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We establish a general Berry—Esseen type bound which gives optimal
bounds in many situations under suitable moment assumptions. By combin-
ing the general bound with Palm theory, we deduce a new error bound for
assessing the accuracy of normal approximation to statistics arising from ran-
dom measures, including stochastic geometry. We illustrate the use of the
bound in four examples: completely random measures, excursion random
measure of a locally dependent random process, and the total edge length of
Ginibre—Voronoi tessellations and of Poisson—Voronoi tessellations. More-
over, we apply the general bound to Stein couplings and discuss the special
cases of local dependence and additive functionals in occupancy problems.

1. Introduction. The pioneering work of Stein (1972), well known as Stein’s method,
provides a set of tools to estimate the error in the approximation of the distributions of ran-
dom variables by a specific distribution, and it has proven to be particularly powerful in the
presence of dependence. Indeed, many forms of Stein’s method have been developed to study
a variety of random phenomena, and the comprehensive monographs by Barbour, Holst and
Janson (1992) and Chen, Goldstein and Shao (2011) give accounts to that diversity.

It has become clear over the past decades that Stein’s method is naturally related to size bi-
asing and its point process counterpart Palm theory; see, for example, the results of Goldstein
and Rinott (1996), Chen and Xia (2004) and Goldstein and Xia (2006). While Goldstein and
Rinott (1996) and Goldstein and Xia (2006) considered size-bias couplings, Chen and Xia
(2004) studied Poisson process approximation for point processes using Palm theory. The
work of Chen and Xia (2004) suggests that for normal approximation for statistics resulting
from a random measure including those in stochastic geometry, it may be fruitful to combine
Stein’s method with Palm theory as well. Thus, in this article, we study normal approximation
for statistics associated with random measures through their Palm distributions.

To this end, we first prove a general result, Theorem 2.1, which can be thought of as an
extension of Theorem 2.1 of Chen and Shao (2004) to settings that are not restricted to local
dependence. We then connect our result with Palm theory in Section 3 to bound the errors
of normal approximation for statistics arising from random measures. In order to illustrate
the approach, we then estimate in Section 4 the errors in the normal approximation for com-
pletely random measures, the excursion random measure of a locally dependent random pro-
cess and the total edge length of Ginibre—Voronoi tessellations as well as Poisson—Voronoi
tessellations. The first three examples do not assume the Poisson process as an underlying
point process. Theorem 2.1 can also be easily combined with Stein couplings, giving rise to
Theorem 5.1 in Section 5, with applications to local dependence and problems from random
occupancy.
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Our main theorems are formulated in such a way so as to give optimal rates of convergence
in many applications. The cost we have to pay are higher moment requirements, but in many
applications these are naturally satisfied.

2. A general theorem. Let W be such that EW =0 and Var W = 1. Theorem 2.1 of
Chen and Shao (2004) shows that if W is a sum of LDI1 (see Section 5.1 for more details)
locally dependent random variables then there exists a random function K (¢) such that

(2.1) E{Wf(W)}:E/_Zf/(WH)l%(z)dt

for all absolutely continuous functions f for which the expectations exist. A bound on the
Kolmogorov distance dg (£ (W), N'(0, 1)) is then obtained without further dependence as-
sumption. A crucial step in the proof is the use of a concentration inequality (Proposition 3.1
of Chen and Shao (2004)) established under the LD1 local dependence. A careful examina-
tion of the proof of the proposition reveals that the concentration inequality actually holds if
W only satisfies (2.1), in which case the bound is expressed in terms of K (¢) instead of the
locally dependent random variables. Consequently, Theorem 2.1 of Chen and Shao (2004)
holds for any W if Var(W) = 1 and there exists a random function K (¢) such that (2.1) holds.

It was observed by Chen and Rollin (2010) that the proof of Theorem 2.1 of Chen and Shao
(2004) can be simplified if the concentration inequality is replaced by a recursive inequality,
which was inspired by Raic¢ (2003) and which is (2.14) in this paper. Using this approach,
they obtain a bound for W satisfying a Stein coupling assumption. In this paper we use the
recursive inequality approach to obtain a simpler bound for W assuming that Var W = 1 and
that (2.1) holds for some random function K (¢). As in the proof of Theorem 2.1 of Chen
and Shao (2004), Young’s inequality ((2.11) in this paper) is used to separate the product of
two random variables. A crucial step in the proof of Chen and Shao (2004) is to use Young’s
inequality together with the concentration inequality, whereas in this paper, it is used together
with the recursive inequality. Also in this paper, the random function K (¢) is decomposed as
K™(r) + K°"(¢) to allow greater flexibility in applications. We now state and prove the
general theorem.

THEOREM 2.1. Let W be such that EW = 0 and Var W = 1. Suppose there is a random
function K (¢) such that (2.1) holds for all absolutely continuous functions f for which the
expectations exist, and assume we can write K (1) = Kin () + K Ollt(t) where K Ny =0 for
|t| > 1. Define K (t) = EK (1), K™(t) = EK'™(¢), and K" (t) = EK°"(¢). Then

(2.2) dx (L (W), N (0, 1)) <2r1 4+ 11rp + 5r3 + 10r4 + Trs,

where

r=E

/ltfl(K " —K (t))dt', r2=/t|§1}tl( (1)) dt,

o0 A A .
r3=E / IR)|dt,  ra=E | (K™@)—K™@1))*dt
—o0

[t]<1
12

_ -in _ pin 2
r5_<E/t|§1|t|(K (1) — K™ (1)) dt) )

PROOF. From (2.1), by letting f(w) = w, we obtain ffooo K(t)dt = 1. For x € R and
e > 0, define
1 ifw<ux,
hy ¢(w):=30 ifw>x+e,

l+elx—w) ifx<w<x+e.



PALM THEORY, RANDOM MEASURES AND STEIN COUPLINGS 2883

Let fx . be the bounded solution of the Stein equation

(2.3) fr o) —wfy o(w) = hy (W) — Bhy (2),
where Z ~ N (0, 1). The bounded solution f,  of (2.3) is unique and is given by

frew) ==t [T o) — By (2] ds

w

(see Chen, Goldstein and Shao (2011), page 15). We have for all w, v € R,
(2.4) 0=<fre(w) =<1, |fiew)| <1, |fiew)— fi ()| <1

and

1 rtvO
25) |f;?£(w—|—t) — fjg’g(w)\ < (|w| + 1)|t| + g/mo Ix<w+H+u<x-+c¢eldu

<(lwl+Dlt|+1x—0vi<w<x—0Ar+¢]

The bounds (2.4) and (2.5) were obtained by Chen and Shao (2004), page 2010. Bounds for
all cases of /& and their proofs were given by Chen, Goldstein and Shao (2011), Section 2.2.
Now write

Ehy (W) = Ehy o(Z)
=Efoo fre WK (1) dt —E/OO fLe(W+DK (1) dt
=E[ 0K - R0)dr
[t]=1

FE [ L N0 R0) dr
(2.6) _oooo
B [ (00 = JL 0+ 0)R™ ) di

+E/|;|<l(f)£,g(w) - f;’g(W—Ft))([%in(t) _ Kin(t))dt

+E/m<1 (£LeW) = FL (W +0)K (1) dr

=:R1+ Ry+ R3+ R4+ Rs.
By (2.4), we obtain bounds

&1l = B 12 o0) [ G- k) |

2.7
SEfmgl(K 1) —K (t))dt‘:rl,
|R2| = ‘E{fé,g(W)/ (Kom(t)—leom(t))dtH
(2.8) 00 - 00 00
EE/ |K°“t(t)|dt+E/ |12°“t(z)}dz521€f |KO(1)| dt = 2r3
and

oo A
(2.9) |R3| < E/ | K" (t)| dt = r3.
—0o0
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By (2.5),
R <B{WI+1) [ 1RO - K" o]ar]
l11=1
(2.10) +]Ef x —0vi<W<x—0At+el|K"r)— K™1)|dr
lt]=<1
=:R4 1+ Ryp.
Recall Young’s inequality: For a, b, ¢ > 0, we have
2 2

ca b
2.11 b<—+4 —.
1D W=t

Using this inequality with c = a > 0, a = (|W| + 1)4/[7] and b = J/]i[|K(t) — K"(1)|, we
have
o 2 1 >in in 2
Ry < =E (IW|+1)7|t|dt + —E l1|(K™(t) — K™(1))" dt
2 Jin<t 20 Jpri<1

1 iy : 2
§2a+—E/ |t|(Km(t)—Km(t))zdt:2a+r—5.
20 Jjr<t1 20
By letting o =rs,
(2.12) R4 <2.575.

Using the inequality (2.11) again, but with ¢ = (2d + 0.4]¢| 4+ 0.4¢)/(6p) for 6, 8 > 0, b =
Ix —0vei<W<x—-—0At+e¢e]landa =|K™(t) — K™(¢)|, we obtain

0
Ry < EﬂE (2d+0.4|t| +0.48)_]1[x—0Vt <W<x—-0At+eldt
lr]<1

(2.13)

+—F 2d + 0.4]t] + 0.4¢) (K (r) — K'"(1))? dt.
208 Itlsl( |7 )K" (@) (1))

Let

’

d=dg(Z(W),N(,1)), de = sup|Ehy o (W) — hy ¢(Z)
xeR
then it is not difficult to see that, for a < b,

1
(2.14) Pla<W<b]|<2d+—0b—a)<2d+04(0b —a), d=<d,+0.4e.
V21

By (2.14),
Plx —0vt<W<x—-0At+¢e]<2d+0.4|t] + 0.4es.
Using this, (2.13) yields
0B 2d 4 0.4¢

Ryp < — di+ ———F K"t — K1) dt
2272 iz 208 |z|§1( ® ®)
0.4 . o d+02 02
+—K t|(K™ (1) — K™(1)) dt =08 + ———r4 + —r2.
0B Jyet MNETO ®) Pr—gp T gp"

By letting 8 = d + 0.2¢ + r5, we obtain

1 0.2 1 0.2
(2.15) R4 <60(d+02e+r5)+ 51’4 + 71’5 =60d +0.20¢ + 51’4 + (9 + 7)r5.
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By (2.5) again, we have

RI<E [ (W4 DK™ 0] dr
[t]=1

1 Ovt .
+—IE/ / 1x < W +u <x+el|[K()| dudr
e Ji<1 Jons

(2.16)

Ovt

. 1 ,
<2 {tK”‘(t)|dt+—/ f Plx <W+u <x+¢l|K")|dudt
[t1<1 & JIt|<1 JOAt

i 1 : 2d + 0.4
<2 |th(t)|dt+—/ (2d +0.4e) |t K™ (1) |dt =2rp + #rz.
& Jirl<1 &

lt1=<1

Letting ¢ = %d and combining (2.6), (2.7), (2.8), (2.9), (2.10), (2.12), (2.15) and (2.16), we
obtain

1 0.2
de <1.10d +r1 +6.4ry +3r3 + §r4—|— (2.5—|—9 + 7)1"5.

This, together with (2.14), yields

1 0.2
d<1.10d +02d +r1 +6.4r) +3r3 + 57‘4 + (2.5 +0 + 7>r5,
which implies

1 0.2
a2 08110 [ +64r 43+ pro+ (254042 s,

Letting 6 = 0.18, we obtain
d<2ri+11ry +5r3 + 10ry + 7rs,

and this proves Theorem 2.1. [J

REMARK 2.2.  We have introduced K™ and K° mainly to allow for truncation. Since
we have kept the theorem general, different types of truncation are possible, and we will show
this in various applications in this article.

EXAMPLE 2.3. We will check the optimality of the bounds in Theorem 2.1 by taking
W as a sum of independent random variables. Let &1, ..., &, be independent with E& =0
and Var(§) =o0?,i=1,...,n. Define B2 =Y" 0%, X; =&/B,i=1,....,n,and W =

" 1 X;. Then EW =0 and Var(W) = 1 and W satisfy the Stein identity (2.1) with

n
K@) =) XiA[-X; <t <0]—1[-X; > 1 > 0]).
i=1
Define

K" =Y XA[IX;| < 1]A[-X; <t <0] —1[-X; > ¢ > 0]),

i=I

K =Y XA[IX;| > 1](1[-X; <t <0] — 1[-X; > ¢ > O]).

i=l
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Clearly K ) = K i) 4+ K out(¢) and K () = 0 for |¢| > 1. Straightforward calculations
yield

\/ > (41114 < B])
B2 ’

n
r < (ZVar(X31[|X,-| <1])

i=1

" E{I&1P1E | < BT}

r < - ZE 1X:P1[1X:1 < 1]} = T

l 1

_ E{g21[1&| > B}
BZ

i E{I&E P& < B])
B3 ’

s SZE{X%1[|X,-| > 1]} =

El

ra < Y EB{IXPIXi| < 1]} =
i=1

n 172 " E{EM[IE| < B
rs<i(ZE{X?1[|x,-|51]}) R BSECIUEL)

\& V28
Assuming that E|&;|3 < oo fori =1, ..., n, we obtain

YIOEEMIE < B 1555 Elg
2.17) dx (L(W), N (0, 1)) < \/ 22 + 233 L3l

If both Y7 E{&*1[|&] < B]} and °7_, E|&|3 are O(B?), such as in the i.i.d. case, then
the bound in (2.17) is O(B~!), which agrees with the order of the Berry—Esseen bound
cy! Elg 13/B3. We expect that in most applications, the bound on the Kolmogorov dis-
tance in (2.2) should give the optimal or near optimal order. In particular, for integer-valued
random variables, the bounds can never be better than the scaling factor (see the general ar-
gument of Englund (1981)), so that, for instance, the bounds in Corollary 5.5 on occupancy
problems are optimal whenever the additive functional is integer-valued.

3. Random measures. Let I be a locally compact separable metric space. Let E be
a random measure on I with finite intensity measure A, and let E, be the Palm measure
associated with E at o € I' (see Kallenberg (1983), pages 83, 103). We have

(3.1) E{/r f(a, E)E(da)} :E{/F f(a, EQ)A(a’a)}

for real-valued functions f(-,-) for which the expectations exist (see Kallenberg (1983),
page 84). If E is a simple point process, the distribution of E, can be interpreted as the
conditional distribution of E given that a point of E at o has occurred. On the other hand, if
A({a}) > 0, then E({«}) is a nonnegative random variable with positive mean and Ey ({«})
is a E({a})-size-biased random variable. Therefore, in general, we may interpret the Palm
measure as a “‘size-biased random measure”. For the special case where f is absolutely con-
tinuous from R to R, we obtain

(3.2) E{IE|f(IE E/ FIEal)A(da),
provided the expectations and integral exist, where |E| = E(T"). Let A = A(I') = E|E|, B> =
Var(] E|) and define

|E[ =2 |Eq| — 2

33 W= ,
(3.3) B B
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Assume that E and E,, o € I, are defined on the same probability space, and define
Ay =Wy =W, Yo = 8ol —|E].

From (3.2), we have

1 1 Aa
E(WS W)} = 5E [ (FWe) = fOV) Ay = 2E [ [ £/ W + 1) drA e

B

(3.4) = éE/r fo; /W +0)(1[Ag > 1> 0] —1[Ay <t <0])dtA(da)
:Efo; FOW +DR @ dr,

where

(3.5) K(r) = %/F(I[Aa >1>0]—1[Ay <1 <0])A(da).

We now apply Theorem 2.1 to (3.4) to obtain the following theorem.

THEOREM 3.1. Let W and Wy, a € ', be as deﬁAned in (3.3), and assume that & and
Eq are defined on the same probability space. Define K (t) as in (3.5), and let

K™(t) = %/F(HAQ >1>0]—1[Ay <t <O0)1[|A,] < 1]A(da),

K% () = é/r(l[Aa >1>0]—1[Ag <t <0)1[|Ay| > 1]A(d).
Moreover, let
K(t) =EK (1), K"1) =EK™(@1), K°%() = EK"(r).
Then
dg (L W), N(0, 1)) <2r{ +5.5r5 + 5r5 4+ 10ry + 7rs,
where r{, 5, 3, ry and r§ are given by (3.6), (3.7), (3.8), (3.9) and (3.10) respectively.

PROOF. The proof of this theorem is reduced to calculating the error terms in Theo-
rem 2.1, which yields

1
W EEVF(AQIUAM < 1] = E{ A Ad] < 1]}))A(d)

(3.6)
1
= o8| [(atllvel < B] - B{x[1v.) < B]) Ada
2ry = i/ E{AZ1][|Ag| < 1]} A(da)
B Jr o al =
(3.7) |
— E/FE{Y§1[|YO,| < B]}A(da)=:7%;
r lfIE{lA 11[|Ag] > 1]}A(d)
3= 5 o o
(3.8) BJr

1 /
_ ﬁAE{|Ya|1[|Ya| - B])Ade) = 7:
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, 1
r4:=r4=—2f f/Cov(l[lea>t>O]—1[—1§Aa<t§0],
B- Ji<1JrJr
11> Ap>1>0]—1[—1<Ag <1 <0])A(da)AdB)dt

1 1
:ﬁ/o /F/FCOV(I[IZAa>t>O],1[le,g>t>O])

x A(da)A(dp)dt

3.9

1 0
+p/_1/FfFC0V(1[—15Aa<t<0],1[—15A,g<z<0])
x A(da)A(dp)dt;

r§=rs

1
:%(/ //tCov(l[lZAa>t>O],1[leﬂ>t>O])
o JrJr

(3.10) x A(da)A(dp) dt

0
—/ / / tCov(l[-1 <Ay <t <0],1[-1 < Ag <t <0])
-1JrJr
1/2
x A(da) A(dB) dt) .
This completes the proof of Theorem 3.1. [J

Using the fact that independence implies uncorrelatedness, we have the following corol-
lary.

COROLLARY 3.2. Let E be a random measure on I" with finite mean measure A such
that E|E|* < 00, and set B*> = Var(|E|). Assume that & and Z, o € T, are defined on the
same probability space. Define

ol —EIE
wo|EIZBIEL L |E —EiE
B

Assume that there is a set D € B(I' x ') such that D is symmetric, that is, {(x,y) : (y,x) €
D} = D, and for all (a, B) # D, Ay and Ag are independent. Then

dK(ﬁ(W),N(O, l)) <7s1 +5.550 + 10s3,

where

1
1 2
5

S1=—5
B2

E{Y?1[|Y,| < B} A(da)A(d
(f(a’ﬂ)w (Y21[|Y,| < B]}A(da) (ﬁ))

1 2
sy = E/FEYO[A(da);

1

§3=—3
B3

/ E{|Ya[1[| Yl < B]} A(de) AdB).
(a,8)eD
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PROOF. By Theorem 3.1, we have
1

i =5 (5] [1aattiau < 1-E(aa0a0 < 1]}]A(da)]2}>1/2

1 %
= E(/;a’ﬁ)ep COV(Aal[lAal =< 1], Aﬁl[lAﬂ| < 1])A(d05)A(d,3)>

l(Vatr(Ao,l[|Ao,| <1]) + Var(Agl[|Ag| < 1])A(doz)A(dﬁ))%

< —
3.11) = B( )

1

1

- 5(/<a,ﬂ)ea Var(Aa1[|Aql = 1])A<da>A<d/5>>

| —

1 2 2 .
= E(‘/(‘a’ﬂ)eDE{YaIUYM sB]}A(da)A(dﬁ)> =51,

where the second equality is due to the symmetry of the set D. Next,

1
ry+ry < E/I:EYO%A(CZO{) =57,

i = % fol /(a’ﬁ)eD Cov(1[1 > Ay > 1> 01, 1[1 > Ag >t > 0])
x A(da)A(dB)dt
1 (0
+ ﬁ/q /(‘a,ﬂ)eD COV(I[_I =Ag <t <0L1[-1= Aﬂ <r< 0])

x A(da)A(dB)dt

1

<2 fw)eD E{min(|Aal1[|Aal < 1], |AgI1[|Ag| < 1])}A(da) A(dB)

=B Jwpen E{|Yy|1[|Ys| < B]}A(da)A(dB) =: s3;

and finally,
1/ ¢l
rk=— tCov(l[1 > Ay >t >0, 1[1>Ag>1>0
! B(/O/(a’ﬁ)w (1> Ag > 1> 01, 11> Ay )
x A(da)A(dB)dt

0
—/ / tCOV(l[—l§Aa<t<0],1[—1§Alg<t<0])
—1J(a,B)eD

172
x A(doz)A(dﬂ)dt)

A

1 1
—([ f tE{1[1 > Ay > 1> 0]1[1 > Ag >t > 0]}
B\Jo Jw@peD

x A(da)A(dB) dt

(3.12)
0
—/ / tE{1[—1 < Ay <t <0]1[-1 < Ag <t < 0]}
—1J.p)eD

172
X A(da)A(dB) dt)
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- L in(A2 2 3
T (-/(a,ﬂ)eD E{min(AZ1[|Aa| < 1]. AZ1[|Ap| < 1])}A(da)A(ﬁ)>

1

1 , >2 N
SNGTE (/(a’ﬂ)eDE{YoelﬂYﬂ < B]}lAa)AB)) = 75

The proof of the corollary is completed by combining (3.11) to (3.12). [

4. Applications.

4.1. Completely random measures. A random measure E on the carrier space (I", B(I"))
is said to be completely random (see Kingman (1967)) if for any k > 1 and any pairwise
disjoint sets Ay, ..., Ar € B(I'), E(A;), 1 <i <k, are independent. Well-known examples
include the compound Poisson process with cluster distributions on R4 := [0, 0co) (see Daley
and Vere-Jones (2003), page 198), the Gamma process (see Daley and Vere-Jones (2008),
page 11) and the Pdlya sum process (see Zessin (2009) and Rafler (2011)). The former two
processes cannot in general be represented as an integral of a random field with respect to a
point process with finite mean measure, hence they are not covered by the general theory of
Barbour and Xia (2006).

THEOREM 4.1. Let B be a completely random measure with mean measure A and finite
fourth moment E|E|* < co. Let u := ug := A(T), B := Var(|E|) and W = (/2| —E|E|)/B,

then
dK(.,%(W),N(O, 1))
< 23 (T ElE()’) {a}) 228 3" & ()’
(4‘1) aell ael’
255
ZE (t)*}A({a})
ael’
42) (ZE ()} A (1) })1/2 EY &(a))’
4. < E oz o a
32 ael ael

REMARK 4.2. (1) If A is diffuse at « (i.e., A({x}) =0), then E({a}) =0 a.s. Hence, if
A is a diffuse measure, then the bound (4.1) is reduced to

55
d(C(W), N0, 1)) < —IEZ ({a})? / E{Zq({)*)A(dar).

ael

(2) For a simple Poisson point process with A(I") = A, the bound in (4.2) becomes 31a7172,
which compares favourably with those in the literature; see, for example, Lachi¢ze-Rey,
Schulte and Yukich (2019).

PROOF OF THEOREM 4.1. Using similar notation as in Corollary 3.2, we have Y, =
EBq({a}) — E({a}) and Y, is independent of Yy unless o = B. Holder’s inequality ensures
that

(4.3) E{E({a})*} A({a}) <E{E({a})’}.
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Hence, direct computation gives

< %(;E{YS}A(M)Z)W

IA

2 (DE(E(@)) + Bl D))

1

=E(Z( {2 ()] ({oz})z+E{E({oz}f}A({oz})))]/2

= (T ai))a@)

where the equality is due to (3.1) and the last inequality follows from (4.3). The same rea-
soning gives

2.2 25 [ E(2(@)?) + BB (@)D Aw)

B3<ZE E({or})’ ({oe})+EfFE({a})2a(da)>

ael’
E{E {a} A(fa}) +E ({or})
- (2 T a(e)’),

where the first equality follows from the fact that A({«}) = 0 implies E({«}) = 0 a.s. and
(3.1). Finally,

5 % 25 S (E(E(a)} + E(Ea () DA (@)
5 Y (E{E({e)}A(le})” + E{E({e})’}A({e}))

= Y E{E({e)*}A((e}).
r

Combining these estimates and Corollary 3.2 gives (4.1). (4.2) is an immediate consequence
of (4.1) and (4.3). O

COROLLARY 4.3. Let ED for 1 <i < n be independent random measures on the carrier
space (S, S). Define 8 =Y""_, 8, B2 = Var(|E|) and W = (|E| — E|E|)/B. Then

1/2 n
31 :
dg (£ (W), N(0. 1)) < B(ZEI"”IEF“M) + 5 L EEOP.
i=1

i=1

PROOF. Define E' = Y'_, |E?|8;, where §; is the Dirac measure at i, then &’ is
a completely random measure on the carrier space I' := {1,...,n} with mean measure
A ({i}) =E|ED|, i € §’. We have B? = Var(|Z'|), W = (|E'| — E|Z’|)/B, hence the claim
follows from (4.2). 0
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4.2. Excursion random measure. Let (S, B(S)) be a metric space and {X;,0 <t < T}
be an S-valued random process. Define F, , = o{X;:a <t <b},for 0 <a <b <T. We
say that {X;,0 <t < T} is [-dependent with [ > 0 if Fpp is independent of Fp4; 7 for all
0<b <b+1<T.We define the excursion random measure

E(dr)=1p(t, X,)dt,  EeB([0,T] x S).

Define u = EE([0,T]), B=+/Var(|E|) and W = (|E| — n)/B.

The excursion random measure of a stationary process was defined by Hsing and Lead-
better (1998). It was shown by Hsing and Leadbetter (1998) that the asymptotic distribution
of the excursion random measure at high levels of exceedances gives a range of useful infor-
mation about the extremal behavior of the stationary process. Under very general conditions,
Hsing and Leadbetter (1998) demonstrated that various asymptotic properties of the excur-
sion random measures can be established. Our Theorem 3.1 can be used to prove the follow-
ing normal approximation error bound for the total excursion time of /-dependent random
processes.

THEOREM 4.4. For the l-dependent process {X;,0 <t < T}, we have

(142 + )32z 102121
B2 T

4.4) dx (L (W),N(0,1)) <

PROOF. Write A(dt) =EE(dt) and N, = [0, T]N[a — I, + ] for a € [0, T]. Since
{X;,0 <t < T} is I[-dependent, we can take Z, such that Y, = E,(Ny) — E(N,) for all
a €[0,T], and Y, is independent of Y4 for all @ — B| > 2I. Moreover, we have |Y,| < 2.
Hence,

ri

IA

! 12
E(//ﬂ—txlszl COV(Ya1[|Ya| = B], Y51[|Yﬁ| < B])A(da)A(dﬁ))

IA

12
f/ﬂ— - V(Yo (1Y, | < B) + Var(Vg1[1 ¥y < B])]A(da)l\(dﬁ))
4.5) -

12
//ﬁ—alszl Var(YoA[|Ya| < B])A(doz)A(d,s)>

12 4
2 __ /73
f/ﬂ_alSz!E(YQ)A(doz)A(dﬁ)> < VP

IA

|
- %~ -
T~ T/~

Similarly,

1 T
= [ BO2)Awe) <42/ 8,
0

/ /
T +1ry=
2 3 B3

1 !
= — Cov(l[1>Ay>t>0],1[1>Ag>t>0
, 32/0//|,3_a<21 (111 > A, 1101 = Ag 1)
x A(da)A(dB)dt
1 O
— Cov(l[-1 <Ay <t <0],1[-1 <A t<0
+BQ/_1./,/|,3_0,|521 ov(l[-1 <Ay <t <01, 1[ g <t <0])
x A(da)A(dB)dt

1 1
=g [ J[,, L El = Aa > 1> OlA) A a1
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1 0
+ 2 /_1 //ﬁ—a|<21E1[_1 < Ay <t <0]A(da)A(dB)dt

1 812
= — E|Yy|A(da)A(dB) < —
— fflﬁ_Ml YalAde) M) = —5p

and
, 1 1
5= E(/O //|,3_a|§21tcov(1[1 > Ay >1>0],1[1> Ag >t >0])
x A(da)A(dB) dt
0
_ /_1//|ﬁ_a|<21tC0V(l[—l <Ay <t <0l 1[-1<Ag <t <0])
1/2
4.6) x A(da)/\(dﬁ)dt)

1 1
= E{/O ffw_a'ﬂl tE1[1 > Ay > 1 > 0]A(da) A(dB) dt

0 12
—f // tE1[—-1 < Ay <t <O0]A(da)A(dB) dt}
—-1JJ|g—a|=21

111 12 2213212
< —{- E{A2)A(da)A(d dl‘} <—\
- B{z//ﬁ—(x|§21 {Aa} Alde) A (dp) - B2

Finally, we have from Theorem 3.1 that
dx (L (W), N (0, 1)) <2r] +5.5(r5 +r3) + 10ry + 7rs,
so collecting (4.5) to (4.6), we obtain (4.4). [

COROLLARY 4.5. Let I;, 1 <i <n, l?e independent indicator random variables such
that P[I; = 1] = p;. Let S, = Z;:lkH 1—[1]+:l§—1 I, the number of k-runs in the sequence.

Define j1, =ES, = X/ [T pj, By = /Var(S,), W = (S — tn)/ Bu, then

(14+/2 + 8)k3/2 11 . 102421,
B Bj

dx (L (W), N (0, 1)) <

In particular, if p; = p € (0, 1) for all i, then
dx (L (W), N0, 1)) =0(n~ 1),

PROOF. We define X, := X, =[1\2/) 7' [;, 0t <n—k+2. Let E=[1.n —k +

2) x {1}, E(dt) =1 (¢, X;) dt, then the claim follows from (4.4) with[ =k. [

4.3. The total edge length of Ginibre—Voronoi tessellations. The Ginibre point process
(see Ginibre (1965), Soshnikov (2000), Mehta (1991) and Goldman (2010)) has attracted
considerable attention recently because of its wide use in modeling mobile networks (see
Torrisi and Leonardi (2014), Miyoshi and Shirai (2014a), Miyoshi and Shirai (2014b) and
Keeler, Ross and Xia (2018)). The Ginibre point process is a special class of the Gibbs point
process family and it exhibits a repulsion between the points. The repulsive character makes
the cells more regular than those coming from a Poisson point process, hence in applications
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the Ginibre—Voronoi tessellation often fits better than the Poisson—Voronoi tessellation (see
Rider (2004), Le Caér and Ho (1990) and Goldman (2010)).

The Ginibre point process is defined through the factorial moment measures. For a locally
finite process ¥ on a Polish space S, the nth order factorial moment measure v™ of Y is
defined by the relation (see Kallenberg (1983), pages 109-110)

n—1
E[/S FOu e y)Y(dyD) (Y —éy)(dy2) ... (Y - ZSy,-)(dyn)]

i=1
N /s Oy @y, dy),

where f ranges over all Borel measurable functions 4 : §” — [0, 0c0). The Ginibre point
process on the complex plane C is defined as follows.

DEFINITION 4.6. We say the point process X on the complex plane C (= R?) is the
Ginibre point process if its factorial moment measures are given by

v (dxy, .. dxpy) = p™M(x1, .. x0)dxy . dxy, >,

where p(”)(x 1, ..., Xp) 1s the determinant of the n x n matrix with (i, j)th entry
K (xi, xj) = ie_%(l)‘”'24“”‘/"2)6)"')2/‘.
Y
Here and in the sequel, x and |x| are the complex conjugate and modulus of x.

The Ginibre point process has the mean measure u(dx) = %dx. Goldman (2010) stated
that the Palm process X, of the Ginibre point process X at the location x satisfies

4.7) XL (X \ {x)Ulx+2),

where 4 stands for “equals in distribution”, Z = (Z1, Zan/—1) with (Z1, Z») having bivari-
ate normal on R? with mean (0, 0) and covariance matrix [ 1(/)2 1(/)2]. That is, the Palm process
X, can be obtained by removing a point from the process which is Gaussian distributed from
x and then adding x to X. It is still an open problem to know how Z is correlated with
X\ {x} (see Goldman (2010), Problem 2, page 27).

As Schreiber and Yukich (2013) (see also Xia and Yukich (2015)), we consider the window
05 = {(s1, 504/ —1) : —0.5v/A <s1,50 < O.Sﬁ} c C. For a realization x of X and x € x,
let C(x, x) be the set of every point in C whose (Euclidean) distance to x is less than or equal
to its distance to any other point of x. The set C(x, x) is called the Voronoi cell centered at x
and the collection of C(x, x), x € x, is called the Voronoi tessellation induced by x.

Note that when the Voronoi cell centers are close to the boundary of Q;, our defini-
tion of Voronoi cells is slightly different from that of Penrose and Yukich (2001) (see also
Baryshnikov and Yukich (2005), Schreiber and Yukich (2013) and Xia and Yukich (2015)).
This is because the Voronoi cells defined by Penrose and Yukich (2001) do not satisfy the
translation invariant property which is a crucial condition for obtaining the central limit the-
orems of the Voronoi tessellation statistics.!

If we define the random measure

E(dx)=L(x,X)X({dx),

I This minor issue was noted by Penrose (2007), and we thank J. Yukich for bringing this to our attention.
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where L(x, X) := L, (x, X) is one half the total edge length of the finite length edges (hence
we exclude all infinite edges) in the cell C(x, X), then the total edge length of the Ginibre—
Voronoi tessellation induced by X with centers in X N 0, can be written as

L) :=|E|= fQ L(x, X)X (dx).

THEOREM 4.7. Let B?> = Var(L())) and W = (L(L) — EL()A))/B. We have

(4.8) A1im ATEL(L) € (0, 00), Xlim A~1B?% € (0, 00)
and
(4.9) dg (L (W), N(0,1)) =0(x""21nx).

REMARK 4.8. The Ginibre—Voronoi tessellation is a special case of the Gibbs—Voronoi
tessellations studied by Xia and Yukich (2015). Theorem 2.3 of Xia and Yukich (2015) gives

dg (L (W), N (0, 1)) =0(r"2(Inn)%),
which is slightly worse than (4.9).

REMARK 4.9. The error estimate for the total edge length of the Ginibre—Voronoi tessel-
lation is also valid for the more general class of «-Ginibre point processes with 0 <o < 1. As
a matter of fact, an «-Ginibre point process can be constructed by “deleting, independently
and with probability 1 — «, each point of the Ginibre point process and then applying the ho-
mothety of ratio /o to the remaining points in order to restore the intensity of the process”
(Goldman (2010)). Hence, for «-Ginibre Voronoi tessellations, except notational complexity,
our proof goes through without any difficulty.

REMARK 4.10. We do not know if the bound of (4.9) is of the correct order.
To prove Theorem 4.7, we need the following lemmas. We note that the estimate of the
void probability (4.10), albeit very simple, is not new and better estimates were given by

Blaszczyszyn, Yogeshwaran and Yukich (2019), Lemma 1.7 in the Supplement.

LEMMA 4.11. For A C C with the area |A|, we have

(4.10) P[X(A) =0] <e A7
and
4.11) E[X(A)'] < 2%“’—1)[1 v (1Al/m)]

foralll e N:={1,2,...}.
PROOF. For 6 € (0, 1), let g(8) = E{(1 — 8)X(D)}, then
(4.12) g'0) = —E{1 —0)XD7IX(A)) = - /A E{(1 — )1y (dx).

Using (4.7), we can construct X and X, together such that X, (A) < X(A) + 1 a.s. Hence, it
follows from (4.12) that

¢0) < — fA E{(1 — X"} u(dx) = —g(0) u(A).
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FI1G. 1. Isosceles triangles.

However, g(0) = 1, we obtain g(9) < e ?*4)_ which implies
P[X(A) =0] = g(1) < e PN = 1A/,

as claimed in (4.10). In terms of (4.11), we can use the construction X, (A) < X(A) 4+ 1 a.s.
again and the inequality (a 4+ b)'~! <2/=2(a'~' + b'~1) for all @, b > 0 to obtain

E[X(A)’]:E/AX(A)I—IX(dx):/AE[XX(A)Z—I],L(dx)

S/AE[(X(AH-l)l_l]u(dx):u(A)]E[(X(A)-l—1)1_1]

<2 2u(AE[X (AT + 1} <27 r(A)[1 VE(X (AT
Hence, (4.11) follows by induction. [l

LEMMA 4.12. Suppose that rays emanating from the center 0 of C divide C into disjoint
congruent isosceles triangles A; with angles 6;,i =1, ..., k (see Figure 1), where k may be
finite or infinity. If x C C satisfies x N A; # & and 0; <mw/3 foralli =1,...,k, then the
Voronoi cell C(0, x) is contained in the disk B(0, d(x)), where B(x,r) ={ueC:|lu — x| <
r}and d(x) :=sup{|u|:u € x}.

PROOF. For each y € C(0, x), there exists a triangle A; such that y € A;. Since x N
A; # @, there exists a point v € x N A; (see Figure 2) and it follows from y € C(0, x) that
|y] < |y —wvl. This in turn implies |v| > 2|y| cos(8) > |y|, thatis, y € B(0,d(x)) :={u : |u] <
d(x)}. This completes the proof. [

PROOF OF THEOREM 4.7. From the definition of the Ginibre point process, it is a Gibbs
point process with a pair potential function (Osada and Shirai (2016)), hence (4.8) are direct
corollaries of Theorem 2.1 of Schreiber and Yukich (2013) and Theorem 1.1 of Xia and
Yukich (2015). Hence, it remains to show (4.9).

FIG.2. 6 <m/3.
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FI1G. 3. Twelve disjoint congruent equal sectors.

We divide the disk B°(x, 1) := {u : 0 < |u — x| < t} into twelve disjoint congruent equal
sectors Ay ;(¢),i=1,...,12, (see Figure 3) and define

To:=inf{t: A, ,()NX#@,i=1,..., 12},

(see McGivney and Yukich (1999) and Penrose and Yukich (2001)). The area of A, ;(¢) is
|Ax i(t)] = nt2/12, so it follows from Lemma 4.11 that

12
P[T, > t] = P(U{X(Ax,,-(z)) = 0})

i=1

(4.13)
—12/12
<12P[X(Ax,1(1)) =0] < 12¢ .
Write Y, := |E,| — | E|, we establish that, for k € N,
(4.14) E|Y,|* < C(k),

where C (k) is a constant dependent on k. In fact, for a bounded measurable function f on
the space of all locally finite measures on C, a routine exercise of random measures gives

Ef(E,) = E{f (X yexng, Ly, X))L(x, X)X (dx)}
T E{L(x, X)X (dx)}

~E{fQyex,no, L(y, X)) L(x, X))}
o EL(x, Xy) ’

That is, if the edges of the Voronoi tessellations are not affected by moving the point from
X + Z to x, then their distribution is not affected either. On the other hand, adding a point at
x does not affect the Voronoi cells centered at points outside B(x, 37;) and deleting a point
at x 4+ Z does not affect the Voronoi cells centered at points outside B(x + Z,3Ty1z) (see
McGivney and Yukich (1999), Section 4). Therefore, by Lemma 4.12, the change of Voronoi
edge lengths due to shifting a point at x + Z to x is bounded by 27 [T, X (B(x,3Ty)) +
T74xX(B(x+Z,3T¢17))], s0

E|Y[f < Qu)*E{(TX(B(x, 3Ty)) + Tz X(B(x + Z,3Tx42)))"}
(4.15) <0540 E{TEX (B(x,3T0))" + TS, X (B(x + Z,3T1+2))")
= (4m)*E{TL X (B(0,3Ty))"}.

where the second inequality follows from the fact that (a + bk < 2k=1(ak 4 b*) for all
a, b > 0 and the equality holds because Tz X (B(x 4+ Z,3Tx+z)) and T, X (B(x, 3T;)) have
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the same distribution as that of 7o X (B(0, 3T7p)). However,
E{T X (B(0,3Ty))"}
<128 [ yIX(B0.31y))"

4.16)
X1|:{ (A()] |y| ﬂﬂ AOI |)’| }:|X(dy)

< 128 [ X (BO. 310 (X (A0 (1) = 0]X (@)
We apply the Georgii—Nguyen—Zessin integral characterization of Gibbs point processes (see
Mgller and Waagepetersen (2004), Chapter 6.4) to obtain that the conditional probability of
observing an extra point of X in the volume element dy, given that configuration without
that point, equals bt exp(—,BA‘I’({y}, X)) dy < x! dy, where AY ({y}, X) > 0 is the local
energy function and 1/8 > 0 is the temperature (see Xia and Yukich (2015), Section 1.1).
Hence, it follows from (4.16) that
E{T¢ X (B(0, 3Tp))"}
12
< B [ IFe+8)(B0.311)
Y C
1[(X +5y)(A0.1(1y])) = 0] exp(=BA¥ ({y}. X)) dy

12
< ?E/c 91X + 8,)(B(0. 3yD) 1[(X + 8,) (Ao (1y])) = 0] dy
- 241[4:/oo KX +8,)(B(0,30) 1] X (Ao.1 (1)) = 0] dr

<24 .2k lEf X(B(0,30))* + 111[X (Ao1 (1)) = 0] dr

524-2"‘1/ k\/E X(B(0,30))*)P[X (Ao, (1)) = 0] dt
4242 /0 B[X (A0, (1)) = 0] dt

<19 x 205k @k+1) /oo

oo
max{l’gktZk}tke—zz/Mdt+24.2k—1/ tke—ﬂ/udt’
0

0

where the last inequality follows from (4.10). This, together with (4.15), yields the bound in
(4.14).

We now apply Theorem 3.1 to establish (4.9).

The estimate of r{. To simplify the notation, we write ¥, = Y, 1[|Yy| < B]. Set

Uy ={Ty <4v3InA} N {Tz4x <4430} N{|Z] <2v31InA}.
Using (4.13), we have

P[US] = P[US] < PITy > 4v/3InA] + P[Tysz > 4V/3InA] + P[|Z| > 2v/3InA]

4.17)
=0(r7%).
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This, together with (4.14), ensures

s Cov(Y{1[U¢]. ¥}) < /Var(Y;1[U¢]) Var(¥]) < \/E{(Y;)H[U;]}E{(Y;f}

< JE{Y21[US])EY? < \/ JEYAP[USIEY2 =0(.7").
Similarly, we can derive
(4.19) Cov(Y;1[U,], Y 1[US]) =O(r™")

and

Cov(Y/1[U,], Y;1[Uy]) < \/Var(Y{1[U,]) Var(¥;1[Uy])

< \/W —0(1).
Assume |[x — y| > 20+/31n . Conditional on U, U y» Y is independent of Yy, hence
E(Y Y, |U Uy) = E(Y,|U Uy)E(Yy|U,Uy).
Using (4.14) and (4.17), we obtain
[E(r1[U:Us])| = (BL(1U:) TPLUS ] < {B[Y7TPUS]) /2 = O(x72).

(4.20)

X

The same argument gives that all E(Y,1[{U,Uy]), E(Y;l[Ux Uy]) and E(Y 1[U,]) are of order
O(1) and E(YJ1[U£U,]) = O(A~?), hence

Cov(Y 1[U,], Y, 1[U,])
=E(Y;|U.Uy)E(Y;|Ux Uy)P[UUy] — E(Y;1[U Uy ))E(Y,1[U, Uy 1)
—E(Y;I[UnyC])E(Yy’l[UXUy])— E(Y,1[U,])E ( 1{ULUy))
#2D = E(Y/1[U, U,))E(Y;1[U, U, ])[PUx Uy1]] " (1 — P[UUy])
+0(A7?)+0(r7?)
=0(r7?),
where the last equation follows from (4.17) since 1 — P[U,U,] < P[U¢] + P[US] = o(L™H.

/ Cov(Y], Y})A(dx)A(dy) = / |, Cov(VA[UF]. V) Adx) Aldy)
+ /F  Cov(VA[U,], Y;1[US]) Adx) Ady)
Y1 . ,Y/l A A
+ //| s COMIIU, VAU ) A @0 A @)

Y1 X ,Y/l A A .
+/f|x y|<2omcov( AU, Y 1[U 1) Adx) A(dy)

Using (4.18) for the first term, (4.19) for the second term, (4.21) for the third term and (4.20)
for the last term, we have

/ Cov(Y A(dx)A(dy) =0 InA).
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This gives the estimate of r| as

@22 = o(rl)[//rz Cov(Y/, Y;)A(dx)A(dy)]l/2 — OG-V ing).
The estimate of r, + rj. Applying (4.14) gives

4.23) rh 4 rh< B3 /F EY2A(dx) = O(.1/?).
The estimate of rj. To simplify the notation, we write

g_xz_{l[lex>t>0] for t >0,
1I[-1 <A, <t<0] fort<O.
If |x — y| > 204/31n A, we have
o Cov(&rs &y.1) = Cov(Ly  A[Uy], &y 1) + Cov(&a 11Uk, &y 1[UY])
+ Cov(&y, AU, &y, 1[Uy]).
We apply (4.17) to obtain
(4.25) Cov(¢y A[US], &yr) <P[US]=0O(7Y).
Likewise,
Cov (e, 1[Ux], £y, A[US]) = O(17Y).
Given U, Uy, &y is independent of ¢y, hence
E(Cx,18y,1|UxUy) = E(x, |[UxUy)E(Ly, |Ux Uy).
This ensures that we can expand the last term of (4.24) into
Cov(Lx, MUy, &y, 1Uy]) = E(Cx  |Ux Uy)E(&y | U Uy)PLU Uy I(1 — P[U, Uy])
(426 — E(Gx o\ U)PLULIE(Sy Uy Uy ) P[U Uy ]
— E(&x | Ux Uy P[UL U JE(Gy | Ux Uy)PLUL Uy |
=O(P[Us] +P[Us]) =0(r7*).

again, by (4.17). Combining estimates (4.25)—(4.26), we obtain from (4.24) that, when |x —
y| > 204/31nA,

(4.27) Cov (& Ly.) =0(7Y).
This implies

fol /,/[‘2 Cov(Zxr» &y ) A(dx)A(dy)dt

1
1

4.2

(4.28) +/o /[x—y|§20x/3lnk_ Covier, y)Aldx) Aldy) di

1
-2
<O(x )JrfO //lx_yfzo 3ME§X,,A(dx)A(dy)dt

=0(r72 E|Y,|A(dx)A(dy) <O(A?1n2),

)+ B! /
[x—y|<204/3InA
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where the last inequality is due to (4.14). Similarly, we can also establish

0
(4.29) / / L CoV(Gx, &y ) Adx) A(dy) di = O(A"21n ).
—1 r
Adding (4.28) and (4.29) gives
(4.30) ry =01 "121n2).

The estimate of rg. We make use of (4.27) to get

1
fo ,/,/I‘Zt Cov(Zx.rs &y ) A(dx)A(dy)dt

1
= [ /] COVGnr G A@R) Ay d
1
@431) [ ] s COEr AR A dr

1
o2 /// E¢y A(dx)A(dy)d
SOBTN |1 ) oy Ebra MDAy dr

B—2
:O)\‘—Q _// EszAd Ald <Ol)\”
( )+ 2 |x_y|§20m | | ( )C) ( y)_ (n )

where, again, the last inequality follows from (4.14). Correspondingly, we can deduce the
following bound:

0
(4.32) /_1 //thCov({x,,, Cy,)A(dx)A(dy)dt =O(n k).
Combining (4.31) and (4.32) yields
(4.33) ri=0(1""2VIn}).

Finally, we collect all the estimates in (4.22), (4.23), (4.30) and (4.33) to achieve the bound
(4.9), as claimed. [

4.4. The total edge length of Poisson—Voronoi tessellations. The Poisson—Voronoi tessel-
lations have been studied extensively since Avram and Bertsimas (1993). For normal approxi-
mation of the total edge length of Poisson—Voronoi tessellations, an error bound of the optimal
order was established by Lachiéze-Rey, Schulte and Yukich (2019) using the Malliavin—Stein
approach. In this subsection, we demonstrate that Theorem 3.1 can be utilized to derive an
error bound of the same order.

Similar to the previous subsection, we consider X as a Poisson point process on R? with
mean measure i(dx) =dx and set O, = {(x1, x2) : —«/X/Z <x,y< \/X/2}. For the ease of
reading, we briefly recap a few essential terminologies. For a realization x of X and x € x,
we define C(x, x) as the set of every point in R2 whose (Euclidean) distance to x is less
than or equal to its distance to any other point of x. The collection of C(x, x), x € x, is
called the Poisson—Voronoi tessellation induced by the realization x of X. Again, we write
L(x, X) := L, (x, X) as one half the total edge length of the finite length edges in the cell
C(x, X), then the total edge length of the Poisson—Voronoi tessellation induced by X with
centers in X N Q) can be summarized as

L) := /Q L(x, X)X (dx).
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THEOREM 4.13. Let B?> = Var(L(A)) and W = (L(1) — EL(X))/B. We have

(4.34) A1im A YELO) € (0, 00), A1im 271B% € (0, 00)
and
(4.35) dx (L(W), N(0, 1)) =0(r~"/?).

PROOF. The claim (4.34) can be found in Avram and Bertsimas (1993), hence it suffices
to show (4.35). To this end, we write E(dx) = L(x, X)X (dx) and apply Theorem 3.1. As
observed by McGivney and Yukich (1999), Section 4, adding a point at o does not affect
the Voronoi cells centered at points outside B(«, 3Ty), while Y, (respectively Yp) is deter-
mined by the configuration B(a, 3T,) N X (respectively B(8,3Tg) N X). Thus Y,, and Yy are
conditionally independent given Ty, and Tg with | — 8| > 3(Ty + Tg), which implies

Cov(Y,, Yg)
—f / Y Y/é|Ta =s1,Tp =S2)]P’(Ta€dS1,Tﬁ€dS2)
36) —/O E(Y.|T, = 51)B(T, edsl)/ E(Y}|Ty = 2)P(Ty € ds2)
=// E(YO/[YMTQ =s1,Tp =S2)]P’(Ta€dS1,Tﬂ edsy)
3(s1+s2)=la—Bl

— // E(YOHTO, = sl)E(Ylé|TI3 = Sz)]P)(Ta e ds))P(Tg € ds>).
3(si+s2)=la—pl

However, direct verification ensures

7TS2 7'[52
(4.37) P(T, eds) =2r(1—e 1) e~ s ds.
By checking the relationship of the event {Tg € ds;} and various possible cases of the event
{T, = s1}, we obtain

e_%zfzsz dsy
]P’(Tﬂ eds)|Ty =51) < ——=——

which, together with (4.37), implies
P(Ta € dS1, T/g € dSQ) = P(Tﬁ € dS2|Ta = Sl)P(Ta € dsl)

(438) 7-[2 n(v +r2)

< ?slsze dsidsy.

Since the change of the total edge lengths as the result of adding a point at « (respectively 8)
can be bounded by 27 T, (respectively 2 Tg), if we use C to represent a constant independent
of A, o and B, whose value may vary from one line to another, then we have the following
crude estimates for Y’ and the same estimates also hold for Y in place of Y’:

|E(Y | Ty =51, Tp =52 |<C(s1 )
|E(Y | Ty = 51 |
=

)

)

(4.39) |E(Y, YﬁlTa =s1,Tp =52)
E(Y2IT, =51, T = )| <

)=

IE(Y|T, = s
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Combining (4.36), (4.37), (4.38) and (4.39) gives

n(s%+s%)

Cov(¥,, Y})| <C / / (54 + 1)e= 2> ds; dsa
(4.40) 3(s1+s2)=la—p]

3 _la—p?
<C(la—BI°+1)e” =

Using (4.40), we have

12
| go(k—l)(//Q » Cov(Y,, Yé)A(da)A(dﬂ))
(4.41) i

wla—p[?

2903

172
< O(A_l)(//Qkax(W — lg|3 +1)e™ " 2 A(doz)A(dﬂ)) _ O(k—l/Z)_

For r} and r5, we use (4.37) and (4.39) to obtain
o0 o ‘2
E(Yy) =/ E(Y|Ty = s)P(Ty € ds) 5/ C(s*+1)e rsds=C,
0 0

o o0 52
E(Y) =/ E(Y)|Ty = 5)P(T, €ds) < / C(s*+ 1)e Trsds=C,
0 0
which implies
r < O(A‘3/2)/ E(Y2)A(da) = O~ 1/?)
8

and

F < o(r3/2)/ E(Y2)A(der) = O(1~'12),

(0}

For rfp when 3(s1 + 52) < | — B], we have
PA>Ay>t>0,1>Ag>t>0[Ty =s51,Tg =52)
=P(1>Ay>1t>0]Ty =51)P(1 > Ag >1t>0|Tg =s2).
Hence
Cov(l[1 > Ay >1>0],1[1 > Ag >t > 0])
o o
=/ / PI>Ayg>1>0,1>Ap>1>0Ty =s1,Tp =152)
0 0

x P(Ty €dsy, Tg € dsy)
o0 2
— </ P(l> Ay >1t>0|Ty, =5)P(T, € ds))
0
2// PA>Ay>t>0,1>Ag>1t>0[Ty =s51,Tg =52)
3(s1+s52)>|a—B|
x P(Ty €dsy, Tg € dsy)

—// P(1>Ay>1t>0|Ty, =5s)P(1 > Ag >1t>0|Tg =s2)
3(s1+s2)=la—pl

x P(Ty € ds))P(Tg € ds»),
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which implies

1
/ |Cov(1[1 > Ay > 1> 0],1[1 > Ag >t > 0])|dt
0

1
5// /]P)(IZAO[>t>0,12Aﬁ>t>0|Ta:S1,Tﬁ:SZ)dt
3(s1+s2)=le—p[ JO
x P(Ty €ds1, Tg € dsy)
1
+// / P(1>Ay>1t>0|Ty, =51)P(1 > Ag >1t>0|Tg =s2)dt
3(s1+s2)=la—pB| JO
x P(Ty € ds))P(Tpg € dsy)

4.42)
52// E(|Aa||Ta =s1,1p =S2)P(Ta€dS1,T5€dS2)
3(s1+s2)=la—pBl,s1<s52

+ 2// E(|Agl| Ty = 51)P(Ty € ds1)P(Tp € ds2)
3(s1+s2)=la—Bl.s1<s52
<o) // (s + 1)P(T, € dsy, Tg € ds2)
3(s1+s2)=la—pls1<s52
L0017 f/ (s3 + 1)P(Ty € ds))P(T € ds2)
3(s1+s2)=la—pBls1<s52

nla—pI2

< O()L_l/z)e_ 132

where the second last inequality is from (4.39) and the last inequality is obtained as in (4.40).
Thus, it follows from (4.42) and the same argument for (4.41) that

1
’// / Cov(1[1> Ay >t >0],1[1 > Ag > 1> 0]) th(doz)A(dﬂ)’
(4.43) Q70170

rla—p2
<o(r~'7?) // e~ A(da) AdB) = O(1112).
0, x 0

Likewise, we can show that

0
‘// / Cov(l[-1 <Ay <t <0, 1[-1<Ag <t < 0])th(da)A(d,8)‘

(4.44) 0% 05 J-1
—0(.17?).

Combining (4.43) and (4.44) gives er:O()»_l/ 2). For rg, we can bound it in the same way as
for r}. In fact, we replace (4.42) with

1
/t}Cov(l[lea>t>O],1[leﬁ>t>0])}dt
0
1
5// /zIP(lzAa>t>O,1zAﬂ>t>O|Ta=s1,Tﬂ=s2)dt
3(s1+s2)=la—pB| JO
x P(Ty €dsy, Tg € dsy)

1
+// / tP(1> Ay >1t>0[Ty =s)P(1 > Ag >t >0|Tg =s7)dt
3(s1+s2)=le—pB| JO

x P(Ty € ds))P(Tg € ds3)
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< // E(A§|Ta =s1,1g= SZ)]P)(Ta €dsy, Tg €dsr)
3(s1ts2)=lo—Bl,s1<s2
+ / / E(A2|T, = 51)P(T, € ds))P(Tj € ds»)
3(s1+s2)=la—pBl,s1<s52
go(rl)// (s* + 1)P(Ty € ds1, Ts € ds»)
3(s1+s2)=la—Bl,s1<s2
+0(x7h // (s + D)P(Ty € ds)P(Tg € ds»)
3(si+s2)=la—pBl.s1<s52

nle—p12

—0( e "5

where the second last inequality is from (4.39) and the last inequality is from a similar argu-
ment leading to (4.40). Therefore,

1
‘f // tCOV(l[l >Ag>t>0L1[1>Ag>1> O]) th(da)A(dﬂ)‘
(4.45) 0 0, X0

The same reasoning can be adjusted to show that

0
’/ // tCov(l[-1 <Ay <t <0, 1[-1<Ag <t < 0])th(da)A(d,8)‘
(4.46) —1JJ03x0x
=0(1).
The anticipated order of rg = O(1~1/2) can be observed from (4.45) and (4.46). The proof is

completed by observing that ri/ , 1 <i <5, are all of the order O(A‘l/ 2). L]

5. Stein couplings. The following notion was introduced by Chen and Roéllin (2010).
A triple of random variables (W, W', G) defined on the same probability space is called a
Stein coupling if

(5.1) E{Gf(W') — Gf (W)} =E[{Wf(W))

for all absolutely continuous functions f with f(x) = O(1 + |x]|). By taking f(x) =1, (5.1)
implies that EW = 0, and by taking f(w) = w, (5.1) implies that Var W = E{G (W' — W)};
as usual, we assume that Var W = 1.

Now suppose (W, W’, G) is a Stein coupling. Let A = W' — W, and let F be a o -algebra
with respect to which W is measurable. Then

E{Wf(W)) :IE/Z /(W +0)K (1) dr,
where
K@) =E{G(1[A > 1> 0] —1[A <1 <0])|F}.
One particular choice of K in and K°U that turns out to be useful is
R"(t) =E{G(I[AA1>1>0]—1[AV (=1) <t <0])|F},
KOU(r) =E{G[1(A>1r>AA1]-1[A <t <AV (-D])|F},

from which, via Theorem 2.1, we can immediately deduce a bound on the normal approx-
imation of W in terms of quantities involving only the Stein coupling. Whereas r, and r3
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are typically straightforward to bound, r{, r4 and r5 can be difficult to handle without further
assumptions. The following result shows, however, that, by introducing additional auxiliary
random variables, we can obtain upper bounds on these quantities that are far more tractable.

THEOREM 5.1. Let (W, W', G) be a Stein coupling; set A=W' — W. Let (G, A') be
a conditionally independent copy of (G, A) given F, and let (G*, A*) be an unconditionally
independent copy of (G, A). Then

dx (L (W), N(0,1)) <9s1 + 1152 + 553 + 10s4,
where
st = E{|GG|(AIA1)(|A" = A" A2) +[G(G" = G¥)[(1al A 1)(|a*[ A D)2,
s2 =E{|G|(|Al A 1)2}, s3=E{|G|(|A| = 1)1[|A| > 1]},
s =E{|GG'|(|A" = AT A 1) +[G(G = G| (|a'| A A" A D))

PROOF. Let EZ denote conditional expectation with respect to F, and let ¥ = (x A 1) Vv
(—1). We apply Theorem 2.1; using Lemma 5.9(i) in the last inequality,

r? = (E[E7 (GA) — E(GA)|)* < VarE” (GA) = E{(E7 (GA))* — (E{GA})*)
=E{GG'AA — GG*AA*} <E{|GA||G'A — G*A*|}
<E{IGA|(IG|(|A" = A% A2) +[G" = G*[(|a*| A1)} = s7.

The expressions for s> and s3 are easily obtained from r, and r3. Letting / ;E O =1xA1>
t>0]—1[x Vv (—1) <t <0] and using Lemma 5.9(ii),

ra=FE (K1) — K™(1))*dt =E (EX{GIF(A)) —E{GIF(A))) dt

lrl<1 lr]<1

=E | (EF{GIF(A))) — (EB[GIF(A)}) dr

lr]=<1

=E (E7{GG'IF (A IE(A)) — B{GG*I[F(A)I[F(AY)}) dt

l7]<1

=E (GG'IE(AIE(A) = GGHIE(A)IE(AY)) dt

[t]<1
:E{GG/(|A| A |A/| A l)l[AA/ > 0] — GG*(|A| A |A*| A I)I[AA* > 0]}
5E{|GG/|(|A/ — A*| A 1)} +IE{|G||G/ — G*|(|A| A |A*| A 1)} = 54.

Finally, similar to the estimate of r4, using Lemma 5.9(iii),

r2=E | t[(K™ (1) — K™(1))* di

t<l1

= Ef (GG IE (A IE(A) — GG*IE(A) I (AY)) dt
jrl<1

1
= SE{GG (1Al A A A 1)*1[AA" > 0] — GG*(|A| A |A*| A1) 1[AA* > 0])

1
5E{|GG/|(|A| A& = A% A1)+ 161G = G*|(1A] A |A%] A 1)2} <2,

This concludes the proof. [
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Many couplings in the literature, such as the exchangeable pair and the size-bias coupling,
can be formulated as Stein couplings, to which Theorem 5.1 can be applied. In what follows,
we construct Stein couplings for local dependence and additive functionals in classical oc-
cupancy problems and apply Theorem 5.1 to obtain new error bounds, of which the former
improves a result of Chen and Shao (2004).

5.1. Local dependence. Consider a sequence of centered random variables X1, ..., X,
which are locally dependent in the following sense. For each 1 <i < n, there is a set A; C
{I,...,n} such that X; and (X ) jeA¢ are independent of each other. Moreover, for each 1 <
i <n,thereisaset B; C{l,...,n} suchthat A; C B; and such that (X ;) es; and (Xj)jer
are independent of each other. Let W = }7"_| X;, ¥; = 3" ;c4, X and assume that Var W = 1.

This and related types of dependency structures were extensively studied by Chen and
Shao (2004); in particular, it is shown that under the above assumptions and if there is 2 <
o <4 suchthat E|X;|” +E|Y;|? < 6P for some § > 0 and all 1 <i <n, then

(5.2) dx (L (W), N0, 1)) < (13 + 11ic)n0>"* +2.507/% ficn,
where
(5.3) k= sup [{l<j<n:BjNB;#2};

1<i<n

see Chen and Shao (2004), Theorem 2.2.
We can easily reproduce (5.2) (up to constants) and further improve it by means of Theo-
rem 5.1.

THEOREM 5.2. Let X1, ..., X, be centered random variables with dependency neigh-
borhoods A; and B; as described above, set W = }_7_| X;, and assume that Var(W) = 1,
and assume that there is 6 > 0 such that E{|X;|"} Vv E{|Y;|°} < 6° for some 2 < p <4 and
each 1 <i <n.Then

di (L (W), N0, 1)) < (16 + 670)n6>"" +286°/2\/an,
where

(5.4) A= sup {1<j<n:A;jNB;+#0}|

1<i<n

REMARK 5.3. Note that A in (5.4) is upper bounded by « in (5.3), and in fact, A can be
substantially smaller than «.

PROOF OF THEOREM 5.2. Let / and J be independent random variables, uniformly
distributed on set of indices {1, ..., n} independently of all else. Let W =W — Y; and G =
—nXy; then (W, W, G) is a Stein coupling, and we have A = —Y;. Let F = o (X1, ..., X»),
and let (X7,..., X}) be an independent copy of (X1,..., X,). Let G' = —nX; and A’ =
—Yj; clearly, (G’, A) is an independent copy of (G, A) given F. Moreover, with

—nXy,—Y ifA;NB=9g
(G*, A*) — ( n i’ ;/k) 1 J 1 ’
(—nX ,—YJ) if Ay N By #3;

it is easy to see that (G*, A*) is an unconditionally independent copy of (G, A). We now

apply Theorem 5.1. To this end, recall Young’s inequality; for nonnegative real numbers a
and b we have ab < a”/p + b?/q whenever p and ¢ are Holder conjugates.
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We start by bounding s»; we have

s2=2”:IE{|X,'|(|Y,~|/\1)2}.

i=l

If 3 < p <4, Young’s inequality yields

3 13
EIX | 2BIYP s

E{|X;|(1Y;| A 1)%) < : T <0,

and if 2 < p < 3, Young’s inequality yields
1o — . 2p/(p—=1)
< E|Xi| " (p = DE(lYi| A D) <
P P
so that s < n63?. We continue to bound s3; we have

1 —1
E{1X:1(1Yi] A 1)) (—+p7)ep=eﬂ,

0

3 ZXn:E{|Xi|(|Yi| - D1|Y;| > 1]}

i=1
If 3 < p <4, Young’s inequality yields

E|X;? 2E|Y;?
E{Xi(1¥il = DI[IYil > 1]} = —=—+ ==~ <6’
and if 2 < p < 3, Young’s inequality yields

E|X;|? — DE(|Y;|1[|Y;| > 1])P/=D
E{1X:1(1%] — )1[j5;| > 1]} < 2X17 0= DEG I[Kl) > 1)

1P _ 1P
< E|X;| n (0 — DEJY;] <
o o

so that s3 < n037°_ Now, in order to bound s, note that

07,

B(IGG(A — A AN} =3 3 BIXXI(Y - ¥ A1)
i=1j:A;NBi#2

Using again Young’s inequality, we have for 3 < p <4,

10
E{|Xin|(}Yj — YJ*} A 1)} < E{|X,‘|3 + |Xj|3 +4|Yj|3 +4|Yjﬂ3} = ?03’

W | =

and for2 < p < 3,

1 1 -2 _
EXXG1(Y = Vi A 1] = BIXil + - BIX; 17 + pTEOYj — YA

-

1 -2
< BIXlP +EIX; 17 + "Tu«:(m —Yi|)”

-

1 -2
< EIXiI" + EIX;I° +2p*1”7(E|Y,~|" +E|Y}|")

< (3 +2r? _2)ep <%
P P 3

Similarly,
E{|G(G" = GM)[(|A"[ A |a*| A1)} <E{[G(G" - G¥)|(|a"| A1)}

:Xn: i E{|1X: (X; — X7)[(1Y;1 A 1)}

i=1 jIAjﬂBi;ﬁ@
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Using again Young’s inequality, we have for 3 < p <4,

10
B{1X: (X; = XDIY;1 A 1D} < E(IXGE +41X,P +4]XG] + 17,1} < 6%,

W | =

and for2 < p <3,

E{[X;(X; = X7)[(1Y;I A1)}

1 1 -2 3
<-E|X;|” + ;E|Xj —- X7+ pTE(lel A1) 0D

-

1 2
< EXGI 4B - XG4 pTEWjI"

ks

1 2p-1 -2
< ;]E|X,~|'° + T(E|Xj|f’ +E[X7]) + pT]Em-I”

<1+2p p—2> 10
< +
P P

g° < —0°.
-3

Hence, s4 < %nkéy\p . Finally, to bound s1, note that
E{|GG'|(|Al A T)(|A" = A*| A2)}

Y Y B A (Y~ A2).

i=1j:A;NB;#2
Using Young’s inequality, we have

E{|2X,-Xj|(|Yl~| A 1)(<%|Yj — YJ*|) A 1)}

- E;2X;|? n E|X;|?

P P
(0 —2)E(Yi| A 1)/ =D L E((5]Y; — Y7]) A 1)/ 07D)
+ >
E2X;|° | EIX;|°  (p=2EYi|’ +27PE)Y; - Y}|°)
< + +
P P 2p
P _ —p+p—1+1
<(1+2 L (=42 )>9p<99p_
RN 2p ~ 4

Similarly,
E{|G(G"=GM)[(1AIA1)(|AT[ A1)}

ST Y R — X% A (Y A D).

i=1 j:AjﬂBi;ﬁ@
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Using Young’s inequality another time, we have
E{[X: (X; = XPI(il AD)([YF A1)}
ElXi|? | EIX;—X51° (o —D@EYi| A D22 L E(YF| A D2/072)
< + T+ /

P 2 2p
E|X;|?  EIX; - X717 (0 =2 (EYi|” +E[Y]?)
< + +
P P 2p
P _
s<1+2 + 82 2)9%&)/’.
P P 4

Thus, s% < %n)ﬁp. Combining the bounds and applying Theorem 5.1, the final bound fol-
lows. O

5.2. Additive functionals in the classical occupancy scheme. Consider the following
multinomial urn model. A total of m balls are independently distributed among » urns in
such a way that a ball is placed in urn i with probability p;, where 7" | p; = 1. Let &; be the
number of balls urn i contains after the balls have been distributed. For each 1 <i <n, let ¢;
be a real-valued function on the nonnegative integers. We are interested in the statistic

V=2 ¢i&),
i=1

respectively, the centered and normalized version

n
W=1ZM@%wm
iz
where p1; = Eg;(£;) and o> = Var V. In the special case where p; = 1/n and ¢; = ¢, this
statistic has been studied by various authors; in particular, Dembo and Rinott (1996) used
Stein’s method and size-biasing to obtain error bounds, but only for smooth probability met-
rics (we refer to their paper for general references). We give the corresponding result for the
Kolmogorov distance for general p; and ¢;, which is, to the best of our knowledge, new in
this generality.

THEOREM 5.4. Let m, n and W be as in the preceding paragraph. Assume there are
positive constants K1, K> and K3 such that

i ()| < K151, x>0,1<i<n,
and such that
K>
(5.5 sup p; <— and n<Kzm.
1<i<n m

Then there is a constant C .= C(K1, Ko, K3) such that

12
(5.6) A (L(W), N0, 1)) < c("a—2 + %)

Specializing to the case originally considered by Dembo and Rinott (1996), we have that

o2=nas long as ¢ is not a linear function (see Dembo and Rinott (1996), Remark 3.1), and

we have the following corollary.



PALM THEORY, RANDOM MEASURES AND STEIN COUPLINGS 2911

COROLLARY 5.5. If ¢; = ¢ for all i for some nonlinear function ¢, if p; = 1/n, and if
0 <lim,_,son/m < oo, then o2 = n and thus,

1
dx (L (W), N0, 1)) = o(m)

PROOF OF THEOREM 5.4. In what follows the reference set in expressions like “i £ I
or “i ¢ A” is {1, ..., n}, so that these expressions have to be read as “i € {1,...,n}\ {{}”
or “i e {1,...,n}\ A”, respectively. Moreover, we use the convention that sums of the form
2 ix; " stand for single sums over the first variable, not double sums over both variables.

Stein coupling. Denote by (§;)1<i<, the ball counts in the respective urns, and let 7 =
o(&1,...,&). Let I be uniformly distributed on {1, ..., n}, independently of all else. Given
I, let t1,1,... be an i.i.d. sequence, where Pty = i|l] = p;/(1 — py) for all i # I, let
ni =&+ Z,‘%’Zl 1[x =i]fori #1,andlet N := {11, ..., g }. The family of random variables
(ni)ix1 represents the configuration of balls in the urns if the balls from the /th urn are
redistributed among the other urns, and N is the set of urns having received at least one ball
during that redistribution.

Let W be defined as before, and let

n 1
G =——(p1(r) — pr), W/:_<_HI+Z((P1‘(771')_M1’)>-
4 o oy
It is not difficult to see that (W, W', G) is a Stein coupling and that

1
A= ——(901(531) + Z(fﬂi(&') - 901'(771')));
o ieN
see, for example, Chen and Rollin (2010), Construction 2A.

Construction of (G', A'). Let F = o (&1,...,&,), and let J be uniformly distributed on
{1,...,n}, independently of all else. Given J, let ¢, ¢, ... be ani.i.d. sequence, where P[i} =

i1J]= pi/(1 — p,) forall i # J, and let 77; =& + Z;ff:] 1[4{ =i]fori# J,and let N' :=
{L’l,...,Léj}.Deﬁne
n 1
G'=—"(psEn—ns). A= _;(w(sn + D (i (&) — wi(n,‘)))-
ieN’

Clearly, (G’, A") is an independent copy of (G, A) conditionally on F.

Construction of (G*, A*). We first construct a realization (£§)1<;<, of the urn process
which is independent of (G, A) but which is still closely coupled to (&;)1<i<n. To this end,
let (£°)1<i<n be an independent copy of (§;)1<j<n. Set

gF =& foralli e NU({I}.
Now, let x =3 ienun i and x* = > enuqn &5 we distinguish three cases.
1) If x*=x, set
g§'=¢& foralli¢ NU{I}.

(i) If x* < x, let (], ..., tj‘(_x. be i.i.d. random variables on {1, ...,n}\ (N U {I}) with
distribution given by P[t] =k[I, N] = pi/(1 — > jenugry Pj) fork ¢ N U{I}, and set

Ef =& + l[tjf:i] foralli ¢ N U{I}.
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(iii) If x* > x,let(],...,1,+—, be constructed recursively as follows. Let (] have distri-
bution given by P[t] = k|1, (&)ignuy] =&k/(m — x) fork ¢ NU{I}. For 1 <l < x°® — x,
assume (7, ..., have been sampled, and let ¢, ; have distribution given by P[y | =
kI, )ignuirys ) <i<i] = (§k — le-zl 1[e; = kD /(m — x — 1) for k ¢ N U{I}. Finally,
set

x°—x
g'=&— Y 1[f=i] foralli¢NU{I}.
j=1

It is not difficult to check that the distribution of (§*);<;<, is the same regardless of
(§i)ienu(ry (the key to this is the observation that (&;);¢nury given (§)ignuyr) is like dis-
tributing n — x balls independently among the urns i ¢ N U {I} proportionally to their re-
spective probabilities (p;)i¢nuir)), so that (§%)1<;<, is independent of (&;);enuiz}-

With i}, ¢, ... as before, we set nf = &* + Zijzl 1[t, = i] and N* = {/], ...,Lé;} and
define

n 1
G ==2(se) ~ ) 8 = (0E)+ T @) )
o o ieN*
Since (§)1<i<n, J and (1], 15, ...) are independent of (&;);enu(r), it follows that (G*, A*)
is an independent copy of (G, A).
Bounding the error terms—preliminaries. We first show that we can assume without loss

of generality that
K, 1
5.7) sup pi < — A —.

1<i<n m 2

Indeed, there are only finitely many m such that K>/m > 1/2, that is, such that m < 2K>,
and hence, using the second condition of (5.5), there are only finitely many pairs (m, n) such
that K, /m > 1/2. For these finitely many cases, we can choose C large enough to make (5.6)
true whenever o2 > 0.
We will use (5.7) repeatedly to conclude that, for example,
_p e _C
1—pi ™ m —m
Throughout the proof we will use C to denote a constant that can change from expression to
expression but that only depends on K1, K> and K3.
Bounding the error terms—an event of small probability. Define the event

B ={¢&,=&71n{& 25[3; forall 1 < j <&}
and note that
BlC{G/zG*}, BIC{A/=A*},

Let N® = {i], ...,LT‘X._X|} ={i¢g NU{I}:& #&*},let M = N*UN U {I} (disjoint union!),
and define the event

B,={MNn{J}NnN =go}.
Clearly, B> C By; thus, setting A = B5, we have
{G’#G*}CA, {A/;EA*}CA.
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We proceed to bound P[A]. Let G = o (1, (t;)i>1, (t])i=1, (&) 1<i<n, (§)1<i<n); We have

M
PA|G] = ZPA|J—JQ]<" ~ 2 E{IMNN'lJ =, 9)

J 1 J¢M

M
l |+ ZE{thkeMl =j,g} + Zs]Z
"iem = Miem  kem ' T Pi
|M]| 2K|M|
St T L
jeM

Since 3¢y §j < m, and since

IM|=1+|N|+|x—x*|<C(1+x+x°).

we obtain
C
(5-8) [All (Ll)l>17 ( ),>1’ (51)1<z<n, (gi.)lgign] = ;(l + X + X )
Letnow G =0 (I, (4;)i>1,&1). We have
Bl ¥ (@+87)9)
ieNU{I}
&1
< E{Z(&- +&E)D My =i] g}
il k=1
&1 ; K
=E{Z(&~ 1)y E ‘g] <256+ e)|o) <4
oy o L= P m Py
which, together with (5.8), implies that
CéE +1)

P[AIL, (ti)i>1,61] <

Taking expectation and applying Lemma 5.7, we obtain
C
P[A] < —.
n

Bounding the error terms—G and A. Note first that

C 3¢

3 K& Ky (&+Er) 3K & 2 3K (&+ED)
|A|§;<ell+2zel ’>§;<e 151 4 |N| Ze 1 1>’
ieN ieN
and since |[N| <&; < €51, we can further bound this by
C
|A|3 < = Z eCEitED
ieNU{I}

Now, given I and &/, the family of random variables (&;);/ is again an urn model; in partic-
ular, we have

2@l =Bi(m— &, L),
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Since the set N is chosen independently of (&;);;, we can apply Lemma 5.7 consecutively,
and we obtain

E > eCE+ED < CE{(1+ |N|)e“*"} < CE{e“*"} < C.
ieNU{I}

Thus, IE|A|3 < C/<73. Now,

Ccn’
G = e 4 ).

3K 1§

and since le3 < K |Ee , we have

3 3
E|G|3 < C_n3EeC$1 < C_n
o

_0_3

Bounding the error terms—G14 and Al,4. Note first that

4
A% < %(emsz +2ZeK1(fi+fl)) < %(euqsz L+ |N|3Z€4K'@"+€'))’
o o
ieN ieN

and since |N| < &7, we can further bound this by
C .
A<= Y L,
ieNU(I}
Thus, using (5.8), we obtain that

E{A“lﬂi%l‘:{( Z ec(€i+€1))(1+ Z (‘Ei-i-él,'))}

ieNU{I} ieNU{I}

<_E{< ) eC(s,+sz>)( T Ll >)}

no ieNU{I} ieNU{I}

2
<LE( T C +sn) . ¢ CE Y Leseen,
no* ieNU(I} o ieNU{I)

N

Similarly as before,

(5.9) E Y CEHEHD < CE{(1+|N))e¥} < C.
ieNU{I}
Thus, E{A*14} < =-= . In very much the same way, we deduce that E{G*14} < <
Bounding the error terms—G 14 and A'1,4. Similarly as for A4,
at< Sy e,

4
O ieNUL)

Let us now prove first that

[A|J ( )1<z<n’(él)1<l<n’(5‘.)1<i<n]
10 <£(1+51+ (1+ > a) > (S,-+Si’)2>-

ieN'U{J} i¢N'U{J}
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To this end, let G = o (J, (t))1<i<n, (&) 1<i<n, () 1<i<n). We have
1 N’
P[AIG] = ZP[AU—z o= LS prar=ig
mienOLn
1
< +’§’+_ > E{Mn (N U] =i G}
n M ieN O
1+§J 1 / ° ! .
< +- Y E{NN(N'UIY|+IN NN UIY)||I=i.G}.
n mienOy
Now, fori ¢ N' U {J},
E{|N N (N U{J}||I =i,G}
&1
/ . Pk C&(1+&y)
E Zl[LkEN U{J}]‘I:l,g}zgi Z 1—pi = m '
k=1 keN'U{J}
and
E{|N*N (N U{IN||I =i,G)
Ix—x°I
<E I[LzeN/U{J}]‘I:i,g}
k=1
<E 55 I( 4 Ny & )‘I:i,g}
k=1 IEN/ Z]ENU{]}pJ m—x —k+1
Ix—x°I 2K,
<5 3 ((1+sn1[a+1_m] -
m 2 1enugay & )’ .
+1[$ +1>2K2]+m—x—k+l I=i.¢
CE+é&E7+1 . .
iwmu_x 11 =i,G)
m
Z Ixi'l 1
+( &)E{ —‘I:i,g].
keN'U{J) o mox—k+1
First observe that
E{lx — x*[|1 =i,G}
5E{x+x'|lzi,g}:E{ 3 (sk+s;)1:i,g}
ke NU{I}
&i
=§,-—i—é,-'—l—Z(Sk—l—Sk’)EHZl[u:k]‘[:i,g}
ki I=1
& &
=&~+$,-’+Z(sk+s,:)21 <E+E+D (G +E) Z 2<CE+E)
ket =1+ " Pi ket =1



2916 L. H. Y. CHEN, A. ROLLIN AND A. XIA
and
[ ] 2 .
E{(x + x°*)"I1 =i, G}

{ D -+ e7) e =

JENU{I} ke NU{I

)

= (& +E&) +2(& +s,-')E{Z(sj +EN+ D Y (E+ENE+E)| =

i.g}.

JEN JEN keN
Now,
B{ > +&)|r=i.0)
JEN
&
gl
J#I =1
&1 & D
=Z(éj+s;)EiZuu=j]‘1=i,g}:Z(s,-+s;)21 L
JF# =1 i =1 L T Pi
i oK,
=Y (5 +&]) Z—szm,
J#i = "
and
B[S S+ )6+ g1 =0.6]
jeN keN
= {225/+5 (& +&7) Zl[ll—J thu—k]‘l_z g}
JELk#]
&r
=D D +HENGE+E) HZ Ll—J]thu—k]‘I_zg}
JF# ki I=1 u=1
£
YEFENE+E E{ZI[U_J‘ Q}
Ji ki 1=
&1
XE{ZI[LM_IC]’I—Z g}
u=1
<33 (e + 606+ 60 (57 )
Ji ket Pi
2K \2
=S+ e (67 ) < 16K382,
J#i ki m
so that

E{(x +x*)’[1 =i.G} < (& + &) +2(& + &) (K& + 16K367) < C(& +&7)°.
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Now, since a + |a — b| < 2(a + b) for nonnegative numbers a and b, we have

Ix=x°l 1
E _— I =i
{Z m—X—k—I-l‘ l’g}

k=1
{lx —x°
m—m/2

E{|x — x*lI =i, GIE{(x + x*)*| =i.G}) <

IA
=

+2log(m + D1[2(x + x°) > m/2]’l =i, g}

CE+8)°

m

<

I|Q

This leads to

E{|N*N (N U{J})||I =i, G}

(
o8y €l+1)(§l+$ (Z Sk) (& +&)°

m keN'U{J}

@rarnE+e)+( X a)@+e)]

(
keN'U{J}
+(

E4ED) ( > &)Sﬁé)}

keN'U{J}

=

<l
< e +en +

<1+ X a)arer

keN'U{J}
Putting all together, (5.10) follows. Hence,
E{A*1,}

<LE{< 3 ec<s,»+sj>)x(1+51+ <1+ 5 &) 3 (€i+5i')2)}

not ieN'U(J) ieN'UJ) 7 i¢N'U)
- LEK 3 ec<s,-+sj>> » (esj +l( 3 e&-) ¥ e2(‘§f+§-‘))}.
not ieN'ULJ) MNienOy 7 igN'op)

Now, similarly as in (5.9),

E{esf )3 eC(&-m)}Sc_

ieN'ULT)
Moreover

iE{< 3 eC(si+sj>)( )3 ea)( 3 ez<s,-+s;>>}

MmN\ enOpy ieN'U{J) i¢N'OLJ)
ELE{( )3 eC/(Si+SJ))< )3 ez<s,«+s;>)}
mU\ienopy i¢N'U(J)
<lE{E( T L) ;,)E( Y A )}<@<C
_m J— m p— 9

ieN'U{J} igN'U{J}

where for the second last inequality we used the fact that conditionally on J and &y, the
family (&;);», is a urn model and hence negatively associated and we can therefore apply
Lemma 5.8, and where for the last inequality we proceeded in the same way as in (5.9). So,
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putting all together we obtain E{A"*14} < C/(c*n). In very much the same way we deduce
that E{G"*1,4} < Cn3/o*.

Bounding the error terms—G*1, and A*1,. Similarly as for A*, and using that £F <
& +&° + x, we have

5.11 A < — CE+6)) < oCx CE+E).
(5.11) e > e et > e
ieN*U{J} ieN*U{J}

LetG =01, (ti)i=1, (t])i=1, E)1<i<n» (§7)1<i<n); We have

1< .
J-tge] 2, e

j=1  lieN*U{)

ieN*U{J}

J=j,g}.
For j € M we have

E{ T CEHD,
ieN*U{J}

J=j,g}

&}
< CEIFED | E{Z eCEHED N [y =]
i#J k=1

J =j,g}
(5.13) .
J
C(&j+67) CE+ED) pi ’ _
<eCCHD LR DN 2=,
<e + {Ze Z_: ey J g}
i#] k=1
< CETED 2K 3 CEHENEr,
i#]
For j ¢ M, we have

E{ Y L,
ieN*U{J}

sz,g}

< ]E{ IMAN*| 3 CETED)
ieN*U{J}

J=j,g}

£ 57
SE{ZIM eMJ(eC@ﬁS”+Zec@f+%'>21[t; =i1)\’:~”g}
k=1

i#] k=1

5
2K M . L [
I R CPME DO
ieM k=1

J=JEQ}

&} &7
+E{ Z eCGitED) Z 1[, € M] Z [, =]
k=1 k=1

i£MU{J}
_ 2K M|
B m

J=JZQ}

. L . 2K
C * S 2
g7eCEED 4 gr 30 Clhitingr 222
ieM m
* *
n Z ec(§i+§i.)2K2|M|§j 2K2§,‘ ’
i#MU{j) " "




PALM THEORY, RANDOM MEASURES AND STEIN COUPLINGS 2919

where in the last inequality we used that the indicators (1[L§C e M], (1[L;< =i]) are negatively
associated whenever i ¢ M. Combining (5.13) and (5.14) with (5.12), we obtain

g

ieN*U[J)
Co (e M1, ciehes
(5.15) = ;Z( @+e)) 4 — Zg* CE+ED 4 é,*e &+ED)
J=1 iz
+ 1 25*2 ceven 4 M| S g2 CEE ))
lGM m l;ﬁMU{ }

Using the inequality 1 < % i1 & < % ' ebiand EF <& +E° + x, it is not difficult to
further coarsen the bound in (5.15) to

E{ I LCEHED,|g } - _ZZ T (COEHE AT 0.

ieN*U{J} i=lk=1jeM

Combining this with (5.11), we have

C n n L] L] L]

4 E § CEp+&+&,+E0+HE 67+

E{A* IA} < 4n 5 E e Gk +&+& %_k E[ § X)‘
k=11=1 ueM

Now, let G = o (I, (tu)u=1, Eu)1<u<n, (€3)1<u<n); We have

E{ T CEtED g}
ueN®
S X=Xt
e S i =ulo]
ug¢ NU(I} w=1

<E Z CutE)) Z 1
E SCErEn ( Pu -+ S )‘ }
= Z Z erNU m—x—w+l g

u¢g NU{I}
. 2K»> m
<E Z eC(SL'Jrs“)[}X — x'!(— —i—l[é[ +1> —])
ugNU{I) 2Kz
4 X =X +2log(m + D1[2(x + x°) > m/ﬂﬂg}
—m/2
C L]
< —E{ Do CETED (4 X E D +E+ 1)+ (x + x')z)‘g}
M Lenou
¢ Cleuréi+x+x")
= > e :

ugNU{I}
Thus, since M is the disjoint union of N U {/} and N°®, we obtain

E{ZeC<sk+sz+su+sk'+s;+s;+x>}SEE{ )3 eC<sk+sz+su+s,:+s,'+s,;+x+x°)}

ueM m,enom

+E{ ) eC(sk+sz+su+s;+s;+s;+x)}_
ue NU{I}
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Now, conditioning on I, & and (¢;);>1, we can apply Lemma 5.8 and then Lemma 5.7 so
that, for example,

E{eC(§k+él+§u+§/:+fl‘+§J+X)|I’ £r, (li)i>l} <C. CE1 . oC&r < CeCEr

Hence,
E{ 3 ec<sk+sz+su+sk°+s;+s;+x>} < EE{ ¥ eCSI} 4 CR { 3 ecsz}
ueM m-4enoimn ueNU{I}
< C( + I)Eecf’ <C
m
which finally leads to
n n
C
E{A*1,4) < C<—.
{ A} = o4nm? ~o%n

k=11=1

Again, in very much the same way we can prove that E{G**14} < Cn?/o*.
Combining the bounds. Collecting the bounds we need in order to employ Lemma 5.6
below, we have

Cn C C Cn3/4 C
g0 <—, do < —, P[A] < —, 81,82, 83 =< ; di,dy,dy = — 7
. pn n o on
this leads to
Cnl2 Cn
51— 52,983,584 = —5.
o o

Applying these bounds to Theorem 5.1 proves the claim. [
5.2.1. Technical lemmas. The following lemma is straightforward to prove.

LEMMA 5.6. Consider the setting of Theorem 5.1. Let A be an event such that {G' #
G*}U{A" # A*} C A. With

2 =EIGP, ¢l =E{G'4}, =E{G*1}, gI=E{G*14},
d3=E|AP,  di=E{a*"14), 4y =E{a"14}, di=E[a*1,},
we have
s1 < [g182d1d> + 281 82d1d3 + g1g3d1d3]", 52,53 < godg,
54 < (818262 + 218245 + g182(d2 A d3) + g183(da A d3))PLA]VY.
LEMMA 5.7. Let Z ~ Bi(r,q) withr <m and q < c/m. Then for any a,b > 0,
E(Z%"%) < C(a, b, c).
PROOF. This easily follows from

E(Z%%) < Re™Z = exp(rlog(qe®™™ +1 — q)) < exp(rqge®*?) <exp(ce®™). O

LEMMA 5.8. The family of random variables (&1, ..., &,) is negatively associated; that
is, for nondecreasing functions f and g and disjoint sets A, B C {1, ...,n},

E{f((€)iea)g(E)ie)} <Ef((Ei)ica)Eg((E)icr)-
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LEMMA 5.9. Leta’,a*, b, b’ and b* be real numbers. Withx = (x A1) v (—1),
(i) |a'b —a*b¥|
<|a'|([p" = b*[ A 2) +|d" = a®[([b*[ A1),
(i) |a'(Ib] A|B'| A D)I[BY > 0] — a*(|b] A |b*| A 1)1[bb* > 0]]
<|d'|(|p' =b*| A1)+ |a" — a*|(Ib] A |B*| A 1),
(i) |a'(1b] A|B'| A1)*1[bb > 0] — a*(|b| A |b*| A 1)*1[bb* > 0]|
<2[d|(Ibl A 1)(|B' = b*| A1) + |’ = a*|(Ib] A b/ A1)

PROOF. We have
|a/l;/—a*15*|5|a/l;/—a/l5*|+|a/l5*—a*15*|§|a/||15/—15*}+|a/—a*||l;*|
<|a'|([p" = b*[ A 2) +|d" —a"|([b*[ A 1),

which proves (i). Moreover, by considering eight possible combinations of the signs of b, b’
and b*, we can conclude that

(5.16) |(16] A 6| A[DE" > 0] — (b] A |b*| A1)1[BE* > 0]| < [b' — b*| A 1.
This in turn ensures that
ld' (bl A [B| AT)1[DD" > 0] — a*(1b] A [b¥| A T)1[bD* > 0]
<|d| - |(B] A B A DA[BE > 0] — (1b] A [6*] A 1)1[5* > 0|
+ |a’ —a*| - (|b] A |b*| A 1)1[bb* > 0]
<|d|(Ip" = b*[ A1) + |a" —a*|(1] A [b¥| A T),

as claimed in (ii). Last, using |x2 — y2| =|x + y|-|x — y| and (5.16) in the second inequality
below, we obtain

la'(1b] A |b'| A1)*1[bb" > 0] — a*([b] A |b*| A 1)?1[bb* > 0]]
<|d'|-|(1b| A |B| A D)1[bE > 0] — (1b] A [b*| A 1)*1[bb* > 0]|
+|a’ —a*| - |(Ib] A |b*| A 1)*1[bb* > 0]|
<|d'|[(1bI A |6 | A1)+ (IBI A [BF| AD](|B" — b A T)
+|a’ —a*|(1b| A [p*| A 1)?
<2ld[(Ibl A 1)(|B" = b*| A1) + |’ —a*|(Ib] A [b*| A 1)?,
which proves (ii). [
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