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Let P be a simple, stationary point process on R? having fast decay of
correlations, i.e., its correlation functions factorize up to an additive error de-
caying faster than any power of the separation distance. Let P, := P N W,
be its restriction to windows W, := [f%nl/ 4 %nl/ 44  R?. We consider
the statistic H§ := >, ep,, §(x,Pn) where {(z, Py) denotes a score func-
tion representing the interaction of & with respect to P,,. When £ depends on
local data in the sense that its radius of stabilization has an exponential tail,
we establish expectation asymptotics, variance asymptotics, and central limit
theorems for HS and, more generally, for statistics of the re-scaled, possi-
bly signed, £-weighted point measures 5, := > wep, §(@, Pr)d,—1/4,, as
W, 1 R%. This gives the limit theory for non-linear geometric statistics (such
as clique counts, the number of Morse critical points, intrinsic volumes of the
Boolean model, and total edge length of the k-nearest neighbors graph) of
a-determinantal point processes (for —1/a € N) having fast decreasing ker-
nels, including the B-Ginibre ensembles, extending the Gaussian fluctuation
results of Soshnikov [68] to non-linear statistics. It also gives the limit theory
for geometric U-statistics of a-permanental point processes (for 1/a € N) as
well as the zero set of Gaussian entire functions, extending the central limit
theorems of Nazarov and Sodin [50] and Shirai and Takahashi [67], which are
also confined to linear statistics. The proof of the central limit theorem relies
on a factorial moment expansion originating in [11, 12] to show the fast decay
of the correlations of £-weighted point measures. The latter property is shown
to imply a condition equivalent to Brillinger mixing and consequently yields
the asymptotic normality of ;& via an extension of the cumulant method.

CONTENTS
1 Introduction and mainresults . .. ... ... ... ......... 2
1.1 Admissible point processes having fast decay of correlations . 6
1.2 Admissible score functions . . . .. ... ... ... ...... 9

*Research supported by DST-INSPIRE faculty award, CPDA from the Indian Statistical Institute
and TOPOSYS grant.
TResearch supported in part by NSF grant DMS-1406410
MSC 2010 subject classifications: Primary:60F05, 60DO0S5; Secondary:60G55, 52A22, 05C80
Keywords and phrases: Point processes having fast decay of correlations, determinantal point
process, permanental point process, Gaussian entire functions, Gibbs point process, U-statistics,
stabilization, difference operators, cumulants, Brillinger mixing, central limit theorem

1



2 BLASZCZYSZYN, YOGESHWARAN AND YUKICH.

1.3 Fast decay of correlations of the £-weighted measures . . . . . 11
1.4 Mainresults . . .. ... ... ... 13
2 Examples and applications . . . . . .. .. ... ... 18
2.1 Moments of point processes having fast decay of correlations . 18
2.2 Examples of point processes having fast decay of correlations . 20
221 ClassAlinput . ... ... ... .. ... ........ 20
222 ClassA2input . . . . ... ... .. 22
2.2.3 Additional inputexamples . . . .. ... ... ...... 25
2.3 Applications . . .. ... ... ... 25

3 Proof of the fast decay (1.21) for correlations of the £-weighted mea-
SUTES . . . v o v e e e e e e e e e e e e e e e e e 28
3.1 Difference operators and factorial moment expansions . . . . . 29
3.2 Proofof Theorem1.11 . . . . . . . .. ... ... .. .... .. 33
4 Proofofmainresults. . . .. ... ... .. ... ... ... . 39
4.1 Proofof Theorem1.12 . . . . . ... ... ... ......... 39
4.1.1 Proof of expectation asymptotics (1.23) . . . ... .. .. 39
4.1.2 Proof of variance asymptotics (1.24) . . . . . . ... ... 40
4.2 Proof of Theorem 1.15 . . . . . . . . ... ... ... ...... 45
4.3 First proof of the central limit theorem . .. ... ... .. .. 46
4.3.1 The method of cumulants. . . . ... ........... 46
4.3.2 Properties of cumulant and semi-cluster measures . . . . . 48
4.3.3 Fast decay of correlations and semi-cluster measures . . . 52
434 Proof of Theorem 1.13 . . . .. ... ... ........ 53
4.4 Second proof of the central limit theorem . . . . . ... .. .. 53
4.4.1 Ursell functions of the £-weighted measures . . . . . . . . 54
4.4.2 Fast decay of correlations and bounds for Ursell functions 55
443 Proof of Theorem 1.13 . . . .. ... ... ........ 56
Acknowledgements . . . . . . . ... ... 58
Supplementary Material . . . . . . ... ... L Lo 58
References . . . . . . . . . . . L 58
Author’s addresses . . . . . . . ... L 61

1. Introduction and main results. Functionals of geometric structures on fi-
nite point sets X C R? often consist of sums of spatially dependent terms admitting
the representation

(1.1) > &, ),
zeX

where the R-valued score function £, defined on pairs (z, X'), z € X, represents
the interaction of x with respect to X, called the input. The sums (1.1) typically de-
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scribe a global geometric feature of a structure on X in terms of local contributions
&z, X).

It is frequently the case in stochastic geometry, statistical physics, and spatial
statistics that one seeks the large n limit behavior of

(1.2) HS := H{(P):= ) &(x,Pn)

xGPn

where ¢ is an appropriately chosen score function, P is a simple, stationary point
process on RY, and P, is the restriction of P to W,, := [—in!/d 1nl/d)d For
example if Py, is either a Poisson or binomial point process and if ¢ is either a local
U -statistic or an exponentially stabilizing score function, then the limit theory for
Hﬁ is established in [6, 22, 38, 41, 55, 57, 60, 62]. If P, is a rarified Gibbs point
process on W, and £ is exponentially stabilizing, then [65, 69] treat the limit theory
for Hfl

It is natural to ask whether the limit theory of these papers extends to more gen-
eral input satisfying a notion of ‘asymptotic independence’ for point processes. Re-
call that if £ = 1 and if P is an a-determinantal point process with & = —1/m or
an a-permanental point process with e = 2/m for some m in the set of positive in-
tegers N (respectively P is the zero set of a Gaussian entire function), then remark-
able results of Soshnikov [68], Shirai and Takahashi [67] (respectively Nazarov
and Sodin [50]), show that the counting statistic P,,(Wy) := > cp L[z € Wy

is asymptotically normal. One may ask whether asymptotic normality of HS still
holds when ¢ is either a local U-statistic or an exponentially stabilizing score func-
tion. We answer these questions affirmatively. Loosely speaking, subject to a mild
growth condition on VarH, ¢, our approach shows that HS is asymptotically normal
whenever P is a point process having fast decay of correlations.

Heuristically, when the score functions depend on ‘local data’ and when the in-
put is ‘asymptotically independent’, one might expect that the statistics HS obey
a strong law and a central limit theorem. The notion of dependency on ‘local
data’ for score functions is formalized via stabilization in [6, 22, 55, 57, 60].
Here we formalize the idea of asymptotically independent input P via the no-
tion of ‘fast decay of correlation functions’. We thereby extend the limit theory
of the afore-mentioned papers to input having fast decay of correlation functions.
A point process P on R? has fast decay of correlations if for all p,¢ € N and all
Tl .oy Tpyq € RY, its correlation functions p®+%) (x1,...,%pyq) factorize into
pP)(zy, ... xp)p D (2pi1, ..., Tprq) Up to an additive error decaying faster than
any power of the separation distance
1.3)

s=d{z1,...,x T T = inf T;— X
{@ne o b Azpen, s Tpral) iG{L...,p},jE{erl,...,erq}‘ ’ i
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as at (1.10) below. Here || denotes the Euclidean norm of 2 € R?. Roughly
speaking, such point processes exhibit asymptotic independence at large distances.
Examples of such point processes are given in Section 2.2. Point processes with fast
decay of correlations are called ‘clustering point processes’ in statistical physics
[42, 44, 50]. We shall avoid this terminology since, at least from the point of view
of spatial statistics, it suggests that the points of P clump or aggregate together,
which need not be the case.

If either P has fast decay of correlations and € is a local U-statistic or if P has
exponentially fast decay of correlations and ¢ is an exponentially stabilizing score
function, then with §, denoting the point mass at x, our main results establish
expectation and variance asymptotics as n — oo, as well as central limit theorems
for the re-scaled, possibly signed, £-weighted point measures

(1.4) w5 = (@, Pu)by1/ay,

IEEPn

thereby also establishing the limit theory for the total mass of /ﬁb given by the
non-linear statistics HE

As shown in Theorems 1.12-1.15 this yields the limit theory for general non-
linear statistics of a-determinantal and a-permanental point processes, the point
process given by the zero set of a Gaussian entire function, as well as rarified
Gibbsian input.

The benefit of the general approach taken here is four-fold: (i) we establish the
asymptotic normality of the random measures /ﬁl, with P either an a-permanental
point process (with 1/« € N), an a-determinantal point process (with —1/a € N),
or the zero set of a Gaussian entire function, thereby extending the work of Sosh-
nikov [68], Shirai and Takahashi [67], and Nazarov and Sodin [50], who restrict
to linear statistics, (ii) we extend the limit theory of [6, 41, 55, 56, 57, 60], which
is confined to Poisson and binomial input, to point processes having fast decay of
correlations, (iii) we apply our general results to deduce asymptotic normality and
variance asymptotics for geometric statistics of input having fast decay of corre-
lations, including statistics of simplicial complexes and germ-grain models, clique
counts, Morse critical points, as well of statistics of random graphs (cf. Section 2.3
of [15]), (iv) our general proof of the asymptotic normality of ,u% relates the fast
decay of correlations of the input process P to a similar fast correlation decay for
the family of £-weighted (point) measures

(1.5) > &z, Pn)oe,
z€Py

consequently implying Brillinger mixing of these measures, and thus directly re-
lating the two concepts: Fast decay of correlations implies Brillinger mixing.
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Given input P having fast decay of correlations, an interesting feature of the
measures u% is that their variances are at most of order Vol (W), ), the volume of
the window W,, (Theorem 1.12). This holds also for the statistic HS := > eep, (T,
which involves summands having no boundary effects. An interesting feature of
this statistic is that if its variance is o(Volg (7, )) then it has to be O(Voly_1 (0W},)),
where 0W,, denotes the boundary of W), and Vol;_1(.) stands for the (d — 1)th
intrinsic volume (Theorem 1.15). In other words, if the fluctuations of ﬁfl are not
of volume order, then they are at most of surface order.

Coming back to our set-up, when a functional HS(P) is expressible as a sum
of local U-statistics or, more generally, as a sum of exponentially stabilizing score
functions &, then a key step towards proving the central limit theorem is to show that
the correlation functions of the £-weighted measures defined via Palm expectations
Eq4,,....z;, (cf Section 1.1) and given by

m( ! p+q)($17 cee 7xp+q, n) - Exl,...,$p+q (g(xla Pn) o g(xp+qa Pn) p+q)
(1.6) x pPta) (@1, Tptq)s
similar to those of the input process P, approximately factorize into
mk1 P)(:Ul, ey T n)m( p+1 P+‘1)(xp+1, e Tptgi ),

uniformly in n < oo, up to an additive error decaying faster than any power of the
separation distance s, defined at (1.3). Here x1, ..., 7,14 are distinct points in W),
and k1, ..., k44 € N. This result, spelled out in Theorem 1.11, is at the heart of
our approach. We then give two proofs of the central limit theorem (Theorem 1.13)
for the purely atomic random measures (1.4) via the cumulant method, and as a
corollary, derive the asymptotic normality of H, S(P) and [f du%, f atest function,
as n — oo. The proof of expectation and variance asymptotics (Theorem 1.12)
mainly relies upon the refined Campbell theorem.

In contrast to the afore-mentioned works, our proof of the fast decay of cor-
relations of the £-weighted measures depends heavily on a factorial moment ex-
pansion for expected values of functionals of a general point process P. This ex-
pansion, which originates in [11, 12], is expressed in terms of iterated difference
operators of the considered functional on the null configuration of points and in-
tegrated against factorial moment measures of the point process. It is valid for
general point processes, in contrast to the Fock space representation of Poisson
functionals, which involves the same difference operators but is deeply related to
chaos expansions [39]. Further connections with the literature are discussed in the
remarks following Theorems 1.14 and 1.15.

Our interest in these issues was stimulated by similarities in the methods of [42],
[5, 6, 65] and [50]. The articles [6, 65] prove central limit theorems for stabilizing
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functionals of Poisson and rarified Gibbsian point processes, respectively, while
[50] proves central limit theorems for linear statistics erPn &(x) of point pro-
cesses having fast decay of correlations. These papers all establish the fast decay
of correlations of the £-weighted measures as at (1.21) below, and then use the
resulting volume order cumulant bounds to show asymptotic normality. This paper
unifies and extends the results of [5, 6, 50, 65, 67] to input having fast decay of
correlations. The idea of using correlation functions to show asymptotic normal-
ity via cumulants goes back to [42]. The earlier work of [44] has stimulated our
investigation of variance asymptotics.

Having described the goals and context of this paper, we now describe more
precisely the assumptions on allowable score and input pairs (£, P) as well as our
main results. The generality of allowable pairs (£, P) considered here necessitates
several definitions which go as follows.

1.1. Admissible point processes having fast decay of correlations. Through-
out P C R? denotes a simple point process. By a simple point process we mean
a random element taking values in A/, the space of locally finite simple point sets
in R? (or equivalently Radon counting measures £ such that u({z}) € {0,1} for
all z € R?) and equipped with the canonical o-algebra B. Given a simple point
process P we interchangeably use the following representations of P :

P() = ZfSXi(') (random measure); P := {X;};>1 (random set),

where X;,i > 1, are R%-valued random variables (given a measurable numbering
of points, which is irrelevant for the results presented in this paper). Points of R?
are denoted by x or iy whereas points of (R?)*~! are denoted by x or y. We let 0
denote a point at the origin of RY.

For a bounded function f on R? and a simple counting measure f, let u(f) :=
(f, 1) denote the integral of f with respect to y. For a bounded set B C R? we let
u(B) = pu(1p) = card(pu N B), with p in the last expression interpreted as the set
of its atoms.

For a simple Radon counting measure i and k € N, its kth factorial power is

M(k) — Zdistinctwl,...,xkEM 5(w1,...,xk) when M(Rd) Z k’
0 otherwise.

Note that 1(%) is a Radon counting measure on (R4)¥, Consistently, for a set X' C
R?, we denote X ) := {(z1,...,z1) € (RH* : 2; € X, x; # xj for i # j}. The
kth order factorial moment measure of the (simple) point process P is defined as
a®) () == E(PH(-)) on (RY)F ie., alF)(-) is the intensity measure of the point
process P*)(.). Its Radon-Nikodyn density p*) (1, ..., z;,) (provided it exists) is
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the k-point correlation function(or kth joint intensity) and is characterized by the
relation

(1.7)

a®(Byx---xBy) = IE( I1 P(Bi)) - / p®) (21, ... zp) dzy . .. dag,

1<i<k By XX By,

where By, ..., B, are mutually disjoint bounded Borel sets in R%. Since P is simple,
we may put p(*) to be zero on the diagonals of (R?)*, that is on the subsets of (R%)¥
where two or more coordinates coincide. The disjointness assumption is crucial as
illustrated by the following useful relation: For any bounded Borel set B C R and
k > 1, we have

(1.8)

oV (BY) = E(P(B)(P(B)-1)...(P(B)-k+1)) = /Bk P B (@, zp) ey . .
Heuristically, the kth Palm measure Py, . ., of P is the probability distribution
of P conditioned on {z1,...,2x} C P. More formally, if a®) is locally finite,
there exists a family of probability distributions Py, . 5, on (N, B), unique up to
an a®)-null set of (R?)*, called the k th Palm measures of P, and satisfying the
disintegration formula

(1.9)

E( > f(xh---,xk;P)) —/(Rd)k/Nf(xh---,xk;u)Pml,...,zk(du)a(k)(dxl---dxk)

(x177xk)ep(k)

for any (say non-negative) measurable function f on (Rd)k x N. Formula (1.9) is
also known as the refined Campbell theorem.

To simplify notation, write fJ\/ fxr, .o zk 1) Py g (Ap) = By o (f(x1, .o 2k P)),
where £, ,, is the expectation corresponding to the Palm probability P, .,
on a canonical probability space on which P is also defined. To further simplify no-
tation, denote by IP’iC 1.z, the reduced Palm probabilities and their expectation by
Ezvl,...,:pk , which satisfies Egvl,...,:pk (f(.Il, sy Lk P)) = Exl,...,xk (f(fl, ey Tk 77\
{21,...,2x})) L.

All Palm probabilities (expectations) are meaningfully defined only for o/(¥) al-
most all z1, ...,z € R% Consequently, all expressions involving these measures
should be understood in the a*) a.e. sense and suprema should likewise be under-
stood as essential suprema with respect to (%),

The following definition is reminiscent of the so-called weak exponential de-
crease of correlations introduced in [42] and subsequently used in [5, 44, 50].

DEFINITION 1.1 (w-mixing correlation functions). The correlation functions

"It can be shown that Py, .+, (z1,..., 2 € P) = 1 fora® ae. z1,..., 2, € R



8 BLASZCZYSZYN, YOGESHWARAN AND YUKICH.

of a point process P are w-mixing if there exists a decreasing function w : N X
R* — R* such that for all n € N, lim;_,oow(n,z) = 0 and for all p,q €
N,z1,...,Tptq € R?, we have

|P(p+q) (@1, .. axp+q) - P(p) (w1,... >$p)P(Q) (5Up+1a . >$p+q)| <w(p+q,s),

where s :== d({x1,...,2p},{Tps1,. .., Tpiq}) is as at (1.3).

By an admissible point process P on R% d > 2, we mean that P is simple,

stationary (i.e., P + x 2P forall x € R?, where P + 2 denotes the translation
of P by the vector z), with non-null and finite intensity p()(0) = E(P(W})), and
has k-point correlation functions of all orders k € N. By a fast decreasing function
¢ : R — [0, 1] we mean ¢ satisfies lim,_,o, 2™ ¢(x) = 0 for all m > 1.

DEFINITION 1.2 (Admissible point process having fast decay of correlations).
Let P be an admissible point process. P is said to have fast decay of correla-
tions if its correlation functions are w-mixing as in Definition 1.1 with w(n,x) =
Cnoé(cpx) for some correlation decay constants ¢, C,, € (0,00) and a fast de-
creasing function ¢ : RT™ — [0, 1], called a correlation decay function.

More explicitly, an admissible point process has fast decay of correlations, if for
allp,q € Nand all (x1,...,7p4+q) € (RT)PFY

(1.10)
’P(pﬂ) (@1, -, Tprq) — P(p) (1, - vxp)P(q) (@pt15 -+ s Tptg)| < Cprgd(cpq8),
where s := d({x1,...,2p},{Tps1, ..., Tprq})isasat (1.3) and Cy, ¢k, ¢ are as in

Definition 1.2. Without loss of generality, we assume that c;, is non-increasing in
k, and that Cj, € [1, 00) is non-decreasing in k. As a by-product of our proof of the
asymptotic normality of ,ufl in (1.4), we establish that the fast decay of correlations
of P implies that it is Brillinger mixing; cf Remark (vi) in Section 1.4 and Remarks
at the end of Section 4.4.2.

Admissible point processes having fast decay of correlations are ubiquitous
and include certain determinantal, permanental, and Gibbs point processes, as ex-
plained in Section 2.2. The k-point correlation functions of admissible point pro-
cesses having fast decay of correlations are bounded i.e.,

(1.11) sup p(k)(xl,...,a:k) < Kk < 00,
(21,...,2x)E(RL)E

for some constants kg, which without loss of generality are assumed non-decreasing
in k. Also without loss of generality, assume £ := max{p(")(0),1}. For station-
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ary P with intensity p(1) (0) € (0, c0) we have that (1.10) implies (1.11) with
k
(1.12) ki < (01(0)F + > Ci(pM(0))F < kCirig.
i=2
The bound (1.12) helps to determine when point processes having fast decay of
correlations also have exponential moments, as in Section 2.1.

1.2. Admissible score functions. Throughout we restrict to translation-invariant
score functions ¢ : R x N — R, i.e., those which are measurable in each coordi-
nate, £(z, X) = 0ifx ¢ X € N, and forall y € R?, satisfy £(-+v, - +y) = £(-, ).

We introduce classes (A1) and (A2) of admissible score and input pairs (£, P).
Specific examples of admissible input pairs of both classes are provided in Sec-
tions 2.2 and 2.3. The first class allows for admissible input P as in Definition 1.2
whereas the second considers admissible input P having fast decay of correlations
(1.10), subject to ¢, = 1 and growth conditions on the decay constants C}, and the
decay function ¢.

DEFINITION 1.3 (Class (A1) of admissible score and input pairs (£, P)). Ad-
missible input ‘P consists of admissible point processes having fast decay of corre-
lations as in Definition 1.2. Admissible score functions are of the form

(1.13) £(z, X) ::% > h(x,x),

" xex(k-1)

for some k € N and a symmetric, translation-invariant function h : R%x (R%)*=1 —
R such that h(zx1, ..., x,) = 0 whenever either maxa<i<y, |x; — x1| > r for some

given r > 0 or when x; = x; for some i # j. When k = 1, we set {(z, X') = h(x).

Further, assume

[hlloc == sup [R(0,x)| < co.
xERA(k—1)

The interaction range for A is at most 7, showing that the functionals HS defined
at (1.2) generated via scores (1.13) are local U-statistics of order k as in [62].
Before introducing a more general class of score functions, we recall [6, 41, 55,
57, 60] a few definitions formalizing the notion of the local dependence of £ on its
input. Let B,.(z) := {y : |y — x| < r} denote the ball of radius r centered at = and
B¢(x) its complement.

DEFINITION 1.4 (Radius of stabilization). Given a score function &, input X,
and © € X, define the radius of stabilization R5($, X)) to be the smallest r € N
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such that
{(z, XN Br(z)) = &(z, (X N By (2)) U (AN Bi(x)))

for all A C R® locally finite. If no such finite r exists, we set RS (z,X) = 0.

If ¢ is a translation invariant function then so is R¢(x, X). Score functions (1.13)
of class (A1) have radius of stabilization upper-bounded by 7.

DEFINITION 1.5 (Stabilizing score function). We say that £ is stabilizing on P
if for all | € N there are constants a; > 0, such that
(1.14) sup sup Py, 4 (Rf(:cl,Pn) > t) < p(agt)
1<n<oo x1,...,x;;EWp,
with ¢(t) | 0 as t — oo. Without loss of generality the a; are non-increasing in |
and 0 < ¢ < 1. In (1.14) and elsewhere, we adopt the convention that W, := R¢

and P := P. The second sup in (1.14) is understood as ess sup with respect to
the measure oV at (1.7).

DEFINITION 1.6 (Exponentially stabilizing score function). We say that & is
exponentially stabilizing on P if £ is stabilizing on P as in Definition 1.5 with
satisfying

(1.15) lim inf 22 9®) (—00,0)

t—00 t¢

for some c € (0, 00).

We define a general class of score functions exponentially stabilizing on their
input.

DEFINITION 1.7 (Class (A2) of admissible score and input pairs (§,P)). Ad-
missible input ‘P consists of admissible point processes having fast decay of corre-
lations as in Definition 1.2 with correlation decay constants satisfying cp, = 1,

(1.16) Cr = O(k™),

for some a € [0,1) and correlation decay function ¢ satisfying the exponential
decay condition

(1.17) lim it 128 2()

t—00 tb

€ (—00,0)

for some constant b € (0, 00). Admissible score functions & for this class are expo-
nentially stabilizing on the input ‘P and satisfy a power growth condition, namely
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there exists ¢ € [1,00) such that for all v € (0, 00)

(1.18) |&(z, X N By(z))|1[card(X N By(z)) = n] < (¢ max(r,1))".

The condition ¢, = 1 is equivalent to ¢, := inf ¢;, > 0. This follows since we
may replace the fast decreasing function ¢(.) by ¢(c. x -), with ¢, = 1 for this
new fast decreasing function. Score functions of class (A1) also satisfy the power
growth condition (1.18) since in this case the left hand side of (1.18) is at most
|h]|son*~1) /k. Thus the generalization from (A1) to (A2) consists in replacing
local U-statistics by exponentially stabilizing score functions satisfying the power
growth condition. This is done at the price of imposing stronger conditions on
the input process, requiring in particular that it has finite exponential moments, as
explained in Section 2.1.

1.3. Fast decay of correlations of the ¢-weighted measures. The following
p-moment condition involves the score function £ and the input P. We shall de-
scribe in Section 2.1 ways to control the p-moments of input pairs of class (Al)
and (A2).

DEFINITION 1.8 (Moment condition). Given p € [1,00), say that the pair
(&, P) satisfies the p-moment condition if

(1.19) sup sup sup Exl,...,x /|€(x1773n)|p < Mp < 00
1<n<00 1<p/ < p| #1502 €W ?

for some constant Mp = M§ € [1,00), where sup signifies ess sup with respect
to o'P). Without loss of generality we assume that M)y is increasing in p for all p

such that (1.19) holds.

We next consider the decay of the functions at (1.6), the so-called correlation
functions of the £-weighted measures at (1.5). These functions indeed play the
same role as the k-point correlation functions of the simple point process P. When
& = 1 they obviously reduce to the correlation functions of P. For general £ and
k; = 1 they are densities (‘mixed moment densities’ in the language of [6]) of the
higher-order moment measures of the £-weighted measures with all distinct argu-
ments. In the case of repeated arguments, the moment measures of a simple point
process ‘collapse’ to appropriate lower dimensional ones. This is neither the case
for non-simple point processes nor for our £-weighted measures, where general
exponents k; are required to properly take into account repeated arguments.

When k; = 1 forall 1 < i < p, we write m (x1,...,xp;n) instead of

m(L--sb) (21, ..., xp; n). Abbreviate m(k1skp) (x1,...,xp;00) by mk-kp) (x1,...

These functions exist whenever (1.19) is satisfied for p set to k1 +. . . + k,, and pro-
vided the p-point correlation function p() exists. As for the input process P we

,Tp).
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consider mixing properties and fast decay of correlations for the £-weighted mea-
sures at (1.5).

DEFINITION 1.9 (w-mixing correlation functions of £-weighted measures). The
correlation functions (1.6) are said to be w-mixing if there exists a decreasing func-
tion : N x Rt — R such that for all p € N, lim,_,o, &(p, z) = 0 and for all
p,q € N, distinct z1, ..., 7,1, € RYandn € NU {o0}

m Lk () Tpiqin) — mFtoke) (g , Tpim)
(1.20) x mErtteskora) () en)| < O(K ),
where K := """ k; and s := d({x1,. .., 2p}, {Tps1,- -, Tpiq}) is as at (1.3).

DEFINITION 1.10 (Fast decay of correlations of the £-weighted measures). The
E-weighted measures are said to have fast decay of correlations if their correlations
functions are G-mixing as in Definition 1.9 with &(n, z) = Cy¢(¢nx) for some fast
decreasing function d; : RT — [0, 1] and some constants ¢, > 0 and C,, < .

More explicitly, the £-weighted measures (1.5) have fast decay of correlations
if there exists a fast-decreasing function gg and constants C’k < oo, ¢ >0,keN
such that for all n € NU {0}, p,q € N and any collection of positive integers
ki,...,kpyq, we have

mFtekora) (g wpgin) — mELe k) (g g en)
(kp+1,:kptq) : (6
(1.21) Xm (Zpt1, - Tprgin)| < Cro(Cks) ,
where x1, ..., %p44, K and s are as in Definition 1.9.

Our first theorem shows that the fast decay of correlations is inherited from the
input process P by the £-weighted measures for a wide class of score functions and
input. This key result forms the starting point of our approach.

THEOREM 1.11.  Let (£, P) be an admissible score and input pair of class (A1)
or (A2) such that the p-moment condition (1.19) holds for all p € (1,00). Then the
correlations of the £-weighted measures decay fast as at (1.21).

We prove this theorem in Section 3, where it is also shown that it subsumes more
specialized results of [6, 65].
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1.4. Main results. We give the limit theory for the measures ,u%, n > 1, de-

fined at (1.4). Given a score function ¢ on admissible input P we set

(122)  o*() :==Eo&?(0,P)p)(0) + /Rd<m<2> (0,2) = m)(0)°) da.
The following result provides expectation and variance asymptotics for ug( f), with
f belonging to the space B(1/7) of bounded measurable functions on 7.

THEOREM 1.12.  Let P be an admissible point process on R%,
(i) If € satisfies exponential stabilization (1.15) and if (£, P) satisfies the p-moment
condition (1.19) for some p € (1, 00) then for all f € B(W)

(1.23) nUER () — Eof(0,P)p(0) | f(x)da| = O 1),

f

Wh
If € only satisfies stabilization (1.14) and the p-moment condition (1.19) for some
p € (1,00), then the right hand side of (1.23) is o(1).
(ii) Assume that the second correlation function p) of P exists and is bounded as
in (1.11), that & satisfies (1.14), and that (§,P) satisfies the p-moment condition
(1.19) for some p € (2,00). If the second-order correlations of the -weighted
measures decay fast, i.e. satisfy (1.21) withp = q = k1 = ko = 1 and all
n € NU {oco}, then for all f € B(W7)

(1.24) ILm n~Warps (f) = o%(€) (z)?dz € [0,00),
whereas for all f,g € B(Wh)

(125 lim 0™ Cov(yi(f). 1i(9) = o*(€) | F(@)g(w)da.

We remark that (1.23) and (1.24) together show convergence in probability

n~ud (f) i Eo&(0,P)pM(0) (x)dx asn — oo.
Wi
The proof of variance asymptotics (1.24) requires fast decay of the second-
order correlations of the {-weighted measures. Fast decay of all higher-order cor-
relations as in Definition 1.10 yields Gaussian fluctuations of /,L%,n > 1, un-
der moment conditions on the atom sizes (i.e., under moment conditions on &)
and a variance lower bound. Let N denote a mean zero normal random variable

*For a stationary point process P, its Palm expectation Eq (and consequently m(1)(0),
My2)(0, x)dx) is meaningfully defined e.g. via the Palm-Matthes approach.
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with variance 1. We write f(n) = Q(g(n)) when g(n) = O(f(n)), i.e., when
liminf, , |f(n)/g(n)| > 0.

THEOREM 1.13.  Let P be an admissible point process on R® and let the pair
(&,P) satisfy the p-moment condition (1.19) for all p € (1, 00). If the correlations
of the £-weighted measures at (1.5) decay fast as in Definition 1.10 and if f €
B(W1) satisfies

(1.26) Varps (f) = Q(n”)

for some v € (0,00), then as n — o0

5 (f) —Epin(f) o,
Varyis(f)

(1.27) N.

Combining Theorem 1.11 and Theorem 1.13 yields the following theorem, which
is well-suited for off-the-shelf use in applications, as seen in Section 2.3.

THEOREM 1.14. Let (£, P) be an admissible pair of class (Al) or (A2) such
that the p-moment condition (1.19) holds for all p € (1,00). If f € B(W) satisfies
condition (1.26) for some v € (0, 00), then ui( f) is asymptotically normal as in
(1.27), as n — o0.

Theorems 1.12 and 1.13 are proved in Section 4. We next compare our results
with those in the literature. Point processes mentioned below are defined in Section
2.2.

Remarks.

(1) Theorem 1.12. In the case of Poisson and binomial input, the limits (1.23) and
(1.24) are shown in [59] and [6, 55], respectively (the binomial point processes are
not the restriction of an infinite point process to windows, but rather a re-scaled
binomial point process on [0, 1]%). In the case of Gibbsian input, the limits (1.23)
and (1.24) are established in [65]. Theorem 1.12 shows these limits hold for gen-
eral stationary input. The paper [70] gives a weaker version of Theorem 1.12 for
specific £ and for f = 1[z € W]. In full generality, the convergence rate (1.23) is
new.

(i) Theorems 1.13 and 1.14. Under condition (1.26),Theorems 1.13 and 1.14 pro-
vide a central limit theorem for non-linear statistics of either c-determinantal and
a-permanental input (|a|~! € N) with a fast-decaying kernel as at (2.7), the zero
set Papr of a Gaussian entire function, or rarified Gibbsian input. When ¢ = 1,
then 15 (f) reduces to the linear statistic > wcp, [ (7). These theorems extend the
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central limit theorem for linear statistics of Pgrr as established in [50]. When
the input is determinantal with a fast decaying kernel as at (2.7), then Theorems
1.13 and 1.14 also extend the main result of Soshnikov [68], whose pathbreak-
ing paper gives a central limit theorem for linear statistics for any determinantal
input, provided the variance grows as least as fast as a power of the expecta-
tion. Proposition 5.7 of [67] shows central limit theorems for linear statistics of
a-determinantal point processes with @« = —1/m or a-permanental point pro-
cesses with « = 2/m for some m € N. During the revision of this article, we
noticed the recent work [53]. This paper shows that when the kernel satisfies (2.7)
with w(s) = o(s~(4+)/2) and when || is bounded with a deterministic radius of
stabilization, then Hj at (1.2) is asymptotically normal. The generality of the score
functionals and point processes considered in our article necessitates assumptions
on the determinantal kernel which are more restrictive than those of [53, 68].

(iii) Variance lower bounds. To prove asymptotic normality it is customary to re-
quire variance lower bounds as at (1.26); [50] and [68] both require assumptions
of this kind. Showing condition (1.26) is a separate problem and it fails in gen-
eral. For example, the variance of the point count of some determinantal point
processes, including the GUE point process, grows at most logarithmically. This
phenomena is especially pronounced in dimensions d = 1, 2. Additionally, given
input Pgrr and £ = 1, the bound (1.26) may fail even when f is a smooth cut-
off that equals one in a neighborhood of the origin (cf. Prop. 5.2 of [49]). On the
other hand, if £ = 1, and if the kernel K for a determinantal point process satisfies
Jra |K(0,2)]2dz < K(0,0) = p(})(0), then recalling the definition of 02(¢) at
(1.22), we have 02(¢) = 02(1) = pM(0) — [u |K(0,2)[>dz > 0. In the case
of rarified Gibbsian input, the bound (1.26) holds with v = 1, as shown in of
[69, Theorem 1.1]. Theorem 1.14 allows for surface-order variance growth, which
arises for linear statistics > . &(z) of determinantal point processes; see [24,
(4.15)].

(iv) Poisson, binomial, and Gibbs input. When ‘P is Poisson or binomial input and
when £ is a functional which stabilizes exponentially fast as at (1.15), then u% is
asymptotically normal (1.27) under moment conditions on &; see the survey [72].
When P is a rarified Gibbs point process with ‘ancestor clans’ decaying exponen-
tially fast, and when £ is an exponentially stabilizing functional, then u% satisfies
normal convergence (1.27), as established in [65, 69].

(v) Mixing conditions. Central limit theorems for geometric functionals of mixing
point processes (random fields) are established in [2, 17, 34, 30, 32, 31, 53]. The
geometric functionals considered in these papers are different than the ones consid-
ered here; furthermore the relation between the mixing conditions in these papers
and w-mixing correlation functions as in Definition 1.1 is unclear. Though corre-
lation functions are simpler than mixing coefficients, which depend on o-algebras
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generated by the point processes, our decay rates appear more restrictive than those
needed in afore-mentioned papers. A careful investigation of the relations between
the various notions of mixing and fast decay of correlations lies beyond the scope
of our limit results and will be treated in a separate paper. In the case of point
processes on discrete spaces, such a study is easier, c.f. [61].

(vi) Brillinger mixing and fast decay of correlations. Brillinger mixing [34, Sec-
tion 3.5] is defined via finiteness of integrals of the reduced cumulant measures
(see Section 4.3.2). The very definition of Brillinger mixing implies volume-order
growth of cumulants; the converse follows using the ideas in the proof of [9, Theo-
rem 3.2]. The key to proving our announced central limit theorems is to show that
the fast decay of correlations of the &-weighted measures (1.5) implies volume-
order growth of cumulants and hence Brillinger mixing; see the remarks at the
beginning of Section 4.3 and also those and at the end of Section 4.4.2.

(vil) Multivariate central limit theorem. We may use the Cramér-Wold device to
extend Theorems 1.12 and 1.14 to the multivariate setting as follows. Let (£, P) be
a pair satisfying the hypotheses of Theorems 1.12 and 1.14. If f; € B(W7),1 <
i < k, satisfy the variance limit (1.24) with 02(¢) > 0, then as n — oo the fidis

pa(f1) = Bpn(f)  pn(fi) = Epi(fi)
NG e NG
converge to that of a centred Gaussian field having covariance kernel f,g —
5(&) Jy, J(x)g(2)d.

(viii) Deterministic radius of stabilization. It may be shown that our main results

go through without the condition (1.17) if the radius of stabilization R¢(x, P) is
bounded by a non-random (deterministic) constant and if (1.16) and (1.18) are sat-
isfied. However we are unable to find any interesting examples of point processes
satisfying (1.10) but not (1.17).
(ix) Fast decay of the correlation of the &-weighted measures; Theorem 1.11.
Though the cumulant method is common to [6, 65, 50] and this article, a distin-
guishing and novel feature of our approach is the proof of fast decay of correlations
of the £-weighted measures (1.21), and consequently their Brillinger mixing, for a
wide class of functionals and point processes. As mentioned in the introduction,
the proof of this result is via factorial moment expansions, which differs from the
approach of [6, 65, 50] (see the remarks at the beginning of Section 3). Fast de-
cay of correlations of the £-weighted measures (1.21) appears to be of independent
interest. It features in the proofs of moderate deviation principles and laws of the
iterated logarithms for stabilizing functionals of Poisson point process [4], [21].
Fast decay of correlations (1.21) yields volume order cumulant bounds, useful in
establishing concentration inequalities as well as moderate deviations, as explained
in [26, Lemma 4.2].
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(x) Normal approximation. Difference operators (which appear in our factorial
moment expansions) are also a key tool in the Malliavin-Stein method [51, 52].
This method yields presumably optimal rates of normal convergence for various
statistics (including many considered in Section 2.3) in stochastic geometric prob-
lems [38, 41, 62, 37]. However, these methods currently apply only to functionals
defined on Poisson and binomial point processes. It is an open question whether a
refined use of these methods would yield rates of convergence in our central limit
theorems.

(xi) Cumulant bounds. As mentioned, we establish that the kth order cumulants
for (f, u%> grow at most linearly in n for k > 1. Thus, under assumption (1.26),

the cumulant C¥ for (f, u%)/+/ Var(f, u) satisfies C* < D(k)n'~"*/2) with
D(k) depending only on k. For k = 3,4,... and v > 2/3, we have CF <
D(k)/(A(n))*—2, where A(n) := n(3*=2)/2 When D(k) satisfies D(k) < (k!)'*7,
~ a constant, we obtain the Berry-Esseen bound (cf. [26, Lemma 4.2])

o [ () —Ei(f) _

t] —P(N <t)| = O(A(n)—l/(lww)).

sup
reR Varis,(f)

Determining conditions on input pairs (£, P) insuring the bounds v > 2/3 and
D(k) < (k!)'*7,  aconstant, is beyond the scope of this paper. When P is Poisson
input, this issue is addressed by [21].

We next consider the case when the fluctuations of HSL(P) are not of volume-
order, that is to say o2(&) = 0. Though this may appear to be a degenerate condi-
tion, interesting examples involving determinantal point processes or zeros of GEF
in fact satisfy o2(1) = 0. Such point processes are termed ‘super-homogeneous
point processes’ [50, Remark 5.1]. Put

(1.28) HY(P) = > &(x,P).

xE€Py

The summands in HS(P), in contrast to those of HS(P), are not sensitive to
boundary effects. We shall show that under volume-order scaling the asymptotic
variance of HS(P) also equals o2(¢). However, when o%(£) = 0 we derive surface-
order variance asymptotics for fIﬁ(P) Though a similar result should plausibly
hold for H%(P), a proof seems beyond the scope of the current paper. Letting Voly
denote the d-dimensional Lebesgue volume, for y € R% and W C R¢, put

(1.29) yw (y) = Volg(W N (RI\ W —y)).

By [44, Lemma 1(a)], we are justified in writing v (y) := lim,, 00 yw,, (y)/n{41/2,
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THEOREM 1.15. Under the assumptions of Theorem 1.12(ii) suppose also that
& is exponentially stabilizing on P as in (1.15). Then

(1.30) lim n~VarHS(P) = 2(€).
If moreover 02(£) = 0 in (1.24) then
(1.31)
im VN (P) = 02(67) 1= [ (e (0 mey (0,0)) (o) o € [0, 0)
n—0o0 Rd
Remarks.

(i) Checking positivity of o2(&, ) is not always straightforward, though we note
if £ has the form (1.13), then the disintegration formula (1.9) yields

k
B ()
a?(&,y) = ;/Rd d gk —j5—D(k—j—1)!

h(0,y, 2)h(z,%,2) /M) (0,y,2)p™) (@,%,2) = /) (0,y,2,2,%)| dadydx).

</(BT<o>mBr<x>>fxBT<o>k—f—1xBrmk—j—l

(i) Theorem 1.12 and Theorem 1.15 extend [44, Propositions 1 and 2], which are
valid only for £ = 1, to general functionals. If an admissible pair (£, P) of type
(A1) or (A2) is such that f]ﬁ(?) does not have volume-order variance growth,
then Theorems 1.12 and 1.15 show that ﬁS(P) has at most surface-order variance
growth.

2. Examples and applications. Before providing examples and applications
of our general results, we briefly discuss the moment assumptions involved in our
main theorems.

2.1. Moments of point processes having fast decay of correlations. We say
that PP has exponential moments if for all bounded Borel B € R% and all t € R
we have

2.1) E[tPP)] < oo.

Similarly, say that P has all moments if for all bounded Borel B C R? and all
k € N, we have

(2.2) E[P(B)*] < co.

Remarks.

(i) The point process P has exponential moments whenever Y ; k. t* /k! < oo
for all t € RT with k4 as in (1.11) (cf. the expansion of the probability generat-
ing function of a random variable in terms of factorial moments [18, Proposition
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5.2.1IL]). By (1.12) an admissible point process having fast decay of correlations
has exponential moments provided

2.3) f: Ol” oo, teR?
. A <, .
2 (= 1)!

Note that input of type (A2) has exponential moments since by (1.16), we have
Cy = O(k%),a € [0,1), making (2.3) summable. For pairs (£, P) of type (A2)
with radius of stabilization bounded by 9 € [1,00), by (1.18) the p-moment in
(1.19) is consequently controlled by a finite exponential moment, i.e., for z1, ..., 7,y €
Wh,

(2.4) Eay.a ) |61, Po) P < Bay, ., (Erg)PP Prolen)),

Finally, if P has exponential moments under its stationary probability P, the same
is true under P, ., for a®) almost all Tl .., T o,

(ii) For pairs (£,P) of type (Al), the p-moment (1.19) satisfies for 1, ...,z €
W

hlloo _
@5 Byl PP < (M=)E, (B (@)

D P

We next show that (2.5) may be controlled by moments of Poisson random vari-
ables. For any Borel set B C (R%)*, the definition of factorial moment measures
gives a®)(B) < k1, Volg(B). Since moments may be expressed as a linear com-
bination of factorial moments, for ¥ € N and a bounded Borel subset B C R<,
using (1.8) we have

(2.6)

E[(P(B))’f]zi{’j} (BY) < kz{ bol(B) = B (Po(VoL(5)).

J=0

where {’;} stand for the Stirling numbers of the second kind, Po()\) denotes a
Poisson random variable with mean A and where r;’s are non-decreasing in j.
Thus by (1.12), an admissible point process having fast decay of correlations has
all moments, as in (2.2). If P has all moments under its stationary probability P, the
same is true under PP, ., for a®) almost all z1,...,Z (by the same arguments
as in Footnote 3).

3 Indeed, if By, . o [p7 Pr®)] = oo for x1,...,2, € B’ for some bounded B’ € R?
such that o™ (B'*) > 0 then By, 2y [p7 P @] < Bay oy [07PP)] = oo with B, = B’ &
B.(0) ={y +y:9y € B,y € B-(0)} the r-parallel set of B’. Integrating with respect to
o™ in B'®, by the Campbell formula E[(P(BL))*p" B ;)] = o0, which contradicts the existence of
exponential moments under P.
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2.2. Examples of point processes having fast decay of correlations. The
notion of a stabilizing functional is well established in the stochastic geometry
literature but since the notion of fast decay of correlations for point processes (1.10)
is less well studied, we first establish that some well-known point processes enjoy
this property. For more details on the first five examples, we refer to [8].

2.2.1. Class Al input.

Permanental input. The point process P is permanental if its correlation func-
tions are defined by p*) (21, ..., x4) := per(K (zi,7;))1<i j<k, Where the perma-
nent of an n x n matrix M is per(M) := > o I M; 7 (;), with S;, denoting
the permutation group of the first n integers and K (-, -) is the Hermitian kernel of a
locally trace class integral operator C : L?(RY) — L?(R9) [8, Assumption 4.2.3].
A kernel K is fast-decreasing if

2.7) K (z,y)] <w(lz —yl), 2,y €R%,

for some fast-decreasing w : Rt — R™. [14, Lemma 1.5] in the supplemental file
shows that if a stationary permanental point process has a fast-decreasing kernel
as at (2.7), then it is an admissible point process having fast decay of correlations
with decay function ¢ = w and with correlation decay constants satisfying

(2.8) C = kE|[|K||F L e = 1,

where ||K|| := sup,, |K(z,y)| and we can choose k; = k|| K||¥. However, a
trace class permanental point process in general does not have exponential mo-
ments, i.e., the right-hand side of (2.1) might be infinite for some bounded B and
p large enough. *

The permanental point process with kernel K may be represented as a Cox point
process (see Section 2.2.3) directed by the random measure n(B) := [5(Z1(z)* +
Zy(x)?)dx, B C R?, where the intensity Z; () + Zo(x)? is a sum of i.i.d. Gaus-
sian random fields with zero mean and covariance function K/2 [67, Thm 6.13].
Thus mean zero Gaussian random fields with a fast decaying covariance function
K /2 yield a permanental (Cox) point process with kernel K and having fast decay
of correlations.

a-Permanental point processes. See [8, Section 4.10], [45], and [67] for more
details on this class of point processes which generalize permanental point pro-
cesses. Given o > () and a kernel K which is Hermitian, non-negative definite and

“This is because, the number of points of a (trace-class) permanental p.p. in a compact set B is a
sum of independent geometric random variables Geo(1/(1 + X)) where X runs over all eigenvalues
of the integral operator defining the process truncated to B.



LIMIT THEORY FOR GEOMETRIC STATISTICS OF POINT PROCESSES 21

locally trace class, a point process P is said to be a-permanental > if its correlation
functions satisfy

k

(2.9) PP (@, wp) =Y F O K (i, 20:)

TES =1

where Sy, stands for the usual symmetric group and v(.) denotes the number of
cycles in a permutation. The right hand side is the a-permanent of the matrix
((K(x4,25))ij<k- The special cases @ = 0 and o = 1 respectively give the Pois-
son point process with intensity /& (0, 0)) and the permanental point process with
kernel K. In what follows, we assume o« = 1/m for m € N, i.e. 1/« is a posi-
tive integer. Existence of such a-permanental point processes is guaranteed by [67,
Theorem 1.2]. The property of these point processes most important to us is that an
a-permanental point process with kernel K is a superposition of 1/« i.i.d. copies
of a permanental point process with kernel oK (see [8, Section 4.10]). Also from
definition (2.9), we obtain

PP 1, ap) < KRk Y (a7,

TESk

and so we can take Kk = Hfz_ol (ja+41)||K||¥ for an a-permanental point process.
The following result is a consequence of the upcoming Proposition 2.3 and the
identity (2.8) for decay constants of a permanental point process with kernel a /.

PROPOSITION 2.1.  Let a = 1/m for some m € N and let P,, be the station-
ary a-permanental point process with a kernel K which is Hermitian, non-negative
definite and locally trace class. Assume also that | K (z,y)| < w(|z — y|) for some
fast-decreasing w. Then P, is an admissible point process having fast decay of cor-
relations with correlation decay constants Cy, = km!' = *m=Dml(ED)™ || K ||Fm—1 ¢ =
1 and decay function ¢ = w.

Zero set of Gaussian entire function (GEF). A Gaussian entire function f(z)
is the sum ) | 50X, j%’ where X; are i.i.d. with the standard normal density on
the complex plane. The zero set £ ~1({0}) gives rise to the point process Pggr :=
Zzef_l({O}) 5. on R2. The point process Pgrr is an admissible point process
having fast decay of correlations [50, Theorem 1.4] and exhibits local repulsion of
points. Though Pg g satisfies condition (1.17), it is unclear whether (1.16) holds.
By [36, Theorem 1], Pgrr(B;(0)) has exponential moments.

Moment conditions. For p € [1,00), we show that the p-moment condition (1.19)

In contrast to terminology in [8, 67], here we distinguish the two cases (i) « > 0 (a-
permanental) and (ii) a < 0 (a-determinantal)
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holds when ¢ is such that the pair (£, Pgrr) is of class (Al). By [50, Theorem

1.3], given P := Pggr, there exists constants Dy, such that

(2.10) 3

D;* Hmin{\yi —y;)% 1} < p® (1, .. yp) < Dy, Hmin{\yi —y;l%, 1}

i<j i<j

Recall from [67, Lemma 6.4] (see also [29, Theorem 1], [11, Proposition 2.5]),

that the existence of correlation functions of any point process implies existence of

reduced Palm correlation functions pgi),__,xp(yl, .., Yk ), which satisfy the follow-

ing useful multiplicative identity: For Lebesgue a.e. (x1,...,z,) and (y1,...,yk).

all distinct,

(211) P(p) (xlv cee 7xp)p(xk1:),...,xp(y1) s Z/k) = P(p+k) ('Tla s Tpy Yl yk:)

Combining (2.10) and (2.11), we get for Lebesgue a.e. (1, ..., zp) and (y1, ..., Yx),
that

2.12) P o s k) < Dpp™ (- i),

where Dy, 1= ﬁp+kl~)pl~)k. Thus we have shown there exists constants D;,j €
N, such that for any bounded Borel subset B, k € N and Lebesgue a.e. (z1,...,z;,) €
(R%)P, we have

(2.13) B, . (PW(BY) < Dy E(PW(BY)).

By (2.5), (2.13), and (2.6) in this order, along with stationarity of Pggr, we have
for any p € [1, 00),

sup  sup sup By (1, Pn) P
1<n<co 1<p’<|p| L1y eWn
7]l \* (k—1)p
(2.14) < i K (k—1)p DrpE[(Po(Voly(B;(0))) + p) ] < oo,

where as before Po(\) denotes a Poisson random variable with mean A. Thus the p-
moment condition (1.19) holds for pairs (£, Pagr) of class (Al) forall p € [1, 00).

2.2.2. Class A2 input.

Determinantal input. The point process P is determinantal if its correlation
functions are defined by p*) (x4, ..., 21) = det(K (v, 2;))1<i j<k, where K(-,-)
is again the Hermitian kernel of a locally trace class integral operator C : L?(R%) —
L?(R%). Determinantal point processes exhibit local repulsivity and their structure
is preserved when restricting to subsets of R? and as well as when considering their
reduced Palm versions. These facts facilitate our analysis of determinantal input;
the supplemental file [14] provides lemmas further illustrating their tractability. If a
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stationary determinantal point process has a fast-decreasing kernel as at (2.7), then
[14, Lemma 1.3] in the supplemental file shows that it is an admissible point pro-
cess having fast decay of correlations satisfying (1.16) with decay function ¢ = w,
with w as at (2.7), and correlation decay constants

(2.15) Cp = K2 K| P o = 1.

Consequently, ¢ satisfies the requisite exponential decay (1.17) whenever w itself
satisfies (1.17).

The Ginibre ensemble of eigenvalues of IV x [N matrices with independent stan-
dard complex Gaussian entries is a leading example of a determinantal point pro-
cess. The limit of the Ginibre ensemble as N — oo is the Ginibre point process (or
the infinite Ginibre ensemble), here denoted Py It is the prototype of a station-
ary determinantal point process and has the following kernel : For 21, 22 € C,

2 2 — 22
K (21, 22) = exp(z1) exp <_|zl|;|zz|) = exp (ilm(2122) - |Zl2z2|> .

More generally, for 0 < 8 < 1, the 3-Ginibre (determinantal) point process (see
[27]) has kernel

RERRETE
26
When 5 = 1, we obtain Pgyy and as 5 — 0 we obtain the Poisson point process.
Thus the B-Ginibre point process interpolates between the Ginibre and Poisson
point processes. Identifying the complex plane with R? we see that all 3-Ginibre
point processes are admissible point processes having fast decay of correlations
satisfying (1.16) and (1.17).
Moment Conditions. Let p € [1,00) and let P be a stationary determinantal point
process with a continuous and fast-decreasing kernel. We now show that the p-
moment condition (1.19) holds for pairs (£, P) of class (Al) or (A2), provided &
has a deterministic radius of stabilization, say r¢ € [1,00). First, forall (z1,...,z,) €
(R%)P, all increasing F : N — R* and all bounded Borel sets B we have [27, The-
orem 2]

1
Kg(z1,22) := exp(lez_g)exp < > , 21, 20 € C.

E. (F(P(B))) < E(F(P(B)))-

T1,...,Zp
Thus using (2.4), the above inequality and stationarity of P, we get that for any
bounded stabilizing score function £ of class (A2),

sup sup sup Es, ... T, €21, Pn) P

1<n<oo 1<p'<|p] ®1,. -, EWn

(2.16) < E(érg)?PBro@)+7* o0,
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The finiteness of the last term follows from the fact that determinantal input con-
sidered here is of class (A2) and, by Remark (i) at the beginning of Section 2.1,
such input has finite exponential moments.

a-Determinantal point processes. Similar to permanental point processes, we
generalize determinantal point processes to include their c-determinantal versions,
by requiring that the correlation functions satisfy (2.9) for some a < 0. In what fol-
lows, we shall assume that « = —1/m, m € N. Existence of such a-determinantal
point processes again follows from [67, Theorem 1.2]. Likewise, an c-determinantal
point process with kernel K is a superposition of —1/« i.i.d. copies of a determi-
nantal point process with kernel —a.K ([8, Section 4.10]). By [67, Proposition 4.3],
we can take rj, = K (0,0)* for an a-determinantal point process. Analogously to
Proposition 2.1, the next result follows from Proposition 2.3 below and the identity
(2.15) for correlation decay constants of a determinantal point process with kernel
—akK.

PROPOSITION 2.2. Let « = —1/m for some m € N and P, be the stationary
a-determinantal point process with a kernel K which is Hermitian, non-negative
definite and locally trace class. Assume also that |K (z,y)| < w(|z — y|) for some
fast-decreasing function w. Then Py, is an admissible point process having fast de-
cay of correlations with decay function ¢ = w and correlation decay constants
Cj, = m =D K (0,0 V)| K |F1 o) = 1. Further if w satis-
fies (1.17), then P, is an admissible input of type (A2).

From (2.16) and [14, (1.11)] in the supplemental file, we have that for P, —1/«a €
N as above, and for any bounded stabilizing score function £ of class (A2),

(2.17) sup  sup sup  Eg o |6(21,Pn)|P < 0.

1<n<oo 1<p’<|p| :vl,...,:cp/GWn P
Rarified Gibbsian input. Consider the class ¥ of Hamiltonians consisting of
pair potentials without negative part, area interaction Hamiltonians, hard core Hamil-
tonians, and potentials generating a truncated Poisson point process (see [65] for
further details of such potentials). For ¥ € ¥ and 8 € (0,00), let P?Y be the
Gibbs point process having Radon-Nikodym derivative exp(—S¥(-)) with respect
to a reference homogeneous Poisson point process on R? of intensity 7 € (0, c0).
There is a range of inverse temperature and activity parameters (8 and 7) such
that PPY has fast decay of correlations; see the introduction to Section 3 and [65]
for further details. These rarified Gibbsian point processes are admissible point
processes having fast decay of correlations and satisfy the input conditions (1.16)
and (1.17) of class (A2). Setting £(.,.) = 1 in Lemma 3.4 of [65] shows that (1.10)
holds with C}, a scalar multiple of k and ¢, a constant.
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2.2.3. Additional input examples. For additional examples of admissible point
processes having fast decay of correlations, we refer to the arxiv version of this
paper [15, Section 2.3]. We shall discuss but one example here.

Superpositions of i.i.d. point processes. A natural operation on point processes
generating new point processes consists of independent superposition. We show
that this operation preserves fast decay of correlations.

Let Py, ..., Pm,m € N, be i.i.d. copies of an admissible point process P with
correlation functions p and having fast decay of correlations. Let pg denote the
correlation functions of the point process Py := U;™;P;. For any k > 1 and distinct
z1,..., o, € R% the following relation holds

(2.18) o @)= > TS,

U;lei:[k] =1

where LI stands for disjoint union and where we abbreviate p(|si|)(xj 1] €Sy
by p(S;). Here S; may be empty, in which case we set p({)) = 1. From (2.18), we
have that Py is an admissible point process with intensity mp(l)(O). Further, we
take i (Po) = (k1)™mF. The proof of the next proposition, which shows that Pg
has fast decay of correlations, is in the supplemental file (cf. [ 14, Proposition 1.8]).

PROPOSITION 2.3. Letm € Nand P1,..., P be i.id. copies of an admis-
sible point process ‘P having fast decay of correlations with decay function ¢ and
correlation decay constants Cj, and cy,. Then Py := U | 'P; is an admissible point
process having fast decay of correlations with decay function ¢ and correlation
decay constants mFm! (k)™ 'Cy, and cy,. Further, if P is admissible input of type
(A2) with ry, < NF for some X € (0,00), then Py is also admissible input of type
(A2).

We have already used this proposition in the context of fast decay of correlations
of a-permanental and determinantal point processes.

2.3. Applications. Having provided examples of admissible point processes,
one may use Theorems 1.12 and 1.14 to deduce the limit theory for geometric and
topological statistics of these point processes. Examples include statistics arising in
combinatorial and differential topology, integral geometry, and computational ge-
ometry. As fully explained in Section 2.3 of [15], one may deduce expectation and
variance asymptotics and central limit theorems for statistics of random Cech com-
plexes, Morse critical points, as well as statistics of germ-grain models generated
by admissible point processes. The results described in Section 2.3 of [15] are not
exhaustive and include functionals in stochastic geometry already discussed in e.g.
[6, 60]. There are further applications to (i) random packing models on input hav-
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ing fast decay of correlations (extending [58]), (ii) statistics of percolation models
(extending e.g. [40, 57]), and (iii) statistics of extreme points of input having fast
decay of correlations (extending [3, 69]). Details are left to the reader.

Here we focus on two examples and in doing so, we use the full force of The-
orems 1.12 and 1.14, applying them to sums of score functions whose radius of
stabilization has either a bounded or exponentially decaying tail.

k-covered region of the germ-grain model. The following is a statistic of interest
in coverage processes [28]. For locally-finite X C R% and 2 € X, define the score
function

_ 1[X (B, (y)) > K]
B(k) (. &) = /yGB,.(x) X(B:(y)) dy

Clearly, g3 (k) is an exponentially stabilizing score function as in Definition 1.1 with
stabilization radius 2r. Define the k-covered region of the germ-grain model by
Ch(Pp,7) = {y : Pu(Br(y)) > k}. Thus H;?(k) (P) is the volume of C&(Pp, 7).
When k£ = 1, H{f “ (P) is the volume of the germ-grain model having germs in
P,.. Clearly 3¥) is bounded by the volume of a radius r ball and so ¢ satisfies the
power growth condition (1.18). The following is an immediate consequence of
Theorems 1.12 and 1.14 and the fact that if P is of class (A2) then the input pair
(B%), P) is also of class (A2).

THEOREM 2.4. Forall k € N and any point process P of class (A2) with the
pair (B%), P) satisfying the moment condition (1.19) for all p € (1, 00), we have
[n ' EVola(C (P, 7)) — B8N (0,P)p ) (0)] = O(n~1/4),

and
lim n~'VarVoly(Ch(Py,,r)) = o2(8%).

n—oo
Moreover; if VarVoly(Ck (P, 1)) = Q(n”) for some v € (0,00), then as n — 0o
Volg(Cl(Pn, 1)) — EVolg(CE(Pu, 7)) D

2.19) 2N,
\/ VarVoly(CE (P, 1))

In the case of Poisson input and k£ = 1, [28] establishes a central limit theorem
for C5(Py,r). For general k, the central limit theorem for Poisson input can be
deduced from the general results in [57, 6] with presumably optimal bounds fol-
lowing from [41, Proposition 1.4].
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Edge-lengths of k-nearest neighbour graphs. Statistics of the Voronoi tessella-
tion as well as of graphs in computational geometry such as the k-nearest neighbors
graph and sphere of influence graph may be expressed as sums of exponentially
stabilizing score functionals [57] and hence via Theorems 1.12 and 1.14, we may
deduce the limit theory for these statistics. To illustrate, we establish a weak law
of large numbers, variance asymptotics, and a central limit theorem for the total
edge-length of the k-nearest neighbors graph on a a-determinantal point process
P := P, with =1/« € N and a fast-decreasing kernel as in (2.7). As noted in
Proposition 2.2 , such an a-determinantal point process is of class (A2) as in Defi-
nition 1.7.

As shown in [14, Corollary 1.10] of the supplemental file, we may explicitly up-
per bound void probabilities for P, allowing us to deduce exponential stabilization
for score functions on P. This is a recurring phenomena, and it is often the case
that to show exponential stabilization of statistics, it suffices to control the Palm
probability content of large Euclidean balls. This opens the way towards showing
that other relevant statistics of random graphs exhibit exponential stabilization on
P. This includes intrinsic volumes of faces of Voronoi tessellations [64, Section
10.2], edge-lengths in a radial spanning tree [66, Lemma 3.2], proximity graphs
including the Gabriel graph, and Morse critical points.

Given locally finite X C R? and k € N, the (undirected) k-nearest neighbors
graph NG(X) is the graph with vertex set X’ obtained by including an edge {z, y}
if y is one of the k nearest neighbors of z and/or z is one of the k nearest neighbors
of y. In the case of a tie we may break the tie via some pre-defined total order (say
lexicographic order) on R?. For any finite X C R? and 2 € X, we let £(x) be the
edges e in NG(X') which are incident to x. Defining

o, ) =3 3 Il

ec&(x)

we write the total edge length of NG(X) as L(NG (X)) = >, cx &n(z, X). Let
o2(&1) be as at (1.22), with € put to be &7,

THEOREM 2.5. Let P := P, be a stationary a-determinantal point process
on R% with —1/a € N and a fast-decreasing kernel K as at (2.7). We have

EL(NS(RL)) — Eo£1(0,P)K(0,0)| = O(n~ /)

and
- VarL(NG(P,))

n—oo n

= a*(¢r).
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If VarL(NG(Pr)) = Q(n”) for some v € (0,00) then as n — o0
LING(P,) ~BLNG(P) o,
\/VarL(NG(Py,))

Remark. Theorem 2.5 extends Theorem 6.4 of [55] which is confined to Poisson
input. In this context, the work [41] provides a rate of normal approximation.

Proof. We want to show that ({1, P) is an admissible score and input pair of type
(A2) and then apply Theorem 1.14. Note that P is an admissible point process
which has fast decay of correlations satisfying (1.16) and (1.17). Thus we only
need to show that £y, is exponentially stabilizing, that £, satisfies the power growth
condition (1.18), and the p-moment condition (1.19). When d = 2, we show ex-
ponential stabilization of {7, by closely following the proof of Lemma 6.1 of [59].
This goes as follows. For each t > 0, construct six disjoint congruent equilateral
triangles 75(¢), 1 < j < 6, such that x is a vertex of each triangle and each edge
has length ¢. Let the random variable R be the minimum ¢ such that P, (7j) > k+1
forall 1 < j < 6. Notice that R € [r, 00) implies that there is a ball inscribed in
some 7} (t) with center c; of radius ~yr which does not contain £ + 1 points. Com-
bining [14, Corollary 1.10] in the supplemental file and the fact that P has kernel
K, the probability of this event satisfies

2[R > 1] < 6Py, 0, [P(Bor(c1)) < k=1] S 6Py, . [P(Byr(er)) < k—1]

.....

< 6em(2k+p—2)/SG—K(O,O)TW27‘2/8’

that is to say that R has exponentially decaying tails. As in Lemma 6.1 of [59], we
find that R (x, P,) := 4R is a radius of stabilization for £, showing that (1.15)
holds with ¢ = 2. For d > 2, we may extend these geometric arguments (cf. the
proof of Theorem 6.4 of [55]) to define a random variable R serving as a radius
of stabilization. Mimicking the above arguments we may likewise show that R has
exponentially decaying tails.

For all r € (0,00) and I € N we notice that (1.18) holds because

€ (z, X N By (2))|1[X (B, (z)) = 1] <7 -min(l,6) < (cr)’.

Since vertices in the k-nearest neighbors graph have degree bounded by kC'(d) as
in Lemma 8.4 of [71], and since each edge incident to = has length at most 4R,
it follows that [£1,(x, Py)| < k- C(d) - 4R. Since R has moments of all orders,
(&1, P) satisfies the p-moment condition (1.19) for all p > 1. Thus £, satisfies all
conditions of Theorem 1.14 and we deduce Theorem 2.5 as desired. g

3. Proof of the fast decay (1.21) for correlations of the £-weighted mea-
sures. We show the decay bound (1.21) via a factorial moment expansion for the
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expectation of functionals of point processes. Notice that (1.21) holds for any expo-
nentially stabilizing score function ¢ satisfying the p-moment condition (1.19) for
all p € [1, 00) on a Poisson point process P. Indeed if z,y € R% and 1,75 > 0 sat-
isfy 71 + 79 < |z —y| then £(z, P)1[RE(z,P) < r1] and &(y, P)1[RE(y, P) < 79
are independent random variables. This yields the fast decay (1.21) with k; =
... =kpyg=1and én < cf with ¢y a constant, as in [6, Lemma 5.2]. On the other
hand, if P is rarified Gibbsian input and & is exponentially stabilizing, then [65,
Lemma 3.4] shows the fast decay bound (1.21) with k1 = ... = k,1, = 1. These
methods depend on quantifying the region of spatial dependencies of Gibbsian
points via exponentially decaying diameters of their ancestor clans. Such methods
apparently neither extend to determinantal input nor to the zero set Pgrppr of a
Gaussian entire function. On the other hand, for Pgrr and for £ = 1, the paper
[50] uses the Kac-Rice-Hammersley formula and complex analysis tools to show
(1.21) with k1 = ... = k44 = 1. All three proofs are specific to either the un-
derlying point process or to the score function £. The following more general and
considerably different approach includes these results as special cases.

3.1. Difference operators and factorial moment expansions. We introduce
some notation and collect auxiliary results required for an application of the much-
needed factorial moment expansions [11, 12] for general point processes. Equip
R with a total order < defined using the lexicographical ordering of the polar co-
ordinates. For 1 € N and 2 € R, define the measure ju,,(.) := u(.N{y : y < z}).
Note that since p is a locally finite measure and the ordering is defined via polar co-
ordinates /i, is a finite measure for all x € RZ. Let o denote the null-measure i.e.,
o(B) = 0 for all Borel subsets B of R?. For a measurable function ¢ : N' — R,
1 € NU{0},and 21, ..., 7; € R%, we define the factorial moment expansion (FME)
kernels [11, 12] as follows. For [ > 1,

3.1
!
Dy () =D (=D Y e+ 0n) = Y (D) (e, +D da)),
i=0 7 (1) jeJ Jcll jeJ
where ([;]) denotes the collection of all subsets of [I] := {1,...,1} with cardinality
j and z, := min{zy, ..., x;}, with the minimum taken with respect to the order <.

For [ = 0, put D%)(u) := (o). Note that D,&?,,,.,zlw(m is a symmetric function
ofzq,..., 2.0
We say that 1) is <-continuous at oo if for all € N we have

ii{i V() = ¥(w).

SFor #; < x;_1 < ... < x1 the functional Dil,wmlw(p) is equal to the iterated difference
operator: Dy (1) = $(pyay + 021) — P(pyey)s Diy a0 (1) = Day (D5 oy ().
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We first recall the FME expansion proved in [11, cf. Theorem 3.2] for dimension
one and then extended to higher-dimensions [12, cf. Theorem 3.1]. Recall that

E;h-..,yz denote expectations with respect to reduced Palm probabilities.

THEOREM 3.1. Let P be a simple point process and let 1) : N' — R be <-
continuous at co. Assume that for all | > 1

(32) /]Rdl E!yl,...,yl [|Dgl/1,7yl¢(73)up(l) (yla s 7yl) dyl o dyl < o0
and
1
(3.3) il /Rdl E;/L..-,yz [Déhm’ylzp(P)]p(l) (Y1, y)dyr...dyr — 0asl — oc.

Then E[¢)(P)] has the following factorial moment expansion

— 1
G4 Ep(P) =)+ 5 /]R D@ () dyn -y
=1

Consider now admissible pairs (¢, P) of type (A1) or (A2) and 21, . . ., z;, € RY.
The proof of (1.21) given in the next sub-section is based on the FME expansion
for E 4,.....2, [¢(Pn)], where ¢(p) is the product of score functions

p
3.5) (1) = Vry oy (@1, ) o= [ [ € )

i=1
with k1, ..., k, > 1. However, under P, . . the point process P, has fixed atoms
at x1,...,Tp, which complicates the form of its factorial moment measures. It

is more handy to consider these points as parameters of the following modified
functional

k;
B6) ()= Py, (1 T ) = H&(:cz-, bt Zﬁzléxj)
i=1
and to not count points x1, ..., T, in P, i.e., to consider P under the reduced Palm
probabilities P}, zp- Obviously By, o [1(Pn)] = E;l% [4)'(P,,)] and the lat-

ter expectation is more suitable for FME expansion with respect to the correlation
functions pﬁjf vozp (Y1, - -, y1) of P with respect to the Palm probabilities P, syt
The following consequence of Theorem 3.1 allows us to use FME expansions to

prove (1.21).

LEMMA 3.2.  Assume that either (i) (§,P) is an admissible score and input
pair of type (Al) or (ii) (&, P) satisfies the power growth condition (1.18), with £
having a radius of stabilization satisfying sup,cp R&(x,P) < r a.s. for some r €



LIMIT THEORY FOR GEOMETRIC STATISTICS OF POINT PROCESSES 31

(1, 00) and with P having exponential moments. Then for distinct x1, . .., x, € R,
non-negative integers k1, . .., k, and n < oo the functional V' at (3.6) admits the
FME

xp[wkl,...,kp($17" . 71.]777)71)] = :C1, T [wkl (.’El,... ,l’p,Pn)]
= Ul oy (T15 - 23 0)
(3.7)

+Zl,/ P (1300 () dy . dy

When (&, P) is of type (Al), the series (3.7) has at most (k — 1) Y_%_, k; non-zero
terms, where k is as in (1.13).

PROOF. Throughout we fix non- negative integers k1,...,k, and suppress them
when writing 1'; i.e., ¥' (21, . . S Xp; Pp) 1= 1/1,617 e (x1,...,2p; Ppn). The bounded
radius of stabilization for & implies /' is <-continuous at co.

Consider first 1!)! at (3.6) with £ as in case (ii); later we consider the simpler case
(i). We show the validity of the expansion (3.7) as follows. Let 1, ...,y € R%
The difference operator D! vanishes as soon as y, ¢ U_ B,(x;) for some

yl?"‘?yl
ke {1,...,1}, thatis to say
(3.8) DL V@1, 3pip) =0

To prove this, set 1y := pily, + > ;e 50y, for J C [I] and y, := min{y1, ..., yi},
with the minimum taken with respect to < order. From (3.1) we obtain

Dgl/l,...,yﬂ/’!(mh Ce Xpy ) = Z (—1)17“]%!(@, e X L)

JC[],kgJ

+ 3 DI @ o) = 0,
JC[l],k¢J

where the last equality follows by noting that for J C [I] with k ¢ J, ¢! (z1,...,2p; py) =
V(1. Ty ftjuqky) because RE(x,P) € [1,7] by assumption.
Henceforth we put

p+q

(3.9) K, = Zl@, K, = kaﬂ, K = Zk:

Consider now y1,...,y € UY_, B(z;). For J C [l], from 1 < R%(z,P) < r
and (1.18) we have
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(3.10) G (@1, ) < (6r)Kel PRI Rip(Br(w:),

The term pK), in the exponent of (3.10) is due to Z§:1 0z, in the argument of §
in (3.6). Substituting this bound in (3.1) yields

DL,y p)| < (@R i ki Be@) 5 (o) Kl
Jc[i]

(.11) — (er)PErt Sy kin(Br(@)) (1 1 (orYKr)l

Consider w!(xl, ... Zp; Pp), with Py, := P N W, and 1/1! defined as above. The
bound (3.11) yields

|
i /Rdl (Bl [ Do @1, s P)108) o (s ) dyn - dy

1 | |
:ﬁ /Rdl E:wl,...,:vp,yl,“.,yl [’Dgl;l,...,ylw.(xl’ <oy Tpy Pﬂ)upgzll),...,mp (ylv ce 7yl) dyr...dy
(Lt (@) e

- [(Pa(UL, By(a0))! (6r) S KePa(Br @) |

l' X1ye-sTp
2 YK p U (A \PEK.
U g [P B ) () P
(3.12)
o) K )l P
<EEED g, [(PUULL B o) P arte]

where the last inequality follows since the distribution of P under Py, . ., is equal
to that of P+>_*_, 6,, under P!xl,...,mp- Defining N := P, (U!_, B,(z;)), we bound
(3.12) by

. A NK
Exl,...,xp < Eau,...,x,, (CT)(H_(CT) P+Kp)N} <00,

> ér)Kn)l
(é’r‘)KpN z_:l (1 + (Z' ) ) Nl

where the last inequality follows since P has exponential moments under the Palm
measure as well (see Remark (i) at the beginning of Section 2.1). Consequently, by
the Lebesgue dominated convergence theorem, the expression (3.12) converges to
0 as I — oo. Thus conditions (3.2) and (3.3) hold and (3.7) follows by Theorem
3.1.

Now we consider case (i), that is to say w! is as at (3.6) with £ a U-statistic
of type (Al). By [14, Lemma 1.1] in the supplemental file, with k as in (1.13),
1" is a sum of U-statistics of orders not larger than K,(k — 1). Consequently, for
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l € (Kp(k —1),00) we have
(3.13) D, W@ wpip) =0 Vi, oy € RY

as shown in [62, Lemma 3.3] for Poisson point processes (the proof for general
simple counting measures  is identical). This implies that conditions (3.2) for
I € (Kp(k—1),00) and (3.3) are trivially satisfied for 7' as at (3.6). Now, we need
to verify the condition (3.2) for I € [1, K,(k — 1)]. For y1,...,y € R% set as
before pu; = puly, + > s 0y, for J C [I] and y, := min{ys,...,y}, with the
minimum taken with respect to the order <. Since £ has a bounded stabilization
radius, by (3.8) and (2.5), we have

p
UCIT s Tpi ) < H 1P| 5 (e (U By () + || + p)kitk=1)
i=1
(3.14) < [IAllo (UL B (i) + || 4 p) D).

The number of subsets of [I] is 2 and so by (3.1), we obtain

K _
D}y @1, mp )] < Bl D (U Br(w) + ||+ p)r Y
JC[l]

(3.15) < ||hlIEr 2t (u(UP_, By (1)) + 1 + p)Kr D),

Consider ¢ (x1,...,2p; Pp) with 1) defined as above. Using the refined Campbell
theorem (1.9), the bound (3.15), and following the calculations as in (3.12), we
obtain

]. | ! !
ZT /Rdl (Eél,...,rp):yl,...,yl HDél,...,ylw.(‘Tl’ <oy Tpy Pn)”pg:ll),...,rp(yl’ s 7?/1) dyr...dy

K, _
< RS2 Eay o, [POULZy By (@) (P(UZ By () + L+ p)r 1),

Since P has all moments under the Palm measure (see Remark (ii) at the beginning
of Section 2.1), the finiteness of the last term and hence the validity of the condi-
tion (3.2) for [ € [1, K,(k — 1)] follows. This justifies the FME expansion (3.7),
with finitely many non-zero terms, when ' is the product of score functions of
class (A1). O

3.2. Proof of Theorem 1.11. First assume that (£, P) is of class (A2). Later
we consider the simpler case that (£, P) is of class (Al). For fixed p, ¢, k1, . . . , kptq €
N, consider correlation functions m(FFe+a) (21, ...y g n), mEFLke) (gL aprn),
and m (Fp+15-kp+q) (Tp+1, - .-, Tpyq; 1) of the E-weighted measures at (1.6). We ab-
breviate ¢, ., (21,...,Tp; ) by Y(1,...,2p; ) as at (3.5), and similarly for
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Y(Tpt1s .-y Tprqs o) ADd Y(X1, . .., Tpyq; 1)

Given z1,...,Zptq € Wy werecall s := d({z1,...,2p}, {Zp+1,. .., Tpiq})-
Without loss of generality we assume s € (4,00). Recalling the definition of b
at (1.17) and that of K at (3.9), we may assume without loss of generality that
b€ (0,d). Put

(3.16) ti=t(s) = (§)!01 70/ U,

where a € [0,1) is at (1.16). Since s € (4,00) and K > 2, we easily have ¢ €
(1, s/4). Given stabilization radii RS(z;,Py,),1 < i < p+ ¢, we put

&(wi, Pp) := &(wi, Pn N Bpe(y, p, (€))1[R (23, Pn) < 1]

considered under E ,, . . We denote by m(k1-kp) the correlation functions of
the £-weighted atomic measure, that is
ﬁz(kl""’kp)(xl, v pin) =By g, [ (21, Po)™ ... g(acp, Pn)kp]p(p)(xl, cey Tp).
Write
(3.17)
~ p ~
w(xla <o Tpjs Pn) = w(xla <oy Tps ,PTL)]-[I??;(Rg(xu Pn) < t] = Hf(xu ,Pn)kZ
= i=1
Next, write E;, 2 % (z1,...,2p; Py) as a sum of
Ea:1,...,acp [1/1(1‘1, <oy Ty ,Pn)]-[l?ggi Rg(xia Pn) < t]]
and

Ezz’l ..... xp[¢(x1; cee 7xp§73n)1[m<aXR£(xi7pn) > t]]
1=p

The bounds (1.11), (1.14), the moment condition (1.19), Holder’s inequality, and
p <>P | ki = K, give for Lebesgue almost all z1, ...,z

Eop,oopW(21, -0 23 Pr) — Emh“_,xpz;(:cl, o Zpy Pr) p(p)(xl, Ce, Tp)

< Kprge, (M, 1 )50/ Eot D o (age t)VErtD) < o) (K )p(age, t)/ T,

Here ¢1(m) := mkm M1 > Mt (Mpa1)™ (™) as M,, > 1 by assumption.
Similarly, condition (1.19) yields |Ey, 4 (21, ..., 2p; Po)|pP (21, ..., 2p) <
c1(K,) . Using (3.18) with p replaced by p-+q, we find mFtFo+a) (2, .. xpy 05 m)
differs from (1o Fora) (21, ... 2y i m) by e1 (K)p(agt) B+, which is fast-
decreasing by (1.15).
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For any reals A, B, A, B, with \§| < |B| we have |AB— AB| < |A(B—B)|+
|(A—A)B| < (|A| +|B|)(|B — B| + |A — A]). Hence, it follows that

o) (31, ..., Tp; n)m e+ K (Zpits e Tprqin)

— i Frke) (g nymEertek) (o )|

< (@1(5y) + ea(Kq)) (e (B )l 15D e (B ol ) /50 )
< eo(K)plapct) /KA,

with ca(m) := 4(c1(m))? and where we note that ¢(a,,t)"(™+1) is also fast-
decreasing by (1.15). The difference of correlation functions of the &-weighted
measures is thus bounded by

m(kl"“’kf’ﬂ)(xl, e Ty M) — m(kl""’kp)(ajl, Ce Xpy )

kp+i,..es k .
Xm( P p+q)(xp+1a <oy Tptgs n)‘

< (e1(K) + e2(K))p(apt) /FHD 4 ‘m(kl""’k”“)(ﬂ?l, e Tptqi 1)
(3.19)  — k) (g s n)ymFereberd (p ).

The rest of the proof consists of bounding |17 (F1:-+Fp+a) —gq (K1 kp) g (Bpt 101 Kpta) |
by a fast-decreasing function of s. In this regard we will consider the expansion
(3.7) with ¥(x1, . .., zp; Py) replaced by (2, ... ,Tp; Pp) as at (3.17) and simi-
larly for zﬂ(a;pﬂ, o+ s Tpyq; Pp) and O(x, ..., Zptq; Pn). By [14, Lemma 1.2] in
the supplemental file, £(x;, P),1 < i < p, have radii of stabilization bounded
above by t and also satisfy the power-growth condition (1.18) since |¢| < |£|. Thus
the pair (§~ , P) satisfies the assumptions of Lemma 3.2. The corresponding version
of 9, accounting for the fixed atoms of P, is

P
w‘(xl, .. -7%;#) = Hf(ﬁfivﬂ + Zf:l 5&)’%
i=1

and similarly for zlj!(acpﬂ, ..., Zq;Pp) and Dz, ... s Tptq; Pn)-
Put By ,,(x;) := Bi(x;) N W,,. Applying (3.7), the multiplicative identity (2.11)
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and (3.8), we obtain

~ ! 7!
m(kl,...,kp-‘rq) (3;‘17 . ,.Z’p_;’_q) = E.ml,...,ﬁp+q [wl(.fl:l, . ,.’Ep+q; Pn)}p(p+q) (5171, ceey Z'p+q)

1 -
ﬁ /(W ) Dzl,/h...,ylw!(O)p(l-i-p-i-q)(xh sy Tptgy YLy - - - yl) dy1 e dyl

=0

ot

1 -
l'/(up+qB (z:))! Dél7~--,ylw!(0)p(l+p+q)(xla" -y Lp+q> Y1, - '-7yl) dy1 "-dyl .
’ i=1 Pt,n(Ti

T
=

Applying (3.1) when g is the null measure, this gives for Pt almost all 21, . . ., Tpiq

m(k17~~~:kp+q) (xh cee 7$p+q)
1< I

= - 7 Dl 1;!(5617“’7‘%.-&-;0)
g 1! jgo JY (= 7)! /(Uletvn(xi))jX(U?1Bt7n($p+i))l—j Y yeoes i g

X p(l+p+q)(x17 vy Tptgy Y1y - - 7?Jl)dy1 ce dyl

oo 1
=S e
1=0 j=0 JHE= IS8 B () < (U B ()3
(3.20)
X (_1)Z_U|7Z!($1, <o Tptgs ZjeJ 5yj) X p(l+p+q) (mla sy Tptgs Y1y - - 7yl)'

To compare the (p + ¢)th correlation functions of the {-weighted measures with
the product of their pth and gth correlation functions, we shall use the fact that
R&(x;,Py) € (0,t] (cf. supplemental file [14, Lemma 1.2]) implies the follow-
ing factorization, which holds for yi,...,y; € U!_ By(x;) and yj41,...,y €
UL, Bi(xpti), with t € (1,s/4) (making U?_; By (x;) and UJ_, By(zp+;) disjoint):
(3.21) . ‘ .

1/’!(3517 co Tptgs Zizl Oy;) = P (a1, LTy D i 5yi>w!(xp+17 e Tptqs Zé:jJrl Sy;) -

Using the expansion (3.7) along with (3.21), we next derive an expansion for

the product of pth and gth correlation functions of the &-weighted measures. Re-
calling the multiplicative identity (2.11) as well as the identity E,, . 4, [¢)(Py)] =
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E! [4'(P,)] (cf. (3.6)), we obtain

L15-Tp

m(kl,...,k:p)(xh . ’xp)m(kp+17-..,kq)(xp+1’ ey Tpiq)

! !

=By 2 [0 (@1, w3 Pi)Eayiy,pig Wj!(l‘pﬂ» -+ Tptg; Pn)]

x P(p) (21, vl"p)P(Q) (Tp+1, - - -+ Tptg)

- >

I1 "l .
7 'l . . l Dy1,---,yzlw (x1,...,2p;0)
l1,l12=0 1202 (U B (24))1 % (Ufy B on (2p44))"2

X D,lel,...,zb@Z!(prrla o0 Tptgs O)P(l1+p) (15 Ty Y1, -5 Uny)
(3.22)

< p(lz-‘rQ)(

Tptly - s Tpiqs 21, -5 2y) dy1 ... dyg, dzy ... dzg,.
Applying (3.1) once more for i the null measure, this gives

o (klr“zkp) (‘Tla . xp)m(kp+1"")kq)(xp+l’ e ,xp+q)

- >

|
11,l2=0 lh! l2 Up 1Bt,n () 1X(U?=1Bt,n($p+i))l2

X Z (_1)l1+l2_|‘]1|_u2|7;!(331a--~vxp52ieJ1 5y¢)71~)!(xp+1a---axp+qézz'eJ2 521’)

J1C[l1],J2C|l2]

dy1 ce dylldzl ce dzlz

I1+ lo+
X p( ! p)<m17' "7xp7y17"'7yll)p(2 q)(xp—i-l,- . '7xp+Q7Z17' "7zl2)

co I
1 / I=| T2 |= 72|
= S (-1 [J1]—]J2
Z Z (l - ]) (UleBt,n(Ii))j X(nglBt,n($p+i))l_] Z )

' AClil T2 I\
(T15 -, Tp; Zieh 5yi)¢!($p+1v <o Tptqs Zieh dy:)

X p(j—"—p)(l'l,... yLpy Y1y -5 Y5 ) ¢ J+q)(xp+17"->$p+q7yj+17"'>yl) dyl dyl

s | D @ g e )
: (U€:1Btm($i))JX(Ug:1Btm($p+i))lﬂ Jc[l
(3.23)
« p(J+p)(x1, T 7yj)p(lfj+q)($p+1, e Tpggy Yty - -5 Y1) dyr - dyg,

where we have used (3.21) in the last equality.
Now we estimate the difference of (3.20) and (3.23). Applying (1.10) and re-
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placing By ,(x;) with By(x;), we obtain

‘m(klv“wkp“rq)(xl’ . xp+q) — m(klv"'7kp)($1’ . ,xp)m(kP‘Flr“kaI)(l‘p_‘rl’ . 7'/'Cp+q)|
l
oYY
1=0 j=0 7 (= J)!
(3.24)

Z | (@1, Tpigs Diey Oy) | dyr ... dy;.

Jc[l

Recalling (3.21), (3.10) and the definitions of K, K¢, and K at (3.9), we bound
>l [ (@1, Tprgs Doses Oys)| BY 21(ct)]KP+(l DK where ét € [1,00)
holds since ¢ € [1, 00) in (1.18). ThlS gives

X
/(Uf—l Bi(24))9 x (UL Be(zp14))t~

‘m(klv“"karq) (xla .

(3.25)

_ m(klv--wkp)(ml’ o ’xp)m(kp+1:“~7kq)(

- Tptq) Tpt1,- - -5 Tptg)|

l

Z Z Ciiprq

e / | 2! (et) KrHmDEAK gy dy,.
1=0 j= 0’ 7)! b1 Be(24))7 X (UL Bt (zp4i)) 7

Consequently, bounding K, and K, by K we obtain

‘ﬁ’b(kl""’k”ﬂ)(m, N ) m(kl""’kp)(xla --7xp)m(kp+1"”’kQ)($p+1v S Tptg)|
00 l
S . 1
<H(5) Y Cripra2' (@)X ((p+ @)t > =
2 11— )
=0 j—O
(3.26)
5\ o Cliptq i/ (I+1)K dy! s Cirk 1 (I+1)K dyl
<o(5) ) =4 @) TR (0 + g)fat)' < ¢<§>Z = A e) TR (K0t

=0 =0

where 0 := 7%/2/T'(d/2+1) is the volume of the unit ball in R¢ and where the last
inequality uses p + ¢ < K. The bound (1.16) yields C;1 g = O((l + K)a(”K)).
Thus there are constants c1, ¢ and c3 depending only on a, d and K such that
© K+d\l . jal
Z CZ+K4I( £)UFDE (Fg ) < tKZ 6102l03(tl' ) |

Al
=0 =0

By Stirling’s formula, there are constants ¢4, c¢5 and cg depending only on a, d and
K such that

0 4C lC@ tK+d)l

K Z CZ+K CLe g 61 (R 2! Z

(1—a))!’
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where for € R, |r] is the greatest integer less than r. We compute

L res (K +dyl
tKZCl+K4l VI (K gt <tKZ Z cacsl (f )
n=0{l: |I(1—a)|=n} "

() (n+1)/ (1-a)

(1 —a)n!

(327) < K Z cacgn®® < 7 explegt KD/ (1-)

where ¢y and cg depend only on a, d and K
Recalling from (3.16) that ¢ := (s/4)0(1=@)/(2(K+d)) e obtain

C

Z A (o) R (KOt < e exp ( (Z)é’) .
1=0

By (1.17), there is a constant cg depending only on a such that for all s we have

#(s) < cg exp(—s®/cg). Combining this with (3.26) and (3.27) gives

b
[ (B kra) g Rk gy (Bptoeokita) | < ez eg exp <_(8/2) + 68(Z)§> )
co

This along with (3.19) shows (1.21) when (£, P) is an admissible pair of class (A2).

Now we establish (1.21) when (&, P) is of class (Al). Let k be as in (1.13).
Follow the arguments for case (A2) word for word using that sup,.p R(z,P) <
r. Notice that for [ € ((k — 1)K, c0) the summands in (3.20) vanish. Likewise,
when 1 € ((k — 1)K, 00) and Iy € ((k — 1)K, c0), the respective summands
in (3.22) vanish. It follows that for I € ((k — 1)K, c0) the summands in (3.26) all
vanish. The finiteness of C'x in expression (1.21) is immediate, without requiring
decay rates for ¢ or growth bounds on C%. Thus (1.21) holds when (£, P) is of
class (Al). O

4. Proof of main results. We provide the proofs of Theorems 1.12, 1.15, and
1.13 in this order.

4.1. Proof of Theorem 1.12.

4.1.1. Proof of expectation asymptotics (1.23). The definition of the Palm prob-
abilities gives

R (f) = /W F () B (1, P p P () s
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As P is stationary and ¢ is translation invariant, we have Eo&(0, P) = E,&(u, P).
So,

\n—m%(f) ~Eo¢(0.P)p(0) | f(@) de|

[ S B, P )~ Eok(0,P)o (@)
et [ S R P) P )

< I flloon™ /W Eu[€(u, Pa) = €(u, P)|Lmax(RS (u, P), R (u, Pa)) 2 d(u, OWy,)]Jp" (w)du

<o [ dup V) x
Whn
Eu [|€(u, Pn) — E(u, P)| x (LR (u, P) = d(u, OWn)] + LR (u, Pn) > d(u, OW,)])]
< 451 f|loon 1 M, / o(ard(u, OW,)))du,

where the last inequality follows from the Holder inequality, (1.14), the bound
(1.11), the p-moment condition (1.19) (recall p € (1,00) and M,, € [1,00)) and
where 1/p + 1/q = 1. By (1.15), the bound (1.23) follows at once from

/ (p(ard(u, 8Wn)))l/qdu = O(n(d_l)/d).

n

If € satisfies (1.14), but not (1.15), then by the bounded convergence theorem, we
have

limsupnl/ (p(ard(u, OW,))) Y du = limsup/ (p(arn'/?d(z, W)Y dz = 0.
n Wh

n—o0 n—oo

Consequently, we have expectation asymptotics under (1.14) as follows :
n T BH() ~ Eot(0.P)p 0 (0) | () da] = (1)
1

4.1.2. Proof of variance asymptotics (1.24). Recall the definition of correla-
tion functions (1.6) of the £-weighted measures. We have
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Varps, (f EZ fn V)22 (2, Py)

TEPn
FE Y 0 ) f (e, Paely Pa) — (B F e, P))
z,YEPn,x#y 2E€Py
“4.1)
= | TR (€ (u, Pa))p (u) du
Whn,
“4.2)

+ / F(n~Y) f(n=V ) (m(2)(u, v;n) — my (u; n)m)(v; n))dudo.
Wiy xWh,

Since ¢ satisfies the p-moment condition (1.19) for p > 2, we have that £2 satisfies
the p-moment condition for p > 1. Also, ¢ and £2 have the same radius of stabi-
lization. Thus, the proof of expectation asymptotics, with ¢ replaced by &2, shows
that the first term in (4.1), multiplied by n~!, converges to

Eo&(0,P)p(0) | f(z)*dw

Wi

~1/d 1/d

cf. expectation asymptotics (1.23). Settingz = n vand z = v—u =v—n
the second term in (4.2), multiplied by n~!, may be rewritten as

(4.3)

/Wl / e pw)

x [mg(n Vg nMdg 4 2in) — m)(n l/dff;n)m(l)(nl/dx+Z§n)]d2dx-

xz,

Setting P? := PN (W,, —n'/?x), the translation invariance of £ and stationarity

of P yields
Vg nMig 4 2:n) = m2)(0,2;Py)

my(n"/"x;n) = m) (0; Py)

m(Q) (n

my (0% + zm) = m) (23 P3)

Putting aside for the moment technical details, one expects that the above moments

converge to m2)(0, 2), m(1)(0) and m 1y (2) = m1)(0), respectively, when n —

00. Moreover, splitting the inner integral in (4.3) into two terms

4.4)

.)dz:/ 1[|z|§M](...)dz+/ 1]|z| > M](...)dz
Wy —nl/dg Wy —nt/dy

Wy —nl/dg
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for any M > 0, we see (at least when f is continuous) that the first term in the
right-hand side of (4.4) converges to the desired value

y f(2)?[m2)(0, 2) — m)(0)*] dz

when first n — oo and then M — oo. By the fast decay of the second-order
correlations of the £-weighted measures, i.e., by (1.21) withp=qg=k; = ko =1
and all n € NU{oo}, the absolute value of the second term in (4.4) can be bounded
uniformly in n by

17126 /| WRCELR

which goes to 0 when M — oo since q~5() is fast-decreasing (and thus integrable).
To formally justify the above statements we need the following lemma. Denote

(2, 2) == m)(0, 2, PE) — m) (0, PL) myy (2 PE) .

LEMMA 4.1. Assume that translation invariant score function £ on the input
process P satisfies (1.14) and the p-moment condition (1.19) for p € (2,00). Then
1S, (, ) is uniformly bounded

sup sup sup |k (x,2)] < Cp < 00
n<oo t€W1 W, —nl/dy

for some constant C}, and

nlggo h%(l’, Z) = hgo(wv Z) = m(?)(ovz) - (m(l)(o))2 :

PROOF. Denote X,, := £(0,P%), Y, = &(2,P%), X := £(0,P),and YV :=
&(2,P). We shall prove first that all expectations Eq ,(X2), Eo .(Y;2), Eo.(X?)
Eo.(Y?), Eo| Xy, E»|Ya|, Eo|X| and E,|Y| are uniformly bounded. Indeed, by
the Holder inequality

4.5)  Eo.(X2) < (Bo.| X P)X? = (Bpuyay | (0" 2z, Pp)[P)/P < M/

where in the last inequality we have used p-moment condition (1.19) for p > 2.
Similarly Eq . (Y,?) and Eo ,(X?), Eo_.(Y?) are bounded by Mﬁ/p. Again using
p-moment condition (1.19), we obtain

Eo| Xyl < (Eo(Xn)*)"/? < (Byprya, |62 (0" e, Po)|) /2 < M2
and similarly for E,|Y,,|, Eo|X| and E,|Y|. This proves the uniform bound of
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IS, (z, 2)|. To prove the convergence notice that
(4.6)
[m(2)(0, 2 P ) —m(2)(0, 2)| = [Eo - (XnYn) — Bo - (XY)|p!?(0, 2)
< k2 (Bo,- | XnYyn — XnY |+ Eo .| X, Y — XY)
@.7) < #2(Eo - (X2)Eo . (Yy — V)2 + ka(Eo . (Y?)Eq - (X, — X)?)V/2,

where ko bounds the second-order correlation function as at (1.11). We have al-
ready proved that Eg ,(X?2), Eo .(Y?) are bounded. Moreover

Eo.+(Xn — X)* = Eo.-((Xn — X)*1[Xy # X])
< EO,Z(le[Xn # X]) + 2E0,z(|XnX|1[Xn # X]) + EO,Z(X21[XH # X]) :

The Holder inequality gives forp > 2and 2/p+1/q = 1,

Eo,-(X21[Xy # X)) < (Eo,-(X5))*7 (Po. (X, # X))'/?

EO,Z(|XnX|1[Xn # X]) < (EO,Z(Xg)EO,Z(Xp))l/p(PO,z(Xn # X))l/q

EO,z(X21[Xn # X]) < (EO,Z(XP)Z/]D(PO,Z(XR # X)>1/q-
The pth moment of X, and X under Eg ., can be bounded by Mp using the p-
moment condition (1.19) with p > 2 as in (4.5). Stabilization (1.14) with [ = 2
gives
(4.8) Po.(X, # X) < Po.((max(RE(u, P), RS (u, Pn)) > n*/4d(x, dW,))
(4.9) < 2¢(agn*4d(z, OW1))

with the right-hand side converging to O for all x ¢ OWj. This proves that
Eo . (X, — X )2 and (by the very same arguments) Eo, . (Y — Y)? converge to 0 as
n — oo for all x ¢ OW1. Concluding this part of the proof, we have shown that the
expression in (4.7) converges to 0 and thus 1,y (0, z; P;;) converges to m,2)(0, z).
Using similar arguments, we derive

[m1) (0, P) — m1)(0)] = [Eo(Xn) — Eo(X)|p"(0)

< k1 ((Eo(Xn)*)'/? + (Eo(X?))/?)(Po(Xn # X)))'/2,
by the p-moment condition (1.19) and the stabilization property (1.14) forp = 1
one can show that m;)(0, P};) converges to mqy(0) uniformly in x for all z €

Wi \ OW1. Exactly the same arguments assure convergence of my)(2,Py) to
m(1y(2) = m1)(0). This concludes the proof of Lemma 4.1. O

In order to complete the proof of variance asymptotics for general f € B(W7)
(not necessarily continuous) we use arguments borrowed from the proof of [55,
Theorem 2.1]. Recall that = € W7 is a Lebesgue point for f if (Volg B (x))™* I () |f(z)—
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f(xz)|dz — 0 as e — 0. Denote by Cy all Lebesgue points of f in W;. By the
Lebesgue density theorem almost every © € W is a Lebesgue point of f and thus
for any M > 0 and n large enough the double integral in (4.3) is equal to

/ 1z € Cf]f(x)/ f(x+n"Y92)hE (x, 2) dzda
W1

W, —nl/dg

— [ tecir@) [ fln (e ) dada
Wh

l2|<M
+/ 1z € Cf]f(sv)/ 1(|2] > M) f(x +n"Y92)hE (x, 2) dzdx .
\u% Win—nl/dg

As already explained, by the fast decay of the second-order correlations of the
&-weighted measures, the second term converges to 0 as first n — oo and then
M — oo. Considering the first term, by the uniform boundedness of h%(w, z),
using the dominated convergence theorem, it is enough to prove for any Lebesgue
point x of f and fixed M that

lim K (z, 2) f(x 4+ n~V2) dz = f(z) / hS (z,2)dz.

=0 J\z|<M |z|<M

In this regard notice that
[ G ) = b (o) f ) 0z
|z|]<M
<[ Gl ) = ()] B (,2) — (o )] X o d
|z|]<M

<Cn [ o+ 2) = F)lde 4 1l x [ i (o2) — bl 2)] s
|z|<n—1/dM |z|<M

Both terms converge to 0 as n — oo: the first since x is a Lebesgue point of x, the
second by the dominated convergence of h%(:c, z); cf. Lemma 4.1. Note that

/ WS (, 2)| dzdz < oo,
Wi JR2

which follows again from the fast decay of the second-order correlations of the
&-weighted measure ((1.21) withp = ¢ = k; = kg = 1 and all n € N U {o0}).
Letting M go to infinity in [, 2 () f|z| M hSo(z, z) dzdz completes the proof
of variance asymptotics. U
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4.2. Proof of Theorem 1.15. The proof is inspired by the proofs of [44, Propo-
sitions 1 and 2]. By the refined Campbell theorem and stationarity of P, we have

n_lVarﬁfl(P) :/ z§2(a: P)p dx—i—/ / m(g) x, ) m(l)( z)m )(y)]dyda:
(4.10)
= o0, P)pVO) 7 [ [ () = mis @m0y

Writing c(x,y) := m(z,y) — my(z)m(y), the double integral in (4.10)
becomes (z =y — x)

nl / n / ) (my(z,y) — mey(2)m)(y))dyde = n~" /Wn /Rd c(0,2)1]z + 2 € W, ]dedz

= nl/ / c(0,2)1[x € W), — z]dzdz.
n JRY

Write 1[z € W,, — z] as 1 — 1]z € (W,, — 2)°] to obtain

_l/n/ (M) (2, y) — ma) (@)m()(y))dyde

_ /Rd ¢(0, 2)dz —n~ /Rd / ROSHEE RO\ (W, — 2)]dadz.

From (1.29), we have that vy, (2) := Volg(W,,N(R%\ (W,,—2))) and thus rewrite
(4.10) as
(4.11)

n~'"VarHS(P) = E0§2(0,P)p(1)(0)+/ C(O,z)dz—n_l/ (0, 2)yw, (2)dz.
R4 R4
Now we claim that

lim n_l/ c(0, z2)yw, (z)dz = 0.
n—oo Rd

Indeed, as noted in Lemma 1 of [44], for all z € RY we have lim,, oo n™ 'y, (2) =
0. Since n~'¢(0, 2)yw, (2) is dominated by the fast-decreasing function ¢(0, z),
the dominated convergence theorem gives the claimed limit. Letting n — oo in
(4.11) gives

(4.12)  lim n~'VarHS(P) = Eo&2(0,P)p™M (0) + / c(0,2)dz = 2(&),
n—00 R4

where the last equality follows by the definition of o2(¢) in (1.22) and the finite-
ness follows by the fast-decreasing property of ¢(0, z, P) (which follows from the
assumption of fast decay of the second mixed moment density).
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Now if 02(¢) = 0 then the right hand side of (4.12) vanishes, i.e.,

Eo£2(0,P)pV(0) + / c(0,2)dz = 0.
Rd

Applying this identity to the right hand side of (4.11), then multiplying (4.11) by

n1/4 and taking limits we obtain

(4.13)  lim n~@V/9argE(P) = — lim n_(d_l)/d/ (0, 2)yw,, (z)dz.
n—o0 n—oo R

As in [44], we have n~(¢=D/dyy, (2) < C|z], and therefore again, by the fast-

decreasing property of ¢(0, z) we conclude that n=(4=1/d¢(0, 2)yy, (2) is dom-

inated by an integrable function of z. Also, as in [44, Lemma 1], for all z € R4

we have lim,, o n~(¢=1/ 4y (2) = v(2). The dominated convergence theorem
yields (1.31) as desired,

lim n~@"D/VarH(P) = —/ c(0,2)y(z)dz. O
Rd

n—o0

4.3. First proof of the central limit theorem.

4.3.1. The method of cumulants. We use the method of cumulants to prove
Theorem 1.13. We shall define cumulants precisely in Section 4.3.2. Write ﬁ for
the centered measure ,uf; —]Eui and recall that we write (f, 1) for [ fdu. The guid-

ing principle is that as soon as the kth order cumulants CF for (f,71%) /1/ Var (f, u5)
vanish as n — oo for k large, then

(fsFn) D,
Var(f, )

We establish the vanishing of C’,’f for k large by showing that the fast decay of
correlation functions for the £-weighted measures at (1.5) implies volume order
growth (i.e., growth of order O(n)) for the kth order cumulant for {f, %), k > 2,
and then use the assumption Var(f, u%) = Q(n").

(4.14) N.

Our approach. The O(n) growth of the kth order cumulant for f,ﬁ%) is es-
tablished by controlling the growth of kth order cumulant measures for ,u%, here
denoted by c¥, and which are defined analogously to moment measures. We first
prove a general result (see (4.19) and (4.20) below) showing that integrals of the
cumulant measures c¥ may be controlled by a finite sum of integrals of so-called

(S, T) semi-cluster measures, where (.5, T") is a generic partition of {1, ..., k}. This
result holds for any M% of the form (1.4) and depends neither on choice of input P



LIMIT THEORY FOR GEOMETRIC STATISTICS OF POINT PROCESSES 47

nor on the localization properties of £. Semi-cluster measures for u% have the ap-
pealing property that they involve differences of measures on product spaces with
product measures, and thus their Radon-Nikodym derivatives involve differences
of correlation functions of the £-weighted measures.

In general, bounds on cumulant measures in terms of semi-cluster measures
are not terribly informative. However, when &, together with P, satisfy moment
bounds and fast decay of correlations (1.21), then the situation changes. First, in-
tegrals of (S, 7T) semi-cluster measures on properly chosen subsets W (.S, T) of
WE, with (S, T) ranging over partitions of {1, ..., k}, exhibit O(n) growth. This
is because the subsets W (.S, T') are chosen so that the Radon-Nikodym derivative
of the (S, T") semi-cluster measure, being a difference of the correlation functions
of the £-weighted measures, may be controlled by (1.21) for points (vy, ..., vx) €
W (S, T). Second, it conveniently happens that W} is precisely the union of W (S, T'),
as (9, T') ranges over partitions of {1, ..., k}. Therefore, combining these observa-
tions, we see that every cumulant measure on W} is a sum ranging over parti-
tions (S,T) of {1, ..., k} of linear combinations of (.5,7") semi-cluster measures
on W (S, T'), each of which exhibits O(n) growth.

Thus cumulant measures ¢k exhibit growth proportional to Volg(W,,) carrying
Pn, namely

(4.15) (¥, 8y =0(mn), feBW), k=2,3,...
The remainder of Section 4.3 provides the details justifying (4.15).

Remarks on related work. (a) The estimate (4.15) first appeared in [6, Lemma
5.3], but the work of [21] (and to some extent [72]) was the first to rigorously con-
trol the growth of c’fL on the diagonal subspaces, where two or more coordinates
coincide. In fact Section 3 of [21] shows the estimate (f* ck) < L*(k!)’n, where
L and [ are constants independent of n and k. We assert that the arguments be-
hind (4.15) are not restricted to Poisson input, but depend only on the fast decay of
correlations (1.21) of the £-weighted measures and moment bounds (1.19). Since
these arguments are not well known we present them in a way which is hopefully
accessible and reasonably self-contained. Since we do not care about the constants
in (4.15), we shall suitably adopt the arguments of [6, Lemma 5.3] and [72], taking
the opportunity to make those arguments more rigorous. Indeed those arguments
did not adequately explain the fast decay of the correlations of the £-wighted mea-
sures of the £-weighted measures on diagonal subspaces.

(b) The breakthrough paper [50] shows that the kth order cumulant for the linear
statistic (f, >, 6,-1/a5)/r/Var(f,>_, 0, 1/a,) vanishes as n — oo and k large.
This approach is extended to (f, ,uﬁ> in Section 4.4 thereby giving a second proof
of the central limit theorem.
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4.3.2. Properties of cumulant and semi-cluster measures.

Moments and cumulants. For a random variable Y with all finite moments, ex-
panding the logarithm of the Laplace transform (in the negative domain) in a formal
power series gives

k k
(4.16) log E(e™) = log(1 + Z M’“t = Z SZ—f :
k=1
where M), = E(Y¥) is the k th moment of Y and S}, = Si(Y") denotes the k th
cumulant of Y. Both series in (4.16) can be considered as formal ones and no
additional condition (on exponential moments of Y) are required for the cumulants
to exist. Explicit relations between cumulants and moments may be established by

formal manipulations of these series, see e.g. [18, Lemma 5.2.VI]. In particular

el

4.17) Sy = Z (_1)Ivl—1(w _ 1)!HM|v(i)\

~€EIl[k] =1

where II[k| is the set of all unordered partitions of the set {1,...,k}, and for a
partition v = {y(1),...,v(0)} € II[k], || = I denotes the number of its elements,
while |y()| the number of elements of subset (7). (Although elements of II[k] are
unordered partitions, we need to adopt some convention for the labeling of their
elements: let (1), ...,~(l) correspond to the ordering of the smallest elements in
the partition sets.) In view of (4.17) the existence of the kth cumulant Sy follows
from the finiteness of the moment M.

Moment measures. Given a random measure ;. on R, the k-th moment measure
MP¥ = MP¥ (1) is the one (Sect 5.4 and Sect 9.5 of [18]) satisfying

<f1®®fkaMk(M)> :E[<f17u><fk7 Z fl l/d ZC P Z fk l/d (CC P )]
z€Py zE€P,

forall f1,..., fr € B(R?), where fi ® ... ® fi : (RY)* — Ris givenby f; ®...®

fk(:lil, ,:Ck) = fl(arl)fk(:ck)

As on p. 143 of [18], when f is a counting measure, M* may be expressed as a
sum of factorial moment measures M[j], 1 < j5 <k, (as defined on p. 133 of [18]):

k
MMA(zy x - x zp)) = D> My (IH_, dgi(V))8(V),
j=1 Vv
where, to quote from [18], the inner sum is taken over all partitions V of the k
coordinates into j non empty disjoint subsets, the y;()),1 < i < j, constitute an
arbitrary selection of one coordinate from each subset, and 4()) is a ¢ function
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which equals zero unless equality holds among the coordinates in each non-empty
subset of V.

When g is the atomic measure ,u%, we write Mff for M* (,ufl) By the Campbell
formula, considering repetitions in the k-fold product of RY, and putting §; :=
yi(V)and V := (V, ..., V;) we have that

(f@ .. f,M}) =E[(f, u5)...(f, 15)]
k
= ZZ / P By T € G, Pa))oD @ )T A (V)S(V).

In other words, recalling Lemma 9.5.IV of [18] we get

@.18) dMF(y1, ..., yi) j{jj{an'VI’ WD (G, Gy )T dyi(V)S(V).
j=1 Vv

Cumulant measures. The kth cumulant measure c£ := c¥(u,,) is defined analo-

gously to the kth moment measure via

(f1 ® oo ® fioy € (hn)) = c({f1, ) fis 110))

where ¢(X7, ..., X} ) denotes the joint cumulant of the random variables X1, ..., X}.

The existence of the cumulant measures c , 1 =1,2,... follows from the exis-
tence of moment measures in view of the representatlon (4. 17). Thus, we have the
following representation for cumulant measures :

_ T,
b= Y (CDP T DIM My
Ty,...Tp

C

where 77, ..., T}, ranges over all unordered partitions of the set 1, ..., 1 (see p. 30 of
[43]). Henceforth for T; C {1, ...,1}, let Mg ¢ denote a copy of the moment measure
MITil on the product space W', Multiplication denotes the usual product of mea-
sures: For Ty, T; disjoint sets of integers and for measurable B; C (R%)™, B, C
(RH™2 we have M" M2 (By x By) = M (By)M!2(Bs). The first cumulant
measure coincides with the expectation measure and the second cumulant measure
coincides with the covariance measure.

Cluster and semi-cluster measures. We show that every cumulant measure c¥ is

a linear combination of products of moment and cluster measures. We first recall
the definition of cluster and semi-cluster measures. A cluster measure U on
W x WI for non-empty S, T C {1,2,...} is defined by

UST(B x D) = MY (B x D) — M?(B)MI (D)

n
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for Borel sets B and D in Wf and W,T', respectively, and where multiplication
means product measure.
Let 51, S be a partition of S and let 77,75 be a partition of 7. A product of a

. S
cluster measure U5 on WSt x Wt with products of moment measures M7|1 2|

and M/ on W52 x W2 is an (S, T) semi-cluster measure.
For each non-trivial partition (S, T) of {1, ..., k} the k-th cumulant c¥ measure
is represented as

(4.19) = 3 a8, 1), (S2, Tn)) U T M2 MIT
(81,T1),(S2,12)

where the sum ranges over partitions of {1, ..., k} consisting of pairings (S1,71),
(S2,T»), where S1,S2 C S and Th,T> C T, where Sy and T are non-empty, and
where
a((S1,T1), (S2,T3)) are integer valued pre-factors. In other words, for any non-
trivial partition (S,T) of {1,...,k}, c is a linear combination of (S,T") semi-
cluster measures. We prove this exactly as in the proof of Lemma 5.1 of [6], as
that proof involves only combinatorics and does not depend on the nature of the
input. For an alternate proof, with good growth bounds on the integer pre-factors
a((S1,T1), (S2,T2)), we refer to Lemma 3.2 of [21].

Let Z(k) be the collection of partitions of {1, ..., k} into two subsets S and 7T
Whenever W/ may be expressed as the union of sets W (S, T), (S,T) € =Z(k),
then we may write

(4.20)
(¥ el < Z / |f(v1)...f (ve)|ldck (v, .., vg))|
(S,T)eE(k) Y W(ST)
<115 Z Z |Oé((517T1)7(52,T2))\/W(ST) AU MM (v o),

(S,T)€E(k) (51,11),(S2,T2)

where the last inequality follows by (4.19). As noted at the outset, this bound is
valid for any f € B(R?) and any measure 15, of the form (1.4).

We now specify the collection of sets W (S, T), (S,T) € Z(k), to be used in
(4.20) as well as in all that follows. Given v := (v1, ..., v;) € Wk, let

Dy(v) := Dg(v1, ..., v) := rln<a’§<(|vl — |+ e+ ok — i)

be the [! diameter for v. For all such partitions consider the subset W (S, T) of
W5 x W, having the property that v € W (S, T') implies d(v®,vT) > Dy(v)/k?,
where v and v” are the projections of v onto W, and W,!', respectively, and
where d(v®,vT) is the minimal Euclidean distance between pairs of points from
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v® and v

It is easy to see that for every v := (v1, ..., v) € W, there is a partition (S, T)
of {1, ..., k} such that d(v®,vT) > Dy (v)/k?. If this were not the case then given
v := (vy,...,v), the distance between any two components of v must be strictly
less than Dy, (v)/k? and we would get max; <, Z?:l lv; —v;| < (k—1)kDy/k? <
Dy, a contradiction. Thus W is the union of sets W (S, T), (S,T) € =Z(k), as
asserted. We next describe the behavior of the differential d( ;? LT M7|152|M,|1T2|)
on W(S,T).

Semi-cluster measures on W (S,T). Next, given S; C S and T} C T, notice that
d(vS,vT) > d(v®,vT) where v denotes the projection of v onto W1 and
vT1 denotes the projection of vT onto W11, Let II(S1, T1) be the partitions of Sy
into ji sets Vq,...,Vj,, with 1 < j; < |Sy|, and the partitions of 7} into j> sets
Vii41s s Vji44a» With 1 < jo < |T7|. Thus an element of II(S1,T}) is a partition
of S; UTh.

If a partition V of S; U T} does not belong to I1(S1, 71 ), then there is a partition
element of ) containing points in .S; and 77 and thus, recalling (4.18), we have
d(V) = 0 on the set W (S, T). Thus we make the crucial observation that, on the
set W(S,T) the differential d(MS>1""") collapses into a sum over partitions in
I1(Sy, T1). Thus d(MSVTh) and d(MS1 M) both involve sums of measures on
common diagonal subspaces, as does their difference, made precise as follows.

LEMMA 4.2.  On the set W (S, T) we have

[S1] T

(4.21) AU =330 > LML (0)6(v)

J1=1j2=1Vell(S1,T1)

O V- 7---7V' 7V' 7"'7V‘ J 7 U U U .t
o] i m Ve Vi VbV sa) (5 G Gt B0 )

— m(‘vll77|vjl I)(gl’ ey g]l ; n)m(‘vlerlI:7‘V]1+J2|)(g]1+1’ "'gj1+j2; n).
The representations of d My, |2l and dMLTﬂ follow from (4.18), that is to say
|52 4
“22) dvpl=>" N w2 dy(V)S(V),
J3=1VeIl(S2)

where II(S2) runs over partitions of Ss into j3 sets, 1 < j3 < |So|. Similarly

75|

@23) daM[P =37 ST MMy g )T dys(V)s(V),
Ja=1Vell(Tz)
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where I1(7%) runs over partitions of T3 into jj sets, 1 < jy < |T»|.

4.3.3. Fastdecay of correlations and semi-cluster measures. The previous sec-
tion established properties of semi-cluster and cumulant measures valid for any ,u%
of the form (1.4). If £ with P exhibit fast decay of correlations (1.21) of the &-
weighted measures and satisfies moment bounds, we now assert that each integral
in (4.20) is O(n).

LEMMA 4.3. Assume & satisfies moment bounds (1.19) for all p > 1 and ex-

hibits fast decay of correlations (1.21) in its £-weighted measure. For each partition
element (S,T) of (k) we have

(4.24) (U T M52 M| = O(n).

/W(S,T)cngwg
PROOF. The differential d(U5"" 172 1)1 is a sum

[S1] 1Ta| [S2| |T2|

3DIDIDINNN

J1=1j2=1j3=1ja=1

of products of three factors, one factor coming from each of the summands in
(4.21)- (4.23). By Theorem 1.11, on the set W (.S, T') the factor arising from (4.21)
is bounded in absolute value by

By the moment bound (1.19) the two remaining factors arising from summands in
(4.22)- (4.23) are bounded by a constant M’ (k) depending only on k.
Thus we have

e, HUST MM < G Y Lo, PO (7)3(0)

j=1 Vv
_ Di( ,
%> [, A s )a).
j=1 v n)?

Here V runs over all partitions of the k coordinates into j non-empty disjoint sub-
sets. We assert that all summands are O(n). We show this when j = £, as the proof
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for the remaining indices j € {1, ...,k — 1} is similar. Write

Dy (
/ / Ck k ))dyl dyg
ylEWn ykEWn

~ D (0,wo, ..., w
:/ / / o= at k; k))dyldwz...dwk.
Y1 EWnR Jw2EWn—y1 wpEWn—y1

Now Dy (0, we, ..., wy) > Zfﬂ lw;|. Letting e, := & (k — 1)/k? gives

k

Cka (v) ek
——)dy;...dyg < n/ / |w;|)dws...dwy
/yleWn /yk;EWn wzele wy, ERD k -1 Z

< n/ / ST s [V 5D )y ..du, = O(n),
wo ERA wy, ERD

where the first inequality follows from the decreasing behavior of d;, the second in-
equality follows from the arithmetic geometric mean inequality, and the last equal-
ity follows since qg is decreasing faster than any polynomial. We similarly bound
the other summands for j € {1, ...,k — 1}, completing the proof of Lemma 4.3. [J

4.3.4. Proof of Theorem 1.13. By the bound (4.20) and Lemma 4.3 we obtain

(4.15). Letting C* be the kth cumulant for (f, 1) /+/ Var(f, u5), we obtain Cl =
0, C’TQL =1, and forall kK = 3,4, ....

CF = O(n(Var(f, i) ~*/).

Since Var(f, %) = Q(n”) by assumption, it follows that if k € (2/v,c0),
then the kth cumulant tends C* to zero as n — oco. By a classical result of
Marcinkiewicz (see e.g. [68, Lemma 3]), we get that all cumulants C’,’fj , k>3,
converge to zero as n — oo. This gives (4.14) as desired and completes the proof
of Theorem 1.13. 0

4.4. Second proof of the central limit theorem. We now give a second proof
of the central limit theorem which we believe is of independent interest. Even
though this proof is also based on the cumulant method used in Section 4.3.1,
we shall bound the cumulants using a different approach, using Ursell functions of
the £-weighted measure and establishing a property equivalent to Brillinger mix-
ing; see Remarks at the end of Section 4.4.2. Though much of this proof can be
read independently of the proof in Section 4.3, we repeatedly use the definition of
moments and cumulants from Section 4.3.2.

Our approach. We shall adapt the approach in [50, Sec. 4] replacing Pgrr by
our ¢-weighted measures, which are purely atomic measures. As noted in Sec-
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tion 1.3, the correlation functions of the £-weighted measure are generalizations
of the correlations functions of the simple point process, but the extension of the
approach used in [50, Sec. 4] requires some care regarding the repeated arguments
captured by general exponents k; in (1.6).

4.4.1. Ursell functions of the &-weighted measures. Recall the definition of the
correlation functions (1.6) of the £-weighted measures

m(kl""’kp)(xla s xpin) =Eqy g ((5(371, Pn))kl - (E(zp, Pn))kp)p(p) (@1, ap).
We will drop dependence on n, i.e., mF%p) (2 ... ,Tpyn) = mFtoeeke) (g , Tp)
unless asymptotics in n is considered.
Inspired by the approach in [7, Section 2] we now introduce Ursell functions
mgﬁ 1-kp) (sometimes called truncated correlation function) of the £-weighted
measures. Define m(Tk1 """ ") by taking m(Tk) (z) :== m®(z) for all k € N and
inductively
(4.25)
(k1,..kp) k k il € . .
my N (. ap) = mFLeke) () Z Hm-r” i (xj:7€n(1)).
~v€I[p] =1
[vI>1
for distinct x1,...,x, € W, and all integers k1,...,k,, p > 1, and (implicitly)
n < oo. Itis straightforward to prove that these functions satisfy the following rela-
tions. They extend the known relations for point processes, where m(F1oeeeshp) (1,...,2p)

p®) (x1,...,xp) depend only on p, but we were unable to find them in the literature
for (signed) purely atomic random measures, as our {-weighted measures. Assum-
ing 1 € v(1) in (4.25) and summing over partitions of {1,...,p} \ (1), we get
the following relation :

(4.26)

m(kl""’kp)(xl, S Tp) = mgﬁl"“’kp)(xl, Ce, Tp)
(4.27) + Y w5 (@ e mWIE ) @y e 19
1G{1,....p}

where I¢ := {1,...,p} \ I. Using (4.27), by induction with respect to p, one
obtains the direct relation to the correlation functions

(4.28)
v

mgﬁl"“’kp)(ivl,uwfvp) _ Z (-1 |7| 1 (Jv]-1 |Hm kj:jey l) 17 ev()).

v€ll[p]

This extends the relation [50, (27)], valid for point processes. We say that a parti-



LIMIT THEORY FOR GEOMETRIC STATISTICS OF POINT PROCESSES 55

tion vy = {v(1),... ,y(l)} € Il(p) refines partition o = {o(1),...,0(l1)} € II(p)
ifforalli € {1,...,1},v(i) C o(j) forsome j € {1,...,1;}. Otherwise, the par-
tition -y is said to mix partition o. Now using (4.25), we get forany I & S{1,...,p}
(4.29)

ol

mb €D (2 j e m® I @ jery = Y J]my EID (@1 j e 4(3)),

Y€EIL[p] =1
~ refines {I,I¢}

and therefore, again in view of (4.25)

vl

m$1""’kp)(x1, - ,xp) = Z H froet 10 € 7(1))

ye[p],[v[>1 =1
~ mixes {I,I¢}

(4.30)
ko) (g wy) — m B (g e DYymEEIE) (20 5 € 1),

This extends the relation [50, last displayed formula in the proof of Claim 4.1]
valid for point processes.

4.4.2. Fast decay of correlations and bounds for Ursell functions. We show
now that fast decay of correlations (1.21) of the £-weighted measures implies some
bounds on the Ursell functions of these measures. Since m (k1:F») (1,...,2p;n)
is invariant with respect to any joint permutation of its arguments (k1, ..., k) and
(x1,...,xp), fast decay of correlations (1.21) of the &- -weighted measures may be
rephrased as follows : There exists a fast-decreasing function ¢ and constants C,
Ck» such that for any collection of positive integers k1,...,k,, p > 2, satisfying
k14 ...+ k, = k, for any nonempty, proper subset I G {1,...,p}, foralln < oo
and all configurations x1, ..., x, € W), of distinct points we have
(4.31)

’m(kl’“"k”)(wl, e T n)—m(kj:jd) (xj:j€l;n) m(kj:jelc)(a:j cjeI%n)| < C’kq;(éks) ,
where s := d({z; : j € I},{z; : j € I°}).

Now we consider the bounds of Ursell functions of the £-weighted measures.
Following the idea of [50, Claim 4.1] one proves that fast decay of correlations (1.21)
of the £-weighted measures and the p-moment condition (1.19) imply that there
exists a fast-decreasing function d;T and constants CN',I , é;, such that for any col-
lection of positive integers k1, ..., kp, p > 2, satisfying k1 + ... + k, = k, for all
n < oo and all configurations z1, ..., x, € W), of distinct points we have

(4.32) im0 gy apin)| < G dr (¢f diam(ay, . 3p))

where diam(z1, ..., xp) := max; j—1. p(|z; —;|). The proof uses the representa-
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tion (4.30), fast decay of correlations (1.21) of the £-weighted measures, together
with the fact that there exist constants c; (depending on the dimension d) such
that for each configuration x1,...,x, € W, , there exists a partition {I, ¢} of
{1,...,p}suchthatd({z; : j € I},{x;:jeI}) > 5;diam(ac1, Ce ).

Next, inequality (4.32) allows one to bound integrals

4.33)
sup sup sup / \mgﬂ’""kp)(xl, oo xpyn)|dag - - day, < oo,
nSoo xleWn k1+4..+kp:k (Wn)p—l

>0

Indeed, for a fixed point x; € W,,, we split (Wn)p*1 into disjoint sets:
Go = {(x2,...,2p) € (W,)P~ ! : diam(ay,...,z,) < 1}
Gy = {(w2,...,2p) € (W,)P71: 271 < diam(xy,...,2,) <21}, 1>1

and use estimate (4.32) to bound the integral on the left-hand side of ( 4.33) by
o0
Cp +C D 2" Vg (g[271) < o0
=1

since qBT is fast-decreasing; cf. [50, Claim 4.2].

Remarks.

(1) A careful inspection of the relation (4.30) shows that in fact the fast decay of
correlations (1.21) of the £-weighted measures is equivalent to the bound (4.32) on
Ursell functions of these measures.

(ii) Condition (4.33), implied by (4.32), can be interpreted as the Brillinger mixing
condition of the £-weighted measures. In fact it is slightly stronger in the sense that
the bound on the Ursell functions integrated over dzs - - - dx,, in the entire space
(corresponding to the total reduced cumulant measures) is uniform for the whole
family of the {-weighted measuress considered on W,,, parametrized by n < oo
and, for n < oo the bound is also uniform over 1 € W,, (which is immediate for
reduced cumulant measures in the stationary case n = 00).

4.4.3. Proofof Theorem 1.13. The cumulant of order one is equal to the expec-
tation and hence disappears for the considered (centered) random variable ﬁl( f)-
The cumulant of order 2 is equal to the variance and hence equal to 1 in our case.
For k£ > 2, note the following relation between the normalized and the unnormal-
ized cumulants :

(4.34) Sk((Var 15, (£) 7205, (£) = (Var 15,(£)) 72 < Si(u5, ().

We establish the vanishing of (4.34) for k large by showing that the kth order
cumulant S}, (,ufl(f) is of order O(n), k > 2, and then use assumption (1.26), i.e.,
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Var(f, u5) = Q(n”). We have
k
Mﬁ (<fvun = ( Z fn 551 xu n)) )
€Ty E’Pn
where f,,(-) = f(-/n'/%). Considering appropriately the repetitions of points z; in
the k th product of the sum and using the Campbell theorem at (1.9), one obtains

|o]

(4.35) My = > () £irDm ) Al

oell[k] i=1

where )\, denotes the Lebesgue measure on (W,,)! and ) denotes the tensor prod-
uct of functions

p p
k; i o o slo(|o
(& £ )1,y mp) = [[ ()" (), m (@, o mppin) = mle@bloloDD gy s
=1

i=1

Using the above representation and (4.17) the kth cumulant S, (15 (f)) can be ex-
pressed as follows

v v(@) /ol
Sk(u%(f))z Z( )I"/I 1 (Jv] — 1) Z H ® f(v( )/0)(3) g, V(D) /0) )\|W()/U\>
~veEII[k] oelllk] =1 j=1
o refines v
(4.36)
vl 1v(@)/ol

Z Z hl 1 (Iv] = H ® 7(1/0)() (’Y(i)/g)’)\\g(i)/‘ﬂ%
j=1

oell[k] €Mk

o refines v

where 7 (i)/o is the partition of v(i) induced by o. Note that for any partition

o € H[k], with |o(j)| = kj, 7 = 1,...,|o| = p, the inner sum in (4.36) can be
rewritten as follows:
4.37)
ol
Z (=D (y]-1 IH ® Frimkiaer(@) \D@ly = ®f (’flv ko) 3y
vellp] i=1 jey(i)

where the equality is due to (4.28). Consequently

||

(4.38) Sks () = S () FlrDlmllrOh--loohl \loly

oelllk] j=1

which extends the relation [50, Claim 4.3] valid for point processes. The for-
mula (4.38), which expresses the kth cumulant in terms of the Ursell functions,

n)
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is the counterpart to the standard formula (4.35) expressing kth moments in terms
of correlation functions. Now, using (4.33) and denoting the supremum therein by
C',, we have that

®fn Wroto) N2y I</ \®fnf|\ Fretod (o ap)ldan . day,

< HfHk/ dx1/ ]m(kl’ N (xl,...,a:p)|dx2...d:zp §||f|]’;OCA’kVold(Wn).

So, the above bound along with (4.36) and (4.37) gives us that Sk(u%(f)) =
O(n) for all k& > 2. Thus, using the variance lower bound condition (1.26) and the
relation (4.34), we get for large enough k, that Sy, ((Varus,(f))~/2us(f)) — 0
as n — o0o. Now, as discussed in (4.14), this suffices to guarantee normal conver-
gence. O
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SUPPLEMENTARY MATERIAL

Supplement A: Supplement to “Limit theory for geometric statistics of point
processes having fast decay of correlations”.
(doi: COMPLETED BY THE TYPESETTER; .pdf). This supplement contains var-
ious auxiliary facts needed in the proofs. These facts, some of which are of inde-
pendent interest, may also be found in the arXiv version [15] of this paper.
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