — 1) loglogn.
LEMMA A.1. — Let ACY =T x Ry. Then,
L(A) =E{&(A)} = Dkn/A stles1 {3 < wanfL} dsde,
where
A= {(¢,s):(c,a) € A, s =1logn+ (k—1)loglogn + a}.
Proof. — Recall that,

§e(A) = it 1) Y. 9(xm) L{(c(x), a(x)) € A},
' xE(nn)';“

and using Mecke’s formula and (A.1),

nkJrl

(k+1)!

nk-i—l

= m /(Td)k+1 hrn (X)]l {(C(X), Oé(X)) c A} €7wd”pd(x)dx'

In order to evaluate the last integral we will use the Blaschke—Petkantschin (BP)
formula, discussed in [Bob22, Appendix C]. The main idea is to use a generalized
polar-coordinate system, using the map x — (¢(x), p(x), I1(x), 0(x)), where ¢(x) and

L(A) =

ey o GIEC00): 2(3)) € AYE g (.1 + 0) b
(A.2)
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p(x) are defined above, II(x) is the affine k-dimensional plane containing x, and
0(x) are the coordinates of x on the sphere lying on II(x) with center ¢(x) and
radius p(x). Notice that using these new variables, hq; is independent of ¢, p, I1, and
therefore we will denote heit(X) = herit(6). Thus, applying the BP-formula to the
integral in (A.2), yields

Dy [, / 1{(c.a(p)) € A} p™ e dpde / o Tre(6) (Vanp (0)) 1 6,

where Viimp is the volume of the k-simplex spanned by 6, and abusing notation,
we set
alp) = wanp® —logn — (k — 1)loglogn.
Taking the change of variables wynp? — s we have

/d/ 1{(c,a(p)) € A} p™~te=a" dpdc
Te Jory,

1 wgn R —~
— - / / | {(c, s) € A} shle™* dsdc.
d (nwy)” J1d

wanrd
Defining
Dy d—k+1
Dy = 713/ herit (0) (Vi (6 de,
= T Jgnyers hen(©) (Vi (8)
and putting everything back into (A.2) completes the proof of Lemma A.1. O
LEMMA A.2. —

Var (§(Y)) ~ E{&(Y)} = O ((loglog n)(logn)~ 7).

Proof. — We start by evaluating the second moment,

E{(&(v)’} = WE E(: )Mg(xhnn)g(an)
( ]{—1-1 2 Z {Xlr;m':jg(xlann)g(x%nn)}
1 k+1

((k+1))? Z 7

where by x; Nxy we refer to the Coordlnates both tuples share in common. Therefore,

we have i

Var (&(Y)) - E{&(Y)} = > I; + (I — E{&(Y)}?).

Jj=1

Recall the definition of a, (6. 1)
ap = wanr® =logn + (k — 1) loglogn + ay.

In [Bob22, Equation (8.15)] it is shown that for 1 < j < k, and for small enough
d;,€; we have

k=1 _—an ( k+2—j k+1—j d—k k+1—j k+1—j —Cadjan
I; < Cina, e (ej Tap T+ (05/€;) 7 (05a4) +a T T em 20
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and in [Bob22, Equation (8.17)] it is shown that

Iy — E{&(Y)}* < Cnay'e™* (6 2ayt! + af e o)

—(1——1
where (1, ..., Cy are some positive constants. The choice of €¢; = an( 23 and
0; = ’“J’C%bfﬁ yields that for 1 < j < k

n

_j d—j+1 d—k
I; < Cinal=te™ | an "7 + < log an> an 7 ot

d—j+1 —dfg J _dk
=0 ((log an) an J) =0 ((log log n)%(logn) d+1> :

In addition, taking ¢y = kcifbf% yields
I —E{&(Y)}Y? =0 (a;l) =0 ((log logn)%(log n)_%) :
This completes the proof of Lemma A.2. O
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