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Chapter 1
Introduction

The first look into local limit behavior of sums of sequences of random variables was
taken by A. de Moivre in 1718 [69] and P. S. de Laplace in 1812 [59]. But the study
of Local Limit Theorems (LLTs) hadn’t drew further attention until it was revisited
by von Mises in 1931 [104].

B. V. Gnedenko [17], in 1948, proved a LLT for the sequences of i.i.d. lattice
random variables and its refinements in several aspects. A multi-dimensional ver-
sion of Gendenko’s Theorem was proved by E. Rvaceva in 1954 [36]. The LLTs for
sums of non-identically distributed independent random variables were studied by
Yu. Prokhorov [83], Yu. Rozanov [34], N. Gamkrelidze [15], A. Mukhin [73], D. Mc-
Donald [61]|65], and others from 1954 to recent years.

A remarkable refinement of the LLTs are the so-called Integro-Local Limit The-
orems (I-LLTs), first obtained by C. Stone in 1965 [98]. The I-LLTs are superior
in the sense that the CLTs and the LLTs can be deduced from the I-LLTs but not
vice versa. In terms of precision, the I-LLTs are much stronger than the CLTs: the
[-LLTs have the same accuracy as LLTs but without making any assumptions about
the existence of densities. Most of the work done on the [-LLTs in the 20th century
is due to C. Stone, and refinements were mainly studied by A. A. Borovkov starting
from 1999. To the best of my knowledge, all studies for the I-LLTs that have ap-
peared so far are restricted to the case of sums of i.i.d. random vectors, except for
one work on the triangular array scheme by A. A. Borovkov in 2011 [20].

In this research project, we derived some Integro-local theorems for sums of non-
identically distributed random vectors involved in a growing point process model
developed from the Neyman contagious model. The process starts with an initial
configuration of random points Xg 1, ..., Xox, in R? and evolves in the following
way. At each time step n > 1, a “mother” point will be chosen at random from

the existing points with probabilities proportional to the weights of these points.

1



2 Chapter 1. Introduction

It is denoted by X ;. Then, k, new points with weights w1, ..., w,, will be
added to the process displaced relative to X ;| by the respective random vectors
Yoi, o Yoy

sRn*

Under some natural assumptions about the sequences of displace-
ments and weights, we derive the integro-local limit behavior for X*. We obtained
results for two different cases of the distribution of Y,, ;: lattice and non-lattice. The
derivations involve the use of several results obtained by the previously mentioned
authors, such as B. Gnedenko, E. Rvaceva, C. Stone and D. McDonald.



Chapter 2

From Local to Integro-Local Limit

Theorems

The study of Local Limit Theorems was originally inspired by B. Pascal and J. Bernoulli’s
works published in 1665 [76] and 1713 [10], respectively. They proved that the
p.m.f. of the binomial distribution has the form ()p™(1 — p)"~™ for p € (0,1) and

m =20,1,...,n, based on which J. Bernoulli proved the first Law of Large Numbers
(LLN) in history.

Inspired by J. Bernoulli’s work, A. de Moivre in 1738 [70] and P. S. de Laplace
in 1812 [59] proved the first Local Limit Theorem (LLT), and hence the first Integral
Limit Theorem (ILT), both in the case of the binomial distribution. We will discuss
these results in Section 2.1.

In 1948, B. V. Gnedenko [17] proved a LLT that holds for sums of independent
and identically distributed (i.i.d.) random variables with a lattice distribution in
the domain of attraction of a stable law. A version of this theorem in the multi-
dimensional case was proved by E. Rvaceva [36]. We will discuss these results and
their further refinements in Section 2.2.

As a remarkable refinement of the LLTSs, C. Stone [958 proved in 1965 a LLT that
is applicable to i.i.d. sequences with a non-lattice distribution and then extended the
scope to any distribution in 1966 [99]. This is called the Integro-local limt Theorem
(I-LLT) which is superior to both the LLT and ILT. We will discuss these results
and their further refinements in Section 2.3.

Several results presented in Section 2.2 and 2.3 will play essential role in the

derivations in Chapter 4.



4 Chapter 2. From Local to Integro-Local Limit Theorems

2.1 The First LLT: De Moivre-Laplace

In this section, we consider a binomial distribution with parameters n and p. In 1738,
A. de Moivre [70] was the first to study the behaviour of the local probabilities as a
function of k, for large n, in a particular case when p = 1/2. In 1812, P. S. de Laplace
[59] extended A. de Moivre’s results to the general case of p € (0, 1). Although A. de
Moivre and P. S. de Laplace didn’t use the modern language term “Bernoulli trials”,
the basic model they set up was the same. These are best expressed in terms of
random variables and of the probabilities of events connected with them.

Consider a (discrete) probabilistic model of n independent experiments with two

outcomes, each or a Bernoulli scheme, constructed on the probability space

(Qn, A, P,)  with  Q, ={w:w=]a,...,a,],a; =0,1},

(2.1)
A, ={A:ACQ,}, P,(w)=p>%g" 2% (g=1-p, weQ,),

where p is a constant in (0,1). We introduce Bernoulli random variables &1, ..., &
by taking &,;(w) = a;, i = 1,...,n, where w = [ay,...,a,]. It follows from (2.1)
that the Bernoulli random variables &,;(w) are i.i.d. with P,(§,; = 1) = p and
P.(&i = 0) = ¢, for i = 1,...,n. It is natural to think of &,; as describing the
result of an experiment at the ¢-th stage. We are interested in the sum of &,; up to
some stage k < n. Put S,o(w) =0 and Spp = & + -+ + &k, for k=1,...,n. For
notational simplicity, we will write S,, for S,,,, P for P,,, and E for E,,. As a sum of
n i.i.d. Bernoulli random variables with success probability p, we know that S,, has

distribution Binomial(n,p) and hence has the p.m.f.!

n n!
P.(k) =P(S,=k) = b b= —— pFg R k=0,... 2.2
0 =208, = 1) = ()t = e k=0 22)

for any n > 1. From above, we know that ES,, = np and consequently

S,

In other words, the mean value of the frequency of “success” ( i.e., S, /n), coincides

with the probability p of success. Hence we are led to ask the following question:
[Q1] How much does the frequency S, /n of success differ from its probability p?

It turns out that this question is not simple: one cannot expect that there will exist a

small £ € (0,1) such that for all w € Q,,, for sufficiently large n, the deviation of S, /n

!The expression (2.2) for probabilities of {S,, = k} was firstly derived by Pascal [76] in 1665 for
a special case when p = 1/2. Jacob Bernoulli [10] in 1713 proved (2.2) is valid for any p € (0,1).



2.1. The First LLT: De Moivre-Laplace 5)

from p is less than €. One can see this is impossible simply from the observations
P(S,/n =1) =p" > 0 and P(S,,/n = 0) = ¢" > 0 for any n € N and p € (0,1).
Nevertheless, for large n, it is natural to expect that the probability of the event
{w:|Sp(w)/n —p| > e} is small. It was proved by J. Bernoulli?[10] in 1713 that,
for any fixed € > 0, as n — oo, this probability vanishes:

P (‘% —p' > e) = ) Pk -—o (2.4)

{k: |k/n—p|>e}

This is a special case of what is nowadays called the weak law of large numbers
(WLLN) in the Bernoulli scheme, denoted as S, /n 2 p as n — oo.

But (2.4) hasn’t yet fully answered question |Q1]. It is still unclear to us what
region Z,, will the probability mass of S,,/n — p be concentrated in, for n sufficiently

large. And concerning this region Z,,, as n — oo, we can further ask:
Q2] How will the local probabilities P, (k) behave as a function of k7

The two above questions were firstly answered by A. de Moivre [70] in 1738 for
a particular case when p = 1/2 and extended to the case of general p € (0,1)
by P. S. de Laplace [59] in 1812. The idea is to first make an educated guess of
the region Z,, from the WLLN (2.4). Recall that, inspired by (2.3), J. Bernoulli
proved (2.4) to be true. Under a similar idea, together with the observation that
E(S,/n — p)2 = (pq)/n, it is reasonable to expect that, for any = € R, the relation

P(%—p‘>x\/%)—>e(x) as n — 0o (2.5)

will hold, where €(x) > 0 is small and the LHS, by (2.2), equals

S, —ES
IP’( it Ly S x) = > P, (k). (2.6)
VVar S,
o {k: (k—np)//npa|>x}

The region of summation on the RHS of (2.6) indicates that a reasonable guess of
the region Z, is the set {k : [k —np| = O (\/npq)}.

For those k satisfying |k — np| = O (/npq), A. de Moivre (p = 1/2) and P. S. de
Laplace (p € (0,1)) derived the asymptotic behaviour of P,(k). A proof can be
found in W. Feller’s book [39] or Y. G. Sinai’s book [91, pp. 30-32].

As a refinement, it was shown (by asymptotic expansion) that the same asymp-

totic behavior of P, (k) will still hold for those k in the slightly enlarged region

2This is the first limit theorem in proabibility theory. It appeared in the fourth part of Ars
conjectandi [10] which later has many impacts on A. de Moivre’s work. A English version see [11],
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{k |k —np| = o(npq)z/B}. A proof can be found in A. N. Shiryaev’s book [90,
pp. 55-57]. One can see that the orginal version and the refined version can be
proved by essentially the same argument. So, we will only present the refined ver-

sion.

Theorem 2.1 (the De Moivre-Laplace Local Limit theorem). Let 0 < p < 1, then

1
V2Tnpq

where the remainder term e(n, k) — 0 as n — oo uniformly in k such that |k —np| =
/3

P(Sn = k) = Po(k) = e (PG (1 4 e(n, k) (2.7)

o(np(J)2/3_ Or equivalently, for A(n) = O(Hpq)Q . one has
P,(k)
nole TGy | T asn oo (2.8)

{k:lk—np|<A(M)} | 2rnpg

Proof. The proof starts with applying Stirling’s formula ®

n! =+vV2mne "n" (14 R(n)), where lim R(n) =0, (2.9)
n—oo
to the binomial coefficient (}) = ﬁlk), in (2.2). Then if n — oo, & — oo and

n — k — oo, we have

n! B V2rne "n" 1+ R(n)
Kln— k) \2rke*k» - \/2r(n — ke~ (n — k)»—* (1 + R(k))(1 + R(n — k))
1 1

_ - % (14 eo(n,k)),
2mnk (1 - &) () (-3

where g9 = €g(n, k) satisfies 1 + eg(n, k) = (1+R(k1)—)i_(}1%—(|—72(n—k))' From (2.9), one has

gg = 0if n - 0o, k — oo and n — k — oo. Therefore, after changing of variable
p=k/n, (2.2) becomes

_ 1 p ’ 1_p " &g
Fulk) = V2mnp(1 — p) (ﬁ) (1 _13) (1+20)
L exp{—nH ()1 +e),

V2mnp(l —p)

3This formula was firstly discovered by A. de Moivre with an unsolved constant scale and named
after Stirling for his contribution in showing that the constant is v/27. Stirling’s formula is well-
studied in the literature. For example, one can find classical proofs in W. Rudin’s Principles of
Mathematical analysis [35, pp. 195] or in R.C. Buck’s Advanced Calculus [30, pp. 216-218]; a proof
requiring very little mathematical background by Feller [38]; two easy proofs in [17]; a probabilistic
proof using the classical CLT appeared in 1971 [56].
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where H (z) :=zln$ + (1 —z)In }’TZ.
Since we are considering values of k such that |k — np| = o(npq)?/® which guar-
antees p — p — 0, n — oo, it is natural to write H(p) in the form H(p + (p — p))

and use Taylor’s expansion about p. One has

H(p) = Hp) + HG)p—p) + 3H'0)5— p +0 (1o~ /")
1/1 1

- <5+5) (p=p)*+0(lp—pF).

where the last relation is obtained by substituting the derivatives H'(z) = In (x/p) —
In[(1—=2)/(1-p)], H (z) =1/x+1/(1—2) and H"(x) = —1/2*+1/(1 —2)? which
hold for 0 < & < 1. Consequently, one has

1 no . 2 - 3

By noticing that n (p — p)° = n (k/n — p)*> = (k —np)* /n, one has

1 2
P, (k) = —(k=np)*/(2npq) (1 k
(k) = < (1+ (. )

where 1+ e(n, k) = (1 + o(n, k)) exp {nO (|p — p|*)}/p(1 — p)/[(1 — p)].
To complete the proof, it suffices to observe that if A(n) = o(npq)?/3, then

SUD (k. (k—npl<a(m)}|E(M, k)| — 0 as n — oo, since for these values of k, all three

quantities k, n — k and n tend to infinity. ]

An equivalent form of the De Moivre-Laplace LLT 2.1 can be obtained by chang-
ing of the variables setting = := (k — np)/\/npq.

Corollary 2.2. Let 0 < p < 1, then for all x € R such that x = o(npq)/® and
np + x\/npq is an integer from the set {0,1,...,n}, one has

S, —ES 1 2
Pl 2—= = =P =721 2.1
(Sromar =) = Pl t o) = e P (L e(), (210

where (n) — 0 as n — oo. Or, equivalently, for A(n) = o(npq)*/%, one has

P,.(np+ x/n
sup ( 11? _xz/fQ) -1 =0, asn— . (2.11)
{z: l<AM} | Tamme€

As a natural consequence of the First Local Limit Theorem 2.1, Laplace [59]

also proved the following corollary which is the first Integral Limit Theorem in
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Probability theory.

Corollary 2.3 (the De Moivre-Laplace Integral Limit Theorem). Let 0 < p < 1.
Then

1

21 Ja

b
e Pdz| -0 asn — oo, (2.12)

Z P, (np + x/npq)

a<xz<b

sup
—oo<a<b<loo

where the summation is over those x such that np + x/npq € Z. Or, equivalently,

sup
—oco<a<b<Loo

S, — ES,
P(a<m§b)—[®(b)—¢(a)]‘—>0 asn — oo, (2.13)

where S, ~ Binomial(n,p) and ® is the c.d.f. of the standard normal distribution.

Sketch of the proof. We start with considering the case when (a, b] is bounded such
that there exists a T' > 0 such that (a,b] C [T, T]. Then by summing up (2.10) over
x € (a, b] satisfying np+x./npq € Z, and applying Riemann sum approximation with
increment size 1/,/npg, one obtains that (2.13) holds uniformly in such a, b. Then,
for the case when (a, b] is unbounded, fix an € > 0, find a 7' = T'(¢) such that ®(T") —
®(—T) > 1—¢/4, and find an N > 1 such that |P (a < (S, — ES,)/(v/Var S,) < b)—
[@ (b) — @ (a)] | < €/4 holds uniformly for n > N and —T <a <b<T. By the
triangle inequality, |P (a < (S, — ES,)/(v/Var S,) < b) — [@ (b) — @ (a)] | < € holds
uniformly for —oo <a < T <T <b<oo. But € > 0 was arbitrarily chosen, so

combining these two will give us (2.13). O

Remark 2.4. Tt is natural to ask how fast the convergence in (2.13) is, as n — oo. In
1941-2, A. C. Berry [13] and C. G. Esseen [30]| independently obtained the following
result, which is called the Berry—FEsseen Theorem. For any sum of independent
random variables X, ..., X,, each with zero mean, and respective variance o7 and

E|X,|* < 0o, one has

et Xk C i E|X[°
sup P == <12]| - ®(z)| < = . (2.14)
—oco<z<oo ( NIy (X1 o)

A proof thereof can be found in V. V. Petrov’s book [30, pp. 109-120]. One can see

CE|X,|3
odvmn

Applying (2.14) in our case of S,, ~ Binomial(n,p) in Corollary 2.3, one has

that, in the special case when X}, are i.i.d., the upper bound in (2.14) equals

S, —ES, C(p*+ ¢*)
P20 ) — ()| < 29D 2.15
e ( JVarS, — x) (7)) < NET (2.15)
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where the constant C' was initially estimated to be 7.59 in 1942, improved to 0.4785

by I. S. Tyurin [103] in 2010. But it has been proved that this order of the estimate
(1/\/npq) cannot be improved, with the lower bound % where D = 0.4097

found by C. G. Esseen in 1956. This means that the approximation in Corollary 2.3
can be poor for values of p that are close to 0 or 1, even when n is large. It
turns out that, for small values of p, instead of the normal distribution, the Poisson

distribution provides a good approximation [90, p. 62].

Further refinements of the De Moivre-Laplace Limit Theorems can be found
in [91, pp. 30-40] and [90, pp. 54-69] and quantitative examples can be found in
W. Feller’s book [39, pp. 187-190].

However, instead of the Local Limit Theorems, it was the area of the Integral
Limit Theorems that was actively studied starting from P. S. de Laplace to the 20th
century, in which period the classical probability theory had been on its way toward
the “modern” one. Especially so after the appearance of A. M. Lyaponov’s proofs
[61] [62] in 19001 (translations in [1]); where for the first time the proof of the CLT
using the method of characteristic functions systematically.

Later, Paul Lévy developed the theory of characteristic functions (ch.f.s) and
used it to proof the CLT under very general conditions in around 1925. Due to
the superiority of this “modern” approach to proving to CLTs for non-normal limit
distributions and “non-classical” normings, people tend to use it to replace the “clas-
sical” Laplacian approximation method. See H. Fischer’s book [10] for more on the
history of the CLT.

In the following two sections, we will see how important the appearance of this

method of ch.f.’s was for the development of local and integro-local theorems.

2.2 The Gnedenko and Rvaceva Local Limit theo-

remnis

The interest in the Local Limit Theorems (LLTSs) for integer-valued random variables
was revived from the 1930s. Von Mises [104] [105] and G. M. Bawly [0] in 1931 and
1937, respectively, generalized the De Moivre-Laplace Theorem to the case of sums
of independent random variables that take integer values and under some additional
conditions.

Based on von Mises and G. M. Bawly’s work, A. N. Kolmogorov made a nat-
ural conjecture that, for a sequence of not only independent but also identically

distributed random variables, more complete results can be obtained, but he didn’t
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provide a proof. It was his student, B. V. Gnedenko [17], who proved in 1948 a LLT
for the sequence of i.i.d. random variables with lattice distribution, finite mean and
finite variance. An English version of this theorem and its proof can be found in
Chapter 9 of the monograph Limit Distributions for Sums of Independent Random
Variables |53] written by B. V. Gnedenko and A. N. Kolmogorov in 1949. In this
book, not only the Gnedenko’s LLT for normal limit laws (§49) and its refinements
(§51) are discussed, but also an LLT for non-normal stable limit law is proved in
§50 of the book. Another reference during the same period is Gnedenko’s own text
Theory of probability which was published in 1950 (an English translation appeared
in 1962 [52]).

Before stating these Theorems, we first give definitions of lattice and arithmetic

distributions.

Definition 2.5 (the lattice distribution). A random variable £ is said to have a

lattice distribution with shift ¢ and span h if there exist ¢ and h such that

i P& = c+ kh) = 1, (2.16)

k=—o00

where h is the greatest number satisfying (2.16) and c is in the interval [0, h).

Remark 2.6. A lattice distribution with shift ¢ = 0 and span h = 1 is called
arithmetic. A random variable with such a distribution takes only integer values
and the greatest common divisor (g.c.d.) of all the values it takes with positive

probabilities equals 1.

Remark 2.7. For a lattice random variable ¢ with arbitrary span h and shift ¢, and
the sum S5, of i.i.d. random variables &, ..., &, with &; 4 &, the transformations
/ &m —C ;S —nc

Sm: s Sn:T, mG{l,...,n},nGN, (217)

allow one to reduce the lattice case to the arithmetic one (cf. Remark 2.6). Hence,
one can see that, in essence, it is sufficient to only consider the arithmetic case of
summands &,,, where the sum S,, can only take arithmetic values too. So, from now
on, we will only discuss the Local Theorems in their arithmetic versions. One can

obtain the corresponding lattice versions trivially by transformations (2.17).

Here is the starting point in B. V. Gnedenko [17]. Suppose the independent
summands &, have a common arithmetic distribution, namely, each &, can only

take with integer values and the g.c.d. of all values that it takes positive probabilities
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equals 1. Then the sum S, = & + --- + &, takes only integer values too, i.e., the
distribution function® F,(x) of the sum S, is constant in each half-open interval
x € (k,k+ 1], where k € Z. So, it is impossible to approximate such a distribution
function F), with continuous (not to say analytic) functions to within one-half of its
maximum jump P,(k) := F,, (k) — F, (k—). Therefore, the real interest lies only in
the study of the values of the function F,(z) at the points k& € Z themselves, i.e.,
the sum F, (k) = >, ., Pu(r), where P,(r) = P(S, = r). However, it seems most
natural to investigate the asymptotic behaviour of the local probabilities P, (r) from

which one can obtain® the “integral” (sum) ones.

Theorem 2.8 (the Gnedenko Arithmetic Theorem). Let i.i.d. random variables
1,8, ...,&,, ... have an arithmetic distribution, finite mean m = E& and finite

variance o ;= Var&; # 0. Let

n=ES, = . b2:=VarS, =no? nk = = .
a mn : ar no Znk b v
Then . )
sup (b, P, (k) — e | =0 asn— . (2.18)
kez 27

Or, equivalently, as n — 0o

P.(k) = ﬁe_ 4o (bl) = blgb (Zng) +o0 (bl> (2.19)

uniformly in k € Z, where ¢ is the univariate standard normal density.

Remark 2.9. We can see that the De Moivre-Laplace LLT 2.1 is a special case of

this theorem when the ¢’s have the common distribution Bernoulli(p).

Remark 2.10. It is natural to ask how fast the convergence in (2.18) is. As a
special case of the result from Esseen’s paper [37] in 1945, for such an i.i.d. sequence
as in the setup of Theorem 2.8, if one further assumes that ¢ has a finite third-order
absolute moment, then the LHS of (2.18) will have order O (1/4/n). It means that
the order o(1/b,) = o(1/y/n) in (2.19) can be improved to O(1/n). It has also

been shown that this estimate cannot be further improved. Proofs of these are also

4In Gnedenko’s paper, he adopted P(X < x) as the definition of disrtribution function of the
random varible X at x. But throughout this thesis, we follow the convention to use P(X < z) as
the definition of the disrtribution function of X at z.

5A quote from G&K [53]: “Generally speaking, such a method of proving integral theorems on
the basis of local theorems may result in some loss in the precision of the estimates of the reminder
terms as compared with direct methods of proof. However, for the first orientation in this problem
the approach from the direction of local theorems seems preferable.”
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provided in Petrov’s book [30, VII §3] and Gnedenko & Kolmogorov’s monograph
[53, §51].

Proof of Theorem 2.8. The proof uses the method of ch.f.’s. Let g be the

ch.f. of S, and ¢, be the ch.f. of {;. We start with using the inversion formula

to give an integral expression for the probability P,(k). Since S, is arithmetic, we

prefer to use the inversion formula® for the p.g.f. pg, (2) := Ez% of S,,, which gives
1 N 1

Puk)= o= ¢ 2 pg ()dz= o~ [ e (t)dr,  (220)
271—2 ‘Z|:1 n n

—T

where the second relation is obtained by changing the variables z = e and using
relation pg, (e?) = g, (). But &, &, ..., &, are assumed to be i.i.d., which implies
that 15, = 1 . So (2.20) becomes

1 M _.

P,(k) = — / e "L (t)dt. (2.21)
2 ), !

Note that for ¢ away from 0, the integral is easy to approximate. So, we split the

integral on the RHS of (2.21) into two subintegrals: over the domain |¢{| < v and

over the complementary set, where v = (o) is a small constant chosen in a way

that will later become clear after (2.23). The first subintegral is

A:mem%@ﬁ:/ e [e7 g, (1)] " dt

[t]<~y

for y = k — mn. Recall that m := E&. Put u = oy/nt, then

i it _m "d
lul <o/ o\/n o\v/n
1 iRy ( Y ) d (2.22)
= e ‘ot Yt | — | du, )
O\/ﬁ lu|<yov/m 17 \/ﬁ

where )¢, -m is the ch.f. of £ which has mean 0 and variance 1. Since E[*=2 = 1 <
i 7

00, in a proper neighbourhood (—ve, o) of the point 0, one has the expansion

(0 (s)—1—%—@'25]E£1_m—i S —m 2+0(32)—1—S—2+0(32) (2.23)
sz o 2 o B 2 ' '

SThe inversion formula for ch.f.’s is P, (k) = 5= f_oooo e~ ) (t)dt, one can see from the region

of integration why (2.20) is easier to start with. Proofs of both inversion formulae can be found in
Section 7.2.1 of [21].

"This expansion is a basic property of ch.f. whose proof can be found in [21, p.156] or [39].
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Further, using relations In (") = nlnz and In (1 4+ z) = 2 + o(x) as © — 0, one has

82

In g%, (s) = nln |1 (1 - wg%m@))} S (wg%m(s) - 1) = —Sn+o(s)n,

which applies well at points s = u/y/n with |u| < yoy/n. Denote the remainder

term in the above formula, after substitution s = u/y/n, by h,(u). Substituting the
above expression for In¢% _, (u/y/n) back into (2.22), one has

§&1—m
o

2

e "7vaY exp {—% + hn(u)} du, (2.24)

1

L = ——
NN S u)<ro/n

where h,(u) — 0 for any fixed u as n — o0o. Moreover, for v small enough, in the
domain |u| < yo+/n, one has |h,(u)| < u?/6, so —u?/2 + h,(u) does not exceed
—u?/3. Hence, as n — oo, by applying the D.C.T. to the sequence

w2

P u2 Ciu¥_ _u?
1{\u|<70\/ﬁ}€_lmye_7+hn(w =€ 0%6 2 (1+0(1)),

one has

. w2
ov/nl :/ewv\y/ﬁe_2du—|-0(1),

R
where the integral on the RHS is in the form of the inversion formula for the ch.f. of
the univariate standard normal distribution evaluated at y/o+/n, up to the factor
1/2m. Hence

2

bl = V2re™ 5 + o(1) (2.25)
where b, :== o+/n and z,, = k;\’/nﬁ” = #ﬁ

The case of the remaining integral
Iy = / et (t)dt
[t]=

is easier, since the range of integration {t : v < [¢t| < 7} is compact and hence on
that one has |1, | < q(v) < 1. Since ¢"(y) = o(n~/2), one has

A 1 . 1
I < / e kg (y)dt = o (—) / e dt = o (—) )
= [t1>y ) vn [t[=>y Vn

which implies
boly =0(1) asn — 0. (2.26)

Combining (2.25) and (2.26), we have established that, as n — oo, the relation
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2

bn(I1 + 1) = Sre~ 3"+ o(1). Together with the relation I; + Iy = 27 P, (k) from
(2.21), one has

2
1 “n,k

b,P,(k) = ez +o(l as n — 0o
() = = % ol
uniformly in k& € Z, by which we proved (2.18) and (2.19). O

Next, it is natural to ask whether the same type of behaviour as in Gnedenko’s
Arithmetic Theorem 2.8 will be obtained for non-normal stable limit distribution or

not. It turns out that the answer is yes, proved by B. V. Gnedenko [51] in 1949.

Theorem 2.11 (the Gnedenko Arithmetic Non-Normal Theorem). Let the i.i.d. ran-
dom variables &1,&s, ..., &y, ... take only arithmetic values, let g(y) be the density
of a certain non-normal stable® distribution G(y), and let a,, and b, be certain con-

stants. Then
k—a,

bn

b Po(k) — g ( ) -0 asn— (2.27)

uniformly in k € Z, if and only if the distribution of summands &, belongs to the
domain of attraction of the stable law G(y) and P(S,, < byy+a,) = G(y) asn — co.

Proof. It can be proved by the same argument as in the proof of the Gnedenko
Arithmetic Theorem 2.8. m

One can find illustrations of Theorem 2.11 by two examples, one of which is the
Cauchy law, in the monograph [53, pp. 236-237] by B. V. Gnedenko and A. N. Kol-
mMogorov.

Another natural question is whether the same type of behaviour can be obtained
for the non-lattice case. A complete discussion of that case was done a bit later, in
1965, by C. Stone [98]. Before C. Stone’s work, B. V. Gnedenko [, 19] proved a
Local Limit Theorem for absolute continuous cases in 1953—4. The statement is as

follows.

Theorem 2.12 (the Gnedenko Density Theorem). Let the i.i.d. random variables
1,6, ... &n, ... have finite mean m := K& and finite variance o = Var¢&; # 0.
Denote the density of the normalized sum Z, = #ﬁ Z?zl(fj —m) by fu(x), if it

exists. Then

e 50 asn— oo (2.28)

1
n\T) —
uniform in x € R, if and only if there exists an N such that Zy has density fn(z)
such that sup,cp fv(z) < 00.

8See the definition of stable distribution in [21, p. 233]
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Remark 2.13. Under the same conditions of Theorem 2.12, i.e. assume an i.i.d. se-
quence with non-zero variance with fy(z) uniformly bounded for some N, if one
further assumes that E|¢;|F < oo for some integer order & > 3, one can obtain a

more accurate approximation (by asymptotic expansion)

o= s S (L)
n(r) = —e o\l ———7
o Ll n(k—2)/2

uniformly in z, where g, (z) = N3, (z) exp {—2%/2} with N3,(z) being a polynomial
of degree 3v in x. This is a result originally from the paper [54| written by Gnedenko
with Kolmogorov in 1959, but also can be found in Petrov’s book [80, VII §3].

One may also be interested in the multi-dimensional version of Theorem 2.8. In
1954, E. L. Rvaceva proved a version of Gnedenko’s Arithmetic Theorem 2.8 in R¢
(an English translation [36] appeared in 1962). The following are three necessary
assumptions, where the third one can be treated as a multivariate anolog of the

“arithmetic assumption” in Theorem 2.8.

Assumption 2.1. The summands €™ = [ fn),één),...,ffl")] n o= 1,2,... are

Y Y

i.i.d. random vectors in R?.

Assumption 2.2. All entries of the common mean vector m and covariance matriz
Y are finite, namely m; := Efj(-") < 00, By = Cov(ff"),fj(n)) < oo, and with non-
zero determinant det X.

Let P(k) = P(ki,ks,...,kq) be the probability of the event {£™ = k}, and

5 = [ 57 5] = 37g0 = [zgw,zgsx...,zg;@]. 220
=1 =1 =1 =1

Assumption 2.3. Let S be the class of all d-dimensional simplexes with vertices
x € Z% such that P(x) > 0 and A := {Vol(B)d!: B € S}, then g.c.d.(A) = 1.

Theorem 2.14 (the Rvaceva Arithmetic Theorem). Let the d-dimensionmal ran-
dom vectors €1 €2 €M satisfy assumptions 2.1—2.3 with the components
fj(-n) only taking integer values. Then, when n — oo, the local probability P,(k) =
P (S(”) = k:) of the sum S™ defined in (2.29) behaves as

_ 1 o] (k —nm)X Yk — nm)T -
Pulk) = (27n) /2 (det ) p{ 2n }+ (n™7), (230

where the remainder term is uniform in k € Z°.
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Proof. It can be proved by following a multivariate version of the argument used in

the proof of Theorem 2.8. Details can be found in E. Rvaceva’s paper [30]. O

Remark 2.15. An equivalent condition to Assumption 2.3 is: the parallelepiped
lattice? generated by set D := {& = 1 — @3 : P(x;) > 0, P(x2) > 0} will contain
all points with positive probability in Z.

Remark 2.16. One can see that the Gnedenko Arithmetic Theorem 2.8 is a special

case of the above Rvaceva Arithmetic Theorem 2.14 when d = 1.

Assuming the sequence being i.i.d. was found to be less useful in applications.
A. Khintchine illustrated that what will be useful in applications is the LLTs for
sums of non-identically distributed random variables, especially in the area of the
classical statistical mechanics [57] and quantum statistics [55].

It turns out that, for the non-identical cases, bad things can happen in the period-
icity asymptotically, as illustrated in N. G. Gamkrelidze’s paper [15] in 1964. A sim-
ple example is as follows. Suppose random variables ¢, has the p.m.f. f,,(0) = 1/2,
fu(1) =1/2" f,(2) = 1/2 — 1/2™ and f,, equals zero elsewhere, then the support of
this sequence is asymptotically concentrated only on the even integers, which can
never coincide with the standard normal distribution.

The LLTs for sums of independent but non-identically distributed random vari-
ables, and refinements of these theorems, were studied by Yu. Prokhorov [33],
Yu. Rozanov [34], P. Survila [100], N. Gamkrelidze [15], V. Statulevi¢ius |96, 74, 77],
A. Mitalauskas [71], V. Pipiras [77], A. Mukhin [73], B. Davis 32|, D. McDonald
|64, 65] and others from 1954 to 2005.

Here we will only present a relatively new one by D. McDonald [65, 3.1] for its

superiority in helping our derivations in Chapter 4.

Theorem 2.17 (McDonald). Let &,&s,...,&n, ... be a sequence of independent,
but not necessarily identically distributed, random variables which only take integer
values which p.m.f. p,. Let S, = & + -+ + &, and P,(k) := P(S, = k). Suppose

there exist numbers a, and b, such that, fort € R, one has

lim P (S" — 0 o t) = (1) (2.31)
n—00 bn
and 2
lim sup —5 & < 00. (2.32)

n—00 m=1 ZkGZ [pm(k) A pm(k + 1)]

9A lattice generated by a set D € Z? is defined as the set {3, z;d; : z; € Z,d; € D}
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Then, as n — 00

k — n
sup by P, (k) — ¢( ¢ ) ‘ 0. (2.33)
kEZ bn
The proof of the above theorem largely relies on the results from Davis [32]. For

details one can see [65].

We conclude this section with mentioning some further refinements of the LLTs
in the case of independent but non-identically distributed random variables.

Sums of non-identically distributed independent random vectors in R? have been
considered by A. Mukhin [72] in 1984 and N. Gamkrelidze [16] in 2005.

Convergence to stable limit distributions for sums of non-identically distributed
random variables have been considered by A. Mitalauskas [(7] in 1962 and V. Stat-
ulevicius [97] in 1967.

Asymptotic expansions in local theorems in the metric L, have been studied for
various values of p by Yu. Prokhorov [82] in 1952, V. Petrov [78, 79] in 19614,
S. Sirazdinov and M. Mamatov [92, 93] in 1962-3, and by P. Survila [100] in 1963.

Estimates of the remainder term in local theorems for densities have been stud-
ied by S. Sirazdinov [94] in 1965, V. Statulevicius [96] in 1965 and N. Sahaidarova
[94, 87] in 1965—6.

A number-theoretic approach to the proof of local theorems for lattice distribu-
tions has been developed by G. Freiman [12] in 1956 and by D. Moskvin, L. Post-
nikova, and A. Yudin [71] in 1970.

2.3 The Stone Integro-Local Limit Theorems

In this section, we will present a remarkable Integro-Local Limit Theorem (I-LLT)
established by C. Stone [95] in 1965, and also its refinements in several aspects by
C. Stone [99] in 1966 and A. A. Borovkov [18, 19, 20, 22, 23] from 1999 to 2017.

To study the asymptotic local behaviour for those distributions that are not
lattice (Definition 2.5), L. A. Shepp [389](1964) and C. Stone [98](1965) established
a version of Local Limit Theorem which is nowadays regarded as Integro-Local. The
result obtained by Shepp is a special case of the one by Stone when x is fixed. In
fact, Stone’s result in [98] in 1965 and its refinements [99] in 1966 are applicable
to the case of any stable limit law. But we will only focus on cases with normal
limiting laws in this project.

Integro-local limit theorems describe the asymptotic behaviour of probabilities
P (S, € (z,z + A]) as n — oo for a fixed A > 0, where S, is a sum of n random
vectors in R?. For the sake of brevity, for = [z, ..., 14 € R? and fixed A > 0, we
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put
d d

Alx] = (@, + Al = [ [(j.2; + Al = [[ A(zy] (2.34)
j=1 3=1
and denote by ¢(-) the density of the univariate standard normal distribution. Define
a non-lattice distribution as a distribution that is not lattice (cf. Definition 2.5).
The following two theorems present Stone’s result [98] in the case of normal
limit laws: Theorem 2.18 is for the one-dimensional case; Theorem 2.24 is for the

multi-dimensional case.

Theorem 2.18 (the Stone Integro-local Theorem: non-lattice, one-dimensional).
Let £1,&, ... be a sequence of non-lattice i.i.d. random variables such that & £ 13
forallk >1, E§E =0 and E€? = 02 < c0. Let Sy, =&+ -+~ +&,, n > 1. Then, as

o P (S, € Az]) = U%ﬁgb (%) +o (%) , (2.35)

where ¢ is the standard normal density and the remainder term o (1/+/n) is uniform

inx € R and in A € [Ar, Ag] for any fivzed 0 < A < Ag < 0.

Remark 2.19. If A = A, grows, then the asymptotics of P(S, € A(zx]) can be
obtained by summing the RHS of (2.35) for, say, A = 1 (if A, — oo is integer-
valued). One can check that the error term, after summing up, will have size o(1).

Thus the integral theorem follows from the integro-local one but not vice versa.

Remark 2.20. Relation (2.35) was extended by A. A. Borovkov and A. A. Mogulskii
[18, 19] in the multivariate setting to an asymptotic expansion in the powers of n=1/2
and also to the case where A can be vanishing. By the properties of densities, the
RHS of representation (2.35) has the same form as if the random variable S,,/(o+/n)
had the density ¢(-)+o(1), although the existence of the density of S, is not assumed

in the theorem.

Remark 2.21. The proof we present here is slightly different from C. Stone’s orig-
inal proofs [98]. C. Stone firstly proved the theorem under the simplifying assump-
tion limsupy,_,[1¥(t)| < 1 (the Cramér condition on the ch.f.) and then extends
to the general case. His approach is more natural, but we will directly deal with
the general case here, due to the page limit. If one is dealing with a case when the

Cramér condition is satisfied, then by replacing the “smoothing sum” in (2.36) with

10Here we adopt the notation from A. A. Borovkov’s papers instead of C. Stone’s. C. Stone
studies the integro-local theorems from the viewpoint of the n-fold convolution of laws which will
be different from our setup in Chapter 4. Also, note that, instead of A(x], A. A. Borovkov uses the
interval Alz) = [z,2 4+ A) in his work. This is because the definition he adopted [21] for the c.d.f.
of a random variable X is P(X < z), but the definition we adopted in this thesis is P(X < x).
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Zn = Sy + ns, where ns ~ Unif[—¢, 0] is independent of S,,, and following the same
type of argument as in the following proof, one can obtain a technically simpler

proof.

Proof. The proof uses the method of ch.f.’s. To use the inversion formula, we employ

the “smoothing method” and consider, along with S,,, the sums
Ly = Sy + 0n, (2.36)

where 6 is a constant to be chosen later, and 7 is a random variable independent of
&1,&, ... that has ch.f. equal to ¢, (t) = (1 — |t[) 1{y<1;''. Denote the ch.f. of £ by ¢
and let vy, (t) = max{0,1—0|t|}. Then the ch.f. of Z,, is ¢z, (t) = ¢™(t)1g,(t) which
is integrable at infinity. Whence, we can apply the inversion formula to express the

increments of the c.d.f. G,(x) of the random variable Z,, as

_ e—it(m+A)

it

Go(z+A) = Go(2) = P(Zy € Ala]) = — / e Vg (Dt (2.37)

T or

Let na ~ Unif[—A, 0] be a random variable with ch.f. 1, (t) = (1 — e™"2)/(itA),

then the RHS above can be re-written as

P(Z, € Az]) = a / e~ ()0 (¢ )dt, (2.38)
27 J<t
where &(t) := Uy (1)0ey,(t) is the ch.f. of the sum of independent random variables
na and On. As in the proof of Theorem 2.8, here we again split the integral on the
RHS of (2.38) into two sub-integrals: I; over the domain |t| < v and I over the
domain v < |t| < 1/60 such that P(Z, € A(z]) = A/(2n)([; + I5), where v is a
constant to be chosen in a certain way which will become clear later.
Put # = voy/n in both I; and I, and consider first

~

— —itvo/m, () ] :L —iuv n( U ) ( U >
I A@e b= [ e ()0 (S0 ) e

where the last equality is by changed variables u = oy/nt. As in (2.23), since

E|£/o]? =1 < 00, so in a neighbourhood of the point s = 0, one has the expansion
1 — 9e/0(s) = % + o(s?). This, together with the relation In (1 + x) = x + o(z) as
x — 0, gives

2

Iy, (s) = nln [1— (1 = deso(s))] = —%n +o(s)n. (2.39)

HThis is also in form of the density of the convolution of two uniform distributions on [—1/2,1/2].
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Relation (2.39) applies well to points in {s = u/\/n : |u] < yo\/n} if v was chosen

appropriately so that yo is close enough to zero. Substituting (2.39) into Iy, one

has . )
- U ~ U
L =—— e " exp {—— + hn(u)}z/z <—) du, (2.40)
! O‘\/ﬁ |u\<fya\/ﬁ 2 O‘\/ﬁ

where |(u/(ov/n))| < 1, ¥(u/(oy/n)) — 1 and hy,(u) = o(u?/n)n — 0 for any fixed
u as n — oo. Moreover, for v small enough, in the domain |u| < yo/n we have
| (u)| < u?/6, so —u?/2 + h,(u) does not exceed —u?/3. Hence, we can apply the
D.C.T. to the sequence of functions 1,(<yome” ™" exp {—u*/2 + ho (W) }h(u/ (0/n)),

as n — oo, to get

ov/nl, = / e dy +o(1) (2.41)

R
uniformly in v, since the integral on the RHS of (2.40) is uniformly continuous in v.
But the integral on the RHS of (2.41) is nothing but just, up to the factor 1/(27),

the result of applying the inversion formula to the ch.f. of the normal distribution,

so that . . 5 |
u? m
I, — Vorne T ) ==_ — 2.42
e () = e () e
where v = x/(0+/n). As for the integral

L= /7 s e~y (1)t dt,

1
4

since the domain of integration in I is compact, and so, by the non-latticeness of

&, one has on it the upper bound ¢ := SUD, << |9(t)| < 1. Therefore

|Ms¢/ D)t < ge(A, ), (2.43)
<L

1
0

where ¢(A, #) is bounded and depends on A and € only. Hence I, = o(1/4/n) holds
uniformly in x and A € [Ap, Ag] for any fixed 0 < A, < Ag < co. We have now
established that, for Z,, = S,, + 0n, the relation

P(Z, € Az]) = %(11 LI = U%(p (U%) +o (%) (2.44)

holds uniformly in € R and A € [AL, Ag] for any fixed 0 < Ap < Ag < o0, as
n — oo. It remains to show that (2.44) implies (2.35). Recall the latter states that

o et s (22) ()
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holds uniformly in € R and A € [AL, Ag] for any fixed 0 < Ap < Ap < o0, as
n — 0o.

This assertion can be proved as follows. Put 6 := §?A, where § > 0 will be
chosen later, Ay := (1 £20)A, Ay(z] := (2,2 + AL] and ¢y := max, ¢(y). We first
obtain an upper bound for P(S,, € A(z]). We have

P(Z,e A(x—Ad)) >P(Z, € A(x— Ad];|n| <1/6).

On the event {|n| < 1/}, one has |0n| < dA, and hence {Z,, € A, (x — Ad]}n{|n| <
1/6} 245, € A(z]} Nn{|n| < 1/}. This implies

P (Z, € Az — AS]) > P (S, € Ala]; ] < 1/8) = P(S, € Az]) (1 — h(6)),

where h(d) := P(|n| > 1/§) — 0 as § — 0, and the last equality above holds by
independence of 1 and S,,. But the LHS can be decomposed as

P(Z, € Ap(z — AS]) = P(Z, € As(x — AS))+P(Z, € A2])+P (Z, € As(z + A),

where As := A§. Applying (2.44) to each of the probabilities on the RHS, we get

P(Z, € Ay (z — AS)) < O\A/#ﬁ <0f/ﬁ) + 2;53‘/20 +o (%) , (2.45)

where the term (26A¢g)/(0y/n) + o (n™"/?) comes from P (Z, € As(z — Ad]) +
P (Z, € As(z + A]) by the uniform integrability of ¢. Hence

P(S, € A(z]) < L\A/ﬁgb (Uf/ﬁ) + 25%0 I (%)} (1= h(e)"".  (2.46)

If, for a given ¢ > 0, we choose A > 0 such that (1 — h(§))™' < 1+ (eA)/3 and
209 < €/3, then we derive from (2.46) that, for all n large enough and € small

enough,

P (S, € Az]) < aéﬁ {d) (Uf/ﬁ) + e} . (2.47)

Now we will obtain a lower bound for P(S,, € A(z]). Consider the event A :=
{Z, € A_(z + Ad]} who has

P(A) = P (A; |n] <1/8) + P (A; [n] = 1/6). (2.48)
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We have {Z,, € A_(z+ Ad]} n{|n| < 1/6} C{S, € A(z]} n{|n| < 1/6} and hence
P(A; |n| <1/6) <P(S, € A(z]). (2.49)

On the other hand, by the “idea” of LOTP, one as

P(A; [nl = 1/0) = E[P(A | n); [n] = 1/5] = E[P(S, € A_(x + 0+ Ad)); [n| = 1/9]

where the last equality is by independence of 1 and S,,. However, from (2.47) we
know that P(S,, € A_(z+0n+Ad]) < (A/(oy/n))(do+€), whence P (A; |n] > 1/§) <
(A/(ov/n)) (o + €)h(d). From this, together with (2.48) and (2.49), we get

P(S, € Alz]) > P(Z, € A_(z + Ad]) — %(% + e)h(5). (2.50)

We can employ the same idea as we did in (2.45) to get the lower bound

P(Z, € Ay(z — Ad)) > a?/ﬁqﬁ (J\%) _ 2;5?‘/20 +o (%) (2.51)

Now, if we combine (2.50) and (2.51) together with choosing ¢ such that ¢oh(d) < €/3
and 2d¢ < €/3, we get

P(S, € A(z]) > U\A/ﬁ [qﬁ (;/ﬁ) - e} . (2.52)

Finally, since € is arbitrarily small, inequalities (2.47) and (2.52) prove the required
relation (2.35) . This completes the proof of Theorem 2.18. [

Remark 2.22. One can see from the proof above that the RHS of (2.35) remains
the same even if the A(z] on the LHS is replaced by any of A(x) := (z,z + A),
Alzx) := [z, + A) and Alz] := [z,z + A], i.e., endpoints are not troublesome. The
same holds in the multi-dimensional case, since A(x] is just a direct product of

intervals,

Before presenting the multi-dimensional version of Stone’s theorem, we need to
first state, without a proof, the following result from linear algebra, which will be

used in Theorem 2.24 and other results in Chapter 4.

Proposition 2.23 (the Principal Square Root). Let M be a positive semidefinite
real matriz. Then there is exactly one positive semidefinite (and hence symmetric)

matriz S such that M = STS. This unique matriz is called the principal square root
of M, denoted by M'/2.
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Theorem 2.24 (the Stone Integro-local Theorem: non-lattice, multi-dimensional).
Let &1, &, ... be a sequence of i.i.d. random vectors in R such that & 2 & for all
kE>1,a:=Ef and ¥ :=Cov& =E [(5 — a)T(E—a)]. Let S, =& +---+&,n>

1. Assume that 3 is positive definite (i.e. & is nondegenerate) and all components

£y, ---»&@ of & are non-lattice. Then, as n — oo,
A4 (x —na)XY(x — na)’
P(S, € A = _ —d/2
(5n € Ala)) = (o yaes o { 2n } Ho)
(2.53)

A (2m) (Il(w —na)s |
n? Jdets NG

as n — oo, where ¢ is the uniwariate standard normal density. The remainder term

0 (n‘d/Q) is uniform in x € R and A € [Ar, Ag] with any fived 0 < Ap < Ap < oco.

) +o0 (n_d/z) (2.54)

The matriz X='/2 is the principal square root of ¥~' whose existence is guaranteed

by the positive definiteness of =1 and Proposition 2.23.

Proof. It can be proved using a multivariate analog of the same argument as in the
one-dimensional version (Theorem 2.18) by the method of ch.f.’s. A proof can be

found in C. Stone’s original paper [98] in 1965. O

In 1966, C. Stone [99] established a refined version of the above theorem, which
is applicable not only to non-lattice measures but also to lattice ones, or even to a
combination of the two. Again, although C. Stone proved a version that applies to
cases with any stable limit law, we are only interested in the normal limit case in
this project.

To prepare for the refined Stone’s Theorem, we need first to “tidy up” arbitrarily

given distribution in the following sense.

Proposition 2.25. For a random vector & := [€q), ..., &@)] in R? with an arbitrary
distribution, it is always possible to reduce & to the following form by a suitable linear

transformation (including a renumbering of coordinates and a shift of the origin):

(i) the first I coordinates &1y, . ..,&u) have non-lattice distribution, i.e., the ch.f.
P(A) = Ee™8 for X = [\i,..., ] € R, where (X, €) is the scalar product
of X and &, possesses the property (X)) < 1if Il > 1 and (A, ..., \] #0;

(ii) the remaining d —1 coordinates &1y, - - ., &y are arithmetic; i.e., each coordi-
nate is an integer, and the greatest common divisor of the differences between

its possible values equals 1.



24 Chapter 2. From Local to Integro-Local Limit Theorems

By Proposition 2.25, we can restrict ourselves to the class of distributions satis-

fying (i) and (ii). C. Stone |99] proves the following refinement in 1966.

Theorem 2.26 (the Stone Integro-local Theorem: any distribution). Let &;,&,, . ..
be a sequence of i.i.d. random vectors in R such that & < & forallk > 1, a .= EE
ad ¥ :=Cov€ =E[(£ —a)"(€—a)]. Let S, ==& + -+ &, n> 1. Assume that
Y is positive definite (i.e. & is nondegenerate), and all &, are in the form stated in

Proposition 2.25. Then, for a direct product of half-open intervals in R?

! d
A(x] = H(:):j,:pj+A] H (xj,z;+1]  forx=|v1,...,2q4], A >0,
j=1 j=l+1
one has
P (S, € Ai(x]) 1 (x — na)X(x — na)’

exp § — o (n~=4?
Al (27n)4/2y/det & P { 2n } o )
(2m)" @2 [z — na)S' 2| a2
TWERESS < Vn ) toln / ) (25

asn — oo, where ¢ is the density of the univariate standard normal. The remainder

term o (n_d/Q) is uniform in © € RY, and A € [Ap, Ar] with any fized 0 < Ap <

AR < 0o. The matriz /% is the principal square root of ¥~ whose existence is

quaranteed by the positive definiteness of X~ and Proposition 2.23.

A proof can be found in [99]. C. Stone first proved it under the Cramér condition

on the ch.f. and then extended to the general case.

Remark 2.27. If [ = 0 (all components &(;) are arithmetic), then, WLOG, one may
assume that @ is a vector with arithmetic coordinates, and replace the LHS of (2.55)
with P(S,, = ). In this case, the integro-local theorem becomes the local theorem
which was proved by E. Rvaceva (Theorem 2.14). If [ = d, then (2.55) recovers the
relation (2.53) we established in Theorem 2.24 for non-lattice laws. If 1 < 1 < d,
then £ is a combination with some of the components being lattice and some being

non-lattice.

It is natural to call this type of Limit Theorems Integro-Local since it contains
some elements of Integral Theorems (the probability that the sum enters a set) and
the Local Theorems (the set is small). This name makes it possible to distinguish
this type of limit theorems from the classical local theorems, which assume the ex-
istence of densities and are about the asymptotics of the densities of the sum. And

the classical Integral Theorems are much rougher than the integro-local ones in the
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sense that the former describe the asymptotics of the probability that the sum enters
“large” sets. The integral theorems can be deduced from the integro-local theorems
but not vice versa.

Hence the Integro-Local Theorem is perhaps the most perfect and precise ver-
sion of the classical Limit Theorems. Indeed, it does not assume any additional
conditions on top of the standard requirement of finite second moments (except
for distinguishing between the lattice and non-lattice cases) but has basically got
the same accuracy as the Local Limit Theorems without making any assumptions
about the existence of the densities. That means that the Integro-Local Theorems
are much more precise than the integral ones, and it is easy to see that one can
derive the assertions of the latter from the former, but not the other way around.

The integro-local theorems are of interest in their own right and serve as a key
element, for example, in computing the exact asymptotics of large deviation proba-
bilities for sums of independent random variables [21, Ch. 9|; in proving the asser-
tions about the first passage time of a remote curvilinear boundary by a random
walk [24]; in establishing integro-local theorems for compound renewal processes [21,
Ch. 10]; and in a number of other problems.

It is natural to ask if the reminder term o(n~%?2) in Theorem 2.26 can be sharp-
ened under minimal additional assumptions. The first step in that direction was
made by A. A. Borovkov [23] in 2016. He proved that, if Cramér’s strong non-
lattice condition limsup)y.,,[¢/(A)| < 1 on the ch.f. is satisfied and E|§[**" < oo for
some r € (0, 1], then the error term can be improved to O(n~(@*"/2) uniformly in
x € R and A € (¢",en*=")/2) for some ¢ € (0,1) and every fixed ¢ > 0. Later in
the same year, A. A. Borovkov and K. A. Borovkov [25] further developed the ap-
proach from [23] to derive the first term of asymptotic expansion for P(S,, € A(x]),
in the one-dimensional setting, with uniform bounds for the remainder term in the
case when Cramér’s strong non-lattice condition is met and E|£[*™ < oo for some
re[l,2].

Extensions of the Integro-Local Limit Theorems to the case of non-identically
distributed independent random variables were established, in the triangular array
scheme, by A. A. Borovkov in [20] in 2011. In this project, for the processes (involv-
ing non-identical sequences) to be introduced in the next chapter, we derive their

Integro-Local Limit behaviour. Our results will be presented in Chapter 4.



Chapter 3
Contagious Point Processes

This project is aimed at studying the local limit behaviour of the growing point
processes considered in K. A. Borovkov’s paper [28] which will be discussed in Sec-
tion 3.3. Briefly speaking, the process considered in [28] is a dynamic version of the
Neyman contagious point process. The latter was firstly introduced by J. Neyman
[75] in 1939 with its wide applications in Entomology and Bacteriology. The class
of Neyman contagious point processes, together with its history, will be discussed
in Section 3.1. Prior to [28], the first step taken in studing such contagious growing
point processes was taken by K. A. Borovkov and A. Motyer [26] in 2005, which will

be discussed in Section 3.2.

3.1 On contagious distributions: historical viewpoint

The term “contagious” in the context of point processes goes back to G. Poélya and
F. Eggenberger |34, 35, 81| in 1923 with the introduction of the well-known Pdlya-
Eggenberger urn scheme and its properties studied.

A brief description of the scheme is as follows. From an urn containing a red
and b black balls. At each time step, one ball is removed from the urn; its colour is
noted, and the ball is returned to the urn along with s additional balls of the same
colour; the experiment is then repeated using the newly constituted urn, and in this
way, a sequence of trials is performed. In fact, this model was firstly introduced by
A. A. Markov [63] in 1906.

This model has been used extensively in studies of contagion and served as a
prototype for many models discussed in the literature. One of them is the B. Fried-
man urn model [13] in 1949, whose elementary properties can be found in W. Feller
[39, p. 119] and M. Fréchet [11]. More advanced properties of B. Friedman’s urn

model can be found in A. D. Friedman [11] and D. Blackwell [15]. Furthermore, in

26
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1973, D. Blackwell and J. McQueen [16] described the construction of a Dirichlet
prior distribution by a generalization of Pélya’s urn scheme which is known as the
Blackwell-McQueen Pdlya urn scheme. Another well-known class of models moti-
vated from the idea of the Polya urn scheme is the Neyman contagious distributions
[75] whose story can be told as follows.

Contagious distributions have been applied to biological problems. For instance,
the spread and distribution of plants over an area, where we have initial or “parent”
plants, and others (“offspring”) associated with them in such a way as to render
the use of the simple Poisson distribution as a description of the spreading process
invalid. In such situations, new contagious distributions are in demand.

Neyman [75] developed a new class of contagious distributions in the fields of
bacteriology and entomology in 1939. But they can be equally applicable to situa-
tions where individuals or items are supposed to initially be dispersed in randomly
scattered groups — egg masses in the case of insects or clumps in the case of bacteria
— which are subject to a chance fluctuation in size. It may be supposed that there
occurs subsequently some spatial dispersion from the initial groups. Under such
a scheme, the distribution of individuals, or items, cannot be random. Since the
probability of an individual occurring in a given unit area is related to the probabil-
ity of other individuals occurring in that unit area, the distribution may be called
contagious.

Inspired by the idea of the Polya urn, Neyman [75] has suggested three types of
theoretical frequency distribution called Types A, B and C. These types all corre-
spond well to observed data for cases where the mechanism of dispersion is roughly
previously set forth. They proved to be better than the Poisson distribution and
superior to the negative binomials. The Neyman contagious distributions are prefer-
able in various biological applications, such as in the original work by Neyman [75]
in 1939 and in later work by Beall [3] in 1940 and by Archibald [3] in 1948. Types A,
B and C fit data progressively better. For illustration, one is the case of Pyrausta
nubilalis Hubn. in 1937 [3, Table VII|, where the types A, B and C give values of x?
with 0.011, 0.064 and 0.110. As a second illustration, there is the case of P. nubilalis
[3, Table VII|, where the types give values of x? with 0.05, 0.48 and 0.57.

However, Neyman’s types do not go far enough. It is indicated by their forms

that they are simply early members of a great family of distributions. This can be
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seen from the following ch.f.’s of types A, B and C"

SOA(t) = exp {ml {emz(eit_l) _ 1}}7
vp(t) = exp {m1 {emQ(eiLl) — 1 —mgy(e" — } /m }
po(t) = exp {2my {em 0 -1 = my(e — 1) - mi(e” - 1)2} fmi(e" — 1)},

where m; and my are parameters. This sequence of three forms suggests the following

general form:

i s+1 1)s+1
o(t) =expqmil'(n+1 :
— D'(n+s5+2)

where Types A, B and C are special cases when n = 0,1, and 2, respectively. For
n > 2 we should have new distributions. For n < 2 and not an integer, we should
have cases intermediate to Neyman’s A, B and C' Types. Further discussions about
the general form of Neyman’s contagious distributions can be found in |9, 1953|.

Inspired by Neyman’s contagious distributions and their shortcomings, more
methods appeared afterwards. Thomas [101, 1949| invented the double Poisson
distribution to describe non-random distributions of plants. Darwin [31, 1951] in-
vented another method of obtaining contagious distributions, of wider applicability,
and draws attention to some shortcomings of the two earlier methods. More aspects
of Darwin’s method were discussed by J. G. Skellam [95, 1952] and H. R. Thompson
[102, 1954].

Motivated by Thompson’s discussions in [102], a simple dynamic version of the
Neyman contagious point process was considered by K. A. Borovkov and A. Motyer
[26, 2005]. Onme can see from Section 3.2 that this simple point process is well-
behaved asymptotically. Further inspired from this observation, a general dynamic
version of Neyman contagious point process was considered in K. A. Borovkov [25].
One can see from Section 3.3 that the general version also possesses good asymptotic
behaviour.

In this project, we derive more detail about the asymptotic behaviour of the
growing point processes considered in [28] in the direction of local limit theorems.

Results will be presented in Chapter 4.
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3.2 On a simple growing point process model

This section describes the simple dynamic version of the Neyman contagious point
process considered in |26, 2005] and its asymptotic behaviour. This process differs
from the Neyman contagious process, which is a one-stage scheme, in the sense that
it is multistage.

The model considers the evolving in discrete time n = 0,1,... of the simple
point process

(X1, Xo, ..., X} CRY w(n) :=m +nk, (3.1)

where k > 1 is a fixed integer, that starts with an arbitrary (random) initial config-
uration { X, Xo,..., X,,} at time n = 0 and then grows as follows. Let, for each
time n > 0,

Pn = {pn,hpn,?a s 7pn,w(n)}7 (32)

denote a probability distribution on {1,2,...,w(n)}, and F, a distribution on R?,
and let N,,, Y, 1,..., Y, denote independent (of each other and also of the past
evolution of the process) random variables, with the distribution of N,, being p,, and
all' Y, ;, 7 = 1,...,k, following the law F,,. Then, given the configuration of the
process at time n > 0, k new points are added to the process at time n + 1 at the
locations

Xumy+j = XN, +Y,;,  J=1,...k (3.3)

Thus, first, we choose a “mother” at random from the existing points and then add
a fixed number £ of “daughter” points, randomly displaced relative to the mother’s

position. Note that, in the general case, the evolving point process is non-Markovian.

Remark 3.1. The process structure above also reminds that of a branching random
walk, see, for example, Harris [55, 1963], Asmussen and Kaplan |1, 1976] and Biggins
[11, 1997, p. 19-39]. In fact, if p, is a uniform distribution, the process under
consideration will be the embedded skeleton process for a k-nary continuous time

branching random walk.

In [26], the authors consider the case when the distribution (3.2) has the following
special form: for a fixed a > 0, for alln >0, 7 =1,2,..., w(n)

(I—a)/(1=a"™), a1,

1/w(n), a=1, (3:4)

Pnj = C,a’™',  where C, = {

and derive the limiting (as n — o00) behaviour of the common distribution P, of the
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newly added points at time n:
Pn = ,C(Xw(n,l)Jrl) == ,C(Xw(n)), n = 1, 2, ey (35)

where by L£(X) we denote the distribution of X. They also derive the limiting

behaviour of the mean measure M,, of the process:

w(n) m n
MU(B) =B | =S Lem | = o 3 LOG)(B)+ s ST R(B). (3

The contribution of the first sum on the RHS of (3.6) is negligibly small as n — oo,
and since nk/w(n) — 1, the limiting behaviour of M,, will coincide with that of the

distribution

E.(B) := %ZB(B). (3.7)

Remark 3.2. The particular choice of the distribution class (3.4) of p,, is mainly due
to a technical reason: it enables one to derive a simple product-form representation
(relation (9) in [26]) for the ch.f. of P,, which makes the derivation much easier. A

wider class of distributions p,, is considered in [25], it will be discussed in Section 3.3.

It turns out that, under some moment conditions, the limiting behaviour of P,
and M, will depend on the value of a in (3.4) in the following way. The above-

mentioned moment conditions are the following two:

(C1) The family of random vectors {|| Y, 1||}n>0 is uniformly integrable, and the se-
quence of means p,, := EY,,; has a Cesaro limit: for some p € R?, % ;‘:1 ni —

[ as n — oo.

(C2) The family of random vectors {||Y;,1||*}.>0 is uniformly integrable, and the se-
quence of the second-order moments matrices m,, := E(Y%Yn,l) has a Cesaro

limit: for some matrix m, = > i1y — M asn — oo,

Theorem 3.3. (i) Ifa <1 and F,, = F asn — oo for some distribution F', then
there exists a probability distribution P such that P, = P and M, = P as

n — oQ.

(ii) If a = 1 and condition (C1) is met, then, as n — 00, Xym)/Inn L 1 and
also K,, = 6, (the degenerate distribution at the point p), where K, (B) :=
M,(Blnn).

If, in addition, condition (C2) is satisfied, then, as n — oo, by letting v, =
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Z?zljfluj and L, (B) := M,(vVInnB+wv,,), one has L ((Xw(n) —v,)/Vin n) =
N(0,m), and L, = N(0,m).
Ifu, —pu=o (hfl/2 n), then v, above can be replaced by plnn.

(iii) Let a > 1. If condition (C1) is met, then, as n — oo, by letting b :=
(aF —1)/(a*) € (0,1) and U,(B) := M,(nB), one has X, /n L b and
U, = Unif[0, bu], where Unif[0, bu| denotes the uniform distribution over the
straight line segment connecting the points x and y in R,

If, in addition, condition (C2) is satisfied and the matriz sequence {ur p,} has
a Cesaro limit p?, then, as n — 00, by letting k, = by 7, p;/(1 — a~m=ki),
one has L ((Xum) — Kn)/v/1) = N(0,b(m — bu?)).

If 375 (j — u) = o(y/n), then K, above can be replaced by bun. More-
over, if also K, = o(\/n), then the distribution Q,(B) := M, (y/nB) converges
weakly as n — oo to a mixture of normal distribution with the ch.f. q,(t) =
2[1 — exp {—bt(m — bu?)t? /2}]/[bt(m? — bu?)tT).

Remark 3.4. The above theorem can be interpreted as follows.

If a < 1 (the older “mothers” are more likely to have offspring) and the displace-
ment distributions F), converge weakly to a limiting law F', then, roughly speaking,
the point process remains “forever clustered” around the initial configuration, as
with dominating probability any newly added point will have as its “mother” one
of a relatively few initials points of the process, and its displacement relative to the
“mother” will asymptotically follow the distribution F'.

If @ =1 (all “mothers” are equally likely to produce offspring), then, under mild
moment conditions (C1) and (C2), for X, hold both the LLN (under scaling 1/Inn)
and the CLT (after centring and under scale 1/v/Inn), with similar results being
true for M, as well. Thus, the process gradually “crawls” along the direction of
the asymptotic mean drift of the displacement vectors Y,,, with this movement ever
slowing down and the “cloud” of the points growing even slower around the mean
trend value.

If a > 1 (the younger “mothers” are more productive), results for X,, are similar
to those in the case a = 1 (but with scaling 1/n and 1/y/n, respectively), whereas
M, can be approximated by a uniform distribution along the “mean drift” line or, in
the case of asymptotically negligible drift, by a mixture of normal distributions. In
words, the process propagates at a constant rate along the direction of the asymp-
totic mean drift (if it is non-zero), with an “error” in positioning new points around
the mean drift line being of the order /n, typical for a random walk (with a finite

variance). One could observe that this kind of behaviour appears to be quite natural
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for the model, all the more so since, say, in the case k = 1, as a — 00, the limiting

for our model process is a random walk indeed.

This simple model was further studied in [27, 2006, in the case where k = 1,

d=1,Y,; >0, and the weights w,, were assumed to be random.

3.3 On a dynamic version of Neyman contagious

point process

This section describes the model considered in [28; 2014|, which is generalized from
the simple model discussed in Section 3.2, and its asymptotic behaviour.

The point process starts with an initial configuration of kg > 1 random points
Xo1,---, Xok € RY d>1,labeled! with respective weights wo; > 0,7=1,..., k.
At time step n > 1, k, > 0 new points are added to the process, with weights

wn717 P ,wn,kn.

Remark 3.5. The roles of the weights w, ; > 0 will be to characterize the “fitness”,
or reproductive ability, of the individuals to be associated with the points to be
added to the process at the n-th step (they can be used, for example, to model
the aging of the individuals), as they will be used to determine the probability

distributions for choosing new mothers in the future.

To specify the locations of the newly added points, let W_; := 0, and , for n > 0,

set B}
W, = an,la W, = Zwr. (3.8)
=1 r=0

Then, at step n + 1 > 1, an existing point X, ;, 0 <r <n, 1 < j <k,, is chosen at

random, according the probability distribution

Wr;

W,

Prni={Purj  0<r<n1<j<k}, po= (3.9)

Denote that point (chosen at time step n+ 1) by X and add k,; > 0 new points

to the process, at the locations

Xosr =X+ Yoy, 1< T< Ky, (3.10)

n fact, in [23], each random point X, ; are equipped with not only a weight w,, ; but also a
quantity u,_; > 0 which specifies the amount of a “resource” attached to the individuals (e.g., the
body weight). But we will only focus on models with weights only in this thesis.
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where we assume that the random vector [Yn+1 1y Yn+1 K, H} (R4)kn+1 is inde-
[28], and also in thl_S Ehes_ls_(Chapter 4), we assume nothing about the Character of
dependence between the components Y,, 11, (in particular, some of them can coin-
cide). Denote by

Unj(t) :==Eexp {itX, .}, teR’ (3.11)

the ch.f. of the distribution P, ; of the point X, ;, n > 0, 1 < j < k,, and set, for
n=0,1,2,... and t € R%,

=|E

kn
== annj7 77/}71 = an]¢NJ E ﬂi an,n,j¢n,j(t)a (312)
noi—1

where my := 1. That is, 1, is the ch.f. of the mixture law P, := Z] | Wn i P,

which coincides with the conditional distribution of the location X:; of the mother

7]’

point for step m + 1 in our process given that this point was chosen from the k,
points added at the previous step. For n such that k,, = 0, we can leave ¢, ; and ¢,
undefined. Further, denote by

fnj(t) =Eexp {itY,[}, teR’ (3.13)

the ch.f. of the distribution @), ; of the displacement Y, ; and set

kn
L D Waifus(t). (3.14)
n j=1

For n > 0, set p,, j := EY,, ;, m,; := EY,1.Y, ; (when these expectations are finite),

n,j o+ n,jg
and let
kn

n
1
M = — E Wi jngs My = — Y Wy My j, (3.15)
Wy = wn £

such that u,, is the mean vector of the distribution with ch.f. f,,, while m,, is the
matrix of (mixed) second order moments of that mixture distribution.

The paper [20] considered in Section 3.2 is a special case of the current model
where k, = k = const, n > 1, and the weights being assumed were of the form
wy,; = a”, j = 1,...,k, for some constant @ > 0, with Y, ;, j = 1,...,k, being
i.i.d. One can check that the current model, under above constraints, reduces to the
construction in (3.1), (3.2) and (3.4).

It turns out that, for the current generalized model, a version of Theorem 3.3

can be obtained. However, in this thesis, we will only be interested in the case when
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the total weight of points in the process, the W, in (3.8), is unbounded as n — oc.

Theorem 3.6. Assume that w, = §,n*L(n), n > 1, where {&, > 0} is Cesaro
summable to a positive value S;(£)* , a > —1 and L is a slowly varying (at infinity)

function®.

(C1*) The family of random vectors {|| Y ||} jyea is uniformly integrable, and the

sequence {&,pun} is Cesaro summable with sum S;(&p).

(C2*) The family of random vectors {||Y; ;|*}n.jea is uniformly integrable, and the

sequence {,m,} is Cesaro summable.

(i) If condition (C1*) holds, then' w-lim, ;) P, ;(-Inn) = 6x(-), where &5 is the
unit mass concentrated at the point X := (o + 1)S1(Epw)/S1(€) € RE and one
has v, := (Inn)~! E::ll Trlby — X as n — 00.

(i) If condition (C2*) holds, then the limit w-lim, ;) of the distributions of (Inn)~1/?(X,, ;—
v, Inn) ezists and is equal to the normal law in R? with zero mean vector and

covariance matriz (o + 1)S1(§m)/S1(§).

Remark 3.7. One can see from the proof of Theorem 3.6 (cf. relation (16) in [28])
that, under the above assumptions of w,, the asymptotic behaviour of 7, = w, /W,
as n — 0o is m, =< 1/n which means that the sum e, := Y, m < Inn as n — oc.
From this observation, one can see that the integro-local limiting behaviour derived
in Chapter 4 (cf. Theorems 4.4 and 4.5) is consistent with the integral limiting

behaviour derived in the above theorem, and the former is stronger.

Remark 3.8. The paper [28] also deals with the asymptotic behaviour of mean
measures and processes of the above type evolving in random environments. These

are not considered in the current project.

The model we are dealing with belongs to the class of “preferential attachment
processes”. The most famous one of them was proposed in the much-cited paper [7]
where new nodes were attached to already existing ones with probabilities propor-
tional to the degrees of the latter, with the aim of generating random “scale-free”
networks that are widely observed in natural and human-made systems, including

the World Wide Web and some social networks. Since then, there appeared quite a

2This means, by definition, that lim,, . (1/n) Y= & =Si(6)

3This means, by definition, that for all @ > 0, lim, . L(az)/L(z) = 1.

4The notation w- lim(, ;) stands for a limit over all pairs (n,j), n > 0, 1 < j < ky, in the
topology of weak convergence of distributions instead of the ordinary component-wise (point-wise
for functions) sense.
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few publications on the topic, including a monograph [33]. In most cases, in the ex-
isting literature, the “attachment rule” depends on the degrees of the existing nodes
(possibly with some variations as, e.g., in [2], where new nodes may link to a node
only if they fall within the node’s “influence region”.

Models of such a kind can be used to describe the dynamics of the population of
microorganisms in varying (in both time and space) environments and the process
of distribution of individual insects (as in the larvae example from Neyman’s paper
[75]) or colonies of social insects (such as some bee species or ants). In particular,
they can be of interest when modelling foreign species invasion scenarios. Further
examples include dynamics of business development for companies employing multi-
level marketing techniques (or referral marketing). One can think about the points
in this process as nodes in a growing random forest, the roots thereof being the
initial points, with edges connecting “daughters” to their “mothers”.

In paper [28], only integral limiting behaviour was derived for the model. How-
ever, in this project, we derive the integro-local limiting behaviour of the model.

Results will be presented in the next chapter.



Chapter 4

Results

In this chapter, we present the main results of this project studying the local limiting
behaviour of the model described in Section 3.3. In particular, we will derive the
limiting behaviour of the local probabilities of the chosen “mother” point X in

(3.10) in R?, for some d > 1, when n — oo.

4.1 Preliminaries

To prepare for the main theorems, in this section we first derive a “cleaner” repre-
sentation for the distribution of X and make three general assumptions that will
be applicable to all of the remaining sections.

We first recall and explain several observations (i.e., relations (4.1)—(4.2)) from
the paper [26]. First note that, at time step n + 1, by the idea of the law of total
probability (LOTP) formula, the ch.f. ¥,, of X can be written as

n k-

Vo =) poratbrts Unsry = Ynfosrs, (4.1)
r=0 I=1
where we recall from (3.11) and (3.13) that ¢, is the ch.f. of X, ; and f,41; is the
ch.f. of Y, ;. The first relation above holds because X is chosen from the set of
all existing points {X,;}o<r<n1<i<k, according to the probability distribution p,, in
(3.9), and the second relation is due to (3.10).
Using (3.9) and the observation that py,,.; = pn—1,;Wn-1/Wn = pn_1,;(1 —mp)

36
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for all r <n, 1 < j < k,, we obtain for n > 1, employing (4.1) and (3.12), that

n—1

kr
anrlwrl +annlwnl
=1

= (1 - 7T-n)\Ijn—l + an,n,l\pn—lfn,l = (]- - 7Tn)\lln—l + 71-n\I[n—lfna
=1

r=0

where f,, is the ch.f. of weighted average displacement at step n defined in (3.14).

Then, by recursion, one has
H (1—m) 4+ 7 f]- (4.2)

Assumption 4.1. At each time step r > 1, the weighted average displacements
L Zkrlmem of daughters are identically distributed. That is, in terms of the

Wy

ch.f. f, = Zj LWy frj defined in (3.14), we assume f, = f from now on.

Remark 4.1. A special case of Assumption 4.1 is when daughters’ displacements
Y, ; are identically distributed for all » and j. Assumption 4.1 is better than as-
suming identically distributed daughters in the sense that the former includes the
case when daughters within each step are non-identically distributed but the overall
distribution of daughters in each step is identical, which is a natural case to appear

in applications.

Under Assumption 4.1, let 7, := 1 — m,. Then (4.2) becomes ¥,, = [['"_, (7 +
7, f). This product is a polynomial in f. Denote the coefficient of f* in this poly-

nomial by b, ;’s:
=[] +mf) = ankf’f (4.3)
r=0

which indicates that X has a mixture distribution which can be formulated as
follows. Let Yy, Y1, ...,Y, be a sequence of i.i.d. random vectors with the common
ch.f. f and I, ~ Bernoulli(m,), forr = 1,...,n, such that all of Iy, ..., [, Yo,...,Y,
are independent (I := 1). Then the probabilistic interpretation of (4.3) is

X;E3 LY, n>1 (4.4)

Denote the law of X7 by Lx: and let F' be the law corresponding to the ch.f. f.
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Then (4.3) implies
Lx: = Z by i ¥, (4.5)
k=0

where F** is the k-fold convolution of F with itself.

Remark 4.2. For each n > 0, the collection of coefficients {b, x}o<r<, forms a
discrete probability distribution. This can be verified as follows. Firstly, evaluating
(4.3) at 0 gives 1 = > _7'_ by . Secondly, since 7, and 7, both in [0, 1], all possible
coefficients in the sum expanded from []'_ (7, + 7, f) must be non-negative. Such
a distribution is known as the Poisson binomial distribution, which is a special case
of the so-called generalized binomial distribution (allows non-constant probabilities

of success from trial to trial).

Let B,, be a random variable with P(B,, = k) = b, for k = 0,...,n. Note that

the existence of such a B,, is guaranteed by Remark 4.2. Then, from (4.3), one has

B, <Y I, (4.6)
k=0

where the independent indicators [ are those from (4.4).

It turns out that the mean and variance of B,, will be the key features in analyzing
the local limiting behaviour of X, and hence that of the mean measure M,. It
follows from (4.6) that

e, :=EB, = Zwk, ¢> = Var B, = Zwk(l — k), (4.7)

k=0 k=0
where 7, := wy /Wy, defined from (3.12), which represents the probability that the
mother chosen at step n+ 1 is the point added to the process at step n. Recall from
(3.8) that w, is the total weight of those points added in step n and W, is the total

weight of all points, existing at that time.

Assumption 4.2. The sequence of standard deviations diverges to infinity when

time evolves: q, — oo (whence e, — o) as n — oo.

Assumption 4.3. There exist § € (0,1) and N < oo such that m, < 1—6, Vk > N.

An immediate consequence is de, < ¢ < e, which means ¢> < e, as n — oo.

Remark 4.3. In the following three cases, we analyze the asymptotic behaviour of
their sequences e, and ¢,. It turns out that Assumption 4.2 and 4.3 are satisfied in

each case.
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Case 1: If w, = const for all n > 0 (the overall weight added in each step is

equal), then m,, = L which means that e, =Y, o1 <Inn < ¢2 as n — oo.

Case 2: If w,, = cn? for some ¢ > 0,p > —1 (the overall weight added in each

P+l
p+1 -

T < 2Vn >2p+2and hence ¢2 < ¢, > > | 1 — 00 as n — o0.

step increases as a power function), then' W, =<

Hence one can obtain % <

Case 3: If w,, = ae’™ for some a, 3 > 0 (the overall weight added in each step
increases as an exponential function), then Hﬁ <y < ﬁ%lw <1Vn > 2 and
hence ¢; < e, > 7%= — 00 as n — 0.

Note that the cases with w, increasing slowly so that lim, ,. W, < oo are not

considered in this chapter.

4.2 Local Limit Theorems for non-lattice X;’fL

For the location X of the “mother” chosen at time step n + 1 in the non-lattice
case, we derive the following results for the limiting behaviour of its integro-local
probabilities: the one-dimensional case in Theorem 4.4; the multi-dimensional case
in Theorem 4.5.

Recall that F'is the law corresponding to the ch.f. f of the weighted average
displacement in R? (cf. Assumption 4.1). Recall e, and ¢, from (4.7). Recall from
(2.34) that, for any A > 0, ¢ € RY, A(z] := (z,z + A] is a direct product of left

open and right closed intervals.

Theorem 4.4 (the one-dimensional non-lattice case). Let the law F be non-lattice
with mean u < oo and variance 0® < oo, under Assumptions /.1 — 4.3, the local
law Lx:(A(z]) = P(X; € A(z]) of X;; € R has the following asymptotic behaviour:

(i) for the case with p =0, one has

Lxi(A) = =0 (=) +o (=) (1)

(ii) for the case with u # 0, one has

A T — jey, 1
Pl = et (m) o) o

where the remainder term 0(1/\/5) i both cases is uniform in x € R, and in
A € [Ap, Ag] with fited 0 < Ap < Ar < 0.

Tt was firstly derived by J. Bernoulli in [10] for integer-valued p. Further studied by Karamata.
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The proof of Theorem 4.4 will be given in Section 4.3.

We also derive a multivariate version of Theorem 4.4 for the case with higher
dimensional locations X* € R? for d > 1. Denote the Euclidean norm by |[|-||. Recall
from (2.34) that A(x] := H;l:l(xj, zj+ Al for A >0 and x = [21,...,24 € R

Theorem 4.5 (the d-dimensional non-lattice case). Let every margin of the law F
be non-lattice. Let the mean vector p and covariance matriz ¥ (corresponding to
the law F) have all entries finite. Assume that Y is non-singular (i.e., X1 exists),
together with Assumptions 4.1 —4.5. Then Lx: (A(x]) = P(X € A(x]) has the

following? asymptotic behaviour:

(i) for the case with p =0, one has

Ad(950)~(d-1)/2 $-1/2
Lx; (A(x]) = eg/;\)/m ¢ <||ar;\/€_ H) +o (e,jd/z) ; (4.10)

(i) for the case with u # 0, put M = ¢,°u” u + e,%, one has

Lx; (A(z])

_ AR @ pe) MY
T Vaant ( Ve )+0(" )

where the remainder term o (e;dm) in both cases is uniform in * € R?, and in
A€ [AL,AR] with ﬁxed 0< AL < AR < 0.

The proof of Theorem 4.5 is long and hence will be given seperately in Section 4.3.

Remark 4.6. One can think of Theorem 4.4 as an extended version of the one-
dimensional Stone’s Theorem 2.18 and think of Theorem 4.5 as an extended version
of the multi-dimensional Stone’s Theorem 2.24. Both are extended in the sense
that they are applicable not only to a sum of i.i.d. terms, but also to the case
where the summands are independent but non-identically distributed: I,Y,., where
I, ~ Bernoulli(r,), Y, are i.i.d. and all I and Y, are independent, cf. (4.4).

Remark 4.7. Since Theorem 4.4 is valid for any fixed A > 0, together with
Remark 2.20, it is easy to see that Theorem 4.4 will also be valid when A =
A, — 0 sufficiently slowly as n — oco. By the properties of densities, the RHS
of representations (4.8) and (4.9) have the same form as if the random variables
X — pey) [/ 112q2 + o%e, had the density ¢(-) + o(1), although the existence of

the density of X is not assumed in the theorem.

2Note that the ¢ is Theorem 4.5 is still the univariate standard normal density. We don’t need
to introduce multivariate standard normal density ¢umu1t; since it can always be expressed through
the relation @uui(t) = (2m)@=D/24(|t]), t € R™
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Remark 4.8. If A = A,, grows, then the asymptotics of P(X} € A(x]) can be
obtained by summing up the representations in Theorem 4.4 or Theorem 4.5 for,
say, A = 1 (if A, — oo is integer-valued), cf. Remark 2.19. Thus the integral

theorem follows from the integro-local one but not vice versa.

Remark 4.9. The integro-local limit behaviour derived in Theorem 4.4 is consistent
with the integral limit behaviour derived in [28] (cf. Theorem 3.6) as it is expected
to be. One can see this consistency from Remark 3.7 which explains that, under
conditions of Theorem 3.6, we have m,, < 1/n, whence e,, < Inn, as n — oco. Further,
one can see that Theorem 4.4 and 4.5 are refined in the sense that they can imply

Theorem 3.6 but not the vice versa.

4.3 Proofs of Theorem 4.4 and Theorem 4.5

This section contains two proofs: the former one for Theorem 4.4 and the latter
one for Theorem 4.5. Note that in both proofs, we use o(-) to indicate the little-oh
that is uniform in x and A € [Ap, Ag] for any firxed 0 < Ap < Ar < o0, and
use 0,(+) to indicate the little-oh that is uniform in A € [Ap, Ag] for any fized
0 <AL < Apr < 00, but depends on x. The same convention applies to O(+).

We first state two auxiliary assertions that will be used in both proofs.

Lemma 4.10 (Bernstein’s inequality). Let (1,...,(, be a sequence of independent
random variables with zero mean and there exists an M < oo such that |(;| < M
a.s. for all i > 1. Then, for all t > 0, one has

n th
' (; “ t) =P {_2?1 EZE + %Mt} (4.12)

A proof of this equality can be found in [12].

Lemma 4.11 (Lindeberg’s CLT). For a sequence of independent random variables
C1,Cay - .. with mean p; < 0o and variance o7 < oo, let g2 =Y i, o7. 1If, for every

T > 0, the following Lindeberg condition holds:

1 n
Ly = 2 ZE (G = 1) - Lf¢—pu>rau}] = 0 asn — oo, (4.13)
n =1

then lim, oo P (B, < gt + >, pt;) = D(t) for all t € R, where ® is the c.d.f. of

the standard normal distribution.
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Remark 4.12. One can check that the Lindeberg condition (4.13) holds in our case
of (x = I, ~ Bernoulli(m): 0 < ¢, < % Sor El(Li—m)?] = % S m(l—
m)(1—2m) < # — 0 as n — oco. Hence, we have lim,, o, P (B,, < qut + e,) = ®(t)
for all t € R.

Remark 4.13. The CLT for the sums B, of independent random indicators is of
interests of its own. Finner results were derived by, for example, Mikhailov [66],

from which lim, o, P (B, < gnt + €,) = ®(¢) can be obtained as a consequence.

Both proofs start with splitting the sum on the RHS of (4.5) into two sub-
sums: over the domain k& € C°N{0,...,n} and over the complementary set, where
CY = [en — AnGn, €n + anqy) for some a, > 0. Recall from (4.7) that e, := EB, and
qg := Var B,,. The divergent sequence a, will later be chosen such that P(B,, €
Co) = > keco o<k<n bnk — 1 as n — oo. That is, for any @ € R? and A > 0, one has

Lx;(Aa) = Y buFH AR+ Y buFtAE).  (414)

keCY, 0<k<n k¢CY, 0<k<n

Proof of Theorem 4./. The proof of Theorem 4.4 takes six steps. In Step 1 we
approximate the first sum in (4.14) using Stone’s Integral-local Theorem 2.18; in
Step 2 we show that the second sum in (4.14) is negligible compared to the first
sum; in Step 3 we “clean up” the summands and then obtain the desired result
(4.8) for the case with y = 0; in Step 4 we approximate the coefficients b, ; using
Theorem 2.17 [65] (an extended version of Gnedenko’s Arithmetic local limit Theo-
rem 2.8 to the “non-identical case”); in Step 5 we do Riemann sum approximation
to get an integral expression; in Step 6 we employ the idea of convolution integrals

to obtain the desired result (4.9), which completes the proof.

Step 1. A natural first step is to approximate F**(A(z]) in the summands of
the first sum on the RHS of (4.14), since it is in the form of the local law in
the Stone Integral-local Theorem 2.18. This will become clearer if we formulate it
by considering a sequence of i.i.d. non-lattice random variables &;, ..., & with law
F such that F**(A(x]) = P <Zf:1 & € A(x]) Applying the Stone Integral-local

Theorem 2.18 to the sequence of non-lattice i.i.d. random variables {&; — u};>1 gives

P (2; & € A(x]) - 0% ¢ (“’;\g‘) +o (ﬁ) ask — oo,  (4.15)

where the remainder term is uniform in x € R and A € [Ap, Ag] for any fixed
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0 < AL < Ag < oo. Substituting (4.15) back into (4.14), the sum-up error term is

1 1 1
Z by, 10 <—> = Z by 10 (—) =0 < ) (4.16)
keCl, 0<k<n vk kel 0<k<n Ven Ven

if a,, will be chosen properly (in the next step) such that a,q, = o(e,), from which
one has k = e, (1+ 0(1)) Vk € C? and hence the first equality in (4.16) holds. The

second equality is simply due to ), <hn O = 1.

Step 2. A natural second step is to choose a,, properly such that the sum over
{0,...,n}\C° on the RHS of (4.14) has a consistent order with the error term from
(4.16), i.e., 0 (67;1/2)7 when n — oco. First note that, for any z € R and A > 0, one

has 374000 o<pen bk F*F(A(x]) < > kgt o<ken bnk = P(Bn ¢ C%). By this upper
bound, by applying Bernstein’s inequality (4.12) in Lemma 4.10 to the sequence
I; — m; with t := a,q, and M := 1, one has

. —a2
P(B, ¢ C°) < 2 _ "%t 417
(B € < 20 () (1.17

where the RHS will have the desired order o (1 / \/a) if we choose
an, == (1+p)y/Ine, for some S > 0. (4.18)

One can check that, with this choice of a,,, the relation a,q, = o(e,) is satisfied and
hence (4.16) always holds. Combining (4.14) — (4.18) gives

N bn,ka\A/Ed) (“”U_\/%“) +o <¢1e_n> o (19)

keCY, 0<k<n

Step 3. Approximate the two k’s in denominators on the RHS of (4.19) by e,,.
It is reasonable to do so because, as n — oo, the width 2a,q, of C° is negligible

compared to the location e, of its center. We end up with the following error term:

o 2wl (o) e ()]

kecy, 0<k<n

Lemma 4.14. The error term ¢, has order o (1/@) asn — 0o, uniform inxr € R
and in A € [Ap, Ag] for any fired 0 < A < Ag < 0.

Proof of the Lemma. Suppose that we have already shown that the ratio R :
ﬁ(b(ﬁ) /#a¢< < ) is 1+ o(1) for each k € C% as n — oo. Then g, =

o\/én
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z—k z—k
ZkeCO 0<k<n On kzarqb < #> o(l)=o0 (%) Zkecg, 0<k<n Onk® (U\/%> , Where the
sum Zkeco 0<k<n bnk® (Ur> < 1 because Zkecg, 0<h<n Unk = P(B, € CY) <1

with the coefficient of b, being ¢ <§;—%> < 1/4/27m < 1 for each k. Hence it suffices
to show that R = 1+ o(1) as n — oo. It turns out that the discussion of R will

depend on the value of x. A natural way is to split it into two cases: when x is inside
or outside the interval [ue, — a2qn, pe,+a2q,]. WLOG, we can assume that p # 0.
Note that, for case when pu = 0, the interval to be used is [—a2q,, +a2q,], which
is centered at 0, but nothing else in the following argument needs to be changed.

Based on relations k = e, + O(a,¢,) and a,q, = o(e,), we have
_ en (x—ku)? (1 1 _en W’ (x/p >k
= k exp{ 202 e, k SV ok b 202\ k en(k en)
2 2
en L x/p en + O(angn)
— I —_—— -1 e — ndn
en t Olang) T { b (e Oty 1) 200

= 1+ o) exp { (1) o<anqn>},

where the last equality is due to e,/ (e, + O(ang,)) = 14+0(1) and (e,+O0(anq,))/en =
1+0(1) as n — oc.

Case 1: For x € [ue, —a2q,, pe,+a>q,], we call the ratio R in this region Re and

2
one has the relation <en++vil%) _ 1> < <en+aigziuo—(2;3(anqn)> =0, < n§n> which

implies Re = (14 o(1))exp {Ow (%)} From Assumption 4.3 and the choice
(4.18) of a,’s, for any z and A, we will have (a2g)/e2 = O([lne, )%/ /en) = o(1).
Hence, for those x € [ue,—a2q,, pe,+a2qy), one has Re = (140(1)) exp {0, (0o(1))} =
(1 +o0(1)(1 4 0.(1)) = 1+ 0,(1) as desired, where the second equality is due to
exp {o,(1)} =1+ 0,(1).

Case 2: For the case when z ¢ [ue, —a2q,, pe,+a2q,], the discussion is simplier.
Since those x satisfy |r — ,uen|/qn > a?, and hence ¢ <9c k“) = ¢ <&> <

oqn(1+o(1))
M — 0.(1). Similarl h a=ku\ _ (1
o iy ) < 2\ o 1+O(1)) 0,(1). Similarly, one has ¢ v 0:(1).
Whence, we have ¢; = o(1/,/€n).
Combining these two cases gives us that ¢; = o(1/,/e,) uniformly in € R and in
A > 0. This completes the proof of Lemma /.1/.
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By Lemma 4.14, relation (4.19) has now been approximated by

Lx:(Alz]) = > b"”“aja¢ (xa_ Z) +0 (\/t_n) : (4.20)

keCy, 0<k<n

where the error term is proven to be uniform in € R and in A € [A}, Ag] for any
fixed 0 < A < A < 00.

One can observe from (4.20) that when p = 0, the ¢(-) term will not depend

e (*) P(B, € C°). But when n — o,

P(B, € C)) = 1+ o(1). Hence, in the case p = 0, we simply have Lx:(A(z]) =

) +o0 <\ﬁ) by which we have obtained the result (4.8) in case (i).

A T
a\/aqb o\/en

From now on to the end of the proof, we will always assume that p # 0.

Step 4. Next we approximate coeflicients b, ;, = P(B,, = k) in (4.20) using ¢.
Since B, is a sum of independent but non-identically distributed random indicators,
we apply Theorem 2.17 (with the shift parameter e,, and the scale parameter g, ). In
order to obtain the limiting behaviour (2.33) from the Theorem, we need to firstly
check its conditions.

The first condtion (2.31) (about the domain of attraction) has already been
verified in Remark 4.12 and the second condition (2.32) can be verified as follows.
Since the p.m.f. p,, in our case equals P(1,,, = k) = T 1ip=13 + (1 — mm) L=}, the
denominator in (2.32) becomes " >~ o Dp (K)Apm(k+1)] = >0 4 (1= ATt

m=1
2

for each n. But (1 — m,)7, < (1 — my,) A, for all m, whence ST S

1 for all n > 1 (recall that ¢2 := > " _ (1 — mg)mg). By this we have verified
condition (2.32). Now we can apply the result (2.33) from Theorem 2.17 to get

P(Bn:):—¢< €)+o<i) as n — 00, (4.21)

Gn dn qn

where the error term is uniform in x. Combining (4.20) and (4.21) gives

- 1 k—e,\ A x—ky) ( 1 )
L« (A = - +oeg + -
x;(Aa) kecg%@qy( ) Do () o (o

where the error term is g5 = 0 ( ) EkeCO 0<k<n U\/e—¢ <J 5 >

Lemma 4.15. The error term eo has order o (1/\/5) as n — oo, which is uniform
inz €R and A € [Ap, Ag| for any fited 0 < Ap < Ar < 00.

Proof of Lemma 4.15. Let Z, == Y co g<pen #aqﬁ (%’%) Since g, < \/en
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(cf. Assumption 4.3), it suffices to show that =, = O(1) as n — oo. By defining
hyp = p/(oy/€,) and y,, := x/(0,/€,) one has

S=r Y hol- <—-Zjh¢ ).

kecg: OSkSTL k*—OO

where, for the inequality, we assumed that p > 0. (If 4 < 0, just take the absolute
value of Z,).The key in this proof is the following property: for any z € R and
h € (0,1/2), one has

#(z) < min ¢(s)+ min ¢(s) (4.22)

s€[z—h,z2] s€[z,z+h]
which can be proved as follows. There are three cases of z:

Case 1: When z > h, then z > z — h > 0. Since ¢ is monotonically decreas-
ing in [0,00), we know that ¢(z) < ¢(s) for each s € [z — h,z]. Then ¢(z) <
minse[z—h,z} ¢(8)

Case 2: When z < —h, then by symmetry with Case 1 we have ¢(z) < ¢(s) for
each s € [z,2 + h]. Then ¢(2) < mingep, .4n) (5).

Case 3: When z € (—h, h), then for any s € [z — h,z + h]) one has |s| < 2h.
Hence ¢(s) > ¢(2h) = ¢(0)e 2" > $(0)/2 since e 2" > 1/2 when |h| < 1/2. Also
P(z) < ¢(0) always. Now one has ¢(z) < 2mingepz—p.4n) () < Minge—p 2 P(5) +
mingep. .41 ¢(s). By this we proved the property (4.22).

Since e, — oo (cf. Assumption 4.2), there exists an N > 1 such that for all
n> N, h, € (0,1/2). Hence

hn¢(yn - khn) <h, min ¢(S) + hn min qb(s)

Se[yn_khn_hna yn_khn] Se[yn_khny yn_khn‘i‘hn}

—khn e (k—1)hn
S/y ¢(s)ds+/y 1 o(s)ds,

Yn—(k+1)hy, n—khn

which implies

Zhnqﬁ — khy,) <Z/

k=—00 k=—00 Y Yn— (k+1)h k=——o00 —khy,

=gkmm$m=

Hence |=,,| < 2/|u| for n > N. This completes the proof of Lemma /4.15.

Yn—khn o Yn—(k—1)hn
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By Lemma 4.15, the local probability has now been simplified to

Lx:(Az]) = Uje—nkecg;kanin(b (k ;n€n> ¢ (2};?) +0 (\/16_”) . (4.23)

Step 5. First notice that Zte”a”qw is equivalent to D) ccongg 0 Since 0 <

k=[en—angn] = ~1 YT UYL akeCON{0,...,
en—0nQn < €n+a,q, < n by choice of a,, in (4.18). Define g (y) := ¢ <y — Z—") 10) <“"”ULZZ‘”)
such that g(k/q,) = ¢ (%) o} <§\7—%> in summands of (4.23). Since g is Rie-

mann integrable with repect to y, we can apply the left Riemann sum approx-

imation of g over the interval [[e,/q, — an], |€n/Gn + an| +1/q,] with partition

P:=A{[len/tn—anl, [en/gn—an]+1/qn), ..., [len/@n+an], len/tn+an]+1/q,)}
gives
e an len/an+an]+1/qn
Z g\ — ) —= g(y)dy +O | — asn — 0o, (4.24)
tanfenfan=anl N "
where the error term comes from the fact that the error [30] [$5] of the compos-

ite trapezoidal rule has magnitude O(a?/(a,q.)?)g"(z) for some z € [[e,/q. —
anl, [€n/Gn+an|+1/g,], and the second derivative of g is bounded by C'/¢> for some

C' < oo. The integral on the RHS has nonnegative tail |, LZ"/q i":aan’]JH/ ™ g(y)dy <

1/(27qy,), so the RHS of (4.24) can be simplified to f[i"/qi”j;? g(y)dy + O (q%)

To finish this step, the last thing we haven’t discuss is the error

Len“’(ln(InJ k‘ 1 Len/Qn+anJ k 1

SRR Rl PR D vy s

k= lren*an(In] " " k/Qn: ’Ven/Qn*an] " "
where —1 < e, — angn/qn — l€n/Gn — an] < 1/qn and —1/q, < |en + angn] /g —
[€n/qn + an] < 1. As n — o0, there are at most two terms that can’t be cancelled
out in the above two sums: one with the lowest index and the other with the highest
index. Since g(y) < 1/(27), by the triangle inequality one has |e5] < (5 + &) + =

21) an
O <qi) as n — 0o. Then we have

Len /qn +anJ

Lenim ) (ﬁ) 1 / o)y + O (i) 88 1 — 00, (4.25)

k=[en—anqn] [en/qn—an] "
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where the LHS equals } 0, cco gcpen qin¢ (m) & (z—ku) Hence, as n — oo,

dn U\/a
A I_en/(In‘f‘anJ 1
€n T — [pqny
Lx:(Az)) = / & (y - —) é (—) dy + 0 (—) . (4.26)
[en/qnfan-‘

Step 6. To simplify the integral in (4.26) we note that it is in the form of a
convolution integral. To make it more obvious, we change the variables by letting

2 = ugny — pe, such that (4.26) becomes

Rl G Pl S B

where the region of integration is

Lx;(Alz)) =

Cr = [len/tn + an]ttGn — pen, [en/@n — anlpgn — pen] = [lan]pqn, [—an]pgn),

which is asymptotically centered at 0 and extends to R as n — oo. Let f; and
f2 be the p.d.f.’s of independent random variables Wi ~ AN(0, p?q?) and Wy ~
N (pe,, oe,), respectively. Then

fl(z)ziqg(i)’ fola — 2) = 1 gb(:p—z—uen)
Hdn Kgn, o+/€n o+/€n

Hence

1 2 T—z—pe,\ dz B
0+/€n /C7L¢<MQn>¢( O+/€En ),uqn —/Cnfl (Z)f2(‘r Z)dz

- /]R f1(2) falx — 2)dz — g4 (4.28)

Recognize the integral in the first term as the convolution p.d.f. f; % fo(x), which
gives the p.d.f. of Wy + Wy ~ N (e, pu?q? + o?e,). That is,

1 T — len
/]Rfl (Z)fZ(x_Z)dzzfl*fQ(x): \/m¢(\/m> : (429>

And the error term is

i BRICECSETE = NECEE =P (W1 > (0, ~ D).

But the tail probability on the RHS can be estimated in the following way (W. Feller



4.3. Proofs of Theorem 4.4 and Theorem 4.5 49

[39], Section 7.1)” :

1

1 e 2@n-1)?
P(Wl Z (an - 1)/14%1) <

“a,—1 N 2T ’

where the term e~(=1%/2 < =02/2 = ¢=(+9)men/2 — (1072 o(1/e,) as

n — 0o. Hence the error term in (4.28) is e4 = o(1/4/en).

Combining (4.27) — (4.29) with our bound for e4, we have

A x — e, ( 1 )
;C * A X — + o0 —
x:(81) \/MQq%—l—azengb (x//ﬂq,%—i—a%n) Ven
which is exactly (4.9). We proved both cases of Theorem 4.4 . O

The proof of the multi-dimensional case is as follows.

Proof of Theorem 4.5. This proof follows a similar argument to the previous

proof. Again, we start with relation (4.14).

Step 1. To approximate F**(A(z]) in the summands of the first part on the RHS of
relation (4.14), we can apply the multidimensional version of the Stone integro-local
Theorem 2.24 since we are assuming that all margins of F' are non-lattice. Consider
a sequence of i.i.d. random vectors &1, &>, ... with the common d-dimensional law F'
such that F**(A(z]) =P (Zle & € A(m]) Applying the multi-dimensional Stone
Integro-Local Theorem 2.24 gives

: ¢ )2 (|l — k)52
’ (;s ) Nw]) ~wr s () o) a

as k — oo, where the error term is uniform in # € R and A € [Ap, Ag| for any fixed
0<Ap < Ap < .
Combining (4.14) and (4.30) results in the error term

Z by, 10 (k:_d/z) = Z by, k0 (e;d/Q) =0 (e;dﬂ) , (4.31)

keCY, 0<k<n keCl, 0<k<n

where the first relation will hold for a,, such that a,q, = o(e,) (by the same reason
as we discussed for (4.16)).

Step 2. This step of choosing the sequence a,, properly can be argued in exactly the
same way as in Step 2 of the last proof. Recall from (4.18) that a,, :== (14 3)+/Ine,,

e (an—12

Var

3A lower bound is also provided in [39]: P(Wy > (an — 1)ugn) > ( L 1 )

an—1  (an—1)3
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for some § > 0. Then one has

Al(2m)(a-D2 o (Il — ks
£X:L(A(w]) = Z d,2 ¢ ( ) + o0 (6;d/2) .
det ¥ kecy, nggnk / \/E

(4.32)

Step 3. To further approximate the main term in (4.32), we replace both k’s in the

denominators by e,,, which leads to the error term

S e OV D WU (CR D
vdet X kd/2 \/E end/g \/a .

keCY, 0<k<n

€1 =

Lemma 4.16. The error term e; has order o <e;d/2> as n — 0o, uniform in x € R?
and in A € [Ap, Ag] for any fivred 0 < Ap < Ag < 0.

Proof of the Lemma. Set y := ||(x — ku)X~'/2||. Tt suffices to show that, for each
kec,
_ k0 (y/VE)
R =
en™2¢ (y/+/en)
Since if this hold, then

Ad(Qﬂ_)—(d—l)/Q bn,k y -
s X he(ge) (R

keC?, 0<k<n

—o(e, ) Y bn,m(j’e_n)w(en‘d”)

keCY, 0<k<n

=1+0(1) asn— oo.

as n — 00, which is uniform in @ and in A € [Ar, Ag] for any fixed 0 < Ap <
AR < 00 as desired. The last relation above is due t0 ) cco g<pcnbni® (y/v/en) <
Zkecgbn,k@m_lm < (2m)7V2P(B, € C%) = O(1) as n — 0. ro_wever, as n — 00,
the claim R = 1 + o(1) can be directly obtained as a simple consequence of the
fact R =1+ o(1) that we proved before in the proof of Lemma 4.14. Since for any

—-1/2

x € R%, the value of R evaluated at the corresponding y := ||(x — kp)X 2| equals

~ e\ (d=1)/2 en (d-1)/2
Ry = <?) ng = (m) ng = (]. + 0(].)) ng,

where the last equality is due to a,g, = o(e,) by Assumption 4.3 and the choice of
a, in Step 2. This completes the proof of Lemma /4.16.
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By Lemma 4.16, relation (4.32) can be further approxiamted by

A(2mr) (/2 bn i [(z — kp)S /2|
Lx;(Alm) = ——F—— Y L6 ( - ) +o0 (e, ).
det 2 keCo, ogkgne"d/z En

(4.33)
Observe from (4.33) that when p = 0, the ¢ component in the summands on the
RHS will not depend on k. Then the local probability becomes

Ad o —(d-1)/2 332_1/2
Exs(Aa]) = S (1=
en Vdet X Ven

When n — oo, P(B, € C2) = 1+ o(1). Hence, for the case u = 0, we simply have

> P(B, € C) +o(e,"?).

Ad ot —(d-1)/2 wE—l/Q
Lx; (Az]) = 2220 (=
en Vdet X Ven

by which we have obtained the result (4.10) in case (i).

) +o0 (e, %),

From now on to the end of the proof, we assume that u # 0.

Step 4. Next we approximate b, = P(B,, = k) in (4.33) using ¢ (the 1-dimensional
standard normal density). Since b, is independent of F', exactly the same argument
as in the Step 4 in the proof of the one-dimensional Theorem 4.4 applies here. Recall
from (4.21) that, we have

P(Bn:k):qigb <k;6") +o<qi) as n — 0. (4.34)

Combining (4.33) and (4.34) gives

Al (2m)~(@1/2 1 (k - en) (H(fv — ku)E_l/QH)
E * A xXr -
x;(A(@]) Vdet S MOZO;,Mqnend/QCZS n ¢ Ven

+e+o0 (e;dﬂ)

with the error term

(1) At L (e = ks
o) s L e )

keC9, 0<k<n

Lemma 4.17. The error term e has order o (e;dm) as n — 0o, uniform in x € R
and A € [Ap, Ag] for any fited 0 < Ap < Ap < 0.
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Proof of the Lemma. It suffices to show that, as n — oo,

1 [(z — ku)E‘”QH)
U, = 10) ( =0(1),
kecg%:gkgn VEn Vn

uniformly in z. Since then e; = e;d/%lﬂo(q;l)O(l) = o(e,~%?) by Assumption 4.3,
and is uniform in A in any bounded set. Comparing with the same step in the
proof of the one-dimensional case, the sum U, is nearly in the same form of .S,, in
Lemma 4.15, except for the numerator inside ¢. It turns out that we can directly
conclude that U, = O(1) from the proof of Lemma 4.15 if we can find an upper
bound for U,, which is in the same form of the upper bound ™'Y, ., hyd(y, — khy,)
of S,, in that proof. To find such an upper bound, we first use the reverse triangle
inequality ||(z — kp)X V2| > ||2X 72| — k||uX~'/?|| and the shape of ¢ to obatin

an upper bound which is in exactly the same form as S,,:

1 271/2 271/2
TN e n B oA )
keco, ogkgn\/a Ven Ven

Now, by defining h,, := ||uX~"2||/\/en and §y, := [|[£X "/ /\/en, the upper bound
becomes [|pS~ 2|71y, L, P ® (i — khy, ), for which all the arguments in the proof of

Lemma 4.15 apply in exactly the same way. This completes the proof of Lemma 4.17.

By Lemma 4.17, the local probability is now simplified to

d—1

O AY2m)T T 1 (k—€n> (2 — kp)S2 || -4
Lx;(Ble]) = end/2\/mkecg,zt)<k<nq”¢ n ’ Ven o (en > '

(4.35)

Step 5. We can now do the Riemann sum approximation. Again, we can make use
of the ideas in Step 5 in the proof of the one-dimensional case. Notice that in
that Step 5 (1-dim), the only special thing required about g is that ¢ is Riemann
integrable, with second derivative bounded by C'/¢? for some C' < oo, and g(k/q,)

matches with the ¢-product in summands. So if we define a function g by

SN _tn I(z — pg.y)E 2|
g(y)-—cb(y qn)czS( NG )

so that g is Riemann integrable over R, with small second derivative in the sense

described above, and §(k/q,) matches with the ¢-product in the summands of (4.35),
then all ideas in (4.24) — (4.25) in the one-dimensional proof appling in exactly the
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same way to g. Hence we will have

a1 Len/an-tan]

{en/Qn 7an—|

(4.36)

Step 6. Convolution. By changing the variables z := ¢,y — e,, we normalize the re-
gion of integration in a way such that the region of integratoion C,, = [[—an]qn, | an |@n]

will expand to R as n — oo, and (4.36) becomes

_d—1

_Aen) = 2\, (M@= pz—pe)s 3]\ d= o
Lx;(Aal) = =0T — gn¢(qn)¢< — )qﬁ ().
(4.37)

Let ]?1 be the density of a random variable Wl ~ N(0,q¢?%), and let f; be the density
of a random vector ﬁ_}g ~ Ny(pe,,e,X) that is independent of /V[vfl. Then

(2m) @D/ (||(«’L’ — uz = Men)z_l/zﬂ)
end/2/det ¥ Ven ’

e =2o(2). Rle-p -
and hence
Lx: (A(x]) =A7 | fi(2) fo(z — pz)dz + 0 <e;%>
Cn
a0 [ Rkt e - ey o) s

where the error term

ﬁ(z)dz

~ ., 1
€4 1= z x— pz)dz <
4 G, J1(2) fa( pz) = (2men) 12 Tots -~

2 —
< P > -1
< eyt (12 (00 = ).

where (a,, — 1)g,, comes from the smallest possible right endpoint of 5n Recall that
a, := (1+ f)v/Ine, for some > 0 from Step 2. That tail probability can be

estimated in the following way (W. Feller [39], Section 7.1):
—Ll(q, —1)2 —(1+9)2/2
—~ 1 e 3lanD? ol 1
> — < = = —
P (Wl > (an l)qn) “a,—1 \r Ine, ¢ (en)

as n — oo. Hence €4 = o (e;d/%l) =0 (e;dﬂ). As for the integral in (4.38), it
is in a “LOTP” form of the density of the random vector qu + WQ which is a
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sum of two independent normal random vectors of the same dimensionality d, where
pWy ~ N(0, ¢,2u" ). Tt can be proven by the method of ch.f.’s that the normality

is preserved, and the mean and covariance matrix is as follows:
Wy + Wy ~ Ny (e, M), where M = g, 25T pu + e,

Hence the integral in (4.38) becomes

1 exp {_ [213 B “en]M_l[w B l"’en]T}
(2m)4/2/det M 2e,,

1 (2 — pen) M7
(2m)@d=1/2y/det M < Ven ’

/}Rfl(z)ﬁ(w — pz)dz =

where M ~1/2 is the principle root of M~! whose existence is guaranteed by the

positive definiteness of M. Hence (4.38) has been simplified to

A1 I(x — pen) M2 —d/2
Lx; (A(x]) = (27r)(d—1)/2\/m¢ < e > + 0 (e, / )

by which we have proved the second case of Theorem 4.5. O]

4.4 Local Limit Theorems for lattice x>

For the location X of the “mother” chosen at time step n + 1, in the case when
each margin of F' is lattice, we derive the following results for the limiting behaviour
of its local probabilities: the one-dimensional case in Theorem 4.18; the higher-
dimensional case in Theorem 4.19.

WLOG, we only state results for the arithmetic case of F', since one can al-
ways transform a lattice random variable to an arithmetic one by the simple linear

transformation given in Remark 2.7.

Theorem 4.18 (the one-dimensional arithmetic case). Let the law F' be arithmetic
with mean p < oo and variance o> < oo. Under Assumptions /.1 — /.3, the local

probability Px:(v) := P(X} = x) of X;; € R has the following asymptotic behaviour:

(i) for the case with p =0, one has

Px;(a) = - 1en¢ (U men) +o (\/t_n) ; (4.39)
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(i) for the case with u # 0, one has

1 x — e, ( 1 )
Px:(x) = +o0 , 4.40
x: (@) N UQen(b (\//ﬂqg + 0'2€n> Ven ( )

where the remainder term o (1/«/671) in both cases is uniform in x € Z.

Proof. The proof follows exactly the same argument as in the proof of Theorem 4.4
given in Section 4.3, except for Step 1. In the current case where we have arithmetic
F, we need to start with applying Gendenko’s Theorem 2.8 instead of the Stone’s

Theorem 2.18, which will give us

P(Samr) = po () o () wiooe

uniformly in z € Z. If one compares the RHS of this relation with the RHS of

(4.15), one finds that they are the same up to the positive constant A. Hence, every
step after (4.15) in the previous proof can be equally applied to the current proof
up to this factor A. Finally, one will obtain (4.8) and (4.9). O

Theorem 4.19 (the d-dimensional arithmetic case). Let the law F' has each margin
only taking integer values and the p.m.f. P corresponding to F satisfies Assump-
tion 2.3. Let the mean vector p and covariance matriz 3 (corresponding to the law
F) have all entries being finite. Assume ¥ is non-singular (i.e., ¥~ emists), to-
gether with Assumptions 4.1 —4.3, the local probability Px: (x) := P(X} = x) has

the following asymptotic behaviour:

(i) for the case with pn =0, one has

(2m)~-1/2 (ng—lﬂ”) —d/2
Px« (x) = o) +o0(e;¥?); 4.41
X"( ) ef/z det X Ven ( ) ( )

(ii) for the case with u # 0, put M = ¢,*u" u + e, %, one has

1)~ (d=1)/2 T — e, —1/2 L
sz(w):(Q\/zieW ¢(”( N\/%M ||>_+_0(€n/), (4'42>

where the remainder term o (e;dﬂ) in both cases is uniform in x € Z4.
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Proof. The proof follows exactly the same argument as in the proof of Theorem 4.5
given in Section 4.3, except for Step 1. In the current case where we have F
with each margin being arithmetic, we need to start with applying Rvaceva’s The-

orem 2.14 instead of the Stone’s Theorem 2.24, which will give us

k
o\ @R (e = k) S| —dj2
(S0-e) - B o1

uniformly in & € Z9. If one compares the RHS of this relation with the RHS of

(4.30), one finds that they are the same up to a positive constant scale A¢. Hence,
every step after (4.30) in the previous proof can be equally applied to the current
proof up to a scale A?. Finally, one will obtain (4.10) and (4.11). O

4.5 Local Limit Theorems for combination of lattice

and non-lattice x>

Let & be a random vector in R? with distribution F. In Section 4.2 and 4.4, we
considered two cases: when & has all d coordinates being non-lattice, when & has
all d coordinates being lattice. There is one more case can happen: when & has [
coordinates being non-lattice and d — [ coordinates being lattice, where 1 <[ < d.
WLOG, by virtue of Proposition 2.25, we can focus on the case when the first [

coordinates of & are non-lattice and the remaining d — [ coordinates are arithmetic.

Theorem 4.20 (the combination of lattice and non-lattice). Let the law F has
the distribution described above. Let the mean vector p and covariance matriz 3
(corresponding to the law F') have all entries being finite. Assume X is non-singular
(i.e., 71 emists), together with Assumptions /.1 —/.3, then for the following direct

product of half-open intervals in R?

J=l+1

1 d
H$],$]+A H (xj,z;+ 1],  forx=|x1,...,24],
7j=1

the local law Lx- (Ai(x]) = P(X; € Ay(x]) has the following asymptotic behaviour:

(i) for the case with p =0, one has

Al(27)~(@-1)/2 $-1/2
Lx: (N(x]) = El/;?/m ¢ (Hm\/e_ H) +o0 (e;dﬂ) : (4.43)
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(i) for the case with u # 0, put M = ¢,°’u” u + e,%, one has

o —(d—1)/2 T — ue —1/2
L:X;; (Al(w]):A(\Z/d)etW ¢<H( M\/%M ||)+0(67_Ld/2)7 (444)

d/2

where the remainder term o (e; > in both cases is uniform in € RY, and in

A € [Ap, Ag| with fizred 0 < AL < A < 0.

Proof. The proof follows exactly the same argument as in the proof of Theorem 4.5
given in Section 4.3, except for Step 1. In the current case where F' is a combination
of lattice and non-lattice distribution, we need to start with applying the refined
Stone’s Theorem 2.26 instead of the original Stone’s Theorem 2.24, which will give

us

k Al(97)—(d-1)/2 T — kp)n-1/2 o
P(Zgiwm): R (T s\ B

uniformly in & € R? and A € [Ap, Ag] with fixed 0 < A < Ar < oo. If one
compares the RHS of this relation with the RHS of (4.30), one finds that they are
the same up to a positive constant factor. Hence every step after (4.30) in the
previous proof can be equally applied to the current proof up to a constant factor.
Finally, one will obtain (4.43) and (4.44). O
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Index of Notation

Spaces and Operations

R? d-dimensional Euclidean space.

N set of positive integers {1,2,3,...}.

vT the transpose of (row) vector v.

||v]] the Euclidean norm of (row) vector v.

det A the determinate of matrix A.

At the inverse matrix of matrix A.

Al/? the principal square root matrix of matrix A.

Distributions and Functions

Oa the degenerate distribution at point a in R
Unif[a, b] the (continuous) uniform distribution over the straight line segment con-
necting points a and b in R?.

N (p,0%)  the normal (Gaussian) distribution with parameters (u, 0?).

d(+) the distribution function of the standard normal law in R.
o(+) the density of the standard normal law in R.
F* k-fold convolution of F' with itself.
F(k—)  thelimit of F'(x) when x approaches k from the left, written as lim,_ ., F(x).
In(+) the natural logarithm function.
1p indicator function of set F.
albd notation a A b means take the minimum one from a and b.
Relations

= defining equality.

= notation a, =< b, means that there 3C, D > 0: C|a,| < |b,| < Dlay|.
o(+) notation a, = o(b,) means that lim,,_,, 3 =0.

0(+) notation a, = 0,(b,) means that lim, 32 = 0 non-uniformly in .
O(+) notation a,, = O(b,) means that lim,, 3 < 00.
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Index of Notation

4

i.i.d.
ch.f.
p.g.f.
p-m.f.
p-d.f.
LOTP
LLN
ILT
LLT
I-LLT
MCT
DCT
WLOG

notation a, = O,(b,) means that lim,, 3 <00 non-uniformly in x.
means that the random variable on the LHS is distributed as the distri-
bution on the RHS.

convergence of random variables in probability.

weak convergence of random variables (distributions).
Abbreviations

independent and identically distributed.
characteristic function.
probability generating function.
probability mass function.
probability density function.

law of total probability.

Law of Large numbers.

Integral Limit Theorem.

Local Limit Theorem.
Integro-Local Limit Theorem.
Monotone Convergence Theorem.
Dominated Convergence Theorem.

without loss of generality.
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