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Abstract

We investigate a family of approximating processes that can capture the asymptotic behaviour of
locally dependent point processes. We prove two theorems presented to accommodate respectively the
positively and negatively related dependent structures. Three examples are given to illustrate that our
approximating processes can circumvent the technical difficulties encountered in compound Poisson
process approximation (see Barbour and Mansson (2002) [10]) and our approximation error bound
decreases when the mean number of the random events increases, in contrast to the increasing of bounds
for compound Poisson process approximation.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Random events in space and time often exhibit a locally dependent structure. When the events
are very rare and the dependent structure is not too complicated, a natural approach is to declump
the events into clusters and then approximate the positions of the clusters by a suitable Poisson
process and the sizes of the clusters by independent and identically distributed random elements,
as is well documented in [1]. Consequently, compound Poisson and marked Poisson processes
are often widely accepted as the ‘best approximate models’ for clustered rare events.

* Corresponding author. Tel.: +61 3 8344 4247, fax: +61 3 8344 4599.
E-mail addresses: aihuaxia@unimelb.edu.au, xia@ms.unimelb.edu.au (A. Xia), zhangfxi@math.pku.edu.cn
(F. Zhang).

0304-4149/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.spa.2012.05.011


https://core.ac.uk/display/82827666?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.elsevier.com/locate/spa
http://dx.doi.org/10.1016/j.spa.2012.05.011
http://www.elsevier.com/locate/spa
mailto:aihuaxia@unimelb.edu.au
mailto:xia@ms.unimelb.edu.au
mailto:zhangfxi@math.pku.edu.cn
http://dx.doi.org/10.1016/j.spa.2012.05.011

3034 A. Xia, F. Zhang / Stochastic Processes and their Applications 122 (2012) 3033-3065

The first attempt to estimate the errors of Poisson process approximation seems to go back
to [15] with errors measured in the total variation distance, while the errors in the Lévy—Prohorov
distance were not studied until [22,25] (see also [32]). All of these studies are based on the
stochastic calculus approach with a filtration, a compensator and coupling techniques as the
tools used to quantify the distances. Barbour and Brown [4], clearly inspired by the success of
Stein’s method in multivariate Poisson approximation [3], laid down a general framework for
using Stein’s method to estimate the Poisson process approximation errors. Their framework
can be well adjusted for errors expressed in terms of Janossy densities, Palm distributions and
compensators (see [5,34]). In terms of compound Poisson process approximation, there seems to
have been no major advance until Arratia et al. [2] replaced the original point process with a new
one carrying the information of locations and cluster sizes separately so that the Stein—Chen
method for Poisson approximation could be employed to obtain useful error bounds. There
are enormous advantages for this approach if one can successfully declump the point process,
but the procedure of declumping is far from obvious in applications. By contrast, Barbour and
Maénsson [10] avoided declumping totally by setting up a framework of Stein’s method such that
the quality of approximation can be studied directly, and the authors summarized that the direct
approach ‘has conceptual advantages, but entails technical difficulties’ on p. 1492. One of the
main difficulties is that Stein’s factors, like their counterparts for compound Poisson random
variable approximation (see [6,11,12]), are generally too crude to use unless more conditions
are imposed such as that the compound Poisson process is very close to a Poisson process. An
immediate consequence is that the error bounds obtained often deteriorate when the mean of
the point process increases, i.e., more information is available. On the other hand, using the
improved estimates for Stein’s factors for Poisson process approximation in [34] (cf [16]), Chen
and Xia [20] managed to produce error estimates for Poisson process approximation to short
range dependent rare events and the estimates will remain small (but not improve either) when
the average number of events increases.

It is well-known that the central limit theorem often exhibits the large sample property, i.e. the
larger the sample size, the better the approximation, as evidenced by the Berry—Esseen bound
(see [19]). If we are interested in the total counts of rare and weakly dependent events, the Poisson
law of small numbers is the cornerstone of the area. However, the Poisson approximation error
does not enjoy the large sample property when more rare events are counted [7]. The shortcoming
is due to the fact that a Poisson distribution has only one parameter to fiddle with while a normal
distribution has two parameters. When more parameters are introduced, this property can be
recovered (see [26,24,18,13,17,28]). In fact, Brown and Xia [17] discovered a large family of
distributions that can achieve the same purpose.

The success of compound Poisson process approximation essentially hinges on the fact that
the events are very rare. It is tempting to ask whether the approximation theory is still valid when
the events are less rare, more heavily dependent and the mean number of events increases. One
way to tackle this problem is to keep the approximating process as a Poisson process but weaken
the metric for quantifying the difference between point processes [30]. The weaker metric will
naturally limit its applicability. The second approach is to introduce more parameters into the
approximating point process models. To put the idea into practice, Xia and Zhang [35] introduced
a family of point process counterparts of approximating distributions suggested in [17], and
named them the polynomial birth—death point processes, or PBDP in short. In particular, Xia
and Zhang [35] bounded the distance between the Bernoulli process with a constant success
probability and a suitable PBDP in terms of the Wasserstein distance (defined in Section 2
below; see also [4]). The assumption of the constant success probability plays the crucial role
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there because the symmetric structure enables the authors to construct a suitable coupling for
directly comparing the two distributions. The pilot study shows that, for the Bernoulli process
with the same success probability, it is possible to recover the large sample property for PBDP
approximation. The purpose of this paper is to demonstrate that the large sample property prevails
among a large group of point processes when these PBDP are used as approximating models. To
this end, we set up the Stein equation of PBDP approximation and establish its Stein factors so
that one can directly estimate the difference between the distribution of a general point process
and that of a PBDP.

Our paper is arranged as follows. In Section 2, we briefly review the polynomial birth—death
point processes introduced in [35], lay down a foundation of Stein’s method for their
approximation and conclude the section with estimates of Stein’s factors in terms of the
Wasserstein metric. To make our paper reader-friendly, we postpone the technical proofs of
Stein’s factors to Section 5. Section 3 is devoted to point processes with locally dependent
structures which are analogous to those in [19]. We state two theorems for error estimates of
PBDP approximations, separately for positively and negatively related dependence. The proofs
of these theorems are rather complicated so we leave them to the last two sections (Sections 6
and 7) of the paper. Examples are provided in Section 4 to illustrate the key steps of applying the
main theorems.

2. Stein’s method for polynomial birth—death point processes

The family of approximating distributions in [17] was introduced through the invariant
distributions of birth—death processes. For ease of use, they focused on the birth and death rates
as the polynomial functions of the states of the process, and consequently called the invariant
distribution the polynomial birth—death distribution. More precisely, let

ar=a+bk, Yk>0, Bi=k+Bk(k—1), Yk=>0, 2.1)

wherea > 0,0 < b < 1, 8 > 0. A birth—death process with birth rates {«} and death rates {8}
must be ergodic. As in [17], we let Z,,(-) := {Z,(t) : t > 0} be such a process with initial value
n and use 7, p. g, or simply 7 when there is no confusion, to stand for the invariant distribution.

Let I' be a compact metric space with metric dy bounded by 1 and Borel o-algebra Z(I")
generated by dy. Set U, Uy, Ua, ... as independent and identically distributed I'-valued random
elements with distribution w. In this paper, the expression Zile 8y, always implies that the
nonnegative integer random variable X is independent of {U; : i > 1}. We call Z a polynomial
birth—death point process (see [35]) if it can be expressed as

Z
7= Z 8y,
i=1

for Z ~ m, ., and denote .Z(Z) by 74 1. g, or simply w when there is no confusion. One of the
major advantages for using 7, p. g. . as the approximating distribution is that if the approximation
is good enough, it is easy to write down its likelihood function, so many classical statistical
tools can be easily implemented for finding the estimates of parameters and making statistical
inferences. We now give a few examples to illustrate that the definition is a natural extension of
the polynomial birth—death distribution.

Example 1. Suppose Z follows Binomial(n, p); then Z reduces to a binomial process.
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Example 2. If Z is a Poisson random variable with mean a, then Z becomes a Poisson process
on I" with mean measure a .

Example 3. When Z has a negative binomial distribution, we call Z a negative binomial process.

Remark 2.1. There are two possible ways to define a negative binomial process. The one that
we defined here does not have the property of independent increments, while if we define it as a
compound Poisson process with clusters following a logarithmic distribution, then it does have
the property of independent increments. Nevertheless, the two distributions converge when the
intensity of the Poisson component becomes large (see Remark 4.8 below).

Now we construct a Markov process with invariant distribution & = m, . g.,. Allowing
repeats of points, each finite integer-valued measure on I” can be written as § = Y ._, 8y,.

Since the points xi, ..., x, are not necessarily distinct, we introduce the notation {xi, ..., an
to stand for the collection of the n points. In this paper, we do not distinguish > ;_, 8, from
the collection (xy, ..., x, |, or a configuration with n particles respectively located at xi, . . ., x;,.

For example, when we say a site/point x or a particle at x in £, it means that £({x}) > 1.

For each measure & on I', we denote its total mass by |&|. Let 5 be the class of all possible
finite integer-valued measures (also known as the configurations of point processes) on I" and
let (%) be the smallest o -algebra in ## making the mappings & +— &(C) measurable for all
relatively compact Borel sets C C I'. For each suitable measurable function /& on JZ, we define

AhE) = (a +b|§|)ﬁ(h($ +8y) — h(§))pu(dx)

+(1+ B35 - 1) /F(h(é — 8x) — h(§))&(dx)
= (a+DbIE]) (B +8y) — h(E)

+ (14 BUEI = D)IEN (ERE — Sve) — h(E)) 22
where, for & = Y, 8y, V(£) is a uniformly distributed random element on the collection
1x1, ..., x,§. In other words, V(&) is equally likely to be one of x, ..., x,. A particle system

Zg(-) = {Zg (1) : t > 0} with the generator .7 and the initial configuration £ evolves as follows:

e with rate a a new particle immigrates to /" and settles at a site according to w;

e with rate b an existing particle gives birth, and the new born particle is also located at a site
chosen according to u;

e with rate 1, an existing particle commits suicide;

e with rate 8, an existing particle kills another existing particle.

We call such a Markov process a birth—death system. It is not difficult to check that the
birth—death system has the unique invariant distribution 7, p.g.,. Noting that for any & € J7,
{IZ£(t)| : t = 0} is a birth—death process with rates (2.1), we have Z(|Z:(-)]) = Z(Zg(-)).

Therefore, £ (Z¢(1)) = £ (Zizz”gt) 5U,-) if 2¢&)=2(>"_,6y,). In particular, we have
£ @) =2 (7 60,

Bearing in mind the Stein equation suggested by [4], the natural choice of the Stein equation
for the generator .o is

AhE) = f(&) —n(f) 2.3)
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for suitable functions f on 42, where w (f) = f f(&)m(d€). We now consider the question of
the existence of an & that solves the Eq. (2.3).

Proposition 2.2. For any bounded function f on €,

hy(€) = —/0 (Ef (Zg(1)) — m(f))dr
is well defined, and is a solution of (2.3).

Proof. Let {U;} be independent u-distributed random elements which are independent of
{Zg (1) : t > 0}. For the pair {U;, 1 <i < |£|} with the points in &, define £’ = Zlil 8y,, and
construct {Zg/(t) : t > 0} from {Zg(z) : t > 0} by replacing the points in & with the paired
counterparts in £. Let 7 be the last death time of all of the points in &. We have

]

o0
/ |Ef(Zs (1)) — Ef(Zg (2))ldt < / EQ21 £ zs4)dt = 2|| fIIET < o0,
0 0
since T is stochastically smaller than the maximum of |£| independent and identically distributed

exp(l) random vilriables.
Next, define f(n) = ]Ef(zl’-’=1 dy,) for all n > O; then

0 o0
/O |Ef(Zg (1) — m(f)|dt < /0 |Ef(Zig (1) — m(f)]dt < o0
due to the positive recurrence of the Markov chain {Z¢|(¢), t > 0}. Hence,

/O |Ef(Zg (1)) —m(f)ldt

5/0 I]Ef(Zs(t))—Ef(Zg/(t))Idt+/0 [Ef(Zg (1)) — ()] dt < o0,

which implies that £ ¢ is well-defined.
To establish (2.3), let Tz = inf{t : Zg(t) # &}, which has an exponential distribution with
parameter || + Bjg|. Then

he€) = — Oo(Ef(Zw)) —nm(f))dt
0

= —(f& —n(f))Ers — ]E/OO(Ef(Zs(l)) —m(f))dt
Te
e p—
_ fE ==(f)
T g+ B
n aig) [ph(E +8)udx) + (1+ BUEI = D) [ h(E — 8)&(dx)
g + Ble) ’

and (2.3) follows by rearranging the above equation. [J
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The metric used for quantifying the differences of two point processes is defined as follows
(see [4]). Let % be the class of dy-Lipschitz functions u on I" such that |u(x) —u(y)| < do(x, y)
for all x, y € I'. For any two measures p; and pp on I', define

if |[p1] = |p2| =0
di(p1, p2) = { T sup udm —/ udpz|, if |p1| = |p2| # 0,
|IO |u€<)£/ I
if |p1| # |p2l.

For any configurations § = Y i, 8, and n = >/, 8y, € # withn > 1,d;(§, n) can be rep-
resented as

R
di(€, n) = min - l_;do(xi, Yo i),

where the minimum is taken over all permutations o of (1, ..., n). The Wasserstein metric d»
between point process distributions is defined as

(P, Q) :=sup [P(f) = Q(NHl = inf Ed(§,n),
f £~P,n~Q

where the supremum is taken over all functions in

={f:1fE —fml=di&, n, Véne A},

and the last equation is due to the duality theorem (see [27, p. 168]). The metric d> is a particular
kind of metric from the well-known family of Wasserstein metrics. It is worth pointing out
that, since d; < 1, all functions in .% are bounded and Proposition 2.2 ensures the existence
of solutions of Stein’s equation (2.3) for these functions. Historically, the Wasserstein metrics
were motivated by the classical Monge transportation problem. In our context, we will handle
the ‘transportation problem’ in two steps, i.e. forming ‘sandpiles’ by assembling local points to
designated centres and then transporting the ‘sandpiles’ of the point process being approximated
to the corresponding ‘sandpiles’ of the PBDP.

The following lemma is often useful for comparing two different approximating polynomial
birth—death point processes.

Lemma 2.3. We have

da (nalvbﬁﬁliﬂl ) ”azybz;ﬂzzliz) < div(Tay by 81> Tay by ) + d1 (i1, 12),

where for two probability measures Q1 and Qy on Z4+ =1{0,1,2,...},

dry(Q1, Q2) == sup |Q1(A) — Q2(A)].

ACZy

Proof. Using the Kantorovich—Rubinstein duality theorem [27, Theorem 8.1.1, p. 168], we can
couple together Z1 ~ 74, b8, Z2 ™~ Tay,by: 6> and two sequences of I'-valued random elements
T1; ~ 1 and To; ~ ua,i > 1, such that

dlv (nal,bl;ﬂp naz,bz;ﬁz) = ]P(Zl 7é ZZ)»
Edo(z1i, 12i) = di (1, n2) foralli > 1,
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and {(ty;, 12;), { > 1} are independent and independent of (Z1, Z,). Then

Z Z>
da (”al,bl:ﬁﬁm ’ ”az,bz:ﬂz;ﬂz) < Ed, (Z Sz1i5 Z 3721')

i=1 i=1

Z)

Z
<P(Zi #Z,)+E :dl (Z(Sfli’ 28721')
i=1 i=1

Z) = Zz} P(Z = Z»)

VA
1 1

< diy (Tay b1 Tazboips) +E { 7 > do (nii )| 21 = Zz} P(Z) = Z»)
i=1

=< dtv(ﬂa|,b1;/3] 5 T[az,bz;ﬂz) + dl (Ml? MZ)»
completing the proof. [
In applications of Stein’s equation, one will encounter the following quantities:

Cp:=sup{lhp(§ +0x) —hrE +8))|: f € F,&eH, |§| =n}, 2.4
with C_y := 0,

Ash(&;x,y) :=h(E +6x +8y) —h(E+68x) —h(E +8)+h(§), e, x,yel,
and

Ash(§) = sup{|A2h(&;x, Y)| : x,y € I'}.

The following estimates, often known as Stein’s factors, are usually needed in applying Stein’s
method. In fact, the success of Stein’s method is centred around the quality of these estimates.

Theorem 2.4. (i) Forn > 0,

. | 1 |
Co Smm{l’ 2n+ D T a (a/\b)(n—i-l)}' 2:5)
(ii) Forany f € F,& € J,
5
Aoh s 2. 26
2f($)§|§|+1+a (2.6)

Remark 2.5. The estimates in Theorem 2.4 are of the correct order. In fact, if we take § = b = 0,
the PBDP becomes a Poisson process and the estimates for the Poisson process are known to be
of the correct order (see [34]).

3. Locally dependent point processes

A point process = on I is defined as a measurable mapping of some fixed probability
space into (7, () and A(dx) = EZ(dx) is said to be the intensity or mean measure of =
[23, pp. 13—14]. A point process is said to be simple if it has at most one point at each location. For
a point process = on I' with finite mean measure A, the family of point processes {Zy : x € I'}
are said to be reduced Palm processes associated with = (at x € I") if for any measurable function
f:I'x# — Ry =10, 00),

E (/ fx, 5 — SX)E(a’x)) = / Ef(x, Ex)A(dx) 3.1
I r
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(Kallenberg [23, Chapter 10]). Intuitively, the reduced Palm distribution £ (=) is defined
through the Radon—Nikodym derivative as follows:

_ E[Z@x)1i5_5.ep)]
- EZ(dx)

P(Z; € B) , forall B e ().

When = is a simple point process, it can be interpreted as the distribution of = save one point at
x conditional on there being one point at x.

In this paper, we also need the second-order reduced Palm processes = of the point process
Z atx, y € I' defined as the processes satisfying

E (//F F, ;5 =8 — 8,)Z(dx)(E — @)(dy))
= f / JEfCxy; )M (dx, dy) (3.2)
I

for any measurable function f : I'> x J# — R, where A2/ (dx, dy) = EZ(dx)(E — 8,)(dy)
is called the second-order factorial moment measure of = [23, Section 12.3]. The second-order
reduced Palm distribution .Z’(=,) can also be viewed as the Radon—-Nikodym derivative

E[Z(dx)(Z —8x)(dy)l(z—5,—s,eB)]
EZ(dx)(Z — 6x)(dy)
For & € J# and a Borel set B C I', we denote as &|p the restriction of & to B, i.e. £|p(C) =

E(B N C) for all Borel sets C C I'. We call {A, : x € I'} a type-I neighbourhood if x € A, €
AB(I") for all x € I" and the mapping

P(Zyy € B) = , forall B € ().

I'x H — H:(x,8) = &|ac

is product measurable (see an equivalent statement and further discussions in [20, pp. 2547—
2548]). We say that {Ayy : x, y € I'} is a type-II neighbourhood if {x, y} C Ay, € Z(I") for all
x,y € I" and the mapping

FZX%A%I((X’)’)’E)HSM?V

is product measurable. We now define the locally dependent structures studied in this paper.

Definition 3.1. A point process = is said to satisfy the type-I local dependence if there exist two
type-I neighbourhoods {A; : x € I'} and {By : x € I'} such that A, C BX,K(EX|A§) =
2 (Zlac) . Elpe is independent of =4, and Zy|pc is independent of S|4, for all x € I
A point process = is said to satisfy the type-II local dependence if there exist two type-II

neighbourhoods {Ay, : x,y € I'} and {By, : x,y € I'} such that Ay, C By, % (5xy|A§y) =

Z (E | Aiy) , = BS, is independent of Z14,,, and Ziy| BS, is independent of Zy|a,, for all
x,yel.

The locally dependent structures introduced here are parallel to, but a little stronger than,
those in [19]. The condition . (Ex | A;) =Y (E | A;) can be loosely interpreted as ='(dx) being
independent of Z'|4c. One may easily establish sufficient conditions for the locally dependent
structures by imposing conditions on neighbourhoods containing balls (see the descriptive
definitions in [14]).
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To state the error estimates of the PBDP approximation to locally dependent point processes,
we need to introduce the following notation. Let G = {G1,..., Gy} C (") be a partition
of I', and choose #; € I' such that SUPseG, do(s, t;) is as small as possible, i = 1, ..., k. Note
that #;, regarded as the ‘designated centre’ of the set G;, is not necessarily in G;. We define
Mg on = Zle n(G;)é; for n € . The mapping is to ‘assemble’ all the points of the
configuration 7 in each G; to its centre #;. If we set do(G) as

do(G) = max sup do(s, t;),

SISk 5eG;
then it is easy to check that
di(n, Mg on) < do(G). (3.3)

Let u be a positive constant to be chosen in applications, and we take u = 2 for our examples in
Section 4. Let Zry be the set of indicator functions of all sets in %(.¢). For a point process =,
we define

Zls,)

a
o (5) = 4P (E(B;) +l<
max sup |E[f(4go (Z|p))

4u + 10
+
a lfjfk fetg‘\]"v
— f(AMgo(ZlBe)+68:,)| Els.]| -
Similarly, 7,(Z) is defined by replacing all the conditional expectations/probability in the
definition of ry (=) with expectations/probability. It is worth pointing out that the type-I local
dependence implies 7, (=) = ry(Zy). Let
€1.x(5) = r(E)E(Ax)E(Bx \ Ax)
+7(E)[E(A) +1]2(A)/2 4+ Z(A)E[r: (5) Z(By)],
6l,x(u:‘x) = 1y (E)Ex (Ax) Ex (By \Ax)
+ 7 (50 [Ex(Ax) + 1]5:(A0) /2 4 S (A0DELr (2) (B,
€2,x(5) =rx(E)E(By \ Ax) +7x(5) + E[rr () Z(By)],
GZ,X(EX) = ry(Ey) Ex (By \ Ay) + 1 (Ey) + Elry (E)E(By)].

In terms of the type-II local dependence, we define 7, , and 7y y in the same way as ry and 7
respectively, but with By replaced by By,. We then set

6l,x,y(;:) = Vx,y(E)E(Axy)E(Bxy \ Axy) + fx,y(E)(E(Axy) + 1)5(Axy)/2
+ Z(Axy)Elry y () Z(Byy)],

El,x,y(Ex,y) = rx,y(Ex,y)Ex,y(Axy)Ex,y(Bxy \Axy)
+ 7,y (Zx,y) (Zxy (Axy) + 1) Zx y (Axy) /2
+ Zx,y(Axy)Elry,y (£) Z(Bxy)l.

62,x,y(5) = rx,y(E)E(Bxy) + fx,y(E) + E[rx,y (&) E(Bxy)]»
62,)c,y(5x,y) = Vx,y(Ex,y)Ex,y(Bxy) + fx,y(Ex,y) + ]E[rx,y (=) E(Bxy)]-

Theorem 3.2. Assume that the point process = on I' with finite mean measure A satisfies
Var(|Z|) > E|Z| and the type-1 local dependence. Let v(dx) = A(dx)/|A|,b = [Var(|Z]) —
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E|Z|1/Var(|Z]), a = (1 — b)|A|; then
(L (E), map000) < 2do(G) + /F E[(1 + b)(e1,y(5y) + €1,,(5))
+ b7y (2) 5y (Ay) + bea,y (5)) |A(dy).

Theorem 3.3. Assume that the point process = on I' with finite mean measure A\ satisfies
Var(|Z|) < E|Z|, the type-1 and type-11 local dependence. Let

|Al — Var(|Z])

= , = [A| + BE|E]> = |A]), 3.4
p Al = Var(|Z]) + E|ZP — (A + DE|5|? a= A+ BEIZI"=1AD, G4
and
v(dx) = ! <X(dx)+/3/ )ﬂ](dx,dy)). (3.5)
a yel’
If B =0, then

(L(E), Ta0p) < 20(G) + /P E (€1.0(5)) + €1.1(5)) A(dx)

+ﬂ// E(El,x,y(gxy)
2

+ €10y (D) + €2.1,y(Exy) AP (dx, dy).

Remark 3.4. When one applies these theorems, it is advisable to leave the choice of G to the last
stage so that an optimal bound with the best possible order can be achieved.

A less noticeable fact is that if one takes dy(x, y) = O for every x and y, i.e. a pseudometric
on I',and G = {I'}, then d> reduces to d;, for the total counts of point processes, so our theorems
also cover the PBDP approximation to the total counts of locally dependent point processes in
the total variation distance.

The proofs of the two theorems will be given in Sections 6 and 7. In the next section, let us
look at three examples to see how the theorems perform in applications.

4. Applications
4.1. Bernoulli process

Let I' = [0, 1], do(x, y) = |x —y|,and [y, . .., I, be independent Bernoulli random variables
with

PL=1)=1-P; =0)=p;, 1<i<n.

Define = = Y7, 1;8;/,. This simple point process is particularly useful for proving the Poisson
process limit theorems for the extreme value theory [21, Chapter 5]. It was proved in [33,
Proposition 3.6] (see also [29]) that the accuracy of Poisson process approximation to . (=) is of
order Y 7, pl.2 / Y_¢_, pi and the order cannot be improved when n becomes large. For when the
pi’s are equal to p, Xia and Zhang [35], making use of the symmetric nature of the distribution
Z(Z), proved that an appropriate PBDP can approximate . (=) with approximation error of
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1
NI
will not work and we demonstrate below that our theorems can be applied to this case.

First of all, it is easy to verify that = has mean measure A(dx) = Z:’I 1 Pidi/n(dx) and its
second-order factorial moment measure is A% (dx,dy) = Zl<i¢j<n PiPjbi/n(dx)dj/m(dy).
Clearly, E|Z| > Var(]=]), so we can apply Theorem 3.3 to estimate the approximation error
for Z(%).

To identify the approximating PBDP distribution, we let

n
r=>plj=2
i=1

A2
B=— ,
[A]* — A2 — 2|A|A2 + 223
a=I|r+Br = 22)

(cf [17, Theorem 3.1]) and

order (% + p) A However, when the p;’s are not the same, the techniques employed in [35]

v(dx) = é (A(dx) + ﬁ/

APl(dx, dy))
yel’
1 n
=~ <A(dx) +8 Z(W - Pi)PiSi/n(dx)) .

i=1

Next, we set up an appropriate partition G of I' = {G, ..., G¢}. Let 1 < uy,...,ur < nbe
such that uy +---+ux =n,s50 =0,5; =s;_1 +ujforl < j <k. Set G; = [0,s1/n]and
Gj= (Sj’1 %’] for 2 < j < k. We choose 7; as the middle point of the interval G, 1 < j <k,

n’

so that do(G) = max << u;/(2n). Define W; = Zfisj_l+l I;,1 <j<kand

CTES max =~ dn(LWj— Iy = 1), ZWj — Iy = I +1))
1§j§ksj—|+1§ll;ﬁ12§sj-

1
ma max 1A ,
1<j<ksj_1+1<l1#L<s; i

Sj
> n(d—=p)—py(d—py)—p,( = py)
I=sj_1+1

where the inequality is due to Lemma 1 of [9]. We take A, = By = {x}, Axy = By, = {x, y},
u =2;then 5 (Ay) = Ei(Byx) = Ziy(Axy) = Zxy(Bxy) =0,

= a -
(151 -1, — Iy < 5) < 0027,

and hence all of ry, 7y, ry y and 7y y are bounded by O («/a). Applying Theorem 3.3 gives the
following estimate.

Theorem 4.1. With the above set-up, if > 0, then
dr(ZL(5), mq,0,8;0) < max uj/n+ O(kAiz/|A]).
1<j<k

Remark 4.2. The bound in Theorem 4.1 is sharp in the following sense. Let n = m2,02 <
pi < 03forl <i <m,pp =0form+1<i <nandu; =mforl < j < m;
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then Theorem 4.1 implies that d>(Z(5), T4,0.8,v) = om=Y 2). However, it was shown in
Theorem 3.1 of [17] that d;, (L (|Z]), a0.8) = O(@m~'/?) and one can easily verify that
b (ZL(5), ”a,O;ﬁ;v) = dtv($(|5|)’ ”a,O;ﬁ)~

As a special case, we now assume that the p;’s are equal to p, and take k = O((n(1 — p)/
P)'B3)ouj =0 ((pn?/( = p)'P) . j = 1.... k, then

1
<=0 (" )

Hence, the following corollary is immediate.

Corollary 4.3. For the Bernoulli point process = = Z?:] I;8;jn, where the {I;, 1 < i < n}
are independent and identically distributed Bernoulli random variables with P(I} = 1) = p, let
B = G=nii=zyy @ = (1 = p)/(1 =2p), v(dx) = 3 Y1, 8i/n(dx); then

i pl3
dr(ZL(5), ma,0.p:0) < O (W) ) 4.1

provided p < 1/2.

Remark 4.4. The bound (4.1) is not as good as the bound O ((}l + p) A ﬁ) derived in [35]
when p is fixed and n becomes large. This is due to the fact that our method does not rely on
the specific symmetric structure of the Bernoulli process = and the bound is of the most general

nature.

Remark 4.5. A Poisson process approximation to the Bernoulli process is justified when p — 0
and np — X. However, in applications of extreme value theory, the value p is often fixed while
n is large, so our theory provides a more practical alternative.

4.2. The compound Poisson process

Barbour and Mansson [10] considered compound Poisson process approximation in
dp distance. The Stein factors for both compound Poisson random variable and process
approximations are generally too crude to use unless they are sufficiently close to their Poisson
counterparts or satisfy some other restrictive conditions. In this example, we will show that
our PBDP, suitably chosen, will converge to the compound Poisson process when its cluster
distribution is fixed, and has a finite third moment, and the mean of the Poisson process
component becomes large, regardless of whether the compound Poisson process is sufficiently
close to a Poisson process or not.

To begin with, let = = Zfi 1 1 X;, where the {X;} are independent Poisson processes on I’
with mean measures {u;} respectively. For brevity, we write = ~ CP(uy, u2, ...). It is easy to
see that Var(|Z|) > E|Z| with equality holds if and only if u; = O forall j > 2.

Suppose that we have a partition G = {G1, ..., G¢}of I'.

Theorem 4.6. Let A(dx) = Z,Oil ini(dx), v(dx) = rdx)/|\|, and

00
> i~ Dl )
b i=2 g 12|

00 ’ S :

> 2wl DRAITH

i=1 i=1
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Then

e8]

> il
dr(CP(ie1, L2,y . ) g po:y) < O max 1 A i=l

2 (CP(i1, w2, -+ 2)s Ta biow) < <1§i§k m(Gi)) P
Remark 4.7. Suppose the cluster distribution is fixed everywhere and ©1(G) — oo for every
G € A(I") such that u1(G) > 0; then the upper bound given in (4.2) has the order o(1). To
this end, one can partition I into sets with small enough diameters; then for each set G; with
©1(Gi) > 0, one can find u1(G;) as large as one wishes. Furthermore, suppose that I" is a simply
connected domain in R with smooth boundary, do(x, y) = |x — y| A 1, and p1 is proportional to
the Lebesgue measure, i.e. points are homogeneous on I'. Then, the upper bound given in (4.2)

+2do(9).  (42)

1
has the order O <|u1 |—m), As a matter of fact, one can partition /" into boxes with the same

diameter of order O (Im |_d$2), then combine the parts at the boundary of I" to their adjacent
boxes totally belonging to I, to obtain G.

Remark 4.8. Alternatively to using the definition given in Example 3 we can define a negative
binomial process as a compound Poisson process having a Poisson process of clusters and each
cluster carrying a random number of points that follows a logarithmic distribution. Remark 4.7
ensures that if the logarithmic distribution for the clusters is fixed and the Poisson process is
homogeneous, then the process will converge to our PBDP distribution when the mean measure
of the Poisson process becomes large.

Proof of Theorem 4.6. A measure u is called diffuse if for every point x € I', u({x}) = 0.
If {u;} are not diffuse, we can enlarge the space I if necessary and take diffuse measures
such that |u]| = |u;| for i > 1 and max;>di(u}, nij) — 0asn — oo. We then apply the
Kantorovich—Rubinstein duality theorem [27, Theorem 8.1.1, p. 168] to couple two sequences of
I'-valued random elements 7;; ~ w;/|p;| and ri’} ~ /|l i, j = 1, such that

Edo(zij, tfy) = di (wi/\wil, 1 /17 1) = di (i, 117)
and {(7;;, 1:”) i, j > 1} are independent and independent of {X;, i > 1}. Let =" ~ CP(MI,
Wy, ...); then

o |Xil o |Xil
B(L(2), L (E") < Edy (Zl > 8D iy b )
i=1 j=1 i=1 j=1
o |Xil
= 1 ~ do (‘L’l‘j, Ti])
< E =
> ilXil
i=1
o |Xil
Z l Z dl (/'Ll’ I‘Lfl)
<E i=1 j=1
- o
> ilXil
i=1
=

max dy (1] , ;).
i>1
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This observation, together with Lemma 2.3, ensures that we can assume, without loss of
generality, that the {u;} are all diffuse. Otherwise, we can approximate each =" with a suitable
PBDP distribution and then take the limits.

Direct computation gives

o0 o0

M= il Var(I5) =il
i=1 i=1
>
i — D)l
p_ iz L P
00 ’ 00 .
> 2 il DRI

i=1 i=1
Because the compound Poisson process has independent increments, we let A, = B, = {x};
then
rx(E) = e (8) = ry(5x) = 1o (&)
a
- 4IP<|E|+ | < —)
u

4u +10 _ _
+ . lréljgl;(kdﬂ/ (L(MgoE), L (MgoE +5tj)),

where for any two point process distributions P and Q on J2°, dry (P, Q) := infep y~q P(§ #
n). Noting that {x;} are all diffuse and consequently = ({x}) = 0 a.s. for each x € I', we have
€1,x(2) =0, €1,x(Ey) =7 (B0 (Ex({xD) + DE({x)/2,
€, x(EY) =y (Ey).

(4.3)

If {Y;, i > 1} are independent Poisson random variables, we can construct a maximal
coupling of (Y], Y]") on the same probability space such that £ (Y|) = Z (Y1), Z(Y]) =
L1+ 1),

d (L (Y1), LY + 1) =P(Y| #Y{)

(see [8, p. 254]). Enlarging the probability space if necessary, we can construct a copy {Y/, i > 2}
of {¥;, i > 2} such that {¥/, i > 2} are independent of (Y7, ¥|"); then

" (g (iy) v (iy + l))

oo x
<P (Y{ + Y i Y+ Ziy;) =P(Y] #Y{) = dp(ZL (Y1), L(Y1 + 1))
=2 =2

— maxP(Y; = ) <
j=0

1
V2R’
where the last inequality follows from Proposition A.2.7 of [8, p. 262]. Hence, we have
dry (L (Mg o Z), L(Mgo 5 +6;,)) < di(L(5(G)). ZL(5(Gj)+ 1)
1 1
= = .
V2eu1(Gj) — /m(G))
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It is easy to see that we can write |=| = Z;/=1 ni, where all the random variables V and »;’s
are independent, V ~ Poisson(|x/|) with u' = Y72, u;, and the 7;’s have the same distribution
P(n; = j) = lujl/In'l, j = 1.1f we take u = 2, noting that a < ||, we have

IP’(|E’| 1< ‘2—’) < P(v < @) <o < 0.

Hence,
P (E) =0 a_lmaxl/\; (4.4)
e I<i<k Vri(G) ) '

Using the independent increments again, we get
Var(|Z]) = IE/F(IEI —ADE(dx) = /FIE(IExI + 1 —[ADA(dx)

= /FE(Ex({x}) + DA(dx),

E(Z] - 1)EP = E/F|5|<|5—8x|>5<dx>=/F1E(|5x|+1)|5x|x<dx>

MEIZP + 212 / EZ, (r)h(dx) + A
r

+ fp E(E(x)) + DE (x)Adx),

which in turn imply

/F]EEX({JC})A(dX) = Var(|Z]) — 2], 4.5

/FE(Ex({X}) + DE({xhrldx) = E( 5| — |A])? — Var(|Z)). (4.6)
Applying Theorem 3.2, and (4.3)—(4.6), together with 0 < b < 1, gives
dr(CP (1, pa, - - .), Ta,b;0;v)
< 2dy(9) + /F E [7e(50) ((Se(x) + 1) Ec(x) + S ((x) + 1) ] 1dx)

o LN
< 2do(G) + O (a 1212k tn «/m>

X /F E[(Z () + 1) Zc((x) + Ze () + 1] 2(dx)

_ —1 1 = 3
=2do(9) + O (a 1121'asxk 1A m) E(Z| —|AD°. 4.7

Finally, one can verify directly that

o0 o0

3 o0
E(Z| - M)’ =E (meu - |m|)> =EY P0Xi| — i)’ =) 2lwil,
i=1

i=1 i=1
which, together with (4.7), implies (4.2). O
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4.3. Runs

In the final example, we consider the point process of k-runs of 1’s in a sequence of indepen-
dent and identically distributed Bernoulli random variables (cf Example 5.2 of [10, p. 1527]).
It is easy to see from our derivation that, at the cost of more notational complexity, one can lift
the assumption of identical distribution.

To begin with, let Iy, ..., I, be independent Bernoulli random variables with identical
distribution

PLi=1)=1-P(;=0)=p, 1<i=<n.

Let X; = ]_[’jiljfl I; with k > 2, where we take I; = I;_, for j > n to avoid the edge effect.
We define the point process of runs as

n
E= Z Xi8i/n
i=1

on I' = [0, 1], with 0 being identified as the same as 1 and the distance on the circle dy(x, y) =
[x — y] A (1 —|x — y]). A point of = at location i/n indicates that there is a run of k 1’s
starting at index i and it is clear that the run may overlap with others around it. Wang and
Xia [31] demonstrated that Var(|5]) > E| 5| if and only if 2 4+ (2k — 1) p* — 2k + 1)p*~1 >0,
and the latter is easily satisfied if p < 2/3. Hence we only consider negative binomial process
approximation to the distribution of =.

Theorem 4.9. Let k > 2 be a fixed integer,

. (1 — p)np*
1+ p— 2k + Dpk+ 2k — 1) pktl’

_op[2— @+ 1)pf T+ 2k — 1)pt]
14 p— Qk+ D)pk+ 2k — 1) pkt+1”
and v(dx) = % i1 8i/n(dx). Assume that p < 2/3; then

p2/3

Ol————=), ifn k >1,
dZ(g(E)a ”a,h;O;v) < ((”pk)1/3> f P
0(p), if npk<1.

Remark 4.10. The point process of runs in [10, Example 5.2], is defined on the carrier space
I'" = [0, n] with O being identified as the same as n and metric Jo(x, y) = (|x — ylpk) A,
where | - | is the distance on the circle. Although dp seems to be a natural choice in the context
of compound Poisson process approximation, it depends on the mean of the process being
approximated. An unexpected effect is that, when the parameters vary, it is impossible to judge
from the error estimates whether the approximations become better or worse. Another defect of
the approach in [10] is that a factor Inn appears inevitably in the approximation bound, which
makes it useless when n becomes large. In practical applications, p is often fixed while n tends
to be large, so approximate distributions are needed. Our approximating distribution uses fewer
parameters but achieves an approximation bound that decreases when p becomes small and/or n
becomes large.
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Proof of Theorem 4.9. It is easy to verify that the mean measure of = is A(dx) = p* >

8i/n(dx), E|Z| = || = np* and Var(|Z]) = %(1 + p — 2k + D)p* + (2k — 1) p**1); hence
we set

1 n
V= _Zsi/n’
i3

_ Var(|Z]) —E[Z] p[2 — Qk+ Dp* 4 2k — 1)pk]

T Var(|E)) T 14 p— Qk+ Dpk 4+ 2k — 1) pk+1”
(1 — pynp*

L+ p — 2k + Dpk + 2k — Dpk+T”

We assume that |A| > 1 first. To tackle the dependence resulting from the overlapping runs,
we introduce the neighbourhoods A;/, = {j/n: i —k+1 < j <i+k—1}and B;;, =
{j/n:i—-2k+2<j<i+2k—2}, where j is interpreted as j + n if j < 0, and j — n if
j > n.Next, we choose G = {G; : 1 < j < 1,} by taking [, = O (n'3p*=273) G; =
(sj—1/n,sj/n] for j = 1,...,1,, where 59 = 0,5; = s;j_1 +uj; for j = 1,...,[, with
ug,...,u;, =0 (n2/3p(2_k)/3) and Zl]f’zl uj=n.

To estimate r,, we take u = 2, write x = i/n and ¥; = lefi‘>4k74 X ;. Applying the
Bienaymé—Chebyshev inequality gives

a=(1-bnp*=

P(2(B)+1=2|215) =P (vi+1=2) <P(¥i—EY, < © - EY))
u

u u
_my @ _r k E(y; — EY;)*
<P (I~ BYI 2 |5 - 0= 8= D)) = g s e @Y
However,
4
E(Y; —EY)* = > E[T(X), —EX},)

ljo—il>4k—4, v=1,2,3,4 v=1

and the summand reduces to 0 if one of the j,’s is not in the neighbourhoods of the others; hence
1—pk\°
E(Y; — EY)* < 1242 (1—p> FOA(12k—9) = O (|,\|2) .
- P
This, together with (4.8), implies

_ a
B(=(B)+1=

Zl,) = 0 (1A72). 4.9)

The same argument also leads to

P(Z(B)+1=>
u

Es,) =0 (1117?). (4.10)

For f € 1y, we will show that
[E[f (g o (Z1s)) — f (Mg o (Zlsg) +8,)| Zls,]

B[S (g0 (Z15)) = 1 (Mg o (Z1sg) +8,)]| < 0 (71 Pp~®OB) . @)

In fact, if we write ; = (s;—1 + 5;)/(2n), x = i/n, then there are two cases to consider.

<0 (n—1/3p7(k+1)/3)’ 4.11)
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Case 1. sj_1 <i < s;. Because of the symmetry of our argument, we assume without loss of

generality that i < % We write Iy = (11, ..., li;2k—2, ISj—k+1, e ), b = (igok—1,
e, Ixj,k), v=(1,..., V422, Usj—k+15 - - - » vy). For any vector v with v; € {0, 1}, VI, due
to [31, Lemma 2.1], the number W (v, I,) of k-runs of the sequence

Us; g41s - oo Vig2k=2, Digok—15 -+ o5 Isj—k, Usj—k415 - -5 Us;
satisfies

dn(L W0, 1), LW, ) + 1) < 0 (n~!Fp=d+D/2), (4.13)

For ease of notation, we use ='(v, I») to stand for the point process of k-runs of the sequence

Uiy ooy Vig2k—2, Dig2k—1, -« oo LIsj—ks Usj—k+415 - - - Un.
Then, for f € Zry,
[E[f (g0 (Zl5)) = f (Mg o (Zlse) + ;)| T = V]|
<dry (Z(Mgo (2 (. 1)Ig)), L (Mg o (Z (V. 1)) +6,))
= dp (LW, 1), Z(W, 1) + 1)),
and this, together with (4.13), yields that

[E[f (g 0 (S15;)) = f (Ag o (Zla) +8,)| Zlg,]| = 0 (n712p= D).

Case2.i & (s =1, S j]. The proof is omitted since it is essentially the same as that of case 1 with
some minor changes of notation only.

The proof of (4.12) is similar. Now, combining (4.9)—(4.12) yields ry (=) and r,(Z) are
both bounded by O (||~ (n=!/3p=*+1/3)). These, together with some crude estimates,
e.g. E5(Ay) < 2k —2)p, EE (A5 (By \ Ay) < (2k — 2)?p etc., imply that Eep x(Zy),
Ee; »(Z) and DEe; ,(Zy) are all bounded by O (|)\|_1 (n_1/3p_(k+1)/3)) p. Therefore, if
|[A| > 1, the proof is completed by substituting these estimates for the corresponding terms
in Theorem 3.2.

Finally, if [A| < 1, we take [, = O (p~'), u1,...,u;, = O (np). Then the right hand side
of (4.9) and (4.10) can be replaced with 0, and the upper bounds for (4.11) and (4.12)
become O(1), which in turn imply that r,(=Z) and r,(Z) are both bounded by O (|A|_1).
Consequently, Ee; ,(Zy), Ee1 x(Z) and bEe; . (=y) are all bounded by O (|A|_1) p. We then
employ Theorem 3.2 to obtain the bound p, as claimed. [

5. Proof of Theorem 2.4

The proof of Theorem 2.4 relies on the coupling and analysis techniques. The main obstacle
in coupling various birth—death systems together is the difficulty of identifying the individual
particles from their locations. To circumvent the repeats of points, we need to lift the space to a
higher-dimensional carrier space and tackle the problem in the lifted space. Such a technique has
proved very effective in handling such situations [20,34].

5.1. Lifting the carrier space

In this subsection, we lift the carrier space from I" to I =T x1[0,1] equipped with the
product topology and its Borel o-algebra Z(I") ® ([0, 1]). We then define a pseudometric dp
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on I as

do((x1, 1), (x2, 1)) = do(x1, x2).

It is worth mentioning that the topology generated by dy is coarser than the product topology. Let
A be the class of all finite integer-valued measures on I" and d; be the pseudometric induced
from dj in the same way as d| is from dp. For & € H = Y18 ), We define ) = > 8y

and extend a function f € .% to a function on A via
f@& = fED).

It is not hard to check that for each f € .Z, f is a d| -Lipschitz function: | fE) - fE) <
dy (81, &) forall &, & € .

Next, we define /i as the product measure of w and the Lebesgue measure on [0, 1]. Regardless
of whether u is diffuse or not, the measure j& is always diffuse on I". Let

Ah(E) = (a+DbIE|) ff(ﬁ(é +87) — h(€))u(dF)
+ 1+ B(EI - 1) ff(fz(é — 87) — h(£))E(dF).

Birth—death systems on I with the generator o evolve in the same way as birth—death systems
on I with the generator <7

To carry out the proof of Theorem 2.4, for a given birth—death system Zg(-) with § =
>, 8y, one can lift it to Zg (-) by settingup a € € H consisting of distinct particles at (x;, #;),
1 <i <n,wheret, ..., t, are distinct elements of [0, 1], and throwing each new born particle
at z, all with equal likelihood, onto {z} x [0, 1], independently of the others. Then,

[@Z:0) = fZ:)D) = f(Zs (1)), V120

This procedure enables us to assume from now on that, without loss of generality, u is diffuse
and the particles at &, n, x and y are all distinct.

5.2. Proof of (2.5)

First of all, the proportion of the surviving initial particles at time # can be estimated as
701 Zy(0)] ( T b
E—T" <m 1+ —1) el (5.1
1Z,(0)] 201

To this end, we define g(¢) := |n N ¢|/|¢] for fixed n € 2, where 0/0 is interpreted as O.
Recall that V (¢) has a uniform distribution on the sites in ¢, and we have Eg(¢ —dy(¢)) = g(¢).
Hence

Ag(¢) = (a+bl¢]) BgC +u) — g())

since the last term in (2.2) vanishes. Noticing that with probability 1, U ¢ n, we have

(¢ +80) — (@) = Inn ¢l (%—i) ___hngl_
TS TRRATTY A TAT )
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It follows that

A g(C) smin{—“ ,—<aAb)g<c>}.

Therefore, setting ¢(¢) = Eg(Z,(t)), we have

agIn0Zy@®l

(p/(t) = Eﬂg(Zn(f)) < min {_2 |Z,7(t)|2

s —(an b)(ﬂ(t)} : (5.2)

By the Cauchy inequality,
2
<E|17 N Zn(t)l> < g0 Z,(0)]
1Z,(1)] |Z,)(1)]?
where the second inequality holds since each particle dies with rate at least 1. Therefore,
' 2
gl Zy @) S ¢ (Elnﬂln(t)l) '
1Z,(0)? |n] 1Zy (1)]

This, together with (5.2), yields

InNZy (@)l

ElnNZy(0)] < Inle”E ,
1 |Z,(1)[2

) ae'
¢'(1) < min {—mw(t)z, —(a A b)w(t)} :
Therefore, (5.1) follows from the fact that ¢(0) = 1.

Next, suppose that n € 7, |n| = n and the particles at x, y and 7 are all distinct. We start
with Z;+s, (-) and construct Z;5,(-) by replacing x with y. Let t; = inf{r : z & Z;5, (¢)} for
z €n+6x.Then, Z,15 (1) = Z77+5y (t) fort > t,. Fort < 1y,

| f Zy1s, (D) = [ (Znss,(O)| < di(Zinys, (1), L5, (1) <

|Z15, ()]
Therefore,
© 1
{ty>1}
Ih(n + 80) — h(n + 8,)] < / E==t g, 5.3)
0 |Zy+5, (2)]
Notice that for all z € n + §,,
l{Tx>[} —E 1{Tz>t}
|Zy+s, (2)] 1Zy1s, (DI
which implies that
Z 1{Tz>l}
l{rx >t} _ 1 EZ€77+5x _ 1 E [(n+8x) N Z77+8x ®)| .
|Zp+s, () n+1  |Zygs.(0)] n+1 |Zy s, ()]
This, together with (5.3) and (5.1), implies that
1 o 1 Inn+1)—1n%
C, < / _ t: ( ) !

1 1+2_ 1 +1
—2\n+1 a) 2+ a’



A. Xia, F. Zhang / Stochastic Processes and their Applications 122 (2012) 3033-3065 3053

where the result also includes the case a = 2(n + 1), and
/ I SEAVAY 1

Cp, < —e I = |

“Jo n+1 (@nb)m+1)

On the other hand,

—l{t*'>t} <P(ry, >1t) <e ',

|Zy45, ()] —
and hence C,, < 1. [

5.3. Proof of (2.6)

Suppose that |§| = n and particles at &, n, x and y are all distinct. Recall that &/ h(§ + 8;) =
FE+680) —m(f),ie.
At 1B (E + 85 4+ 80) + But 1 Bh(E + 8x — Sviets,) — (tns1 + Bus1)h(E + 85)
= f(€ +38x) —m(f). (5.4
It follows that
fE+68) —m(f) L Yntl + Bn+1

Opil Op+1

Bn+i
— P RA(E 4 8, — Sv(ess,)-
Qp+1

Eh(¢ + 6, +0y) =

h(€ +6x)

Hence

Ash(&;x,y) = h(§ +6x +68y) —Eh(E +68x +8u) +h(§ +6x) —h(E +6y)
+EA(E + 6x + 8uy) — 2h(€ 4 62) + h(§)
= h( + 6 +8y) —Eh(§ + 6y +y) + h(€ +6,) — h(§ +5y)

8y) —
LG +a )+1 (/) +E (h(€) = h (& +8x — Svetsn))

+ %;;fmﬂf (7 (& 4 8¢ = Sviersy) — h(E+6x)). (5.5)
n+

Swapping x and y, we get
Aoh(&;y,x) = h(E + 8y 4+ 6x) —Eh(E + 68, 4+ 8y) + h(§ +68y) — h(§ +6,)

8 —
G +O[y)+1 D) LB (he) —h e+, — Svig+sy))

+ %;—fmﬂ@ (h (& 48y —Sversy) —h(E+35y). (5.6)

Since Ayh(&; x,y) = Ayh(&; y,x) and | f — w(f)| < 1, we take the average of (5.5) and (5.6)
to reach the bound

Apt1 — Bnt1

[A2h(§; x, )| = +Co1 +Cop + Ap, (5.7

Up+1 Ap+1
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where
Ay =sup{lh(n +8x) —h()| : Inl =n,x € I'}.
On the other hand, we use (5.4) again to obtain

fE+6y) —m(f) n Ayl + Buti
,3n+1 ,Bn+1
S BR(E + 8, + 60),

Eh(§ + 8x — ve4s0) = h(& +6x)

n+1

and argue in the same way as for (5.7) to get

1 Bnt1 — ant1
|Aoh(&; x, y)| < + Cuct + Cpgt + | = —5 | A (5.8)
Bn+1 Bn+1
In Section 5.4 below, we will prove that
o — 1
n+(1x ign-HAn =< Tt 1 + Cp, ifOl,,.H = ,3n+1,
mt mt (5.9)
MAnH =< + C,, otherwise,
ﬂn+1 n+1
and so it follows from (5.7) and (5.8) that
1 1
[A2h(§)] < Cpe1 + Cp + Cugr +2 A . (5.10)
O+l Pnti
For n = 0, (2.5) enables us to conclude that C; < 1, C_; = 0, and it follows from (5.10) that
2 2 5
|[A2h(E)] <24+ - < —— + —.
a n+1 a

For n > 1, using the estimate Cy < m + % in (2.5), the fact that 2n > n + 1, and the bound
given in (5.10), we have

1 1 1 5 2 5
[A2h(8)] < o=+ + +== .
2n  2(m+1) 2n+2) a n+1 a

This completes the proof of (2.6). [
5.4. Proof of (5.9)

Since {|Z; ()|, t = 0} is a birth—death process with birth rates {ay }, death rates {8, } and initial
value |n|, we follow the convention in [17] to define 7, x = inf{t : |Z,(¢)| = k}, T = Tnm+
and 7] = Ty, m—1.

For any n € 5 with || = n, by the strong Markov property of {Z, (¢), t > 0},

+

h(n) = —]E/O ' (f (Zn(®)) = m())dt + Eh(Zy(z,)),
which implies that

|(hn) — Eh (Zy(r;)D))| < Bz, (5.11)
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Now we compare Eh (Z,(t,")) with h(n + 8;). Let K& be the number of particles in 7 that
have died before 7,7. Clearly, 0 < K,/ < n. Given K, = k, there are at most k + 1 pairs of
mismatched points between Z,(7,") and  + d,; consequently,

|E (h (Zy(5,) IK,| = k) —h(n+80)| < Culk + D).
This in turn leads to

|Eh (Z,(x,))) — h(n + 8x)| < Co(EBK,f + D). (5.12)
Combining (5.11) and (5.12) gives

A, < Erf + Co(EBK, +1).

Likewise, for n € # with || =n + 1, it follows from the strong Markov property of
{Zyy5,(1), 1 > 0} that

h(n+8,) = —E /0 " @) = ()t + BhZyss, (5,)),
giving

|h(n +8x) — Eh(Zys, (t, o, = E1, 5. (5.13)
2>
K, I mismatched pairs of points between Z 5, (7, +2) and n, leading to the bound

Let K, , be the number of particles in 7 + J, that have died before then there are at most
[Eh(Zy1s,(7,,5)) —h(m)| < CLEK, 5. (5.14)
Collecting the estimates (5.13) and (5.14), we obtain
An+1 < E'L';+2 + CnEK;+2
Put F (k) = Zf:o 7i and F (k) = > 2, mi. By Lemmas 2.2 and 2.4 in [17],
F(k F(k
Er,j' = L), Er, = Q,
O TTk Brk
FU) o Fe+D)
Fk—1) = Bk F (k)
since oy — ax—1 < Br — Br—1 for all k. It follows from the first inequality of (5.15) that

@nt1 = Bt DF () _ Pu1 Ft+ D) = o1 F(0) _ Bt 17nt1
UpTty a OpTy QpTty

(5.15)

=1,

which in turn yields
_ Fn) - 1

Er,f <
QapTty Ap+1 — Bnt1

L But < Q.

Likewise, using the second inequality of (5.15), we get

F(n+2) - 1

Bn+2Tn2 — Butrl — Uyl

En+2:

., if Bn+1 > Qpt1-
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To complete the proof of (5.9), it remains to show that

Dt Pl g 1) < 1L Bt < g (5.16)
41

%E&;z <1, ifBurt > dnit. (5.17)
n+

To this end, we derive a recursive formula for EX ;,r and EK, ,m > 1, in Lemma 5.1 later and
give their estimates in the following lemma, Lemma 5.2. In particular, since oy — By decreases
in k and o increases in k, it follows from Lemma 5.2 that, if a,,+1 > Bn+1,

Op Op+1
S 9
— Bn Unt+1 — ﬂn-H

which is equivalent to (5.16). On the other hand, noting that

1+ EK, <

Brn2/Bni2 — ant2) < Buv1/(But1 — Ang1)

as Bnt1 — apy1 > 0, applying Lemma 5.2 again, we obtain EK ", ) < Bny1/(Bp+1 — @n1) and
hence (5.17) follows. [

Lemma 5.1. The following recursive formulae hold for m > 1:

mBu(1+EK ) EK-— 14 (m — Do EK,

EK; = :
m Moty +/3m( —i—EKm 1) m amEKy;+] + (m + 1)/3"1

Proof. Noting that all particles are equally likely to die, an initial particle in the initial
configuration n with |n| = m dies before t,b with probability II]EK,J,,r , and if it survives, it

EK+

dies before 7, ,+2 With probability - + ey U7 SRR

dies before 1, 42 is

That is, the probability that an initial particle

1 1 1
—EKF 1— —EK}Y )| —EK"
e (1K)

m+1 m+1°
Therefore, there are on average EK | + mmEIfm EK,, * 1 initial particles that die before 7y y2.

On the other hand, K,/ = 0 means that the first change of the configuration of the birth—death
system Zj(-) is a birth, so K, = 0 with probability - o . However, if the first change is a

death, which happens with probability ’3 m—, then one part1cle at some site x of n will die at
T, = inf{t : Z,(t) # n}. In the latter case, usmg the conclusion in the preceding paragraph, the
mean number of particles in  — , dying before the birth—death system Z,,_s_ (-) reaches the size

m+1isEK :1'_1 %EK +_ In summary, we have established the relationship
m—1—-EK'
EK,) = '3— 1+]EK+1+—'"1E K
lgm m

which is equivalent to the first recursive formula.
The same argument can be adapted to prove the second recursive formula. In fact, assuming
that |n| = k > 2, an initial particle in n dies before 7 x_» with probability

1 1 _ 1 _
EEK]( + (1 - %EK/{ ) mEKk—l
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Now, let |[n| = m. With probability a,meﬁm, the first change of Z,(-) is a death, giving K, = 1.
Assume next that the first change is a birth; then, as shown above, each initial particle dies before

the size reaches m — 1 with probability m+FIIEKn;Jr1 + (1 - m#_HEKn;H) %EK,;. It then follows
that

m+1—-—EK
IBm + Um m EK,;_H + m+1]EKn; ’
am+Bn o+ Bum+1

and reorganizing the equation yields the second recursive formula. [J

EK, =

Lemma 5.2. If oy, > By, then

Um
1 +EK,} < —"—.
" Ay — Bm
If B > o, then,

Bm

EK,, < .
" Bm — o

Proof. Suppose «;,;, > B,,,. By Lemma 5.1 and because IEK;;_I > 0, we have

1+EK, < 1+’3—’”(1+]EK;_1), Vm > 1. (5.18)
Qm
Iterating (5.18) and noticing that Sy /oy is increasing in k as well as that IEI(O+ = 0, we conclude
that

m—1 l m
Bm Bm 1 Am
1+EK < = = 1+EKT) < =
verg =3 (2] o (B) ey <

m 1—h Am — Bm
Um

Assume that o, < B,. Using Lemma 5.1 again together with the fact that EK | > 1, we
have

EK- <1+ ;iIEK,;H. (5.19)

m

Noticing that o /By is decreasing in k, we conclude that
1—1 . i . l
EK < — ) + (—) EK
by iterating (5.19). Recalling that ]EK,;_H < (m + 1), we have, on letting / — o0, that

Er<i(“’">i— L __ Pw O
m_,-:O Bm _1_%_,3m_am.

6. Proof of Theorem 3.2

Let X be a point process with distribution x, 3.0.,; then by the triangle inequality, we have

h(Z(5), Tap;0,0) < o(L(E), L (MG o 2))
+do(L( MG o Z), L(Mg o X)) + do(L (Mg 0 X), Tap;0:0)-
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It follows from (3.3) that both dr(L(5), L (Mg o Z)) and do(L (Mg o X), Ty p,0;v) are
bounded by dy(G), so it remains to estimate dp (£ (Ag o =), L (Mg o X)). Clearly, #go X ~
T 4.b:0:v/» Where

k

V(dx) = Z v(G;)éy, (dx).

i=1
Using the Stein equation (2.3) with ¥ = 7, ;.0.,/, it suffices to show that for each f € .7,

B/ hy(MgoZ)| = |Ef(MgoZ)—map0w(f)
EfFE[(l+b)(61,y(5y)+61,y(5))+bfy(5)5y(Ay)+b62,y(5y)]k(dy). (6.1)

To simplify the notation, we fix f € .#; write f'(n) = f(4g on),h'(n) = hy(Mg on) and
define

Ah'(&;x) = 1 (5 +8,) — I (§).
Noting that 7’ acts on the ‘shuffled’ configurations and so one can swap V' for v in &/h’, we
apply (3.1) to expand E& 1/ (Z) as
Eodh' (Z) = b/ / E[AR'(Zy + 8y; x) — AR/ (Z; x)]A(dy)v(dx)
rJr
+ f E[—Ah' (Ey; x) + AR (E; x)]A(dx)
r

+ / EAR'(Z; x)[av(dx) + b|A|v(dx) — A(dx)]. (6.2)
r

The last term vanishes since (a + b|A|)v = A, which is ensured by the facts that |[v| = 1 and
a=(1—->b)|Al|
To study the first term in (6.2), we take a coupling (Oy, Ty, II,) of Z|ac (notice that it
has the same distribution as EyIA;), E|Ay, and Ey|Ay, such that (6, + Ty) = Z(5) and
Z(0y + II,) = Z(E,). Dropping the subscript y from (6y, Ty, II,), we can write
E{AR'(Zy + 8y; x) — AR/ (Z; x)}

=E{AR (O + II + §y; x) — AR'(O + T x)}

=E{[AW (O + IT 4 8,; x) — AR (0; x)] + [AK'(O; x) — AR (O + T; x)1}.
When expanded telescopically, it is the sum of | IT|+ 1 positive Ah’-functions for the term in the
first pair of square brackets, and | 7"| negative A,h’-functions for the term in the second pair of

square brackets. Similarly, the second term in (6.2) can be expressed as the sum of | 1’| positive
Ay h'-functions and | IT| negative A,h’-functions. Therefore, when

b/FE(Ey(Ay) +1-Z(A))rdy) + /F E(Z(A)) — 5y(A))rdy) =0, (6.3)

the expected numbers of positive and negative A,h’-functions are then balanced. Noting that

/FE(Ey(Ay) — Z(Ay))rdy) = Var(|Z]) — E|Z], (6.4)
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we obtain (6.3) by taking b = %. Now, we define I = lezll 8x;» T = lezll
and for n = Y7, 8, write (n)o = 0, (n); = Z{:l 8, for 1 < j < n. Taking £ as an
independent copy of =, we can expand E<«7h'(Z) into

8y;s

Edh (E)=e; +---+es,
where, with z € I" a fixed point,

||
e1=>b //]12 EZ[AZ}I/(Q + )1 +6y;x, X)) — EAh' (5] z, 2)IA(dy)v(dx),
=

ey = b// . E[Ah' (6; x, y) — EAK'(Z; z, 2)IA(dy)v(dx),
r

|7
e3 =—b // EZ[Azh/(Q +{(T)j-1;x,Y;) — Eﬂzh/(é; Z,2)JA(dy)v(dx),
I? j=1

|11]
o4 = — / E [4oH(8 + (IT)j_1; x, X;) — EAK' (55 2, 2)1A(d),
I -
j=1
7| R
es = / EY [4oH (0 +(T)j 15 x, ¥)) — EMh' (53 2, )IA(d).
r i_
Jj=1
Now we concentrate on estimating e, since other cases are similar. Recalling that =y |c is
not independent of Zy|4, while Ey|3§ is, we can extract the part as 5y|3§ from © ~ $(5y|A§),
and denote it by ©;. Take a more detailed coupling (01, ©», T, II) such that (01, 6,) is
a coupling of E’|B§ and E’|B)_\Ay (as well as 5y|B§ and E’y|By\Ay), and ©; is dependent of
(7, II). We then take (@2, AT) as a copy of (6, 1) such that (@2, AT) is independent of I
and Z(01+ 6, + 1) = Z(Z5). We insert Ayh'(Oy; x, X ;) and Axh’(6y; z, z) into the square
brackets in e to obtain

0 :b//ﬂ«m bt ers)hdy)v(d),

where

|11

el = EZ[AZh/(Q] + Oy + (II)j—1 + 8y: x, Xj) — Ash"(O1 + (I} j—1 + 8 x, X )],
j=1
[

ety =E Y [Mh' (61 + (IT)j—1 +8y; X, X ;) — Aol (61 + 85 x, X )],
j=1
|11]

e;3 = EZ[AQ”(@] +6y;x, Xj) — Ak (6 x, X1,
i=1
|11]

els =E Y [l (61; x, X)) — Mah/ (64 2, 2)],
j=1

e1s = E[IT|E[Ayh(O1; 2, 2) — 2ol (61 + 62 + T 2, 2)].
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Estimates of e1) and e15. Notice that ej; can be further decomposed as

1] |©,]

EZ Z[Azh’(@ + 38y + (6, )i j—1;x, X;)
j=li=1

— Dol (O + 8y + (6, I)i—1 j—1: X, X)),

where (6, II); j = (6»); + (II); are measurable functions of (©,, II). When we take the
expectation conditional on Zy|p,, or equivalently on (6, II), it can be interchanged with the
sums. Therefore, we concentrate on the conditional expectation

E (A2h'(O1 4 8y + (02, 1) j_1; x, Xj) — A2h' (O + 6,
+ (6r, )iy j—15x, X;)| 62, 1T). (6.5)

Since by Remark 2.5 there is in general no uniform bound of the form const./a for Axh’, we
write

Mo’ = hV 4 1@,

where

h® = Ay’ — D,

1D = min {max (Azh/, _2u +5) , 2ut 5} ,

a a
Since
2u+5 a
[ Axh' (&5 x, y)| < for 1 + [&] > pe
we have
o 2u+S @) @ a
] < ——, A1 <2, and A7 x,y)=0 forl+I[&]> —. (6.6)
a u

For the quantity given in (6.5), the differences based on 4" and 4 are respectively bounded
by the second and the first terms of ry (Zy), recalling that Zy|p, is equivalent to (6,, IT). Hence,

ler | < E|II] - |92|ry(5y) = Ery(Ey)Ey(Ay)Ey(By \Ay)- 6.7
Similarly, taking conditional expectation on (@2, , AT), we get
leis| < EITE(16, + T1ry (61 + 62+ 1)) = Ery(5)5(B,)EZ,(4y). (6.8)

Estimates of e1» and e3. Notice that ©, disappears now and ©) is independent of I7. We use
the conditional expectation on I7, and find that each conditional expectation, actually being the
mean, is less than 7, (Zy) = ry(Z). Hence

||| -1 E0(A) (5 (Ay) — 1
|e12|§E%Fy(5)=fy(5)E »(Ay)( ;( ) ), (6.9)
le13] < 7y (D)E|IT| = 7y (5)EZy(Ay). (6.10)

An estimate of e1a. In fact, eq4 is another kind of difference that is very different from the other
four since the two point processes have the same size. Let us state a result which tells us the cost
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of shuffling points x and y in Ah(&; x, y). Define

Dh'(§;x,y) =h'(§+68,) —h'(§ +6,),
Dyh'(§;x,y;2) = Dh'(§ +8.:x,y) — Dh'(§; x, y).

Then, one can directly verify the following equation:
Aok (83 x,y) — Doh'(§52,2) = Dok’ (&5 y, 23 x) + Dok (83 x, 23 ). (6.11)
Consequently, we can rewrite

|1
e1a =E) [Dyh(61: X, 2:.x) + Dah/ (615 x, 2: 2)],
Jj=1

bearing in mind I = lezll dx,. Now we estimate Do, Recalling |[DR'| < C,, defined in (2.4)
and estimated in (2.5), we have

" 1
D x,y)] < 1 A (2(|s|+1> +a).

If we set
Dh' = h® +n®,

where

h® = max {min (Dh/, “t 2'5) , _u+25
a

} and h® = Dn' —h®,
a

then

|h(3)| _u + 2.5
J— a 9

@D <1 and h®(E:x,y) =0 forl+ €| > 2. (6.12)
u

Comparing with (6.6), we conclude that Dyh’, as the difference of Dh’, has conditional
expectation (that reduces to its expectation) less than half of 7, (%). Therefore,

lewa| < Fy(E)E|T| = ry(Z)EZy(Ay). (6.13)
Collecting (6.7)—(6.10) and (6.13), we obtain

le1] < b‘/lkj[Ery(Ey)Ey(Ay)Ey(By \ Ay)
+ fy(E)E(Ey(Ay) + 3)Ey(Ay)/2 + Ery(E)E(B),)E‘Ey(Ay)])\(dy). (6.14)

The same procedure can be applied to estimate e to es by first selecting the ‘stepping stones’
Zylpe and = |Bl to ‘bridge’ HyIAc and £ ~ Z(5) for ey and e4, and = |BL and = |Bc to ‘bridge’

= Ag and £ ~ Z(Z) in e3 and es, then telescoping within the layer of dependence and using
(6.11) and (6.12) to deal with the relocation of points. We omit the details here and the estimates
are summarized below:

lez| < bﬁ[Er)7(E)*)5y(By \ Ay) + Fy(E) + ]Ery(E)E(By)])‘(dy)y
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IA

le3 b/F[IEry(E)E(Ay)E(By\Ay)+fy(5)]E(E(Ay)+I)E(A),)/Z

+Ery (5)Z(By)EZ(Ay) A (dy),

IA

leal /F[Erx(Ex)Ex(Ax)Ex(Bx \ Ax) + 7 (D)E(E (Ax) + D Ex(Ax)/2

+Er (2)Z(B)EE (A M (dx),
/F[Erx(E)E(Ax)E(Bx \ Ax) + 7 (B)E(S(Ay) + 1) E(AN)/2
+Er (2)Z(B)EE(A,)]M(dx).

IA

|es|

Now, the above four estimates, together with (6.14), yield (6.1), completing the proof of
Theorem 3.2. [

7. Proof of Theorem 3.3

The proof is similar to that of Theorem 3.2 with some modification to suit the estimation
involving the second-order reduced Palm processes. Let Y be a point process with distribution
T 4,0; ;v it follows from the triangle inequality that

B (L(Z), ma,0.p0) < 2(L(E), L (Mg o E)) +do(L (Mg o Z), L(MgoY))
+d2($(///g oY), ”a,O;ﬁ;v)-

Again, (3.3) implies that dr (L(Z), L (Mg o Z)) and dr (L (Mg o Y), T a,0;8:v) are bounded
by do(G), so da (L (Mg o Z), L (Mg o Y)) is the only term to be estimated.

We replace w by m, ., in the Stein equation (2.3) with V(dx) = Zle v(G;)é; (dx). Itis
sufficient to prove

Ecth (Mg o 5)| < /F E (e1.4(50) + €1.5(5)) A(dx)

+8 / /F E(e1xy(Ze) + €1,2,y(5) + €2.0,y(By)) M (dx, dy) (7.

forall f € .%. For the fixed f € .Z#, weset f'(n) = f(#gon), h'(n) = hs(Mgon) and then
apply (3.1) and (3.2) to deduce the following expansion:

Eodh'(Z) = / E[—AR(Z; x) + AR (25 x) M (dx)
r
+8 // E[— AR (Eyy + 8y; x) 4+ AR (55 )12 (dx, dy)
2
+ / AER (55 x) (av(dx) —Adx)— B / APl(dx, dy)) . (7.2)
r yel’
The last term of (7.2) vanishes because of the definition of v in (3.5), and v(I") = 1 ensures that
a=+p // MHdx, dy) = |2 + BEIZ] = 2.
r

We take = as an independent copy of = which is also independent of all Z,’s and Z,’s. Denote
the points in =4, =x|a,, E|Axy, Exyley respectively by X;, Y;, W;, V;. Then using the two
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types of local dependence, we have

Eoh (5) =

/F{E[—Ah’(fx: x) + Al (E¢|ac; )1 + E[AR (25 x)
— AR (5| ac; )1} (dx)

—B /ﬁz[EAh/(Exy; x) — Eﬂh/(fxylA;y; x)])»[z](dx, dy)
_,3 /ﬁz[EAh/(Exy + (Sy, )C) — EAh/(Exy; X)])»[z](dx,dy)

+,3//2[EAh’(E;x) —EAR (2| ac; 1)1 (dx, dy)
r

[Ex (A
—/ E Z [A2h'(Ex|ac + (Exla)j—1: X, Y))
ro o
— Aoh' (55 X1, X1)IM(dx)
[Z(A)I
+/FE D IAN (Elag + (5la)j1:x. X))
j=1

— Mk (E; X1, X1)]A(dx)
[Exy (Axy)]
- B //;12 E Z [Azh/(fxylA;y + (Exylag)j-1: %, V)
j=1
— Mol (5; X1, X)W (dx, dy)
- B / f E[A2h'(Bry; x, y) — Dok (55 X1, XM (dx, dy)
F2
[Z(Axy)l
+ﬁ/ﬁ2E 2 [A2h/(E|A§y +(Elay)j-15x, Wj)
]=
— Mol (55 Xy, X)W (dx, dy)

—EAM (5; X1, X1) [ /F E(5:(Ay) — 5(Ay))A(dx)

+A / /F E(Eey(Ag) +1- E(Axy))AH(dx, dy)]

D1+ + e

The term ¢ becomes 0 if we set
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(7.3)

[ B @0 - 2aonan + [[ BG4 +1- 2@ dy) =0,

and hence the g in (3.4) follows from (6.4), [ A?/(dx, dy) = E|Z|(|5]|—1) and the following

observation:

// E(Zxy(Ary) — Z(Agy))A (dx, dy) = // E(|Zy | — 1EDAP @x, dy)
r2 b

=E(Zl-2-AD(E] = DIZ].
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Following the same steps as the estimation of (6.14), with ‘stepping stones’ Z|pc and 5 | B
for ¢1, Z|p; and Z|pe for ¢, Zeylpe, and 5|pe, for ¢y and ¢u, and e and Z|pe, for ¢s, we
obtain

61 < / Eey  (S)Mdx);
r
2] < /F Eey (E)M(dx);
3] < B / /F ety (Fp2 2, dy;
0 <[] Bern(GnPidn, dy

¢l < B / /F Eercy(2)2Pdx, dy),
which, together with (7.3), in turn imply (7.1). This completes the proof of Theorem 3.3. [J
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