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Second-order Poincaré inequalities and localization
on the Poisson space

Tara Trauthwein * and J. E. Yukich'

Abstract

Given a mean zero functional F' of a Poisson measure on a metric space, we apply
the Malliavin-Stein method to establish sharpened second-order Poincaré inequalities for
F/+/Var(F) in terms of fourth moments of difference operators. The rates of normal
approximation are expressed in the Kolmogorov and Wasserstein distances and require
fewer error terms than corresponding previous results. When F' is expressible as a sum
of score functions which are distributionally close to scores having short-range structure,
then we deduce that F//,/Var(F) satisfies Berry-Esseen bounds. The normal approxima-
tion criteria of the scores, here called bounded Lipschitz localization, are more general
than stabilization criteria and allow for unbounded interactions of scores. This approach
yields Berry-Esseen bounds for local U-statistics on metric measures spaces, localizing
functionals on hyperbolic space, as well as for Poisson functionals in a space-time set-
ting, with infinite time horizon, including statistics of spatial birth-growth models and
Laguerre tessellations.

Key words and phrases: Stein’s method, central limit theorems, Malliavin calculus, local-
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1 Introduction

Consider a Poisson point process P on a measure space (X, v), with v a o-finite measure. Let
F = f(P) be a measurable function of P. Under what conditions on F' can one obtain good
proximity bounds between F' and a standard normal N? More precisely, if d is metric on
the space of probability laws, when does one obtain the second-order Poincaré inequality

d(F_EF,N> :0(1> ? .1
VVarF VVarF

The Berry-Esseen bound (TI.7) is unimprovable in general and represents an optimal quan-
titative central limit theorem for Poisson functionals.

This question, and more generally the study of qualitative and quantitative normal con-
vergence of functionals of point processes have a long history. Bickel and Breiman [7]]
in 1983 established the normal convergence of the total edge length of nearest neighbor
graphs on i.i.d. binomial input in R? and noted: ‘Our proof is long. We believe this is due
to the complexity of the problem.” Kesten and Lee [18] in 1996, when proving that the
total edge length of the minimal spanning tree on Poisson input on growing cubes in R¢
converged to the normal wrote: ‘Another drawback of our approach is that it is not quanti-
tative. Further ideas are needed to obtain an error estimate in our central limit theorem’. In
the case that (X, v) is Euclidean space, v Lebesgue measure, and F' = f(P) is representable
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as a sum of scores depending a.s. on local data, the work [[30]] developed proximity bounds
in the Kolmogorov distance between F' := (F — E F)/y/VarF and N, but these bounds are
suboptimal.

It was not until 2016 that a systematic investigation of proximity bounds between F and
N was undertaken with the aid of the Malliavin-Stein method. The pioneering paper of
Last, Peccati and Schulte [[24]] established the remarkably versatile second-order Poincaré
inequality

6
F—-EF
dg | —F/—=.N ) < i (1.2)
() <30
where the formulae for v;,1 < ¢ < 6, involve integrals of products of difference operators,

e.g.,
1/2

= | [ EDLFPD, PP (Day D, PP )|

with similar geometry based formulae for v;,2 < ¢ < 6. Thus the Kolmogorov distance dx is
controlled by integrals of products of moments of the first order difference operators D, F =
f(P+4,) — f(P) as well as of the second order difference operators Df;F = D,DyF. To
quote [24]], the error of normal approximation has a ‘significantly more complex structure’
than the Poincaré inequalities of [[12]] and [26].

This raises the question: In view of are there relatively simple verifiable criteria
under which the errors 7;,1 < i < 6, in (I.2), collapse into terms which are O( \/ﬁ)?
Secondly, does the simplicity of the criteria reveal quantitative central limit theorems for
Poisson functionals previously not known to satisfy asymptotic normality?

We answer both questions in the affirmative when (X,v) is a metric measure space
and show that if the Poisson functional F' is a sum of scores which are distributionally
well-approximated by short-range scores, then F satisfies the Berry-Esseen bound (1.1).
The rates are in general unimprovable and hold for Poisson functionals on general metric
spaces, including hyperbolic space, and including functionals of Poisson input which may
have an infinite time component, as well as for scores which do not necessarily depend on
local data. This extends Penrose and Yukich [30]], Lachiéze-Rey et al. [21]], Lachiéze-Rey
[19], Lachieze-Rey et al. [20] and Bhattacharjee and Molchanov [5]; most of these works
were either confined to Euclidean space and/or assumed that the scores satisfied strong
localization conditions, without allowing for an infinite time component.

Our approach consists of two parts, the first of which extends [24] and [41]. Given a
Poisson functional F', we apply the Malliavin-Stein method to obtain rates of normal conver-
gence of F in terms of fourth moments of difference operators, and requiring fewer error
terms than the corresponding results in [24] |41]]. This strictly improves the corresponding
rate results in [24, 41]], as the error terms 3,74 in [24] and 752) in [41]] are shown to be
superfluous for the Kolmogorov distance. Removing these terms is satisfying, as e.g. 4
requires control of the fourth moment of F, often a source of technical difficulty. The im-
proved second order Poincaré bounds established here, given in terms of the Kolmogorov
and Wasserstein distances, are the cleanest and shortest second order Poincaré inequali-
ties currently available for general Poisson functionals, when working with fourth moment
conditions on the difference operators. The bounds are stated in full generality in Theorem
[2.1] and include functionals of marked Poisson point processes.

In a second part, we apply the general Theorem to Poisson functionals expressible
as a sum of scores

H:= Z g(('vaz)>7§)»

zePNW

where ¢ are measurable functions, W C X is a window with finite measure, P is a Poisson
measure on W, {M,},cp are ii.d. marks, and P := {(z, M,)}.cp is the Poisson process P



equipped with independent marks.

Our localization criterion consists of comparing, for each r > 0, the distribution of ¢
with the distribution of a suitably chosen short-range score ¢!, where for any locally finite
x the score £U'1((z,M.), x) depends only on the input in the radius r ball around z € X,
namely on x N (B,(z) x M). We often choose £I"! to be the restriction of ¢ to a radius r ball,
ie., &M((w, My),x) = £((w, M), x N (B.(z) x M)), but the approach here allows for more
general choices of [, We show that as soon as ¢ and the family (& [T])r>0 satisfy a fifth
moment condition as well as either

supsup P(£((z, M), PUA) # €1((2, M.), PUA)) <¢(r), >0
zeX A

or the slightly weaker condition

supsup [|¢((z, M), PUA) = §((2, M.), PUA)||s < o(r), >0,
zeX A

where the sup runs over sets A C X of cardinality at most 6, and where ¢ satisfies a mild
integrability condition on (X, v), then the Berry-Esseen bound (1.2) holds, i.e.

d(HEH,N) 0<1>, (1.3)
VVarH VVarH

where d is either the Kolmogorov or Wasserstein distance and where we assume VarH =
Q(v(W)). More generally as soon as four-tuples of scores ({(z1,P), ..., {(z4, P)) have enough
short-range structure, in the sense that they are distributionally close to four-tuples of
short-range scores (£["1(z,P), ..., €["l(z4, P)), uniformly over all four-tuples, as measured by
the bounded Lipschitz distance, then the short-range interactions dominate, which is to say,
heuristically speaking, that H behaves like a sum of independent random variables with a
distribution which is well-approximated by the normal as at (1.3).

This geometric localization, called bounded Lipschitz localization as introduced in [9], is
weaker and more flexible than the standard stopping set stabilization criterion in [21], [30].
Though it requires H to have enough distributional short-range structure over all possible
ranges, as measured by v, it also allows for interactions of scores at distant points.

Our general quantitative CLT for H := (H — E H)/v/VarH holds for Poisson input on
general metric measure spaces, in contrast to [[19, 20, |21} (30, (38]. The general main results
given by Theorem [2.7]and Corollaries [2.8]and [2.9]|provide rates of normal convergence in
the Kolmogorov and Wasserstein distances for local U-statistics on metric measure spaces
and localizing functionals on d-dimensional hyperbolic space, including statistics of the
random geometric graph and the k-nearest neighbor graphs in these spaces. It also yields
precise quantitative central limit theorems for Poisson functionals where previously only
qualitative results were available. This includes statistics of R%-valued diffusions on graphs
on Poisson random input on R4 [8].

We also consider Poisson functionals in a space-time setting, with X enlarged to X x R,
giving rise to sums R

H:= Z g((zatzaMz)vp)'

(2,t2)ePN(W xR)

Such statistics arise in general space-time growth models with infinite time horizon, includ-
ing statistics of classic birth-growth models and Laguerre tessellations. In such models the
score on an infinite time interval is well approximated by input on a large but finite time
interval. This phenomenon is quantified through ‘time-localization’, a companion concept
to ‘space-localization’. We use Theorem to deduce rates of normal convergence for
H := (H — EH)/v/VarH; see Theorem his quantitative central limit theorem yields
presumably optimal rates of normal convergence for the afore-mentioned statistics.



This paper focuses on rates of convergence in the univariate central limit theorem but
the methods and approach can also be used to achieve rates of convergence in the multi-
variate central limit theorem for vectors of Poisson functionals, with each entry expressible
as a sum of scores satisfying bounded Lipschitz localization, cf. Remark (i) in Section[2.7]

2 Main results

In this section we present our main results in detail.

Underlying space. We let (X, ) be a o-finite measure space, with v a o-finite measure on
the o-algebra F.

Marked Poisson point processes. Throughout, we let P be a Poisson process on X with
intensity measure v. In order to treat marked point processes, let (M, Fy, Q) be a probability
space. By M we mean the space of marks whereas Q is the underlying probability measure
of the marks. Let X := X x M. By F we denote the product o-field of F and Fy and by
the product measure of v and Q. To obtain an unmarked point process, one may consider
the case where (M, Fu,Q) is a singleton endowed with a Dirac point mass, and the ‘hat’
superscript can be removed in all occurrences. For any given point x € X, we denote by M,
the corresponding random mark, which is distributed according to Q and is independent of
everything else.

Let Ny be the set of o-finite counting measures on X, which can be interpreted as
point configurations in X. Whenever it is clear from context, we drop the subscript and
simply write N. The set N is equipped with the smallest o-field N such that the maps
ma : N - NU{0,00}, M — M(A) are measurable for all A € F. A point process is a
random element in N.

Malliavin Derivative. Given F a measurable function of P and (x,m,), (y,m,) € X, we let

Dz, F(P) = F(PU{(z,m,)}) = F(P)

and

(2) Py >

be the first and second order d1fference operators applied to F'.

2.1 Sharpened Malliavin-Stein bounds on the marked Poisson space

In this section we present significantly improved second-order Poincaré inequalities, which
simplify and extend some of the work in [24]] and [41]]. The main result are the normal
approximation bounds in Theorem [2.1I] which both sharpen and extend the p = 2 version
of Theorems 3.3 and 3.4 of [41]], which themselves improve upon Theorems 1.1 and 1.2 in
[24]. In Sections 3 and 4 we apply Theorem [2.T] to Poisson functionals which may be rep-
resented as sums of BL-localizing score functions, but we emphasize that this quantitative
CLT applies to general functionals on the marked Poisson space, including those which may
not be conveniently expressed as a sum of BL-localizing scores. Even for functionals on the
unmarked Poisson space, this sharper result contains fewer approximating terms than the
corresponding results in [41]] and [24].
The Kolmogorov distance between the laws of random variables X and Y is

dr(X,Y) = sup |P(X <t) — P(Y < t)]
teR

whereas the Wasserstein distance is

heLip(1)
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where Lip(1) denotes the class of Lipschitz functions on R with Lipschitz constant one.
Throughout N denotes a standard Gaussian random variable.

Theorem 2.1. (sharpened Malliavin-Stein bounds for Poisson functionals) Let (X,v) be a
o-finite measure space and (M, Q) a space of marks with probability measure Q. Let P be a
Poisson measure on X x M of intensity v ® Q. Let F' be a measurable function of P such that
EF? <occandEF =0 and

/ E [(D(W,LI)F)Q] (v © Q)(da, dmy) < oo
XXM

For any point x € X, define a random variable M, independent of everything else, dis-
tributed according to Q. Then it holds that

N)S\/E’AYOJF\/E’%JF\/%%JF%

and
dx (F,N) <40+ + 392 + 91 + 95 + 6,
where
Ao := E |1 — Var(F)]
1/4 1/4 2 1/2
=2 [ ([ E0Puang FIT B 1D P () ) wia))
) 12 2 1/2
Ay = 2</x (/XE 1D )y 1Y) V(dy)) u(dz))
Yg 1= 2/xE | Dy, FIPv(dy)
and

1/2
g 1= (4/ ED(y,My)F|4V(d?J)>
X
, 1/2
5 1= (8/ / E|D§$?Mz)’(y,My)F41/(dy)u(dx)>

1/2
1/2 1/2
o= (32 [ [ EUDE0 g P E 1Dany FIT Pwtantan))

Remark 2.2. We do not assume Var(F) = 1 and instead introduce the term #,. This is a
standard extension and can be useful in cases where the functional F is not normalized.
Note that one easily derives that

F—-EF N 1 1 —3/2 -
dw <\/Var7 ) \/>Var 15+ ﬁVar(F) A2 + Var(F) 3

and

F—EF ) R,
k| —=—=,N | < Var(F)"" (%1 + 392 + 92 + 35 + J6)
Var(F)

by linearity of the operators D, D).

In the following, we compare Theorem with existing general results, all of which
are less sharp and less general whenever the difference operators satisfy fourth moment
assumptions.



1. Removal of complicated terms in [24]]. In [24], Theorem 1.2], the bound on the
Kolmogorov distance is given by the sum of terms ,...,76. We remove two terms
from the bound on the Kolmogorov distance: 3 and «4. The term =3 (corresponding to
our 43) only contains the first Malliavin derivative to a third power - this differs from
the other terms and can in some cases lead to worse bounds. It is a (presumably)
necessary term for the Wasserstein distance, but can be removed in the Kolmogorov
case. The term ~4 in [24] has a structure that differs strongly from the other terms:
it contains the term E F¢, which is often difficult to bound and complicates matters
significantly. Methods for removing some of the terms from the Kolmogorov bound
first appeared in [20], based on ideas from [[39]]. The result in [[20]] required however
strong additional assumptions on the functional F. In [41]], these additional assump-
tions were removed and a shortened bound was shown without any additional starting
assumptions. We proceed in a similar way and show that v; and v, are unnecessary
in the Kolmogorov second-order Poincaré inequality.

2. Removal of term ~~; in [41]]. The development in [41] focused on achieving a bound
under a lower (2 + ¢)-moment assumption on F, and while the terms s, 7y, from [24]]
were removed in the Kolmogorov distance, an additional term ~; appeared in the
bound as an artifact of the more general proof. While [41, term 7;] was much more in
line with the remaining terms and thus easier to treat, we stress that when working
with fourth moment assumptions on the difference operators, this term is superfluous
and no such term is necessary in Theorem [2.7]

3. Extension to marked spaces. In [24]], Theorem 1.1 gives a bound for the Wasser-
stein distance for functionals F' of generic spaces X. It is possible to introduce marks
by choosing X := X’ x M to be a marked space, but the resulting terms 71, ..., y3 will be
different, i.e. the integrals over the marked spaces will be grouped with integrals over
the space X/, which is often unfavorable. In our result, by a careful rewriting of the
proof, we achieve a setting where each point is equipped with an independent mark
when assessing the add-one costs, i.e. integrals over the mark space M are grouped
with the expectation. A similar adaptation of the arguments of [24]] to marked input
is achieved in [21]].

2.2 Bl-localization in space and time

Considerable attention has been given to systematically establishing rates of normal con-
vergence for functionals of Poisson input on general spatial domains. The rates of normal
convergence, expressed with respect to either the Kolmogorov, Wasserstein, /> or /5 dis-
tances, all rely on Stein’s method; see e.qg. [2, 30, 24} 21} |19} 20} [37, |38 141]l. The rates of
convergence in [24] [41], like those of Theorem [2.1] are valid for Poisson input on general
metric spaces, though evaluation of the terms ~;,7 = 1, ..., 6, may be challenging.

When the Poisson functional may be expressed as a sum of score functions satisfying
either a stopping set stabilization criterion as in [21]] or an L* stabilization criterion as in
[19]], then evaluation of the terms 4;,7 = 1,...,6, is facilitated and leads to rates of con-
vergence which are unimprovable in general. Up to now, these results hold in Euclidean
space and not a general metric space [|30, 21}, [19] [37| [38]; moreover neither the stopping
set stabilization nor the L* stabilization criterion is satisfied by scores arising in certain
statistics of random point sets in Euclidean space, including e.g. interacting diffusions on
sparse graphs in R?. When the Poisson functional is a sum of score functions satisfying a
weak spatial dependency condition here termed BL-localization and which is weaker than
existing stabilization criteria, then one may systematically simplify the terms %;,7 = 1, ..., 6,
in Theorem thereby establishing rates of convergence in the Kolmogorov and Wasser-



stein distances. The results are valid in an arbitrary metric measure space and the rates are
optimal in general. This is achieved by establishing bounds on the moments of the differ-
ence operators and showing that these moment bounds control the order of growth of the
integrals in the expressions for 4;,1 < ¢ < 6, in Theorem Establishing BL-localization
of scores is often more transparent than finding good bounds for moments of difference
operators by ad hoc methods.

In addition to considering score functions defined purely in space, we widen our scope
and consider sums of scores on Poissonian space-time input on X xR. We shall be interested
in summing scores on points in the unbounded space-time domains W x R, that is to say we
consider input with possibly unbounded time component. We treat such statistics subject to
the scores satisfying localization in time as well as localization in space. Roughly speaking,
localization in time says that the difference between scores at finite time ¢y and infinite time
becomes negligible as t; increases. This condition, apparently new, is a useful companion
to space-localization and it manifests in statistics of generalized birth-growth models [|35]]
and generalized Delaunay tessellations obtained by consideration of the projection of a
parabolic hull process in space-time R% x R onto R? as in [[16]. These statistics are related to
statistics of points retained in a parabolic thinning of a space-time Poisson point processes
in a half-space, which arises in solutions to the inviscid Burgers’ equation [|1} 3] with random
initial data. These applications are developed in Section[6]

Setup. Let (X, d, v) be a o-finite metric measure space and W C X a subset with v(W) < co.
We let (M,Q) be a probability space of marks and denote by M, the independent mark
associated to z € X, distributed according to Q. For any set A C X, we denote by A the
random set containing the points (z, M), where z € A. We take p to be a o-finite measure
on R and equip R with the Euclidean metric.

The set N = Nx «rxm denotes the set of locally finite point measures on X x R x M. By
P we mean a Poisson measure on X x R of intensity » ® u. The set P denotes the points
(z,t., M,) with (z,t,) € P; P has the law of a Poisson process on X x R x M with intensity
measure v ® 1 ® Q.

We consider scores

E: (X xRxM)xN—=R

assumed to be measurable functions from (X x R x M) x N to R. The scores give rise to the
Poisson functionals R .
H:=H(P)= > £((z,t., M), P).
(z,t2)ePN(W XR)
The sets X x R control the space-time domains carrying the (unmarked) input of £, whereas
W x R is the window over which the scores are summed. Two natural cases arise:

» W = X, i.e. the point process is constrained to a window and we sum scores over all
points in W;

* W C X, i.e. the score function ¢ takes as input a larger, possibly infinite (in space)
point process P, but we only sum scores on points inside the window W.

These are discussed in more detail in Subsection Additionally, it is natural to include
scores which do not depend on time. This is treated in Corollary [2.8]

Denote by B,.(z) = B(z,r) the open ball of radius r around the point € X with respect
to the metric d. Given a subset X, C X, we define d(z, Xy) := inf,ex, d(z, z). We shall
always write {((z,t., M), x) for £((z,t., M,),xU{(z,t.,m.)}), where x € N and (z,t,,m,) €
X xR x M.

BL-localization of scores in space-time. The definition below is crucial to our develop-
ment, as it defines the notions of BL-localization in space and BL-localization in time. To



derive central limit theorems, it suffices that four-tuples of scores are distributionally well-
approximated by four-tuples of short-range scores, as measured by the bounded Lipschitz
distance. A short-range score in space is one which depends only on data in a ball with
fixed radius. A short-range score in time depends only on data up to a certain time, and is
zero after this time.

For p € N, denote generic points in R? by x := (1, ..., 2,). By BL(R?) we mean the class
of Lipschitz(1) functions f : R? — R with supremum norm bounded by 1, that is

sup LIy ol < 1

x,y ERP l[x -yl x€ERP

where ||x — y|| is the Euclidean distance on R?.

Given RP-valued random vectors X := (Xi,..., X,) and Y := (Y1, ..., Y},), defined on possi-
bly different probability spaces, the bounded Lipschitz distance between the laws of X and
Y is

dpr(L(X),L(Y)) = sup [Ef(X)—-Ef(Y))
fEBL(RP)

BL-localization establishes closeness in the dg;, metric between the laws of the random
variables ¢ and their short-range versions ¢["] and £(*). This motivates the term ‘localization’
in contrast to ‘stabilization’, a notion comparing specific realizations of the scores - either
exactly (via stopping sets) or approximately in L9.

Definition 2.3. (BL-localization of scores in space and in time) Given § > 0, and 6’ €
(0,1/2] the score ¢ is said to BL(6,6')-localize on the space-time domain (X,d,v) X
(R, ) if there exist families of scores (£["),o and (¢£*)),cg and non-increasing functions
¥ 1 [0,00) — [0,2], with ¢(0) = 2, and ¢ : R — [0, 2] such that

» for any locally finite x € N, and any z € X, t, € R we have for any r > 0,

(2,2, M2), x) = €7 ((2,t2, M), x N (Br(z) x Rx M))  Q—as. (2.1)
and for any s € R
€ (2, M), x) = 1tz < )€ (2,1, M), x N X x (—00,8) x M) Q—as; (2.2)

« for any z,..,z4,2,y € X, and t,,..t.,,ts,t, € R, and any A; C
{(z1,t2,), .oy (24, t2y), (2, t2), (y, ty) } fori=1,...,4, we have for allr > 0

EEREE) ERRRE)

dBL ((5((Zzatzla le),'ﬁUAl))?:l 4° (g[rl((zwtzm MZl)’,ﬁUAl))7:1 .. 4) S '(/J(’f’), (23)
and for all s € R

dBL((5((21775%1le)aﬁUAz))z_L41 (g(é)((zmtzwle)773UAZ))z1,4) S (b(S), (24)

* we have
d(z, z) o
Zy(0) := Ly x () := max (1, sup/ P () v(dz)) < oo; (2.5)
reX JX 2
and
Z4(0") := max (1,/ o()? u(dt)) < oo. (2.6)
R



The collections (£')g,coo and (£€)),cr, satisfying [@2.1) and (2.2), respectively, are said
to be families of short-range scores in space and short-range scores in time, respectively.
Lastly we put for allp > 0

ME,X = max{l, sup sup E | ((2,t., M,),PUA)P,
re(0,00]  (z,t.)EXXR
ACX xR,|A|<p+1

sup sup Eg(s)((z,tz,Mz),ﬁUA)V’}, 2.7)
s€ER  (z,t.)EX xR
ACX xR,|A|<p+1

where ¢[° = ¢,

The BL-localization definition may appear complex, but as we shall see shortly in Sub-
section [2.5] its verification reduces to checking some relatively straightforward conditions
on a single score. The bound dpy(£(X), £(Y)) < 2 always holds and thus the requirement
that ¢ and ¢ are bounded by 2 is not a constraint. Likewise, imposing 1(0) = 2 is convenient
for the purpose of presentation, but of no consequence in applications. Note that BL(6;)
localization implies BL(fs) localization in space or time, whenever 6; < 6s.

In practice, we often choose ¢["! and (%) to be the restrictions of ¢ given as

E((z,tz,my), x N (Br(z) x Rx M)) and 1(t, < $)&((z,tz,mz), x N (X x (—o0,s) x M)) (2.8)

respectively. However in some cases we will choose ¢["! to be dependent on the geometry
of the balls B,.(-). This flexibility in the choice of & ["l widens the scope of applications.

Remark 2.4. BL(0, )-space-time localization and M;X < oo imply that H is a.s. finite.
Indeed, we have

EIHI<E > [&(zt, M), P)

(z,t2)ePNW xR

Mezcke/ E1€((2, £, M.), P)|(v ® 1) (dz, dt.)
W xR

= [ (Ele(ente M) P = EIE (a1 M) P (v ) )
< 48(MS )W) [ ott.) V() < o
where the inequality
(EI&((z £ M), P)| = EJ64) (2., M), P)] ) < 52(MS ) ?6(8.)

follows from Lemma below applied to the localizing pair |¢|, |¢(*+)| and with ¢ = 1 there.

Remark 2.5. Localization in time is satisfied in two natural cases. The first is whenever
the probability of the score being non-zero decays fast with respect to the magnitude of
the time component. This is the case in space-time models where points in the distant
future are unlikely to contribute to the statistic H, as in spatial birth-growth models and
generalized beta-Delaunay tessellations. The second natural case arises when the scores &
do not depend on any time coordinate. In this case, one can choose ¢ = 2 and pu = ¢, the
Dirac mass at 0. See Corollary[2.8| for details.

Remark 2.6. Condition (2.6) is in fact a condition on ;((—o0,0)) as well as on the decay of
¢ at +oo. Indeed, since ¢ is non-decreasing, we have ¢(t) > ¢(0) for every t < 0. It follows



from that y1((—o0,0)) < co. Heuristically , this means that y is a finite measure on the
negative half-line and hence not too many points of the point process will be situated here,
while there can be many points on the positive half-line but their importance and contribu-
tion to the total sum decreases with ¢ fast enough to ensure finiteness. Alternatively, it is
possible to choose p such that u((0,400)) < oo, in which case the choice of ¢ is irrelevant
and not too many points will be situated on the positive half-line. Their importance however
may be large.

2.3 The main results

Our main foundational result for the Poisson functionals H := H (75) goes as follows. Itis a
consequence of Theorem [2.7]

Theorem 2.7. (rates of normal convergence for sums of BL-space-time localizing scores
on metric spaces) Let £ : (X x R x M) x Nxxrxm — R be a score function on the marked
space domain X x R x M and P a Poisson process on X x R with intensity v ® . and P its
marked version. Define

H:= H(ﬁ): Z 5((ZatzaMz)7,ﬁ)'

(2,t2)EPN(W XR)

2407 120

Assume that ¢ satisfies BL (==, - ) space-time localization according to Def. with
MfX < 0o. Forv as in Def. and g > 0, put

a, ;:/ W(d(w, W))w(de) = 20(W)+ [ p(d(z, W) (dz).
X X\W

If G120 < 00, then there is a Cx < oo given by

3 7/2
Cr =c Ty x(z55) Zo(1zp)

where ¢ < oo is a universal scalar, such that

1/2
H-EH
i & \2/5 _1/120
< . . )
K ( NarH ’N) < O (M e (2.9)
and there is a Cw < oo given by
Cw = Ty x(55)" - Zo(505)"
such that
1/2
H-EH G a
— (M )2/ A0 o€ 35, 3200
dW < \/\W 7N) S CK (M57X) VaI‘H + C(W (M57X) (VarH)?’/Q' (210)

In many applications scores do not depend on input in a time variable and hence we
give a version of Theorem [2.7|which looks at scores defined on the space X only.

Corollary 2.8. (rates of normal approximation for sums of B L-space-localizing scores) Let
¢ : (X xM) x Nxxm — R be a score function on the marked space domain X x M and P a
Poisson process on X with intensity v and P its marked version. Define

H:=HP)= Y &((zM.),P).

zePNW
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Assume that ¢ satisfies BL(TiO)-space localization, i.e., assume ¢ satisfies conditions (2.3)
and (2.5) with 6 = ﬁ (where any input t, in time is ignored), and with the short-range

scores ¢ satisfying (2.1). Define M§ x as

M§X :=max (1, sup sup E|§[T]((Z,MZ),ﬁUA)|5).
’ r€(0,00] z€X
ACX,|A|<6

Assume M§}X < 00 and G129 < oo. Then the bounds (2.9) and (2.10) hold with
Ck :=c - Tyx(55)° and Cw :=c Ty x(5)° (2.11)

Proof. Extend the definition of ¢ and &[] to X x R x M in the natural way by simply ignoring
the input in time. The moment bound M§  is not affected by this extension. Choose p := do,
the Dirac mass at 0 and £(*) = 0. Then (2.2) holds and (2.4) holds with ¢ = 2. Display
becomes

Zy(0') = $(0)" =27,

for any ¢’. The bounds on Cx and Cy follow. 0

In many cases the values of Cx, Cy as well as the moments M, 56  are scalar pre-factors
and, unlike the quantities G, and VarH, do not grow with »(W), and hence do contribute
to the order of growth in the approximation error, whence Berry-Esseen bounds follow im-
mediately. However the generality of our approach allows for the case when Ck, Cyy, M; x
are dependent on an external parameter which may for example control the score &, the
intensity of the Poisson measure, or even the measure of the underlying space. In such in-
stances the Berry-Esseen bounds may be modified by additional factors which are possibly
dependent on v(W).

The next result will be put to good use in the sequel. We state it for scores defined on
X x R x M (space-time) and as well as those defined on X x R (space) only. The corre-
sponding quantities Cy, C'x and M§7  are to be taken from Theorem and Corollary
respectively.

Corollary 2.9. (Berry-Esseen bounds) If X = W and ¢ satisfies BL (545, 135) Space-time

240’ 120
localization (resp. BL(%) space-localization if £ is independent of time), then
H-EH v(W)1/2
- Nl<op o (MmE N2
K(m’ )— k- MEw) N
and s
H-EH v(W) v(W)
dy | ——=,N | < Ck - (M ;)P 4+ Oy - (ME )%/t
w ( /7VarH ) > = K ( S,W) Va,I'H + w ( S)W) (VarH)3/27

where Ck,Cyw and M§X are as in Theorem (resp. as in Coro]]ar‘y.
If VarH > cov(W) for some positive constant c¢g then there is a C > 0 depending on
co, Crc, Cw, M5  such that ford € {dw,dx}

H-EH C
d|——— N | < . (2.12)
( VVarH ) VVarH
Proof. When X = W, then G, = 29%v(W), which immediately yields the bound. O

The values of § and ¢’ in the integrals appearing in Z,, x () and Z,;(6') are artifacts of the
proof. In most applications, the exact values of # and #’ are not relevant, as the functions
1, ¢ decay faster than any power and Cx and Cy, are simply scalars.

11



For scores on Euclidean space, it is often the case that ¢ (r) decays exponentially fast
in r and hence integrability is easily satisfied. More concretely, if X = R? and v is
Lebesgue measure, then we may let ¢)(r) = exp(—a;r®?) for any a;,a; > 0 or we may take v
to decay as a large power, namely ¢ (r) = min(1,r~%), with « > d/6.

If X is hyperbolic space H? with curvature —1, with v the uniform measure, and d the
intrinsic metric, then we may take () = exp(—7(r)), provided that 7 has faster than linear
growth (see for details).

Remark 2.10. (A word on the proof) At first sight it is not clear that BL-localization should
suffice for controlling the fourth moments under the integrals in Theorem [2.1, However
when applying the difference operators D, and D, , to H we are led to controlling expec-
tations of products of difference operators applied to scores £ at the respective entries of
four-tuples (21, ...,z4) € X*. We portray products of second order difference operators on
four such scores as an ostensible difference with an analogous product of difference op-
erators on corresponding short-range scores & [, provided r is chosen to be the maximum
distance between the pair (x,y) and the four-tuple (z1, ..., z4). The said difference is only in
appearance, as the difference operator on the analogous product of short-range scores van-
ishes. By writing products of second-order difference operators in this manner, we may use
BL-localization (2.3) to control their expectations with an error proportional to v (r), and
thus by ¢ (d(z,y)/2), as necessarily r > d(z,y)/2. Hence integrated moments of products of
second-order difference operators may be controlled by the integrals of v as at (2.5). This,
together with similar bounds on first-order difference operators, leads to efficient control
of all integrals in the error terms of Theorem[2.1, whence Theorem|[2.7

2.4 How to use the main theorem

Theorem|[2.7]and its two corollaries include several set-ups which apply to broad classes of
Poisson functionals.

(i) (dilating windows) One is given a sequence of windows (W))x>1 and spaces (X))r>1,
Wx C X, which are embedded into a common metric measure space (X,d,v), with
Wy 1 X. With P a Poisson point process on X with intensity measure v and with P, the
restriction of P to X we put

Hy=H\(P)= > &((zt:, M), Py), (2.13)
z€PNWy

which is a sum of scores on dilating windows. Then Theorem |2.7| goes through ver-
batim, with H replaced by H), with X replaced by X, with M, « replaced by Méx,
and with I, x replaced by I, x. The constants Ck,Cy are thus independent of A.
When X = R? and W), := [~1AY/4 LA1/d]d we obtain a set-up treated extensively in
the literature, though under the stronger assumption that ¢ satisfies stopping set sta-
bilization. Here we only assume localization and do not restrict to Euclidean space.
Several applications shall make use of this set-up.

(ii) (point processes of increasing intensity) We consider the normal approximation for
sums of scores on a fixed measure space but with point processes of increasing inten-
sity.

Let (X,dx,vx)a>1 be a sequence of metric measure spaces and P, a Poisson point
process on X with intensity measure v, where possibly vy (X) T oo as A — co. Let
W C X. Put R
Hy:=H\(Px) = > &((z.t:, M), Py). (2.14)
zePXxNW
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where &) : (X x R x M) x Nxxrxm — R. Consider the analog of (2.5):

0

7' (0) := max (1,sup sup/ P <d>\(:25,z)> va(dz)) < oo. (2.15)
A>leeXx Jx

Given § > 0, and ¢’ € (0, 1/2] the scores (£x)x>1 are said to BL(0, 0')-localize on their

respective space-time domains ((X,dx,vs) X (R, u))x>1 if for each X there exist short-

range functions SE\T]@&S) such that (2.1)- (2.4) hold uniformly in A\ and with 7",,(0) re-

placing Z,,(8). There are two natural cases of interest.

(a) (increasing intensity on a compact subset of R%) Consider the heavily studied case
W = X = [-1,1]¢ with X equipped with the Euclidean metric and P a Poisson
measure with intensity Ap(z)dx on X, with dz Lebesgue measure and p : X — R™.
Berry-Esseen bounds for the sums ) ., &(z,P)), were established in [21]] under
the assumption that the scores satisfy stopping set stabilization. Theorem [2.7]
yields comparable bounds for the sums H) at under the weaker assumption
that the scores satisfy localization (2.3]), where the integrability condition
given by

1/d),. o
P (/\|$22)> )\p(z)dz) < oo (2.16)
3]

Z'4(0) := max (1, sup sup /[

A€[1,00) z€[—3,1]e 3

is satisfied as soon as

0
Sup/ Y (”C;Z“) l1pllsupdz < oo. 2.17)
Rd

reRd

(b) (increasing intensity on a manifold) Let W = X = M with M a d-dimensional Rie-
mannian manifold with Riemannian metric d, and where P, is a Poisson measure
with intensity A\p(x)dx on M, with dx the Riemannian volume measure. Theorem
with X = M and M equipped with the metric Al/ddg, yields Berry-Esseen
bounds for the sums ) . &(z,Py) whenever the scores satisfy localization (2.3),
subject to the integrability condition (2.15), which takes the form

1/d 0
max (1, sup sup/ z/J</\dq(x’Z)> Ap(z)dz) < oo. (2.18)
A€[L,00) zEM J M 2

When M is a C'' smooth manifold then rates of normal convergence with spurious
logarithmic factors were obtained in [29] albeit under the relatively strong as-
sumption that ¢ belongs to the class ¥.(k, o), i.e., the collections of scores having a
stopping set whose radius is the maximum of a fixed constant ry and the distance
to the kth nearest neighbor, and also under the assumption that the metric is the
extrinsic Euclidean metric. Here we obtain Berry-Esseen rates for the sums H)
at (2.13) without logarithmic factors, assuming only that £ satisfies localisation
(2.18), and where distances are with respect to the metric intrinsic to M, which is
arguably more natural.

(iii) (scores defined on the full space X = R%) The bounds for Theorem simplify
when X = R?, d is the Euclidean metric, v is Lebesgue measure, W = W, :=
[— AL/ IX1/4]4, and P is a Poisson point process on R? x R with intensity v @ . This
gives rise to a sum of scores

H;C = Z g((z7tzaMZ)773)'

(Z,tz)GPmW)\ xR
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If ¢ satisfies BL(%, 1;0)—space—151'111e—]ocaljzation (Def. and M§ ra 1S finite, and if in
addition

r rdr < 00 .
/ Wp(r)!/240rd=1g : (2.19)
0
then we assert that
HY —EHY e o VA
i (WN> = O e e,
and
H® —EH® VA A
dy | 22— N | < Cr(MEpa)?® o + cOw - (M5 )P ————
W( VarHe >_ K (M ga) VarHA+C W (M) (VarH,)3/2’

where CK = CI¢(%)7/2 and CW — CI¢(%)4

To prove this assertion, note that G, = 29\ + fRd\WA P(d(xz, Wy))%dx. It suffices to show
that the integral is O(A(4~1/?) when q = 1/120 or ¢ = 3/200. Let H%~! denote (d — 1)-
dimensional Hausdorff measure. For any K C R® and r > 0 we let K, := {y € R? :
|z —y| < r}. The co-area formula tells us that

/ w(d(%WA))qdyS/ / (r)IH Y (da)dr
RI\WA 0 Ja(wy).)

1 00
_ / / D) TH Y (da)dr + / / B(r)THE ()
0 6((W>\)'r') 1 6((WA)'V')

The first integral is O()\(dfl)/d). To evaluate the second integral, recall (see e.g. the
proof of Lemma 5.12 of [21]]) that for any convex K we have

HIYOK,) < cHETHOK) (1 + 7?7, r>0.
Thus under the integrability condition (2.19), we find

1/120
/ 14

/ W(d(y, W) (dy) = O/ 4 1=l (oWy) /wzp(r)””o(lwd—l)dr
R4\ Wy 1

— O()\(d_l)/d)

and hence G, = O(\) for ¢ = 1/120. Since v is bounded by 2, the result follows for
q = 3/200.

Next, we need to show that Z,, x(0) is bounded by a constant independent of A when
6 =1/120 or § = 1/50. For this, note that

d(x y) 1/240 00
L%X(H) < / P (2)) dy = Qddlﬁd/ 1/1(7“)1/2407“‘1_%[1“7
R4 0

where k. denotes the volume of a unit ball in R%. This suffices to conclude.

2.5 Conditions which imply BL-localization

Showing BL-localization requires checking conditions (2.3) and (2.4), which at first glance
may appear challenging. However there are several conditions which are easier to verify
and which imply localization. They are as follows.

14



@)

(i)

(iii)

(Bounding the probability of the difference) Assume that for any (z,¢,) € X x R and
A C X with |A| < 6 and any r > 0, one has

P(E((2,ts M), PUA) # €((2,t., M), PUA)) < () (2.20)

for a non-increasing function ¢ : (0,00) — [0,1]. Then we can choose t(r) :=
max(2,8¢(r)) and achieve (2.3). An analogous result holds for showing localization

in time (2:4).

(Stabilization) Given a score ¢ : (X xRxM)xN — R, the quantity R¢ := R¢((2,t.,m.),X)
is a radius of stabilization at the point (z,¢,,m.) € X x R x M if for any x,x' € N

f((zat27mz)7xR5) = g((Z,tZ, m2)7 XR¢ U (XlRﬁ)c) (221)

where xpe = x N (B(z,R) x R x M) and (xz¢)¢ = X’ N (B(z, R®)° x R x M). Suppose
there is 1L such that

sup  sup P(RS((z,t., M,),PUA)>r)<i(r), r>0. (2.22)
(zvtz)EXXRLA\SG

In this case, ¢ satisfies (2.3) on the metric measure space (X,d,v) with ¢(r) =
min(2, 8¢ (r)) and with the short-range scores £l defined as in (2.8). Indeed, we have
forr >0

dpr((6((zirte, M2), PUA)), (2.23)
E((zirtay M), (PUA) N Br(zi) x RX M), )
< 2P(RE((z1,t2y, M,),PUA) > ror ... or RS((z4,t.,, M.,),PUAL) >7)
4
S QZP<R£(('Z17tZ”le)aﬁUA’L) > T)
=1
< 8sup sup P(Rg((z,tz,Mz),’p U/l) > 7). (2.24)

zeX |A\§6

Thus if X = R? and if R¢ has an exponentially decaying tail, then ¢ is automatically
BL-localizing.

(L9 stabilization) Assume there is a ¢ > 1 and a non-increasing function 1; :(0,00) = R
such that for any » > 0

sup  sup E [|€((2, 82, M2), P UA) — €0((2, 8., M), PU AT < o). (2.25)
(z,t2)EX XR \A|§6

Then (2.3) holds with ¥ (r) = min(2,4¢(r)). An analogous statement holds for time
localization (2.4).

For some scores it may also be easier to show that (2.3) or (2.4) hold with dg, replaced
by a larger distance such as the total variation distance.

2.6

Comparison between our results and the literature

A comparison between our results (specifically Corollary @D and those of [21] (Theorem
2.1 and Corollary 2.2) and [[19] is in order:

@)

We obtain rates of convergence in the Kolmogorov and Wasserstein distances dx and
dyy, whereas [21] is limited to dg.
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(i1)

(iii)

(iv)

(v)

(vi)

(vii)

2.7
@)

(i1)

BL-localization in space is weaker than the stabilization criteria required in [|30], [31]],
[21]], and the localization criteria in [35]], thus encompassing a broader range of statis-
tics, including those in Sections[5]and [6]

We consider Poisson input on general metric spaces, whereas [21] is restricted to
Euclidean space and other metric spaces satisfying a polynomial growth condition on
the measure of spheres.

Theoremextends [19] in several directions, as [[19] is confined to X = R?, it does
not allow for infinite time horizons, and it requires that ¢ satisfy L* stabilization, albeit
with requirements on the rates of decay which are weaker than those corresponding
to the rates given by BL(6).

Our results and those in [[21]] both allow for the possibility that scores concentrate
around lower-dimensional sets, though in different ways. In [21]] the concentration
requires that the probability of non-vanishing scores decays exponentially fast with
respect to the boundary of a bounded subset of R%; in our set-up the concentration is
expressed in terms of a time variable with respect to the space-time sets W x {0} C
X x R, X a metric space, and allows for models with infinite time horizon.

[21]] treats Poisson and binomial input on a fixed window in Euclidean space (and other
spaces satisfying a growth condition on the measure of spheres), letting the intensity
go to infinity. When X = R?, when the input is Poisson, and when the scores &, in
[21] satisfy &, (z, X) = £(\Y/?z, \1/?X), then the approach here applies, only assuming
localization and not the stronger stabilization criterion. See Item in Subsection
for further details.

The work [|9] uses the cumulant method to establish qualitative CLT’s for sums of BL-
localizing scores on general input on R?, though localization must hold when the
four tuple of scores is replaced by a p-tuple, p € N, and moreover for each p € N, the
function v := 1, must be decreasing faster than any power, clearly a much stronger
condition than what we require here for Poisson input.

Refinements and extensions

(Rates of multivariate normal convergence) In Lemmas [4.5] and we establish
bounds on the fourth moment of the first and second difference operators D, D)
applied to H. We use these bounds to control the terms 44,...,%s in Theorem [2.1
Likewise, these bounds may be used to derive quantitative CLTs for multivariate Pois-
son functionals where each entry is a sum of BL-localizing scores, thus going beyond
the case where each entry is assumed to be a sum of stabilizing scores, as in [38].
Indeed, the error terms in Theorem 1.1 in [37]] and Theorem 1 in [40]], especially for
the multivariate d, and d3 distances, similarly consist of fourth moments of difference
operators of H. This is an avenue which we do not pursue in this paper.

(Bounded scores) If |¢| is bounded, or if X = W then by modifying the proof accord-
ingly it can be seen that the constants Cx and Cy can be reduced using Z,, x(#) and
Z,(0") with values of 6,6’ which exceed 1/240 and 1/120, respectively. For example,
when [¢| is bounded then the values of ¢, ¢’ in our main results can be increased by a
factor of 5. This is a consequence of Lemmas [4.T]and [£.2] which show that differences
of products of moments of four bounded random variables are controlled by a bounded
Lipschitz distance (usually less than one) and not the fifth root of a bounded Lipschitz
distance, as is the case when the random variables have a fifth moment. Thus, for ex-
ample, the values of 4, ¢’ in Theorem and Corollaries 2.8/ and can be increased
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(ii1)

(iv)

(v)

to 1/48 and 1/24 respectively, and the function G /159 may be replaced by the smaller
function G1/24.

(Extensions to score functions depending additionally on windows) The score functions
¢ can additionally be made to depend on either the surrounding windows W or on the
domains X by defining the function as

(X xRxM)xNxB(X)—R.

Our approach in the sequel goes through virtually unchanged with this additional de-
pendence. It is of particular importance when accounting for boundary effects which
could arise in e.g. statistics of Voronoi cells.

(Further extensions) A simplifying step in our proofs uses the trivial inequality
min(a,b) < a'/2b/? for a,b > 0. Using instead the inequality min(a,b) < a*b(*=9) ¢ €
(0,1), it follows that space-time localization hypotheses of the type BL(6,0) can be
replaced by a BL(260¢,20(1 — ¢)) condition for any € € (0,1). We have chosen ¢ = 1/2
for simplicity, but allowing for general ¢ € (0, 1) is potentially useful when determining
minimal conditions under which integrability conditions and (2.6) on ¢ and ¢ are
both satisfied.

The bounds in Theorem on Ckg and Cy can be tightened, to allow for the case
where the integrals in the terms Z,, x and Z are small. Define

A= cmax(1, M§7X)2/5I¢,X(6—10)21¢(6—10)2

and set .
,7 d(z, 2)
o= [ (555) wio
and
To0) = [ ol0)" uta).
Then define

(zleo)jM%(l)o)jqﬁ(ﬁ)l/zGiﬁm
Wy = sz,x(ﬁ)\%(ﬁ)jﬁa(&)uzq;zo

Wy 1= jw,X(%)l/zjaﬁ(%)G%zo
2
We 1= jlp’X(ﬁ)l/QuZﬁ(ﬁ)G}{/GOO'

Note that A can never be smaller than ¢, but the terms J, x and J4(0') depend on
¢,1, on the underlying measure and on the space X and might be small, especially
when compared to the term G, with varying ¢. The bound (2.9) in Theorem [2.7|can be
replaced by the more accurate bound
H_EH N < (it wn ot wa w5 + )
K\ VVarl ) = Varg &1 TER T T TG

and (2.10) by

d EN <i(w +w)+L/2w
WA\ VWarH ") = VarH ' T T (VarH)3/2 ™
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3 Proof of Theorem @

Before starting the proof of Theorem [2.T] we recall some definitions and properties related
to Malliavin Calculus on the Poisson space.

Let (W, W, 1) denote a o-finite measure space and N the set of locally finite Ny U {c0}-
valued measures on (W, W). Let h € L'(N x W) and 1 a Poisson measure on W of intensity
I

Let h € L?(N x W). Then for p-a.e. w € W we have

h(n,w) = Z Ly (hn(w, ),
n=0
where I,,(h,,) is the n'" Wiener-It6 integral of h,, and
Lepm
hn(wa Wi, ey wn) = EE le,...,wnh’(Th U))

Define the symmetrization h., of hy, by

n+1

~ 1

hn(w17'~'7wn+1) = ntl E hn(wlmwho-wwk—lawkﬂw-wwnﬂ)
k=1

Then we say that 2 € dom § if h € L?(IN x W) and

Z(n + 1)!/ B2 dpm ) < oo

n=0 wn+1

and we define the Skorohod integral §(h) of h by

§(h) =Y Tn(hn).
n=0

See [41] display (2.9) and thereafter] and [23] displays (25) and (42)] for details on the
above notions.
Now let h € LY(N x W) N L?(N x W) and define for each 7 € (0,1) and all x € W:

Pl () = / E [l (7” + &, ) 0] (1 1y (dE),

where 1" is a 7-thinning of  and II(; _;),, denotes the law of a Poisson process with intensity
(1 — 7)vy. Note that P, is known as the Ornstein-Uhlenbeck operator. We refer to [23]
display (71)] and thereafter for details. For the convenience of the reader, we include
a result giving useful properties of P,h,, which is taken from [41, equation (2.13) and
Lemma 6.2].

Lemma 3.1. Leth € L?(N x W) and let 7 € (0,1). Then P, h satisfies

E/ / (D.Prh(n,w))? p(dz)p(dw) < co. (3.1)
wJw
and P.h — h in L?>(N x W) as 7 — 1. Moreover, forw,z € W and allp > 1,
E|Prh(n, w)[” < E[h(n, w)|?
and

E|D:Prh(n, w)[” <E[D:h(n, w)[”.
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We are now ready to start the proof of Theorem To simplify the bound on the
Kolmogorov distance, we start by proving a sharper version of [41, Corollary 4.7, with
p = 2], namely a version with one less term. The proof proceeds almost identically, but we
replace the use of [41], Theorem 4.2] by the isometry relation [[23, Theorem 5].

Proposition 3.2. Let h € L'(N x W) and G be a measurable function of n bounded by
cg < oo. Then

‘E /Wh(n,x) - D, G p(dx)

<co (E | pna waoy v [ | (th(n,y))2u(dx)u(dy)>l/2~ (3.2)

Compared with Corollary 4.7 in [41]], this bound has one less term inside the square
root and it implies Corollary 4.7 in the case p = 2, since we can choose W = X x [0, 1] and
w=A®ds.

Proof. Let (U,)nen € W be an increasing sequence of sets such that U, = W and

w(Uy) < oo for all n € N. Define for each n € N and all x € W:
hn(n,z) = 1(z € U,) max{—n, min{h(n, x),n}}.

It is clear that h € L*(IN x W) N L?(N x W) and thus we can define P, h,, for all 7 € (0,1) and
n € N. Since h,, € LZ(N x W), Lemma applies. By [23| Theorem 5], and since clearly
Prh, € LY(N x W) N L?(N x W), condition implies that P;h,, € domd. By Lemma 6.1 in
[41]], we have

neN

E / Prhn(n,2) - DuG pu(da) = E [5(Pohn)G.
w
Using Jensen'’s inequality and the fact that |G| < ¢¢, we have
‘E / Prhy(n,x) - DG p(dx)
w

By Theorem 5 in [[23]], we have

E [6(Prhy)?) :E/W(Pfhn(n, z))® (dw)+E/ / Do Prhn(n,y) - Dy Prhy(n, ) p(da) p(dy)
< E/W(PThn(n, p(da) +E// (D2 Prhn(n,y))? p(dz)p(dy),

where the second line follows by the Cauchy-Schwarz inequality. Using Lemma|[3.T|and the
fact that |h,| < || and |Dh,| < |Dh| by the definition of k,,, we now have

E[5(P,hn)?] < E /W (h(n, 2))*u(dz) + E /W /W (Doh(n,9))? p(da)ldy).

We have shown that for all 7 € (0,1) and n € N

< ¢gE [6(Prhy)?)Y2.

‘E / Prhp(n,x) - DG p(dx)
W

<ok [ (hn.)u(do) +E [ | (Dehn ) nldontdy)
w w Jw
It remains to show that the left hand side converges to
w

when successively taking 7 — 1 and n — oo. This was shown to hold in Corollary 4.7 in
[41]. a
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Proof of Theorem[Z.1l For convenience of notation, define Y := X x M x [0,1]. Let n be a
Poisson point process on Y of intensity measure v ® Q ® ds. For a point § = (y,m,, s,) € Y,
we denote by 7, the restriction of 7 to points in the set X x M x [0, s,).

Note that we can couple x, a Poisson point process on X x M of intensity » ® Q, and n by
defining x as the projection Ilxxm(n) of n onto X x M. This leads to a natural extension of
the functional F' = F(x) to point processes on X x M x [0, 1] by setting

F(n) == F(Ilxxm(n)).

The functional F' is now a measurable function of n and we can apply Theorem 3.2 from
[41]] with ¢ = 2 to get:

Y
L oE / E (D, Flny)| - |D;F|" (v © Q® ds)(dj)  (3.3)
Y

nyl (v ® Q® ds) (dyj)’

and
dg(F,N)<E ‘1 — [?DQF -E[DyF|ny) (V®Q®ds)(d3})‘

+SUEE/|E[DQF|773}]|'DQF'D@(Ffz(F)+1(F>Z))(V®Q®d8)(d@)a (3.4)
zE€ Y

where f, is the canonical solution to the Stein equation (see (2.26) in [41]).
The term 9y can now be easily obtained by bounding the first term in (3.4) by

E|l— Var(F)|+E

)

Var(F) — /Y DyF -E [Dy Flng) (v ® Q & ds)(df)

which also implies the bound for (3.3).

Step 1. We start by proving that

E

Var(F) — /\A(DQF -E[DyF|n;l v ®Q® ds)(dg})‘

is bounded by 41 + 42. Our proof follows the lines of the proof of Theorem 3.3 in [41],
though we will need to adapt some of the steps in order to bring the marks inside the inner
integrals. Define

G = /Y DyF -E[DyF|ny] (v ® Q®ds)(dy) — Var(F).

Following the steps (8.15)-(8.22) (with p=2) in the proof of [41, Theorem 3.3], we have

1/2

2
ElG| < </Y E (/YE [|Dah(n, 9)l|nz] (v © Qu ®ds)(d33)> (v ® Qum ®d$)(di)> , (3.5

where
h(n,§) := DyF - E [DyF|n].

Note that in [41]], it is assumed for simplicity of notation that Var(F) = 1. However the
proof goes through unchanged without this assumption, since D(cF') = ¢DF, for any ¢ € R.
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We now apply Minkowski’s integral inequality to the right hand side of (3.5). Note that
we group the integrals over marks together with the expectations, splitting them off from
the integrals over X x [0, 1]. We thus get

E‘G| < (/ (/ </ E </ E [ID(r,mT,,sT,)h(n7 (yamya5y)|‘77|X><M><[O,sm)]
Xx[0,1] Xx[0,1] M M

1/2 1/2

Q(dmy))QQ(dmw)) <u®ds)(dy,dsw)gw®ds><dx,ds$>>

By Jensen’s inequality and the tower property, using that Q is a probability measure, we
have

EGh;(l;m”(l;mu<AL4EKDWMM%WWK%WMJMV]

1/2
Q(dmy)Q(dmf)) (v ® ds)(dy, dsy)>

9 1/2
(v ® ds)(dz, dsm)> .

By [41] equations (8.25), (8.26)], we have
Dih(n,j) = D2 F-E[D;Fln;] +1 D;F-E[DZ Flng]+1 DR F.ED® Fn,
2h(n,9) #,9 [DyFlngl+1(sz < sy)Dy [ %9 mg] +1(s2 < sy) #,9 [ £, 5]

It follows that

</M/ME[(D(JC,mw,sz)h(’r]7 (y’my’Sy)))Q}Q(dm@,)Q(dmm))l/Z
1/2

2 2
< (/M /M E [('Dgz?mz,sz),(y,my,sy)F -E [D(yﬂny,Sy)F|77(y,my,sy)]D ]Q(dmy)Q(dmm)>

+ </ / E [(|D(y7my75y)ﬁ
M JM

1/2
2
' E [Dgi?mz 751)7(y1my75y)F‘lrl(yvmyvsy)} |) }Q(dmy)Q(dmr))

+ E[(ID® F
</M/M [(| (zm,%)(y,myey)

1/2
2
EDC o Flitgomy o)1) }Q(dmy)Q(dmx)) .

We can now apply the Cauchy-Schwarz inequality to the fM fM E integral and use the tower
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property to derive
</M /M E [(Dan.snh(0; (g, my, sy)))Q]mey)Q(dm,,.)) h
< E Déi)mhsﬂ (y7m1/7s1,)F)4]Q(dmy)Q(dmm) 1/4
(el >
| </M /M - [(D(y»%sy)F)ﬂQ(dmy)Q(dmx)> :
+ E [(Dy,m,.s,)F)*]Q(dmy)Q(dm,) 1/4
(L )
(/ / Dgi Ma,ss), (y’my’éy)F)ﬂQ(dmy)Q(dmw)> 1/4
(/ / (r Massa),(ymy, sy)F)ﬂQ(dmy)Q(dmx))l/z.

Note now that since F' is a function of IIxxm(7n), we have
D(x,mm,sm)F(n) = D(Tm,)F<X) P—as.

and similarly for the double derivatives. Moreover, we can replace the integrals over M by
the expectations with respect to the laws of the random variables M,, M,, simplifying the
expression further to

</M /M E [(Dewm s b, (5, Sy)))z}Q(dmy)Q(dmx)) h

(2) 1/4 4711/4 (2) 411/2
<2E[(D E[(Dy.myF)'] " +E [(D(LMm)y(%My)F) 1.

4
(@) F)]

This implies that

2) 1/4 1/4
E|G| < E (DG r iy '] E [(Digar, F)*]
o o (@,M.),(y.M,)

1/2
2 1/2
+E [(ng?Mm),(y,My)F)ﬂ dsyu(dy)stmu(dx)>

2 1/4 1/4
:</x </x2E [(Dgac?Mm),(y,My)F)ﬂ ‘E [(D(%My)F)ﬂ

. 1/2 2 1/2
+E [(D(I,MI),(y,My)F)ﬂ) y(dy)> V(d$)>
<1 + Ao
Step 2. We now show that the second term in (3.3) is bounded by #43. Apply Holder’s
inequality to deduce that
e [ EDyFinll 1D, (v e Qe ds)(di)

/3 2/3

SE/{/E“E[DQFW@”?'] E[|D;F ] (v ® Q® ds)(dp).

Jensen’s inequality now yields the result.
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Step 3. In this step, we show that the second term in (3.4) is bounded by 44 + 45 + 6. This
is one of our main innovations, as it shows that the term ~7 in [41]] is superfluous in the case
p=2.

We follow closely the proof of Step 2 of Theorem 3.4 in [41](with p = 2), but we replace
the use of Corollary 4.7 in that proof with the bound (3:2), which we recall has one fewer
term. In more detail, we define

9(n,4) = DgF - |E [DyF|ng]|
and
Z,:=Ff.(F)+1(F > 2).
Following the development in [41| Step 2, proof of Thm. 3.4], we find that g € L'(N x ?)

and |Z,| < 2. Thus we may apply Proposition and deduce that the second term in (3.4)
is bounded by

supE / o(n,9)Dy Z-(v ® Q ® ds)(df)
z€R Y

< 2(E /Y o(m, 9 (v © Q® ds)(d)

1/2
e[ A(Dacg(n,:t)))Q(V®Q®ds)(d@)(V®Q®ds)(dfﬁ)>
YJY
=: Il+12.

This gives the terms I; and I» in [41], Step 2, proof of Thm. 3.4], but without the term I3,
and we proceed to treat the terms /7, /5 as in [41]]. This results in the final bound having
one fewer term, that is to say 77 in [[41] is removed. O

4 Proof of Berry-Esseen bounds for sums of BL-localizing scores

First we show that closeness in the dp; distance of four-tuples of random variables im-
plies closeness of their products, whence BL-localization in space-time implies that prod-
ucts of powers of scores are well approximated by products of short-range scores. This
establishes that first and second order difference operators on such products also lo-
calize. The Mecke formula yields that the first order difference operator D, ) ap-
plied to the Poisson functional H has a finite fourth moment bounded by a multiple of
Y(d(z, W))/504(t,)'/*0 uniformly in z € X and it also implies that the second order differ-

ence operator Dgi)tx Ma)y(y,ty s My) applied to H has a fourth moment which decays like

d(z,y) /o0 1/60 1/60 1/60
v (5% ¥ (W)Y 6(t) ()
uniformly for all (z,t;),(y,t,) € X x R, up to multiplication with terms independent of
(x,tz), (y,ty). The aforementioned bounds on the difference operators suffice to deduce
Theorem [2.7] from Theorem [2.T} namely they suffice to control the terms 4;,1 < i < 6.

Lemma 4.1. (closeness in dg; implies closeness of mixed moments, bounded case) Let
X1,...X4, X1, ..., X} be random variables such that

dBL<(X1, ...,X4), (X{, ,Xi)) S a,

where o > 0. Assume that there exists L € [1,00) such that | X;|,|X}| < L foralli =1, ...4.
Then for all non-negative integers p1, p2, ps, p4 With ¢ = p1 + p2 + ps + p4 > 0 it is the case
that

[ETL_, X7 — ETLL, X

< 2qL%.
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Proof. If o = 0, the distribution of (X3, ..., X4) coincides with that of (X7{,...,X}) and the
bound holds trivially. We thus assume henceforth o > 0. The goal is to control |[EII}_, XP* —
ETIL, X;"*| via a judicious choice of a Lipschitz function on R*.

To this end, define f : [~L,L]* — R by f(s,t,u,v) = sP1tP2yP3¢yP+ and observe that f
is continuous and hence Lipschitz on the bounded domain [—L, L]*. By the Kirszbraun
extension theorem we may extend f to a function f on all of R* in such a way that the
extension f preserves the Lipschitz norm of f, which we assert is bounded by 2¢L?~*.

Indeed, by the mean value theorem for multivariate functions, we have

[F(s) = FOI < [Vl - lls = 2,

where s,t € R*. The supremum of each partial derivative of f is at most ¢L?!, hence
[V fll <2¢L%', whence our assertion. Now note that |f| is bounded by L and define the
truncated function gr« by

—L? ifex < —L4
gre(z) =< x if —LI<xz<L
L ifx> LY.

Then g« is Lipschitz with Lipschitz constant 1. Define the function qu ‘= (ra O f and note
that fr« is Lipschitz with Lipschitz constant bounded by 2¢L971, it is bounded by L9 and its
restriction to [-L, L]* is identical to f. The function fr./max(2¢L9~1, L) is thus in BL(R?)
and

[T, X7 — T, X

= |E fra (X1, oo, Xa) — fra (X1, ., X3)|
<max(2¢L ", L) - dpr (X1, ..., X4), (X7, ..., X})).

The proof is complete upon bounding max(2¢L4~*, L9) by 2qL4. O

We obtain a similar result for unbounded random variables having a (¢ + 1)-moment,
though the difference in products of moments is only with precision proportional to o'/ (¢+1),
which is a loss in accuracy as typically « € (0,1).

Lemma 4.2. (closeness in dg, implies closeness of mixed moments, unbounded case) Let
X1,..X4, X1, ..., X} be random variables such that

dBL((Xla "'7X4)’ (X{77X4/1)) < «,

with 0 < o < 2. Assume that there exists M > 0 and q € N such that E|X;|7"! E|X][|9" < M
for allv =1,...,4. Then for all non-negative integers p1, ps, P3, P4 With p1 + p2 + p3s + ps = q,
it is the case that

ETTL, XP — ETIL, XP| < (36¢ + 16) max(1, Mo/ ) /a3D),

Proof. The case a = 0 is trivial and we assume henceforth a > 0. We deduce this from
Lemma Forall L > 1 and ¢ =1,...,4, define the truncated variable X, ; := X, - 1(]X;| <
L), and similarly for XZ(. The exact value of L will be chosen later.

We start by showing that

16M

dBL((Xl,La ...,X4’L), (X{,Lv ""XA/l,L)) < m + «
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Let f be a bounded Lipschitz function with Lipschitz coefficient bounded by 1. Then we
have

[Ef(X1,... X4) —Ef( X110, Xa,1)|

4
<E ](f(XI, o Xa) = F(Xugs o Xan) - (n;*_11<xi| <y Jix) > L}))\

) =1
<E ’(f(Xl, o Xa) = f(X1n, X)) - 1(U{\Xi| > L})’

4 9 4 g1 8M
<2- () _P(Xi| > 1)) < Lat1 DB < La+1”

i=1 i=1

where the third to last inequality uses that |f| is bounded by 1. The same bound holds
for |E f(X{,...,X4) —Ef(X] ;,..., X} ;)| and the bound on the dp/, distance of the truncated
versions follows. 7 7

We now use Lemma on the truncated versions X; ;, and X; ;. This yields

16 M
s2qu~(6 +oz)

4 i 4 i
|EHi=1X£L - EHi:le{iDL Ta+l

As a next step, we extend this bound to the untruncated variables. In particular, we
want to show that

. . 16M  32qM
[EIT, X7 — ETIL, X7 < == + 221250 4 9gL9a.
L L
Note that it suffices to show that
. . 8M
E ML X7~ I XPy | <

L
and the same for X;, X] ;. We only prove the bound for X;, as the one for X follows by

identical methods.
We have

E X7 X5 X5 XY — XY XD X5 X0
= B X7 X7 X7 (X0 — XUT) + X7 X7 (X3 — X3 )X
+ X7 (X5? — X575 ) X35 X0 + (X7 — XT) X5 X35 XA |
It thus suffices to show that

2M
E|(XP - X7 XP XXy < 2 4.1)

This can be checked as follows. The Holder and Markov inequalities imply that

E|(X} = XD} X5 XX < 2B (X 11X 2 L) - [Xal| Xal [ Xl
< 2P(X1] = L)V (B X/ o)

1
< 2(E |X1‘q+1)1/(q+1)f M/ (gt
oM
=5
where we use P(|X;| > L) < E|X; |97 /L9 and p; + p2 + p3 + ps = ¢q. We thus deduced
. . 16M 2gM
ET_, XP — ETI}, XP| < 6T + 3% +2qL%.
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M)l/q"—l 2)1/q+1

If M > 1, weset L = (2 , else, we choose L = (2 . In both cases, L > 1 as
required. Bounding 2¢/(¢*1) by 2 and 2~ /(¢+1) by 1, we get, if M > 1,

[EIIL_ XP — EII} X/P*| < (36 + 16) M9/ (@D g1/ (at1)

and if M <1,
|ET, X7 — ETIL, X/P*| < (36q + 16)at/(4FD),
This concludes the proof. O
Lemma 4.3. (localization of mixed moments of scores) Assume the score £ : (X x R x M) x
N — R satisfies BL(0,0') space-time localization on (X,d,v) x (R,u) as in Def. with
short-range scores (£I"),¢, (£¢*))ser and functions 1 and ¢.
Then for any A; C {(#1,%2,), ..., (24, t2,), (z,t2), (y,t,)} € X xR, withi = 1,...,4, and any

non-negative integers p1, p2, ps, p4 such that p; + ps + ps +p4s = p — 1 > 0, we have for any
r>0

[ETL_ &((2is ey, M), P U AP — BTN 67 (24,2, ML), PU AP < Cp(r)/P - (4.2)
and s € R

|EH3=1§((ZL7 th Mzi)’ 75 U Ai)pi - EH?:lg(S)((Z% tzm Mzi)’ 75 U Al)pl < CP¢(S)1/p7 (43)

where C, = (36p — 20) (M ) P~1/P.

Proof. Inequalities (4.2) and (£.3) follow immediately from Lemma [4.2|with ¢ = p — 1 using
the assumptions on ¢ and the short-range scores ¢! and £€(¢). When |€] < M, we can apply
Lemma directly. Indeed, by the argument in Remark in Section we can assume
without loss of generality that ¢["l and £(®) are also bounded in absolute value by M and so
Lemma [4.7]is applicable. 0

Lemma 4.4. (localization of mixed moments of first and second order difference operators)
Assume the score £ : (X x R x M) x N — R satisfies BL(0,6’) space-time localization on
(X,d,v) x (R, ) as in Def. with short-range scores (£['),50, (£))scr and functions v
and ¢. Put C), = (36p — 20)(M; )*~1)/? forp € N.

(i) For all non-negative integers pi,ps2,ps,ps satisfying p1 + p2 + ps + pa = p —
1 > 0, there is a constant ¢ > (0 depending only on p such that for all
(21,t2), (22,t2,), (23,125 ), (24, t2,), (2,t;) € X x R and for allr > 0

A ~ Dpi
wp [ (Do, S 10, PUAD)
Aic{(ZI"till)V..;l(Z(l’tz‘L)}’

DPi

— BT (D a7 (i ey M), PUAD)) | < eCpi(r) 7

and for all s € R

~ ~ pi
sSup ‘EH?_l (D(m,tx7Mx)§((Zi7tZivMzi)»PUAi)))
-A'ic{(zl7ltz11)7~--;1(z4;t24)}a
i=1,...,

Pi

BT (Do i€ (31,1 M), PUAD)) | < eCp(s).
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(ii) For all non-negative integers p1, p2, p3, p4 Satisfying p1 + p2 + ps + ps = p — 1, there is
a constant ¢ > 0 depending only on p such that for all (z1,t,), (22,t2,), (23,tz5), (24,t2,),
(x,tz), (y,ty) € X x Rand allr >0

: a ~ Pi
sup ‘EHf_l (D((z?tzJWI),(y’ty’My)g((Zi,tzﬂ ) PuU Az)))
'A'ic{(zl7ltz11),...;1(z4,tz4)},
i=1,...,

A~ Di

0L (D, i €11 130, P U A | < e

and for all s € R

sup ‘EH?_I (Dgi)t M), (ysty, M. )f((zi,tzn =) PU A )))pl
Al tey oo (asten)} T

i=1,..., 4

~ Pi
—ETTL (DE?MM)(%%M V& (2,2, M), P U AZ-))) ‘ScCqu(s)l/p.

Proof. This follows from Lemma [4.3|upon writing out each difference operator and express-
ing the resulting products as sums of differences of the kind appearing in the statement of
Lemma[4.3]and then using the triangle inequality. O

From here on, we use ¢ > 0 to denote a scalar which does not depend on (z,t,), £, X,
W, or anything else chosen in the setup of Theorem It may depend on the parameter
p, and nothing else. From this point onward, we choose p = 5.

Lemma 4.5. (fourth moment bounds for first order difference operators applied to H) Let
¢ : (X xRxM)xN — R be a score function satisfying BL(50, 50) -space-time localization on
(X,d,v) x (R, ) as in Def. (2.3 - with functions i, ¢. Then there is a constant ¢ > 0 such that
forall (z,t;) € X xR,

E [(Dio,ta a1 H)*] < cCs5Ty x (55) (&) ¢ (d(z, W) /0 (t,) /0.

Proof of Lemma To ease the notation, we prove the result for unmarked Poisson points
and then indicate the minor changes needed for the marked case. Recall that P is a Poisson
point process on X with intensity v.

We start by noting that

D(z,tm)H = 1(‘T € W)g((l‘,tw),'P) + Z D(a:t )6((2 tz)77?)'
(z,t.)EPN(W XR)

For any z € X, we have

E(D(z)H)* (4.4)

=E<Hweﬂﬂﬂuimﬂﬂ+ ) D@Hg«aumpﬂ

(2,t.)EPN(W XR)

4
< 81(x € W)EE((w,t,), P)* + 8E ( 3 D(zmg((z,tz),m) : (4.5)

(z,t2)EPN(W XR)

Step 1. We consider the first term in (4.5). Note that for s = t,, we have

5(5)((xvtr)ap) =0,
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by the properties of £(*). In particular, using Lemma With s = t,, we deduce that

[E&((,ta), P)*| = [E&((2,ta), P)* — EE") (2, t0), P)*|
S C5¢(t:r)1/5'

Moreover, recalling ¢ (0) = 2, we have
1(z € Wi) < ¢(d(z, W))/4(0).
It follows that the first term in is bounded by
cCsp(te) Y2 (d(z, W)). (4.6)

Step 2. We expand the second term into the sum of five sums, depending on whether points
(21,t2), (22,t2,), (23, t23), (24,t2,) € P coincide or not and then apply the Mecke formula to
each sum. We obtain

4
E Z D(w,tr)g((zvt2)7p> (47)
(z,t2)€ePNW xR
= I1(4) + 415(3,1) + 31(2,2) + 6I5(2,1,1) + I,(1,1,1,1),

where forany ¢ € {1,...,4}, we let py, ..., p; be non-negative integers such that p; +...4+p; =
4 and define

I((ph ~-~7pl) = / E [HleD(I,tI)g((zhtzi)aP u {(Z17 tzl)a RN (thzz)});ﬂi}
(W xR)¢

(v @ p)(dz1,dty,) ... (v & p)(dze, dt,,).
We need to show that I;(py, ..., p¢) is bounded by a constant times

1 1

C5(Tul(55) (Tol(55)) (W) (1,)

for ¢, p1, ..., p¢ as above. We introduce the simplified notation

Zy = {(Zlatm)? ceey (Zé’tzl’«)}
as well as

& = &((zi,t,), PaUze),

and similarly for fy].
We now specify a value of the short-range parameter » which ensures that the product
Hlewa)glm vanishes. Defining

r:=max(d(z, z1),...,d(z, 2¢)), (4.8)

which is strictly positive almost everywhere, we guarantee that HleD(z’tI)fy] vanishes.
Indeed, say that the maximum is realized at the index imyay, with » = d(z, z;__ ). Then

Dot )€ = Dot )€ (s L) (P U 0) N (By(20) X R))

= & ((Zimas i)+ (P U2 U{(2,82)}) 0 (Br(2ip) X R))

= € ((Ziaes i) (P U 20) 0 (Br (i) X R))
=0,
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since the ball B,(z;,,,) is open and thus both short-range scores are evaluated on exactly
the same point set. Hence we have

ETE_y (Deen&)” | = [ETH_) (Do i)&)” = BTy (Do €)™ |-

By Lemma (i), we deduce that for all ¢ € {1, ...,4}

[T (Diaey &)™ | < eCsup(r)'7”, (4.9)
with r := max(d(z, z1), . ..,d(z, z¢)). Likewise we put
s=max(tz,, s bz, te)

and note that the product HleD(mz)fi(s) vanishes. Indeed, if the maximum is realized as
s =1, then

f(s)((zi,tzi),P Uz, U A) =1(t,, < 3)5(5)((zi,tzi), (PUzyUA)N (X x (—o0, s)) =0,

where A € {{(x,t,)},0}. Hence D(r,tm)gi(S) = 0 and the product vanishes. If the maximum is
realized as s = t,, then for any i € {1,...,¢}

€8) ((23,t2,), P Uz U{(7,t2)})
=1(t:, < to)6") ((21,t2,), (P Uz U{(2,t:)}) N (X x (—00,t,)))
= 1(ts, < ta)€") ((2i,t2,), (P Uzg) N (X X (=00, 1,)))
= €0 ((25,t2,), P Uzy),

and hence D(w,tl,){i(s) =0.
By Lemma[4.4] (i), we deduce that for all £ € {1,...,4}

BT (Diaiy&)™ | < cCso(s)'/?, (4.10)

with s = max(t,,, ..., tz,, t-). Hence (@.9) and (Z:10) yield

[ETI_ (Do,e,)&)™| < eCsmin(y(r)'/?, ¢(s)'/) < cCsp(r) /0 (s) /1. (4.11)

Now note that
d(x, W) <r =max(d(z,21),...,d(x, z)).

Indeed, if x € W, then d(z,W) = 0 and the inequality holds trivially. If x ¢ W, then
d(xz,W) = inf,ew d(z,z) < r. The non-increasing property of ¢) and ¢ and the simple in-
equality ¥ (max(a1, ..., ax)) = min;<x ¥ (a;) < Higk(q/z(ai))l/k holding for any a4, as, ...,ar > 0
and k£ € N implies that for our specific choice of r > 0

P(r) < p(d(z, 20)) YD L (d (@, 20)) YD p(d(x, W)Y EED (4.12)
and similarly for our choice of s > 0

Bs) < d(tz,) D ()Y (1) Y. (4.13)
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Thus

If(plv s 7pl)

= /(W o |E (D))" oo (D)) |(v @ p)(dz,dts, ) ... (v @ p)(dz, dt.,)
X

IN

CC5’I/)(d(x, W)) 10(34—1) (;5(151) 1o(z1+1) / Hf:ﬂb(d(w, Zz)) 10(/,14—1) V(d21) L. I/(dzz)
we
/ Hf:1¢(tzl) 10(21+1) M(dtzl) cee :u’(dtzi)
RI{

L
= cCs¢(d(x, W))1o(e+1>¢( )1o(z+1) (/ P(d(z, Zl))10(2+1)y (dz1) ) (/ o(t. 10(1+1)M(dtzl)>

< cCsly () 1s( ) b (d(, W) 00D (1) 001 (4.14)

where we recall the definitions of and I, and Iy, at and (2.6), respectively. This
concludes the proof of the unmarked version.

The proof of the marked version necessitates the following changes. We attach random
marks M, ,M.,, M,,, M., to the respective points zy, ..., 24 as well as marks M, M, to points
x and y. The expansion of E (D, ¢, ) H )* via the Mecke formula goes through, provided
all expectations here and subsequently are understood to denote expectations with respect
to these marks as well as the Poisson point process. The choice of the radius r is unchanged
and the proof goes through mutatis mutandis. 0

Lemma 4.6. (fourth moment bounds for second order difference operators applied to H)
Let{ : (X xRxM) x N — R be a score function satisfying BL (s, g5 ) -space-time localization

n (X,d,v) x (R, p) as in Def. 2.3 with functions i, ¢. Then there is a constant ¢ > 0 such
that for all (z,t,), (y,ty) € X xR,

1 4
E [(Dgi?tz,Mz),(y,ty,My)H) } < CCSIwX(GO) I¢(60)

/
X (d(xz’ y>>1 " W) ()00,

Proof of Lemmal4.6l As in the proof of Lemma we first prove the result for unmarked
Poisson points, as only minor changes are needed for the marked case. As in Lemma 5.2 of
[21], a computation shows that for all (z,t,), (y,t,) € X xR

Dy g =1 € W)Dar)£((w:1,). P) + 1w € W) Dy, 8((2, 1), P)
(2)
* Z D(Ltm),(y,ty)g((zatz),P).

(2,t.)EPNW xR

It follows that
4 4
E(D() ) i H)' < 3° [1(3, € W)E (Dot &((y: 1), P))" + 1w € W)E (Dye, (2, t2), P))

+E( > Dﬁ?t (i) S (212), 7’))4]- (4.15)

(z,t.)ePNW xR

We now show that each term on the right-hand side is bounded by

1/6
e (D) s a1 ) 0,0
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for some c large enough.
Step 1. For the first term in (Z.15), note that by (Z.9) with ¢ = 1 and p; = 4 in the proof of
Lemma [4.5] we have

E (Dai)&((y:,),P)) 1y € W) < eCsp(d(,y) Y51y € W).

Given y € W, it holds that max{d(z, W), 1d(z,y)} < d(z,y), and hence the decreasing
property of ¢ implies

d(z,y)\ "
> .

b(d(x, )" < p(d(a, W)Yy <
We also have

E (Daiy((y,1,), P)) 1y € W) < cCs(t,))00(t,)) /10,

which holds by (@.10) and (£.13) with £ = 1. Combining the last two displays and again
using the decreasing property of ¢ and vy gives

1/20
4 d(x,y
E (Dl P)) 100 € W) < vt W) (D5 ) T o0, 000,12
By boundedness of i) and ¢, we can respectively decrease the exponents to 1/60 at the
cost of introducing a multiplicative constant c. The second term in (4.15) can be treated in
the same way.

Step 2. To treat the last term in (@.15), we expand it and apply the Mecke formula to each
sum to obtain the analog of (£.7), namely

E ( Z D((i?tz),(y,ty)f((zatz),p))4

(z,t.)EPNW xR
< J1(4) +4J2(3,1) + 3J2(2,2) + 6J5(2,1,1) + Ju(1,1,1,1) (4.16)

where

2 Di
BN, (DX, o &0t P UL 1), s (2, 82)D))

(v @ p)(dzy, dty,)...(v @ p)(dze, dts, ).

Jo(p1, ... o) ;:/

(W xR)¢

The sequence of simple identities

D7(12,1)1£(w5 X) = 5(’LU, X U {uﬂ U}) - f(wa X U {u}) - g(wv X U {U}) - §(w7 X) (417)
= Dy§(w,x U{v}) — Du&(z,x)
= va(w, X U {U}) - va(wa X)v
hold for any u, v, w € X x R and any locally finite set y C X x R, and hence
(2) r _
D(w,tl,),(wy)'f[ l(z,t.),PUA) =0

when we choose the radius r as

r = max(d(z, 2),d(y, 2))-
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To show the bounds on the terms Jy(p1, ..., p¢), we proceed as in the proof of Lemma
and take positive reals pq,...,p, such that p; + ...+ p, = 4 and ¢ < 4. Recall the shorthand
& = E((2is ), PU{(21,t2), .-, (20, t2,)}). We want to show

Jo(p1, ..y pe) < cCs IPff(Iw,X(Fl())l ~I¢($)l)

1/60
v (d(g;,y)> qp(d(x,W))l/GO d(t) 10 (t,) /10, (4.18)

Define the radius r to be

r:= max{d(z, 21),d(y,21),...,d(x, z¢),d(y, z¢) } (4.19)
Note that ) . @ .
2 T 2 vl
Pl win® - Dl e =0

since at least one of the terms in the product will vanish. It follows that

[ETE_L (DG, ) ()" = [ETIL (D) &) =B (DX &)

(I,tw),(y,ty

S CC5¢(T)1/57

by Lemma [4.4] (ii). Note that by the triangle inequality
1 1
id(xv y) < 5 (d(xv Zl) + d(yv Zl)) <,

and moreover
d(z, W) < d(z,2z1) <,

since z; € W. It follows that

d(z,y) 1/(€+2)
Y(r) < cCsyp <2’y) V(d(z, W)l/(£+2)Hf:1¢(d(m, Zi))l/(l+2)

and hence

|EHf:l (D(Z) ) (yﬁty)fi)pi

(@,ta),

1/30
< cCsth <d(”2’y)) b(d(a, WO h(d(x, )/, (4.20)

Next, we put
s=max(t,, ..., tz,, bz, ty).
Note that £(=:)((z;,t..),x) = 0 for any locally finite point set y C X x R and hence
2

t..
(a;,tz),(y,ty)§§ -} Moreover,
Dia, € ((2,12),x U {(w:1)}) = Do €7 (2, 12),)
for any set x C X x R, therefore

(2) (ty) _
D(z,tz),(y,ty)fi v =0,

oty

and by the same reasoning D(i) Wy ty)gi(t”) -0.
As in the proof of Lemma using Lemma [4.4] we derive that for all £ < 4

< cCsp(s)/®
< cCsp(ts) /0 p(t,) 30 b(te) 30 g(2,) V0. (4.21)

|E Hle (Dg?tm),(y,ty)&)pi
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We conclude that [ETT{_ (Dgz)t ) (ot )fl) '| is bounded by the minimum of the right-hand
sides of (£.20) and (]lef[) 'As before, using that the minimum is bounded by the product of
the square roots, this gives

BT (D) ) 6)"

1/60
< oot (5, ) 0(e0) ot O 0) VT )

We conclude that for any ¢ € {1, ...,4}

d(z,y) 100 1/60 1/60 1/60
Je(p17-~7p£)<005¢( 5 ) (d(w, W) (1) C(t,)

/( : I (d(, 20) YOI p(t.,) (v @ p) (dz, dtsy)...(v @ p)(dze, dt,)
W xR)¢
< cCs(Ty x(g5))" - (Zo(g5))"

d(z,y) /60 1/60 1/60 1/60
o (BE) T e, W) P,

where the last inequality follows by Fubini’s theorem and by the quantities defined in (2:5)
and (2.6). This gives (4.18) and concludes the proof. O

We are now ready to prove our main theorem.
Proof of Theorem[2. 7. We first need to show that E H? < oo and that Dy .+, m,)H is square-
integrable. By Lemma [£.5] we have
[ B (Paisny 1) (v ()
X xR
e(M5 x)"* Ty, x (55)°Zo(55)°

/ B(d(, W)Y (d) / O(ta) /O u(dt).
X R

This is finite, since M§7X, Ty x (240) I¢(120) and G /19 are all finite.
To show that E H? < oo, we use Remark which establishes that E |H| < oo, and the
Poincaré inequality (see e.g. Theorem 10 in [23]]) by which we have

EH% < (E|H|)?+ /X E (Do ) (8 ) da ) < o0
X

We now proceed to bound the terms 4, ...,4%s in Theorem with X in that theorem
set to be X x R, equipped with the measure v ® u, where p accounts for the extra space
R. We use the version of Theorem[2.7] as detailed in Remark[2.2] which means in particular
that the term 4y is zero. Put

A= CC5Iw’X(6flo)4 Id)(%)zl
Plugging the bounds from Lemmas and [£.6]into the term 44, we get
d(CC y) 1/240 .
meea( [ ([ w(52) T pln ) st
xxR \JXxR —_—

<2

o(t,) 1 120(1,) 10 & 1) (dy, dty») (v ® ) (de, dm)

1/2
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We now use the definitions of Z,, x (¢) and Z,(¢) at and (2.6) to infer

N < CCQ/QLZJ,X(%)S 'I¢(ﬁ)7/2G1ﬁQov

where

Gyi= [ wld(e. W) wlde).

The term 4, satisfies

. 1/120
mea([ ([ wo(T52) ety
1/2

2
¢<ty>1/120¢<tz>1/12°<v®u><dy,dty>) <v®u><dx,dtz>) ,

and hence
. 1/2 1/2
Ho < eC5" Ty x (1) To(h5) /2 G1y.

For the term 43, we get
43 < cCj 34 Ty, X(%) 'I¢(ﬁ)4G3/2007

whereas
1/2
Fa < eCy P Ty x (F5)% - Ty(35)7/7 G 2,

For 75, we find

1/60
3 < cA1/2< /(X Y (d(ﬁy)) (d(w, W)

1/2
B(t)" ()Y (v @ ) (dy, dty) (v @ p)(da, dtx)> /
whence
¥s < eC Ty x ()72 Told5) *Gya
and for 44 we have
Yo < 0051/21%)((%)5/2 'I¢(1§0)3G15600
Collecting terms and taking the variance prefactors into account, as in Remark[2.2] the

bound for dx (H*EH , N) is thus given by

vV VarH
H-EH 1/2 13\3 7/2~1/2 1
" <W’N> ) 'I¢( o) G1/120 VarH
whereas for the Wasserstein distance we get
H—-EH 1/2 143 L vtz 1
dw (WN> < 05" Ty x(3m0)”  Lo(am0) " “Cryso ey
+CCJ/4Iw X ( ) I¢( ) G3/200 1 .
50 200 VarH3/2
This concludes the proof of Theorem [2.7} O
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5 BL-localizing statistics in space

BL-localized statistics appear in a wide range of stochastic spatial models. Here we deduce
from our main results quantitative CLT’s for local U-statistics in metric measure spaces,
as well as quantitative CLT’s for Poisson functionals expressible as a sum of stabilizing
scores in hyperbolic space. Statistics which do not satisfy stopping set stabilization may
nonetheless localize in space, putting them within the scope of our general results. This
includes statistics of interacting diffusions on random spatial graphs in R< [9]. This section
discusses these examples in more detail.

5.1 Local U-statistics on the Poisson space

We establish rates of normal convergence for general local U-statistics of Poisson point pro-
cesses on general metric spaces. Local U-statistics with deterministic radii include, among
others, statistics of the random geometric graph, such as total (weighted) edge-lengths,
simplex counts, and number of isolated points. CLTs in previous works often involved con-
siderable effort or were limited in scope. Theorem |5.1} a simple consequence of our main
results, allows one to show proximity bounds to the normal almost effortlessly in general
metric spaces.

Theorem 5.1. (normal approximation of local U-statistics on metric measure spaces) Let
(X,d,v) be a metric measure space with o-finite measure v and metric d. Fix § > 0 and a
function fs : X* x M — R such that fs((x1,my,),. .., (2K, ms,)) = 0 whenever max(d(z;, ;) :
i,je{l,...,k}) >4d. Let W C X with v(W) < co. We put

cs := sup v(Bas(2)).
reX

and assume that ¢s < oo. Let (M,Q) be a space of marks and P a Poisson measure of
intensity v ® Q on X x M. For x € W and m, € M, we define

f((%Mx)»ﬁ) = Z fzs((x»Ma?)a(xlale)a"'7(*’L‘kflaMzk71))v
(@1,ezi—1)€(P\{a !

where (P \ {x})’;_l denotes the set of (k — 1)-tuples of distinct points in P \ {z}. We define
the local U-statistic

H:= Y &((z,M,),P),

zePNW

where M, is the independent mark associated to x € P. Then H satisfies the bounds

H-EH (v(W) + v(Ws))/?
< £)2/5 3
K ( VVarH ’N) < o(Mg)™" max(1, cs) VarH

and

W) + v(Ws))'/?
VarH

H—-EH £\2/5 5 ((
—— <
dy ( TVarll ,N> < e(Mg)*° max(1, c5)

sv(W) +v(Ws)

£\3/5
+ C(M5) maX(l,Ca) (VarH)3/2 )

where Ws = {zx € X \ W : d(x,W) < 6} and

M§ :=max(1, sup E|§((Z,Mz),75UA)|5)~

z€X
ACX,|A|<6
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Remark. Proximity bounds to the normal have already been established in [33]], in a com-
parable set-up, albeit only with respect to the Wasserstein distance. Here we obtain normal
approximation bounds in both the Wasserstein and Kolmogorov distance as a consequence
of the space version of Corollary Our set-up is optimized to treat the case where ¢ does
not depend on W, and hence M; and c; are also independent of W, giving Berry-Esseen
bounds for H whenever VarH is of the order v(W).

Proof. We deduce this from Corollary We show BL(#)-space localization for any 6 > 0.
We take the short-range score £[] to be

0 ifr<é
(M5 o) .=
@R {g(i,xﬂBr(x)xM) else.

The scores £((z, M.), %) and £"((z, M), }) coincide if r € [§,00) and hence the 5th moment
of ¢["l((z, M), %) is bounded by Ms. Recalling that the dp; distance is bounded by 2, we
have

dpr ((60(zi, M2), PAUA)) - (6720 ML), PAUAY) ) < 21(r < 6).

() IRREE

Put ¢(r) := 21(r < ¢). Then for any 6 > 0

0
Sup/ P (d(a;,z)) v(dz) = 2% sup v(Bas(z)) = 2%¢5 < oo,
reX JX reX

which yields Cy, Cx < cmax(1,c}). As for G, for some ¢ > 0, we have

G, = 290(W) + /X | L) < () = 2V 4 ().

This concludes the proof. O

5.2 Stabilization and localization in hyperbolic space

In this section we deduce from the space version of Corollary good Poincaré bounds
for localizing functionals in hyperbolic space. Prior attempts to establish either quanti-
tative or qualitative CLTS for such functionals sometimes involved mapping the problem
to Euclidean space [[15]. This involved considerable technical analysis. Here we bypass
the need for such mappings and directly obtain quantitative CLT’s via Corollary In
works like [|34]], the Malliavin-Stein method is used to derive a CLT in hyperbolic space, but
it necessitates bounding add-one cost operators directly, which is usually more involved
than computing bounds for score functions. In our work, it is enough to show that score
functions stabilize or localize.

Theorem 5.2. (normal approximation for sums of localizing score functions in hyperbolic
space) Denote by H¢ the d-dimensional hyperbolic space of curvature —1 and v its standard
Riemannian measure. For any A > 1, let Wy C X, C H? with either Wy = X or Wy =
B(p, \) for a fixed point p € H¢ and arbitrary X, C H? containing Wy. Let Py be a Poisson
measure on X of intensity v and P, its marked version. Let&: (Xx xM) x Nx,xm — R be
a score function on the marked space domain X, x M and define

H}\ = Z 6((27Mz)7ﬁ)\)'
zE€PANW

1

Assume that the score § satisfies BL (55

that

)-localization in space uniformly over X > 1 such
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(i) the function ¢ can be written as 1 (r) = min(2,exp(—7(r))), where 7 : R — R is such

that
lim inf 7(r)

—— > 1. 1
r—oo 240(d — 1)r ~ -1

(ii) the moments M§7X>\ satisfy

sup MéxA < oo.
A>1

Then there is a constant C > 0 such that for any A\ > 1

H\, —EH, v(Wy)1/?
2 N | <C—="— 5.2
K ( VarH, ) = VarH, (5.2)
and "
H)\ — EH,\ Z/(W,\) V(W,\)
—— - N | <C C . 5.3
v < v/ VarH)y ) VarH ) + VarH3/? (5-3)

A

Remark. If ¢ admits a radius of stabilization R¢ as defined in Remark of Subsec-
tion then it suffices that R satisfies the tails bounds (2:22) with (r) = exp(—7(r)) as
above and BL(555)-localization follows.

We now provide some background on hyperbolic space and then prove Theorem [5.2]
Recall that d-dimensional hyperbolic space H? is the unique simply connected Riemannian
manifold of constant sectional curvature —1. Let dya(.,.) denote the corresponding Rie-
mannian metric and v the Riemannian volume. We refer to [11} |32] [17]] for further details.
Throughout this section, we fix p € #? as an arbitrarily chosen fixed point of #?. For any

r € H? and any r > 0, the volume of the ball B,(z) centered at = and of radius r is
T
v(By(x)) = dlid/ sinh® ™! (u)du,
0

see e.g. [[32, Eq. (3.26)]. There are constants v4, 'y > 0 such that

o ga
where Rd = m,

'yder(d_l) <v(B.(x)) < FdeT(d_l), r>2 (5.4)

as shown e.g. in [27, Lemma 4].
Moreover by [[13] pages 123-125], the following integration formula in polar coordinates
holds:

f(@)v(dz) = dkg / / b sinh® ™" (u) f (exp, (uwv))du o, (dv), (5.5)
Hd Sd—l(p) 0

where S97!(z) is the (d — 1)-dimensional unit sphere in the tangent space T, H% of H¢
at z and o, is the normalized spherical Lebesgue measure on S?~!(z) C T,H?. The map
exp, : T,H* — H? from the tangent space to hyperbolic space denotes the exponential map.
By the nature of the construction, the point exp, (uv) is the point in % which is reached
when traveling a distance u from x along a geodesic ray in the direction of v € S%71(x).
Hence d(exp,(uv),x) = u. See [13, pages 123-125] for further details.

Proof of Theorem[5.2l We use Corollary and need to show that the terms Z,, Xx(ﬁ)'
and thus Cy and Cg, are bounded by constants independent of A and that G, can be
bounded by a constant multiple of »(W),). We start by giving a bound on Z, x, (¢) with
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0= Ti()' Fix z € H¢ and introduce hyperbolic spherical coordinates as in (5.5):
d(exp, (uwv), x)

0 =dr C>Csind*lu AT duory (dv
[ vttt =ang [ [ it (R o,
= dnd/o sinh™! (u) exp(—0 7(u/2))du
< 9-dHlg. /OO exp(—07(u/2) + (d — 1)u)du
0

= 2‘d+2dmd/ exp(—07(s) +2(d—1)s)ds
0
< 0

where the last line follows because of (5.1) together with § = 1/240. The last line is inde-

pendent of the choice of z € H?, and hence T x, (/) is uniformly bounded. It remains to

show a bound on G, with ¢ = 1; or ¢ = 53;. Recall that

Gq =2 (W) +/X w Y(dya(x, Wy))w(dz).

If Wy = X,, there is nothing to show. We will now deal with the case W) = B(p,\).
Introducing hyperbolic coordinates centered at p (see (5.5)), we get

/ W(dnga (2, W) 0 (dar) = / W(daga (2, p) — \)Tw(dz)
HAAWA

HA\W

= dl‘ﬁd/ /00 sinh® ™ ()9 (dya (exp,(uv),p) — \)tduo,(dv)
S4=1(p) A

= dnd/ sinh™! (u)ep(u — N)?du,
A

where the first equality follows because W) = B(p, A) and the second equality follows from
the fact that expp(uv) is exactly the point reached from p when traveling a distance v along
a geodesic ray in the direction of v. Now note that sinh(z) < e* for > 0 and we get

oo
/ (dya(x, W) v (dz) < dmd/ eld=Dug=ar(u=2) gy,
HA\W, A

— drgeld=DA / old=Du—gr(w) g,
0

By condition (5.1)), the integral is finite for both ¢ = —- and ¢ = %. Moreover, since by

120
(5.4) it holds that v(W)) > v4e"(*~1), we have
/ ldoa (2, W) 0(dzx) < Co(W)
HA\W,,

for some positive constant C' > 0 independent of A. This shows that G, < Cyv(W)) for a
constant C; > 0 independent of A and concludes the proof. 0

Corollary 5.3. (normal approximation for the sum of power weighted edge lengths of the
k-nearest neighbor graph in d-dimensional hyperbolic space) We work in the setup of Theo-
rem[5.2} Let X, = Wy = B(p,\) C H? by a ball of radius A > 2 and p € H* a fixed point. Let
Py be a Poisson measure of intensity v on W and let kNN(P,) be the undirected k-nearest
neighbor graph on P,. For a > 0 we consider the sum of power weighted edge lengths

HY = Z length(e)“.
edges e€kNN(Py)

Then the functional H¢ satisfies (5.2) and with v(W)y) < Tgeld=DA,
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We make no attempt to find lower bounds for VarH, and regard this as a separate
problem for which the strategies outlined in [36[] could be useful.

Proof. Denote by Vj.(z,P,) the set of k points closest to x in P, \ {z}, or all points (except
x) if P, contains k£ or fewer points (note that this definition is valid whether or not z is in
P»). In the undirected k-nearest neighbor graph, we connect points « and y by an edge if
x € Vi(y,Py) or y € Vi(z,Py). Define the score £ as follows:

E(x, Py) = Z (31(z € Vi(y, Pr)) + 1(z ¢ Vi(y, Pa)))dya(z,y),
yEVi(x,Px)

where dy,q is the intrinsic distance in %% and « > 0. Then

HY = Z &(x,Py) = Z length(e)®.

TEPA edges e€kNN(Py)
We will apply Theorem [5.2] We need to check that

* ¢ has a radius of stabilization as (2.21) in Remark in Subsection where R¢
verifies (2.22) with a function ¢ of the type given in (5.1);

« The scores (£, (g, (with ¢ as in (28)) satisfy M, , < cc.

Define
R(.’I},P)\) = 2deN($,P>\> = 2max{d7_[d ($7y) HEAS Vk(.’IJ,P,\)}

and note that for any point sets x, x’ € Ny,, we have

(@, x) = &, (x N Bz, Rz, X)) U (X' N B(x, R(x, x)).

Indeed, the set Vi (x,x) is clearly included in B(z, R(x,x)) and does not depend on points
outside of B(x, R(x, x)), nor does it change when points are added, removed or resampled
outside of B(z, R(x,x)). To compute £(z, ), it remains to determine if, for y € Vj(z, x),
we have z € Vji(y,x N {z}) or not. Note that = is in Vi(y,x U {z}) if and only if
(x \ {y}) N B(y,dya(x,y)) contains fewer than k points. However, since y € Vi(x, ), one
has B(y,dya(x,y)) C B(z, R(z, x)), hence we conclude that the value of £(z, x) is entirely
determined by points inside B(z, R(x, X)).

Next, we give a bound for the tails of diyn(x, Py) and hence for the tails of diyn (z, Py U
A), since diyn(x,x) can only decrease when points are added to y. For all » > 0 we have

P(dinyn(x,Py) > 1) =P(|PxNB(z,r)| <k—1)
< kexp(—v(Wx N B(z,7))) max{1, v(Wy N B(z,r))*"1}
< cpexp(—v(Wy N B(zx,r))/2).
Note that if » < 4\ we have
v(Wx N B(z,r)) =v(B(p,\) N B(x,r)) > v(B(w,r/4)),

for some point w € H¢. Indeed, choose a point w lying on the geodesic between z and p
such that dya(z,w) = r/2. Then B(w,r/4) C B(z,r) and for any z € B(w,r/4), one has
dya(z,p) < dya(z,w) + dya(w,p) < r/4+ dya(z,p) — dya(z,w) < A —r/4, hence z € B(p, A)
and B(w,r/4) C B(p,A). Note that if » > 4, then P(dynyn(z,Px) > r) = 0 and there is

nothing to prove. As we are only interested in the tails of the above bound, we can assume
from here on that » > 8. Then by (5.4), we have

v(B(w,r/4)) = vaexp(r(d —1)/4)
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and hence
P(dinn(z,Py) >71) < ci exp(—’yder(d_l)/4). (5.6)

The function 7(r) := y4e"(?~1/4 —log ¢, clearly satisfies (5.1), hence by Remark () in Sec-
tion the score ¢ satisfies BL(%O)-Iocalization. To show the moment bounds on &[], note
that for r € (0, 00] and A C H?, we have the sequence of upper bounds

§(z, (PxUA) N B (2)) < > dyya (2, y)"

Y€V ((PAUA)NB,.(x))

S Z de (.T, y)a
YyEVE(PAUA)

< kdpnn (z, Pr)Y,

which follows from the following considerations:
« 31(z € Vi(y,Px)) + 1(z ¢ Vi(y,P»)) is upper bounded by 1 in the first inequality;

* one always has Vi ((PxUA)NB,(x)) C Vi (PrU.A), since either the set P\ UA) N B, (z)
already contains k points, in which case V,((P, U .A) N B.(z)) = Vi (Px U A), or the set
Py UA) N B,.(x) contains less than & points and the inclusion of sets of neighbours is
strict;

* the last inequality follows because dynn(z,Pr N A) < dinn(x,Py), which is clear
since the distance to the kth nearest neighbour can only decrease when more points
are added.

It follows that
E[€" (2, Pa U A)°) < KE [duw (, Pa)*),

which is clearly finite and bounded independently of A\ by (5.6). This finishes the proof. [

It is a simple matter to apply Theorem[5.2]to certain statistics of the random geometric
graph. We illustrate with the following example.

Corollary 5.4. (normal approximation of the number of isolated points in the random geo-
metric graph in d-dimensional hyperbolic space H®) As above, let X\ = W = B(p,\) C He
be a ball of radius A\ > 2 and p € H? a fixed point. Let Py be a Poisson measure of intensity
v on Wy. Fix p > 0. Consider the random geometric graph on P, with parameter p, that is
to say two points in P, are connected with an edge if they are at a distance at most p. A
point is isolated if it has degree zero. The number of isolated points, denoted H ), satisfies

(5.2) and (5.3) with v(Wy) < Tgeld=DA,

While rates of normal approximation in the dy, distance could be deduced from [33]],
the rate in the dx distance is new.

Proof. We may write H) as

Hy= Y &(2,Pn),

zEP

where &(z, Py) = 1 if z is isolated and zero otherwise. Put £U")(z, Py) = £(2, PANB,(2)),r > 0.
The radius of stabilization R¢ for ¢ is equal to p, i.e., the function 7(r) in (5.1I) vanishes for
r > p, that is to say ¢ satisfies BL(555)-localization in space and holds. The fifth
moment for ¢ is bounded by 1 for all r € (0, 0] and thus M;Hd < oo. It follows that H)

satisfies and (5.3) with (W) < Tgeld=DA, O
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5.3 Upgrading qualitative CLTs to quantitative CLTs: Interacting diffusions

Functionals on the Poisson space often satisfy asymptotic normality, but lack good rates.
We recall one such functional and show that it falls within the scope of our general results.
We obtain via Theorem presumably optimal rates of normal convergence for Poisson
functionals of interacting diffusions on random graphs, thus refining an existing qualitative
central limit theorem [8]] in the case of Poisson input. The lack of good rates in the literature
is a consequence of the fact that the relevant score function is not stabilizing and hence the
quantitative CLTs in [21] [5]] do not apply.

Interacting diffusions on graphs on Poisson input. By admissible graph on a locally
finite V C R? we mean either the geometric graph, the k-nearest neighbors graph, the
Voronoi tessellation, the Delaunay tessellation, or the sphere of influence graph, as defined
in Appendix A of [9]. Given a locally finite VV C R?, let G be an admissible graph on V. Let
N, be the neighborhood of v € V, i.e. set of the points in V' which are connected to v in G.
Fix a time-horizon ¢y € (1, 00).

As in [9]], consider the system of interacting R? -valued diffusions M (v, t) := M%(v,t),v €
V, t € [0,t0] defined by

dM (v, t) = b(t, M(v,t), M(N,, t))dt + o (t, M(v, t), M(Ny, £))dZ,(t), (5.7)

where Z,(-),v € V, are i.i.d. standard Brownian motions in R* ,d’ € N, and where M(N,),t) =
{M(v',t)}/~y, where v/ ~ v means that v is a neighbor of v’. Let M(v) := M(v,0) € RY v €
V, be the initial states. For paths up to time t¢;, these processes take values in the space
C(to) = C([0,to], Rd/), the path space of continuous functions on R?, equipped with the
topology of uniform convergence on compact sets. The functions b and o are the drift and
diffusion coefficients, respectively. Both b and ¢ have domain R™ x C(tg) x Nc(to), where
Nc(to) denotes the finite subsets of C(ty) [9]. The range of b is R? whereas the range of the
matrix-valued o is RY x R, The particles interact directly only with their (finite) neighbors
in the graph G.

We further assume Lipschitz conditions on b, o as spelled out in Definition 9.2 of [9] and
in Lacker et al. [[22]. When G is admissible, the Lipschitz assumption implies the existence
of a strong solution for the system of interacting diffusions, as established in [22] Theorem
3.1]. The works [22]], [8] provide a rigorous discussion of such diffusions, they include
precise assumptions, and they also address measurability issues. When the processes are
defined on the entirety of the graph G, we denote them simply as M := M. The processes
up to time ¢ are denoted by M|v, t].

Let P be a Poisson point process on R? with intensity » and consider the marked point
process P := {(z, M(x), Zs)}sep on R? x RY x C(to) with M (z) € R? the independent initial
states, assumed to be a.s. uniformly bounded. To cast statistics of interacting diffusions
in the framework of our general results, we consider for fixed ¢y > 0 real-valued score
functions of the trajectories (paths)

E(w, M(2), Z,), P) := €M9PD (@, M (), Z,), P) = h(MIP) [z, 1)) (5.8)

where h : C(tp) — R is a Lipschitz(1) function with respect to the sup-norm on C(¢y). The
measurability of ¢ with respect to P is established in the proof of Theorem 7.8 of [22] and
also in Section 9 of [8]], where dependence on t; is suppressed. Fix a window W C R¢. Then
such scores give rise to the diffusion statistics

H:= > &((z,M(x),Z),P). (5.9)

zePNW
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Note that ¢ does not satisfy stopping set stabilization. For all » > 0, define the short-range
score ¢! by

(@, M(x), Zy), P) = €MIPOBED (2, M(2), Z,), P 0 Br ().

Corollary 5.5. (normal approximation for statistics of interacting diffusions) Let P =
{(z,M(x),Z,)} be as above, with M (x) independent initial states which are a.s. uniformly
bounded and Z, independent standard Brownian motions, and let G = G(-,~) be an admis-
sible graph on P. Let M = M9P) be the system of interacting diffusions as in (5.7) on
G with diffusion coefficients b, o satisfying the Lipschitz assumption of [22]]. If £ satisfies
MéRd < 0o, then H satisfies the bounds at and (2.10).

Proof. We will deduce this from Corollary Put X = R? and let the space of marks
be M = R? x C(tp). Section 9 of [8] establishes that ¢ is BL(#)-localizing in space for all
@ > 0. This is a consequence of display (9.11) in [8]], where, letting the point set in that
display be the Poisson measure P, it is shown that the scores on P, when augmented by
any finite number of points, satisfy L? stabilization, as defined in part of Subsection
L? stabilization implies localization, as noted in Subsection In fact [8]] shows that
satisfies the ‘fast-decreasing’ property, meaning that it decays faster than any power. All
assumptions of Corollary [2.8] are satisfied and thus Corollary [5.5|follows. O

6 BL-localizing statistics in space-time

Functionals H of dynamic geometric models are expressed as sums of scores of space and
time variables in a natural way. When the time variable ranges over a bounded interval [a, b]
of R then one may apply the set-up of BL-localization in space (with a marked Poisson point
process P on X and with marks in [a,}]) and appeal to Corollary to establish normal
approximation bounds for (H — E H)/v/VarH.

However when the time variable ranges over all of R this set-up does not apply, as H
a priori is not necessarily finite as seen in Remark [2.4] Still, many functionals of interest
consist of sums of scores which localize in space and in time, as in Definition[2.3] Two prime
examples concern (i) the number of accepted particles in spatial birth-growth models with
random unbounded particle speeds in infinite time, and (ii) extreme points in Laguerre
tessellations, or equivalently, shocks in the zero-viscosity solution to the Burgers PDE with
random inital data. In the following we take the underlying space to be R, but the methods
could be extended to study growth processes on more general metric spaces.

6.1 Spatial birth-growth models

For A > 1, let W) := [- A1/, 1\1/9]? and denote by P, a Poisson process on I, x R* whose
intensity v equals Lebesgue measure. Let the generic points of P, be denoted by (z,t.).
Fix a time horizon t; € (0,00] and note that we allow t; = oo. Let 75,\ =
{(2,t2, R.)}(zt.yep, Where t. represent times at which particles arrive on the substrate
Wy at location z, and where the marks R,,z € P,, are i.i.d. random variables with val-
ues in M := (0, 00). Order the points in P, according to the increasing order of their time
coordinates, with the first point being that with the smallest time coordinate. This gives

Py = {(Zlv zis RZi)}(Zi,tzi)e’P/\ .

Let R; := R}™"" denote the random speed at which the particle (seed) at z; grows
radially in all directions, provided the seed is accepted. The acceptance rule is as follows.
The seed having smallest time coordinate is accepted and subsequently arriving seeds are
accepted if they do not belong to the union of the (growing) balls of previously Z}ccepted

seeds. A statistic of interest is Hy := Hlj\’irth'gmmh, the total number of seeds in P, which
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are accepted up to time t,. When all seeds grow with the same constant speed, then one
obtains the model of crystal growth introduced by Kolmogorov and Johnson and Mehl in the
1930’s. We do not restrict to constant speeds, and to rule out trivialities arising from seeds
with degenerate growth, we assume that particle speeds are a.s. bounded below by some
small but positive constant p,. grown-

Corollary 6.1. (normal approximation for the total number of particles accepted in birth-
growth models with unbounded random particle speeds) We assume exponential decay of
RPrvorewth “namely there is a constant C' > 0 such that

sup P(R, > r) <exp(—Cr), r > 0. (6.1)
z€ERd

Fix ty € (0,00]. Then H) satisfies the bounds

_ 1/2
di <HA EH, N)ch A

VVarH, ’ 'VarH,\
and >
H, —EH, A A
d —— N | <Cx—7~++Cyw—"—7,
W ( v VarH), > = "X VarH, * W(VarH)\)3/2

where Ci,Cy are constants depending only on d and C' > 0.

For spatial birth-growth models where particle growth speeds are governed by a deter-
ministic possibly non-linear function, the paper [35]] used dependency graph methods to
establish a quantitative CLT for the number of accepted points; the rates of normal con-
vergence in [35] have extraneous logarithmic factors. The case of unbounded and random
particle growth speeds has received scant attention even for finite time horizons. This is
due to the difficulty of controlling long-range interactions, which, to quote the authors of
[6l:

‘create[s] a causal chain of influences that seems quite difficult to study with the
currently known methods of stabilization for Gaussian approximation’.

The authors of [6] circumvent this obstacle by restricting to finite-time horizon models and
by assuming that a rejected seed could still block seeds arriving in the future, which is
arguably less realistic.

Here we remove this assumption, putting us in the framework of the classic birth-growth
models. We allow for random unbounded speeds of particle growth, infinite time horizons,
and the rates of normal approximation contain no extraneous logarithmic factors.

Birth-growth models with unbounded, random growth speeds fit neither into the frame-
work of stabilization established in [21]] nor into the set-up of [[35]]. This is because the
stabilization criteria in these papers require that adding or changing points outside the
stabilization ball has no effect on the score, whereas with unbounded growth speeds, it is
always possible that a far away point may arrive arbitrarily close to time ¢ = 0 while simul-
taneously having a very large growth speed, so that it covers the point at which the score
is calculated, thus potentially affecting the score.

Proof of Corollary[6.1] We will deduce Corollary[6.1|from Corollary[2.9|with X = W = W,.
As in [|9]], we use a graphical construction which keeps track of the spatial dependencies and
which shows that the event that a particle falls within the interaction range of previously
arrived particles depends on the local data with high enough probability to yield the desired
BL-space-time localization of scores.
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Define the score ¢Pirth-growth 54 follows:

ghirthgrowth(, ¢ P ) 75/\) _ 1 if the particle at z € W), at time ¢, is accepted
T 0 otherwise.

We often write ¢ instead of ¢Pirth-orowth — We yse Corollary to establish a quantitative
central limit theorem for

Hy = H\(Py) = > €((2,t2, R2), Py).

(z,t2)€EPN(WxXRT)

We choose ¢l and ¢(%) to be the restricted scores as at (2.8)). All scores under consideration
are bounded by 1 and thus M?$ s ra = 1. It remains to show BL(2 0 120) space-time localiza-
tion of scores. We will in fact show that ¢ satisfies BL(0,0") space-time localization for all
0,0 > 0.

BL-localization of ¢Pirth-growth i, time. Given any s > 0 and any marked set A of cardinal-
ity at most six, in view of Remark in Subsection it suffices that the L! norm of the
difference between £((z,t,, R.), PrU /l) and £¥)((z,t., R.), PrU fl) decreases exponentially
fast in s, uniformly in z and \. First, note that the score ¢ at (z,t,, R,) is only influenced by
points having smaller time coordinate. Thus for any point set y C R? x R x R* it follows
that

1(t: < 8)&((2,t2, R2),X) = L(t. < 8)E((2,t2, R2), x N (R x [0, 8] x RT)) = €9((2, L2, R.), X),
where the last equality follows by definition of ¢£(*). We have thus

El¢((2,t, Ro), PAUA) = €9((2, 1., R.), PAU A)|

= E|1(t. > 5)&((2,t2, R.), Pa U A)|

< Ell( > 5)E((2, 8, R.), Py U A)|
P(£((2,5,R.), PAUA) #0),

where the penultimate inequality follows from stochastic domination, that is to say the
probability of acceptance is non-increasing with increasing time. Given s > 0, we show

sup sup  sup  P(£((z, s, R.), Py UA) #0)

A>1zeWx ACWy xR+
decays exponentially fast in s.

If ghirth-growth (s R_) Py U.A) # 0 then the seed at time s is accepted, but this implies

P puts no points in the right circular cone centered on the time-line with apex (z,s) and
base (Wy N B,,(z)) x {0}. If sp < A, there is constant ¢ = ¢(d) such that a fraction ¢ of the
ball B;,(2) is always inside Wy and the volume of Wy N B;,(z) is lower bounded by cs?p?. If
sp > A, then a fraction ¢ = ¢/(d) of W), is always inside W N B,,(z) and the volume of the
intersection is lower bounded by ¢’ A > ¢’. There is a constant ¢’/ > 0 such that the volume of
the cone is thus lower bounded by the minimum of ¢”’s%*!p¢ and ¢"s. The probability of the
event that P does not put any points into the cone is hence upper bounded by C exp(—c"s),
for some constants ¢, C > 0.

BL-localization of ¢Pirth-growth o gpace domains 1W,. Showing that ¢Prth-arowth gatisfies

BL-space localization over the domains (W)y)x>1 is more delicate and is facilitated via a
graphical construction as in [9].

Graphical construction. For any p > 0,z € R?, we let Cyl(z,p) C R? x Rt be the right
circular cylinder B,(z) x RT.
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Define the graph GPrth-growth(py) jn Re x R+ x Rt by joining points (z;,t.,, R.,) and
(zj,tz;, R.;), t., < t.,, with a directed edge from (z;,t.,, R.,) to (2;,t.,, R.,) if (2;,t.;) €
Cyl(z;, (tz;, — t2,)R.,). This means that the point with smaller time coordinate potentially
influences the point with larger time coordinate. We extend the above definition in the
natural way to GPIrthorowth(By (j A), where A is a marked point set in R? x Rt x R* with
cardinality at most six.

Backward clusters. Given GPrth-growth ang A a marked point set in R? x Rt x R, define
C(z,t.) := C(z,t., R.) := C((2,t., R.); Py U A)

to be the backward (in time) cluster of (z,t,), i.e. (¢/,t,/,R,/) € C(z,t,, R,) if there exists
a path in G(Py U A) from (z/,t.., R./) to (z,t., R.). The cluster contains all marked points
which may potentially influence the status of a seed arriving at z. In general, the cluster
has an unbounded spatial diameter.

We first show for all (21,ts,), ..., (24, t2,), (@, ), (y, ty) € Wi X [0, %) that £PIrth-orowth gya)y.
ated at (z1,t.,, R., ) satisfies BL(6)-localization for all § > 0 provided ¢["] is chosen as the re-
stricted score as at (2.8). In view of (2.20) it suffices to show that there is a1 : [0,00) — [0, 2]
satisfying for all # > 0 and such that for any zi,...,z4,z,y € Wy and t.,,....t., , ts, t, €
R* we have uniformly in A > 1 and uniformly in A C {(21,ts,), ..., (24, t2,), (T, t), (Y, ty)}

P(g((zhtzu ) 7)>\ UA) 7& 5 ((217 215R21)775/\ UA)) < w(r)’ r>0.

Let m, := 7 with v € (0,1) a small constant to be chosen. We may assume that ¢,, < m,.
since ift,, > m, then by time-localization, both £ and ¢ [l vanish on an event with probability
exceeding 1 — e~ "', In other words

sup sup P(&((21,t2, R,), Py U .A)
AZ1 AC{(21,t21),ees(2a,t2y) s (2,82), (Yt ) }
£ (21, ., R.,), PAUA)); t., >m,) <e ™. (6.2)

Therefore it is enough to show there is a v satisfying (2.5) for all § > 0 and such that for
any z1,...,z4, %,y € Wy and t,,, ..., ts,, tz, t, € Rt we have

sup sup P(g((zlv tz1 5 RZl )7 PA U A)
AL AC{(21,tzy)yeens(Zastzy ), (m,ta), (ysty) }
# (21,12, Ray), PAUA); to, <my) < a(r). (6.3)

Diameter of the backward cluster. To show BL-localization in space, we control the
diameter of the backward (in time) clusters, extending and generalizing the approach taken
in [9]]. The diameter of the backward clusters at 21 = (z1,t,,, R.,) is given by

D(21,75>\U/l) = max ly — z1].
(y7ty)ec(zlxtz1)

The score £((21,t.,, R.,),Px U A) is determined by the restriction of PA U A to the ball
centered at z; and w1th radius equal to D(21, P\ U A) as the points in 7),\ U A outside this
ball do not contribute to the score. Thus, given t,, € (0,m,], it suffices to show for any

A g {(Zl7t21)a [EXS) (Z4vtz4)7 (gjvtl‘)7 (yvty)} that
P(D(%1,PAUA) > 1) < Cy(r), >0, (6.4)

where 1 satisfies (2.5) for all 6 > 0.
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The cylinder in R%x [0, m,.] centered at z; with radius D(2, Py Ufl) contains the backward
(in time) cluster at Z; and thus contains all marked points which may potentially determine
the score at Z;. We want to show that there is a high probability event such that conditional
on this event, the configurations of subsets of Py U A which may potentially determine the
score at 2; are contained within B,.(z1) x [0, m,] x RT. An overview of the argument goes as
follows.

Recall m, := r7 with v € (0,1) a small constant to be chosen. Recall also that we are
working in the regime ¢,, € (0,m,]. By (spatial) interaction range of a particle (z,t,, R.)
we mean the extent of spatial growth of the particle in the time interval (¢.,m,], which is
generously upper bounded by m,.R..

The exponential decay of R at implies that there is a high probability event E ,-(z1)
guaranteeing that particles in P, U.A and belonging to B,(21) x [0,m,] x RT have interaction
range at most m? whereas particles in B¢(z;) x [0,m,] x RT have interaction ranges which
are small enough not to have a large influence on the inside of B,(z;). Conditional on this
event, we show that it is unlikely to have a large backward cluster exiting B,.(z1), because
this would imply the existence of a chain of interactions containing at least r/(14m?2) points
with decreasing time coordinates as counted from the center outwards. The details go as
follows.

Definition of the high probability event. Let E,.(z;) := E) .(21), 21 € R%, be the intersec-
tion of the following three events, which effectively upper bounds interaction ranges and
allows us to control the size of the backward cluster on this event:

(i) (2,t., R.) € {Px N (Br(z1) x [0,m,] x RT)} = R, < m,.
(i) (z,t.,R.) € {75>\ N (B&(21) x [0,m;] x RT)} = m, R, < max (m?,d(z,@BT(zl))) .
(i) (z,t.,R.) € AU{(21,t.,, R.,)} = R. < m,.

On the event E,.(z;), we are assured that any edges incident to points outside B,(z;) in
the backward cluster having an influence on points inside B,.(z1) x [0, m,] do not reach
B, _nz2(21) % [0,m,]. To influence the state of the particle at z;, there thus needs to be a long
chain of edges shorter than m,. linking points outside B,.(z1) to z;.

First we show that P(E,.(z1)¢) decays exponentially fast in r. Let the spatial coordinates
of the points in A be denoted by wy, ..., ws. Applying the union bound and the Mecke formula
we have

P(E (1)) g/ / P(R. > m,)dzdt
0 B,(z1)
+/ / P(R. > max(my, d(z, 8B, (z1))/my))d=dt
0 B¢(z1)

6
+ Z P(Rwi > m'r‘) + P(Rzl > mr)-

i=1

The exponential decay of R, at (6.1I) implies that all four terms decay exponentially fast in
7. The first integral is O(m,.r? exp(—Cm,.)), which decays exponentially fast. The sum of the
last two terms decays as O(exp(—Cm,.)). To show the decay of the second integral, we may
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assume without loss of generality that z; = 0 and abbreviating B,.(z1) by B, we have

/C P (R, > max(m,,d(z,0B;)/m,))dz
= / 1(d(z,0B,) < m?)exp(—Cm,)dz

+/ 1(d(z,0B,.) > m?) exp(—~Cd(z,0B,)/m,)dz.
B

c
T

The first integral is O(m2r?~!exp(—Cm,.)), which decays exponentially fast, since m, =
r7. Let kg be the volume of the unit ball in R?. Evaluating the second integral in polar
coordinates gives

/ 1(d(z,0B,) > m?) exp(—Cd(z,0B,)/m,)dz
BC
= / / 1(d(sw, dB,) > m2) exp(—C(s — 7)/m,)s*  dwds
r Sd—1
= / / exp(—C(s — r)/m,)s* L dwds
r+m2 JSd—1
= dlid/ exp(—C(s —r)/m,)s? 1ds
r4+m?2

= dndmr/ exp(—Cu)(mpu + 7)1 du

my

= O(m%r? 1 exp(—=Cm,)).

Thus P(E,(21)¢) = O(max(m?, m?)r¢exp(—Cm,.)). This estimate holds uniformly over any

A.

Controlling the size of the backwards cluster on the high probability event E,(z1).
Conditioning on E,.(z;) and its complement F<(z1) yields

P(D(21,PAxUA) > 7r) <P{D(2,PAxUA) > r} N E.(21)) + P(E(21)). (6.5)

We show that the first term on the right-hand side of is also decreasing exponen-
tially fast in r. Let A" C A be the (possibly empty) subset of points in A belonging to
B,(z1). When all edges of G(Py U A’) incident to points in B,(z;) have spatial length (in-
teraction range) less than m?2, then one needs at least ¢.. := [(r — m?2)/(2m?)] distinct sites

{y/:i=1,...,0.}in PyUA’ to cover the distance from z, to By _ 2 (21) on G(PyUA’). Among

these sites {y;} there might be the fixed atoms wy, ..., ws, with each atom contributing at
most 2m? to the length of the chain; after removing them, and now putting

Ly = L(T - mz)/(14m3”7 e R+7

one finds that there there exist distinct sites y1,...,ys, € P N B,(z1), different from
wi, ..., ws, and such that |y; —y;_1| < 14m2,i = 1,...,¢,, where we set 3o := 2.
Looking backwards in time from time ¢ = ¢y, and enumerating the arrival times of the
particles at y; in reverse chronological order we note to > 11 > T > ... > Ty, > T, 41 = 0.
Considering the path {y; : i = 1,...,¢,.}, using the Markov inequality and the Mecke
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formula one bounds the considered probability by

P({D(él,ﬁ)\ UA) > r} N Eq(21))

Ly
<t X Il < 1amdn(n > 1)
(Y1, ye, JEPY =1
‘. ‘.
< /( o T vt < vy, < € [[[1(7 > T
"i=1

i=1

where we use the independence of the spatial locations of seeds and their arrival times.

Note
My My urs mo l
m,"
dslr/ dslr_l-u/ dSQ/ ds, = T' .
Sl S3 So ZT'

It follows that uniformly in A one obtains

Iy .

E ([T > 7)) < /

i=1 0

P{D((1,PxUA) > r} N E.(21)) < (ka(14m2)?)

G Ce—cr' 27 (1-2dy-3y) (6.6)

Put v € (0,1/(3 + 2d)). The choice of v and hence m, implies that the right-hand side of
is at most ¢; exp(—czrb) for some ¢y, co,b > 0. Thus the backwards cluster at z; extends
outside the ball B,.(z;) with an exponentially small (in r) probability. This establishes (6.4)),
completing the proof of Corollary[6.1] O

Remark. The above proof readily shows that one may refine the normal approximation
results for the number of accepted seeds in the spatial birth-growth models in [35[]. The
(non-random) speed of particle growth in these models is regulated by a deterministic func-
tion of power type and the number of particles accepted satisfies a quantitative CLT with a
rate of convergence in the dx distance containing logarithmic terms as in display (3.25) of
[[35]]. These logarithmic terms can be easily removed by combining the results of [|35] with
Corollary[2.9] This goes as follows. Let £ be the score which keeps track of accepted seeds.
Then BL-localization of ¢ follows from Lemma 3.1 in [35]], which shows that there exists a
family of short-range scores (£ [T])DO such that ¢ satisfies BL-localization in space for any
f > 0, and in fact ¢) can be set to the exponential function. It is also shown that ¢ satisfies
BL localization in time, as Lemma 3.2 in [35]] shows that

sup sup sup  P(&((z,s, R.), Py U /l) #0)

A>1zeWN ACWy xR+
decays exponentially fast in s. Corollary [2.9] immediately applies and establishes Berry-
Esseen bounds for the total number of accepted particles.

6.2 Laguerre tessellations and the stochastic Burgers PDE

In this section, we study a counting statistic V) relevant in the context of Laguerre tessel-
lations and the stochastic Burgers PDE. It is defined as follows. Let P be a Poisson process
on R? x R of intensity measure dr ® u(dh), where p is a measure on R. Fix ¢t > 0. Given a
point (z,h) € R? x R, we define the upward and downward paraboloids at (z, h):

T d |z — 2|2
II'[(x,h)] == (2,h,) ER* xR :h, > h+ 5

Iz, b)) := {(z,hz) €RIxR:h. <h- 12 2tz|2}'
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We construct a thinning P™" of P by including a point (x, k) € P in P™" if and only if the
boundary of the upwards paraboloid IT"[(z, k)] is not included in the union of all upwards
paraboloids centered at points of P \ {(z, h)}, i.e. for any (x,h) € P,

(z,h) € PP = 91T [(2, h)] £ U I[(z, h.)).
(,h2)€P\{(z,h)}

This condition is equivalent to requiring that the entire paraboloid I1"[(z, h)] is not covered
by the union of all other paraboloids. For any A > 1, we define observation windows as
Wy = [-3A1/4, %Al/d]d. The statistic Ny is now given by N, := P® (W, x R), the number
of points of the thinned process P™™ inside the observation window Wy. N, depends on ¢
but we will usually suppress this dependence for notational convenience. Abusing notation
we represent points in P, by (z, h,) instead of (z,%,) so as to avoid a notation clash with the
time parameter ¢.

Laguerre tessellations. The union of the paraboloids which are not entirely covered has
a lower boundary, termed the paraboloid process, given by the variational formula

. |2 — w|?
F(t,w)= inf h,+ ——
( ) (z,h2)EP ( 2t
where the inf runs over all points of P, the Poisson point process on R? x R. The union of
all the points w € R? for which the infimum is realized in (z, h.) gives rise to the Laguerre
cell generated by (z, h.), namely

w1 P
z =

— d .
C((z,h;),P) = {w eR®: 5 5

+ h, forall (2/,h,/) € 79} :

Note that this cell is not necessarily non-empty. It is also a curious geometric observation
that a cell center need not belong to the cell which it generates. The collection of non-empty
cells thus generated is a stationary random tessellation known as the Laguerre tessellation
of R? induced by P. Note that (2, ) € P™" if and only if z is a cell center of a non-trivial cell.
Hence the statistic N, counts the number of points (z,h,) € P N (W, x R) which generate
non-trivial cells; note that while the cell center must lie in 1/, the same need not be true
for the cell itself.

When the measure P has density growing like A’ in the height parameter h with
B € (—1,00), (respectively (—h)~# with 3 € ((d + 1)/2, 00); respectively ¢"/?) on R? x [0, c0)
(respectively on R? x (—oc,0]; respectively on R? x R), then the dual to the Laguerre tes-
sellation is known as the -Delaunay tessellation (respectively 3’-Delaunay tessellation;
respectively Gaussian tessellation). The dual tessellations were introduced and studied in
[16[.

When the weights h., z € P, are a.s. bounded, then the geometry of the Laguerre tessel-
lations is locally determined [[14]]. However if the weights are not bounded, as in the three
afore-mentioned tessellations, then the geometry is not in general locally determined. On
the other hand, as shown in Lemma 4 of [16]], the 3, 5’ and Gaussian-Delaunay tessellations
have a geometry which localizes in space in the sense that with high probability its struc-
ture on a cylinder Cyl(0,7) := B4(0,7) x R C R? x R of fixed radius is not affected by points
in P lying far enough away from the cylinder. This high probability localization is enough
to show that geometric characteristics of the Laguerre tessellation, such as the number
count N, of cell centers in W), satisfies mixing conditions (called absolute regularity in
[16]]) ensuring a qualitative central limit theorem.

Stochastic Burgers PDE. The statistics V), A > 1, also arise when considering statistical
properties of the zero-viscosity solution to the Burgers PDE, which in general dimension d
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is given by
vy + vV = €, V3, (6.7)

with viscosity ey — 0, and initial data v(0, w) = —2e)Vh, with h(w) standing for the random
initial potential at w.

Equation (6.7) models turbulence and a standard simplifying assumption (see [[1])) is to
let the initial potential be zero-range Poissonian shot noise, i.e. e¥(%®) = 2 (ah)eP eh=§(w—
z), where P is a Poisson point process on R? x R. This corresponds to the case where there
is no interaction between potentials at distinct points of the ensemble P, see Albeverio et
al. [11.

The Burgers festoon ®(P) is the hypersurface in R? x R which is the boundary of the
union U C R? x R of translates of the down paraboloid {(z,h.) € R x R : h, < —|z|?/2t},
and having the property that U contains no points of P and U is maximal in the sense that
it is not contained in any other such union. The graph of the hypersurface ®(P) is given by

the variational formula
|z —w]?
H(t,w) = sup h, — ———
(2,h.)ERIXR 2t

where the sup runs over all (z,h.) such that IT+[(z,h.)] NP = (. H(t,w) is known as the
‘hull process’ [28], it is a concatenation of faces of downwards parabolas, and it plays an
important role in the construction of the geometric solution to as well in establishing
variance asymptotics for the number of vertices of convex hulls of i.i.d. samples [28]]. The
solution v (¢, w) to is the space derivative 2 (¢, w) when the ensemble P can be realized
as a marked point set {(z;, M;)} with the random variables M, satisfying distribution and
integrability conditions [[1]]. When d = 1, the velocity is the saw-tooth curve

w— zf

v(t,w) ~ ; :

where given (¢, z), zJ := z/(t, z) € {#} is the point where the collection {h,— ‘zgfﬁ i (z,hy) €
®(P)} attains its maximum.

More generally, if the random initial potential is rapidly oscillating then only its local
maxima determine v(t,w), as seen in Burgers [10]; when the location of these maxima
are well approximated by the maxima of Poissonian shot noise, the zero viscosity solution
converges to the space derivative H, (¢, w); see [3} [25].

Of special importance is the duality between the hull process and the paraboloid pro-
cess F(t,w). The vertices of the hull process are the points of the Poisson point process
belonging to H (¢, w). As seen in the discussion in Section 3 of [28] and especially the iden-
tity (3.17) ibid, the duality relation between the hull and paraboloid processes yields that
the vertices of the hull process coincide with the thinned points P, Thus N, also counts
the number of vertices of the hull process in W.

When d = 2, N, is the number of shocks to the zero viscosity solution dH /0w which be-
long to W), whereas in d = 3, one may interpret N, as modeling the number of cosmic voids
in the window W, in the turbulence model of the evolution of the universe [3]], whenever
the location of the maxima of the initial potential are well approximated by the maxima of
shot noise.

Corollary 6.2. (normal approximation of the count statistics (Nx)x>1) Let the intensity
density of P be dxdu(h) = dzh®1(h > 0)dh for some 3 > —1. Then for each t > 0, the count
statistic (Ny)a>1 satisfies the normal approximation bounds

Ny —EN, A\1/2
dig [ 2—" N | <Cg - ——
K< v/ VarNy > =K VarN),
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and

Ny —EN, A\L/2 A
dy [ ——= N ) <Ok —— +Cp——r,
v ( V/VarN) > = "X VarN, * W (VarN,)3/2

where C, Cy are constants depending only on d, 3 and t.

This corollary establishes proximity bounds to the normal, adding to the the qualitative
central limit theorem of Theorem 7 of [16]], which does not attempt to find rates, and it also
improves upon the rates in Theorem 2.1 of [35]] (the case o = 2), which contains extraneous
logarithmic factors and which assumes $ > 0. During the course of writing this paper we
learned of the preprint of Bhattacharjee and Gusakova [4] which establishes Corollary [6.2}
it employs the theory of region-stabilizing scores and hence the approach does not overlap
ours.

Proof of Corollary We express N, as a sum of score functions defined on the point
process P and apply Corollary [2.9| with X = W = W, in conjunction with Remark in
Subsection In what follows, we set t = 1/2 for ease of presentation, though when
t # 1/2, the only change amounts to all constants henceforth depending on ¢.

We put £((z, h,),P) = 1if (2, h,) belongs to the festoon ®(P), i.e. if it is retained in the
thinning P™", otherwise the score is zero. More precisely, we define ¢ as

1 3 (w,hy) € 01T (2,h,)], s.t. T¥[(w, hy)] N (P\ {(2,h2)}) =0
§((z,h2),P) = )

0 otherwise.
Note the duality relation (w, hy,) € II'[(z, h.)] & (z,h.) € I¥[(w, hy,)]. It follows that a point
(2,h.) € P is such that 9II'[(2, .)] is not covered by U, 5, )em\ {(2,n.)y II'[(2, he)] if and only
if there is a point (w, h,,) € OI1"[(z, h.)] such that IT¥[(w, hy )| NP\ {(z, h.)} is empty. Now it
holds that

Ny= > &((zh),P).

(z,hz)EPA

In what follows we do not put £["] to be the space-restricted score as at (2.8) but instead
use a slight modification as follows. With B(y,r) denoting the d-dimensional ball centered
at y € R? with radius r € (0,00), we denote by Cyl(y,r) the cylinder B(y,r) x R. Define
space-localized scores short-range scores

1 3 (w, hy) € OIT[(2, h.)] N Cyl(z,7),
&((z,h.), P) = s.t. TI¥[(w, he )] N Cyl(z,7) N (P\ {(2,h2)}) = 0
0 otherwise.

The difference between this definition of I and the one given in (Z.8) is that the former
only considers whether the intersection of paraboloids and a radius r cylinder is covered,
whereas the latter requires that entire paraboloids are covered. For the time-restricted
score, we use ¢®) as in (2.9).

The scores and their short-range counterparts are all bounded by 1 and thus M§ rae = 1.

It remains to show BL(515, 155) Space-time localization of scores. We will in fact show that

¢ satisfies BL(0,0’) space-time localization for all 8,6’ > 0.

BL-localization of ¢ in time. We show that the scores satisfy BL(6') time-localization for
all ¢/ > 0, and in fact

P(f((z, h.),PUA) #€E9((2,h,),PU A)) <¢(s), s>0, (6.8)

51



where ¢ decays exponentially fast uniformly over point sets A of cardinality six. Without
loss of generality we may assume s > 4, as we may take ¢(s) = 2 for 0 < s < 4. By
stationarity we may take (z, h.) = (0, ho).

Suppose hg > s. Then £(%)((0, hg), P U A) = 0 and we prove that P(£((0, ho), P U A) # 0)
decreases exponentially fast in ho and hence also in s. Assume £((0, ko), P U .A) # 0. Then
there is a point (w, h,) € OIIT[(0,hg)] such that II*[(w,h,)] N (P U A)\ {(0,ho)} = 0.
Note that for any point (w,h,) € IIT[(0, ho)], at least half of II*[(0, ho)] is included in-
side II¥[(w, h,,)], hence half of II*[(0,ho)] does not contain any points of P. The inclu-
sion can be seen e.g. assuming without loss of generality that w = (a,0,...,0) with
0 < a < /2(h, — ho) and checking analytically that any point (x,h;) € II¥[(0, ho)] with

a a
1 > 0 also belongs to II*[(w, hy,)]. The volume of IT¥[(0, ho)] is given by ey by 2 > e hg,

d—2
where ¢ = %B(%,ﬂ + 2) and where B is the Beta function. It follows that

P(£((0, ho), P UA) #0) < exp(— benehd/?) < exp(— e s?/2).

Next, suppose 0 < hg < s. If £((0,ho), (P UA) N (R? x [0,s))) vanishes then so must
£((0,ho), P U A). On the other hand, suppose £((0,hg), (P U.A) N (R? x [0,5))) # 0, but
€((0,hg), PUA) = 0. In this case, there is a point (w, h,,) € OII'[(0, hg)] such that IT¥[(w, hy, )]
does not contain any point of (P U.A4) N (R? x [0, s)) other than (0, ko), but it must contain a
point of (P U.A) N (R? x [s,00)). This implies in particular that h,, > s. Partition R? x [s, 00)
into unit volume cubes and let g1, g2, ... be an enumeration of those cubes having non-empty
intersection with OIIT[(0, hg)] x [s,00). If there is a point (w, h,) € ¢; such that IT¥[(w, hy, )]
does not contain any point of P \ {(0,h0)} N (R? x [0,s)), then a constant proportion of
I¥[(wy,, hq, )] also does not contain any point of P \ {(0,ho)} N (R? x [0, s)), where (w,,, hy,)
is the centre of the cube ¢;. The number of cubes ¢; at height & is at most of order h%/2.
Define

pi :=P(3(w, hy) € ¢; : TTI*[(w, hy)] NP\ {(0,ho)} N (R x [0, 5)) = ).

Then we have

2

< C/:C h/? exp ( - /Rd /0 1((x, hy) € Hi[(o,h)])hgdhmdx> dh.

When s < h < 2s, then II*[(0,%)] contains II*[(0,s)] and the integral [, [; 1((z,hs) €
I14[(0, h)])h2dh,dx has a lower bound of order s%/2.
When h > 2s, then h — s > 1h and

[ [ 1h) e (. nphidn,de = iz [0 n)nzan,
R4 JO

0
> rkgh/? / h2dh,,
0

_ Rd ,d/2_p+1 Kd 5 d/2
= ——h%"s > = _p%=,
B+1 T B+1

It follows that

2s oo
P(&((0,ho),PUA) #0) < c/ h/? exp(—cs¥?)dh + c/ h?/? exp(—ch¥?)dh
s 2s

< cexp(—ecs??).

Hence time localization (2.4) follows, as asserted.
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BL-localization of £ in space. To show BL localization in space we follow the proof ideas
from [35]. It suffices to show

P(a(z,hzm UA) £ €7 ((2, ), P U A)) <o), r20, 6.9)

with ¢ the exponential function. Since the proof relies on probability bounds for certain
regions being devoid of points of P, we assume without loss of generality that A = (.
Fix r9 > 4 and hg > 0. For any r > ry consider the event

E, = {&((0,ho), P) # €11((0,ho), P) } .

By stationarity it suffices to show P(E,) decays exponentially fast in . We rewrite E, =
E,..1 U E, 2 where

By = {€71((0,ho). P) = 1 and £((0. o), P) = 0}
= {3(2’, h.) € OI'[(0, ho)] N Cyl(0,7) : TT+[(2, h.)] N (P \ {(0, ho)}) N Cyl(0,7) = 0

and I1(z, h.)] NP N Cyl*(0,r) # 0}

Brp = {gm((o, ho), P) = 0 and £((0, ho), P) = 1}
{V(w, hw) € OIT[(0, ho)] N Cy1(0,7), TIH[(w, hy)] NP\ {(0, ho)} N Cyl(0,7) # 0,
and 3(z, h,) € OIT[(0, ho)] N Cy1(0,7) : TI¥[(2, h.)] NP\ {(0,ho)} = 0.

On event F, ; we have |z| < r and

o %
1V

h, > 2. (6.10)

This follows by considering the two cases |
cases (z, h.) belongs to an up paraboloid IT"

I

| > r/2 or d(z,0B4(0,r)) > r/2, as in both
(w, hy)] where the point (w, h,,) is such that
|w—z| > r/2. As before, partition B(0,r)N [%, o0) into cubes ¢; of unit volume and it follows
that if (2, h.) € ¢;, then a proportion of II*[(w,,, ke, )] N Cyl(0,7) must be devoid of points of
P\ {(0,ho)}. Note that the volume of II*[(wq, , hq,)] N Cyl(0,r) is lower bounded by chf*'r¢
for some constant ¢ > 0. Indeed, the intersection of IT*[(wy,, hy, )] N Cyl(0,7) with R? x {0} is
the set B(0,r) N B(wy,,/2hy, ). Since hy, > r?/8 and w,, € B(0,r), this intersection contains
a ball of radius r/4. It follows that IT+[(w,,, hy, )] N Cyl(0,7) contains a cone with base a ball
of radius /4 and height &,,, the volume of which is of the order r#hJ 1.
It follows that

P(E,,) < Z P (3(2,h2) € i : ITH[(2, k)] N (P \ {(0, ho)}) N Cyl(0,7) = 0)

< 0/2 h/? exp(—cr®hP 1) dh
< cexp(—cr?)

To estimate P(FE, ), note that for (z, h,) € d(IIT[(0, ho)]) N Cyl°(0,r) we must have

7’2 T

— > —. A1
2 7 2 (6.11)

[

h, > ho+
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Partition B(0, 7)€ x [é, o0) into cubes ¢; of unit volume as before, and note that if (z, h.) € ¢;,
then a proportion of IT*[(w,,, k)] is also devoid of points of P \ {(0,ho)}. This event has
probability bounded by cexp(—chfi/ 2+8 H), as explained in the proof of time-localization.

The number of cubes at height & is again at most of order h%/? and it follows that

P(E,2) < 0/2 h/? exp(—ch¥?)dh < cexp(—cr?).

T

2

Since P(E,) < P(E,1) + P(E; 1) where both P(E, ;) and P(E, ) decay exponentially fast in
r, this shows BL-localization in space.
Corollary [2.9|thus establishes the asserted proximity bounds to the normal. O
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