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Chapter 1

Introduction

At this place I would like to introduce the model and content of this paper. All the time we
consider a Poisson process II in R? with density one and with one extra point at the origin. We
use the notation NN(d, 1) for the model on this Poisson process, where each point is connected
to its nearest neighbor with a directed edge. The density of the process has no relevance in
this model. Since the distances between any two pairs of points are a.s. different, the model is
well defined. This also caused that there is almost sure no circuit longer than two. Two points
connected to each other with a directed path will be called loop. Further the uniqueness of
the distance implies that each component contains exactly one such loop (where ”component”
means a maximal set of connected points), for more details see Chapter 2.

The aim of this work is to develop some results which could help to estimate number of
points in a component and probability that the component containing the origin has more than
n points.

Chapters 3 and 4 are based on the result in the paper [5] where the authors have estimated
the probability that there exist a path starting at the origin and ending at some point farther
than at distance L from the origin. This article is still only a preprint so the reader can find it
in the appendix. We enlarge upon a few steps in the proof, which could be not obviously seen
by some readers of the article.

It will be proven in the Chapter 5 that the expected number of points in component in the
model NN(d, 1) is bounded and grows to 4 as the dimension tends to infinity. And finally the
Chapter 6 presents the main result of this thesis: the distribution of the component size in the
limiting case that dimension tends to infinity. The component can be seen as two trees, which
roots are connected in the loop. From each point in a component there is a path to the loop
using just directed edges. In the limiting situation the number of sons of some given point (i.e.
number of points for which the point is nearest neighbor) is independent of number of sons of
arbitrary other point. And the number of sons in this limiting case has Poisson distribution
with parametr depending only on the distance from the given point to the loop, as will be
shown. Of course, the shape of the component has influence on the probability of its existence.
Therefore we will discuss, which shape of the component (of the tree) is the most or least
probable one. There exist an explicit formula expressing the probability that a component has
exactly n points (in the limiting case), but a better (more readable) estimate of this probability
could be content of some following paper.



Chapter 2

Basic Definitions and Properties of
Poisson Process and NN (d, 1) Model

Denote M the space of o-finite counting measures on the o-algebra B of Borel sets in R? for
which the measure of a point is 0 or 1. By M denote the smallest o-algebra of subsets M with
respect to which all mappings

Xg: M —0,1,...,00 with m — Xg(m) =m(B),B € B

are measurable.
A random element IT defined on probability space {2, F, P} and taking values in { M, M}
is called a Poisson point process with intensity measure A, if

i. for every finite choice of disjoint set By, ..., B, € B the random variables I1(By), ..., [I(B,)
are mutually independent

ii. for every B € B with A(B) < oo, X(B) is a Poisson random variable with parameter
A(B), i.e.
k
P(II(B) = k) = A(lf) e MB),

In this text we consider a homogeneous Poisson process, i.e. the intensity measure is in the
form AV(B), where X is a constant, called simply density, and V' (B) is the Lebesgue measure
of the set (volume). Then one particular point has zero measure and hence we can assume that
the Poisson process has one extra point at the origin.

Sometimes it is useful to know the distribution of the nearest neighbor. Denote the nearest
neighbor of z¢ as 1 = zg + W. Then W is uniformly distributed random variable on the
d-dimensional sphere with radius |W|, and for its distribution and density function it holds

d

Ds(w) =1—P(W|>w) =1 — P(II(B(zo,w)) = 0) = 1 — ¢

flw) = e,

Since the distribution of the nearest neighbor is continuous, the distances between two
distinct pairs of points are a.s. different. Suppose now for a while that we have a set of points
Z1,...,%,, n > 2such that z; is the nearest neighbor of point x;_; and x; is the nearest neighbor
of x,,. Then it has to be the situation that all the distances between two points are equal which
happens with zero probability. Hence there is a.s. no such circuit longer then 2.

3



CHAPTER 2. BASIC DEFINITIONS AND PROPERTIES

The nearest neighbor model NN(d, 1) means a R?-valued Poisson process with directed edges
which connect each point to its nearest neighbor. Maximal set of connected points is called a
component.

From previous consideration it follows that in this model there can exist only circuits of
length 2 (called loops) when two points are each other’s nearest neighbors. Furthermore at
most one loop can be in one component as it can be shown by simple contradiction: Suppose
there are two loops xg <+ x; and x,,_; < x, connected by a path through points xs, ..., 2, 2,
the path has length n — 2 but only n — 3 edges from the midpoints are available. On the other
hand at least one loop has to be in each component. It is sufficient to prove that the origin is
a.s. connected to a loop. Let zy be the point at the origin and xg, z1, s, ... be a sequence of
points such that x;;, is the nearest neighbor of z; and x; # x; for i # j. If the sequence is finite
it has to be the case that the two last points are each others nearest neighbors. Probability
that the sequence is infinite is zero. We will show it as in [1]. Let r; denote |z;11 —z;|. Suppose
we know position of points xg,...,z;. Then the probability P, ; that x;,; is different from
X, ..., T; is equal to

Py = 1 — eV BEar\UiTi Blagry)
< 1 — V(B(@iri)

S 1 — 6V(B(1:1,r1)'

Hence given x; the probability of such sequence xs, ..., z; is equal to the product of the condi-
tional probabilities P; and

Pj S (1 _ eV(B(x1,T1)>’L’71
j=2

Y

which tends to 0 as ¢ — oo. Since r; > 0 a.s., the probability that there exist an infinite path
Xo, T1, Lo, . . ., such that x;,; is the nearest neighbor of x;, is zero and we have shown that each
component contains exactly one loop. This fact we have used in the Section 5 for proving that
the expected number of points in a component is finite, what implies that the existence of an
infinite component has zero probability. Furthermore a component can be seen as a tree, where
the loop is a root.



Chapter 3

Some Details of Proof by S. Nanda &
C. M. Newman

In this chapter we strongly refer to particular parts of proof in [5]. We shall present some steps
of their proof in more details, i.e. equation denoted in the paper as (5), the estimation used in
equation (2) and the last inequality (13).

Consider the nearest neighbor model NN(d, 1) and denote 74(L) the probability that there
is a path starting at the origin and ending at a point s with |s| > L. The following theorem
and its proof has been treated:

Theorem 1. There exist constants ¢y, ca, Ly € (0,00) (depending only on d) such that

d—
d

d—1 1
6—c1L(lnL) d < Td(L) < e—CzL(lnL) fOT’ L > LO;
where T4(L) is the probability that there is a path starting at the origin and ending at a point s
with |s| > L.

Summation over Poisson Process (in Equality (5))

The task is to compute the probability (denoted by ps(n, L)) that there exists a directed path
from the origin longer than L and touching exactly n distinct points of the d-dimensional
Poisson process II with density 1 in the model NN(d, 1). Or equivalently the probability that
there exist a sequence of points 1, sg, ..., s, such that s; is the nearest neighbor of s, (and s;
is the nearest neighbor of the origin) and |s,| > L. The probability of existence such n-tuple is
in the article expressed by an integral and on following lines we will argue why we can write it
in this way. In fact we shall prove that the expected value of a summation over Poisson process
of a function (not only one-dimensional!) is equal to corresponding integral.

Let S be defined following the article [5]. It means that S is a subset of (R?)" containing

points (z1,Za, ..., x,) which satisfy the following three conditions:
Loz > x| > ... > x|
ii. |s,| > L

iii. s; ¢ U;oy Bjfori=1,....n



CHAPTER 3. SOME DETAILS OF PROOF BY S. NANDA & C. M. NEWMAN

where s; = x1+22+...+x; and B; = B(s;_1, |;]) (open ball). Now we can write the indicator
of the presence of any such directed path as the summation of indicators over n-tuples of points.
In fact there can be a.s. at most one such n-tuple of n points which construct the directed
path. Hence

pa(n, L) =E Z I{(xy,2,...,x,) construct the directed path} (3.1a)

(z1,22,...,%n): 2, €IL

=E Z I{(xy,29,...,2,) € S & no more points in U B;} (3.1b)

(21,22, .,Tn ): 2, €IL j=1
=E Z P(no more points in U B;) (3.1c)
(z1,29,..., xn):x,; €11, ]21
(z1,22,..., zn)ES
—FE Z e~V (Uj=1 Bj) (3.1d)

(z1,22,..., xn): x,; €11,
(z1,22,..., Tn) ES

/ / VWUi=1 B dyy day .. da,. (3.1e)

The last equation follows from the following proposition, analogous to the one-dimensional
case in [2] .

Proposition 2. Let f € Ly and II be a unit density Poisson process in R?. Then

E Z flzy,29,... 2y / /f X1, Toy. .., Tp)drydzy ... dx,. (3.2)

(z1,29,..., T ):
d
xiel'l,a:ﬁéx]- (R

Proof. Let us start with f simple, in particular constant on n-dimensional intervals A; x A, X
X A, ,j;=1...mfor all 7,j, and denote the value of the function there f; , ;. > 0.
Then

Yoo flanmam) =D 0N Y fu s BN (AN (AR) . N(A;,)+

(z1,29,..., Tpn): Jj1=1 ja=1 Jn=1
z,; €11, zlyézj Ji#jk for i#k
303 Y i BOV(AL) - N(A) o (N(A) Do N+ (3
Jj1=1 jo=1 Jn=1

Jjn=3Jg, other not equal

+...+ ZZ ijljz...an(N(Ajl)N(Ajz —1)...(N(4;,) —n+1)),

Jj1=j2=--=jn

where N(A;,) represents the number of points in the region A;,. Because of the Poisson distri-
bution property the numbers of points in disjoint regions are independent and

EN(AJz) = V(Ah) (34&)
EN(AJ1)<N<AJZ) - 1) s (N<AJZ) —k+ 1) = V(Ajz)k
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Hence
E > flanmem) =3 o> fumaVAV(AL) . V(4)) (3.5)
crg RS

which is equal to [« [ f(z1,22,...,2,) dxy dzy ... dx,,.
(R)n
Now arbitrary f > 0, f € L; can be constructed as a limit of nondecreasing sequence of
simple functions such that

//‘fm($17w277$n)_f(x1,x2,,l’n)|d$]_d$2 dl’n—>0
(RE)m

Then by the monotone convergence theorem and by the dominated convergence theorem it
follows

Z fm(.iﬁl,l‘g,...,mn) — Z f(.iEl,ZL‘Q,...,.CEn) (36&)

(z1,29,..., Tpn): (z1,29,..., Tpn):
ziel'[,zi;tmj a:iel'[,zi;éa:j
E g flzy,29,...,2,) = lim E E (1,20, ..., 2y) (3.6b)
m—00
(z1,29,..., Tpn): (z1,29,..., Tn):
ziGH,zi#zj ziGH,zi;ﬁzj
:/--~/f(x1,x2,...,xn)dx1dx2 ... dx,,. (3.6¢)
(R)"

In the general case we can write f = f* — f~, where f*,f~ > 0 and f*, f~ € Ly, and
compute the expectation value as the sum of two of them. Hence the proposition is proven. [
Limit Property of %e*m(%)d
The noticed term estimates the connectivity function from bottom for each n. The authors of
the article offer us some n (as a function of L), which gives us the wanted lower bound. But
why we choose exactly such n? Is it the best one? Therefore the task for this moment is to
determine n as a function of L such that the function will tend to 0 as slow as possible, or

equivalently, the logarithm of the function will tend to —oo as slow as possible. Using Stirling
formula In(n!) ~ n(lnn — 1) we can rewrite the problem in the form

Ind
n(lnn—l—lnb)—l—cn(—) — o0 as L — oo, n=n(L). (3.7)
n

It means that both summands should be of approximately same order. We can omit the
constant 1+ Inb and continue with this approximation:

L~ n(lnn)s (3.8)
L L L
n~ T~ : T~ T (3.8b)
(Inn)a  (InL —5Inlnn)d  (InL —o(InL))d

n(lnn) + cn(£>d N L(InL — éln(lnL —o(InL))) N cL(nL —o(InL)) (3.80)
n (InL —o(InL))d (InL — o(InL))d '
~ L(lnL—o(lnL) T (3.8d)
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Hence the expression %e’m(%)d can be bounded by e

our object).

d—1
—alnl) @ (and nothing better for

Estimate in Inequality (13)

In the final part of the article there is used an upper bound of the generating function of a
random variable with spatial exponential distribution. It’s just a technical stuff, which takes
us a few lines.

We would like to prove that for a random variable W with the density function e

_d_
there exists ¢ such that it holds E(e"") < e for large r. Let 74 denote the volume of
d-dimensional unit ball and thus the area of its surface is dmy.

*ﬂd\w\d’

B(e"") = /erw”d'w'd dw = /em”d“wdldm dx (3.92)
R4 R+
1
pd—T )
_ oT T xdl,dfldﬂ. dr + @m*”dl’dxdfldrr dx 3.9b
d d d
0 pT
1
pd=1
T g T Td  (1-mg)ad]™
< e T rdy da + [ el (3.9¢)
Mg — 1 rd—1
0
_ e(l—ﬂd)rﬁr%dﬂd + e(l_ﬂd)rﬁil Td (39d)
g — 1
_d_
S ecrd—l for r Z To (396)

In the second term in (3.9¢) we used the fact that roz — mgz? < (1 — 74)z¢ for x > e,
What completes the proof of the last detail we wanted to mention and we can leave this
nonhomogeneous chapter.



Chapter 4

Existence of Path Touching More than
n Points

From the article we have got some information about diameter of the component, about prob-
ability that the component reaches farther than something, which is clearly in proportion to
the density of the process. Analogously we can ask for the estimate of probability that a path
goes through a given number of points (which doesn’t depend on the density in the nearest
neighbor model). And this probability, that there exist a path which contains the origin and
touches more than n points, can be estimated following the similar way as in the article [5].

Proposition 3. Consider the model NN(d, 1). Let 14(n) be the probability that there is a path
through origin touching more than n points. Then there exist ¢y, co, no (depending only on d)
such that for n > ng

e—cmlnn S Td(n) S efcznlnn. (4.1)

Proof. This probability is bigger than the probability (denoted by pg(n)) that there exist an
oriented path starting at the origin, touching n points and continuing from each point only in
a cone of half angle < 7.

Let S be a subset of (RY)™ containing points (x1,xs,...,z,) satisfying the following two
conditions:
Loz > x| > ... > x|

ii. si¢U§.:1Bj fori=1,...,n

where s; = 21 + 22+ ...+ 2; and B; = B(s;_1, |z;|) (open ball). Denote 7y the volume of the
d-dimensional unit ball then

pa(n) = /---/e‘V(U?—J’ Bi) day das .. . dx,, (4.2)
S

> / . ./He_“d%"d dxy dzs ... dz,. (4.3)
s © I=t



CHAPTER 4. EXISTENCE OF PATH TOUCHING MORE THAN N POINTS

Let Wi, .., W, be ii.d. R%valued random variables with the density function e~mdlvl’  Then

pa(n) > P(|Wy| > |Wa| > ... > |W,] and all |I¥;] lie in the cone) (4.4a)
ba(0)"

== (4.4b)

~ en(In(ba(0)~Inn+1) (4.4¢)

)

> e~anrnn for o > ny, (4.4d

where bq(0) is the probability that 1 falls in a cone of half angle § < 7.

For the second inequality in (4.1) we use the fact that there has to be a path starting at
the origin, touching more than | %] points with at most one change in edge direction, say at
the point j. We denote the probability of such path pg(m, j), where m = [%]. Define set " of
(1,...,%y) such that

Lo|zq] > .0 > x| and |zjq] < .0 <oy

ii. B;Nsgy...,8m =s8;_1 fort=1,..,5 and
BiNsg,...,sm=s;fori=j5+1,..,m

where again s; = 1 + 23 + ... + x;, B; = B(s;_1,|;|) and B = B(s;, |z4]).
So we get

IN

pa(n) p (m, j) (4.5a)

IN

/e_V(UZ?1 BUZ00 8D dy day ... day, (4.5Db)

'MS ||M§ ||P|/%3 HMS HMS

/ /e—|K1d|(Z“Z_1 VBIZZma VBD) g0 dey . da,, (4.5¢)

/He 7o maleil? dzrydxsy ... dz,, (4.5d)

K
_ _ ( Q)™ ' (4.5€)
il (m—1)!
_(2Kg)™
- = (4.5f)
~ o3 (2K0)~%(nn-ln2-1) (4.5¢)
S e—cznlnn for n Z No, (45h)

where K, denotes so called kissing number, which gives the upper bound for the number of
points with same nearest neighbor. The second inequality in (4.5b) can not be written as an
equality because two paths can have common starting part, thus the events are not disjoint.
This gives us the second bound and we are done. O]

10



Chapter 5

Expected Number of Points in
Component

In the model NN(d, 1) each point of the Poisson process is exactly in one component and each
component contain a.s. exactly one loop (recall that the loop means the situation that two
points are connected to each other with directed edges). Hence we would like to describe
the relation between the density of loops in the process and expected number of points in a
component (we can consider the component containing origin).

Proposition 4. Consider the nearest neighbor model NN(d, 1). Then the expected number of
points in a component is smaller or equal to 4.

Proof. Let II be a d-dimensional Poisson process with density 1 and L be its subprocess with
density A such that L contains exactly one point from each loop and both of them have the same
probability to be chosen. We will prove that the expected number of points in a component is
smaller or equal to %

Let B, be the box [—%, 2] x [-2, 2] x...x [-%, 2] C R%. Denote M, the number of points of
L in B,, and divide the points of II in B,, to components. Then there are some points connected
to the loops outside the box, the number of them is, say, . Looking only on B,, let [,, denote
the proportion of number of II-points minus € to the number of L-points. Then the random
variable [,, tends to the expected number of points in a component as n — oo (if the limit

exists).

i 1 i (# points of IT € B,,) — ¢
im [, = lim '
n—00 n—oo  (# points of L € B,,)
< lim (# po%nts of Il € By,)
n— 00 (# pOlIltS of L c Bn)

1
lim — (# points of Il € B,,)
=== nl (5.1¢)
lim — (# points of L € B,,)

n—oo nd

(5.1a)

(5.1b)

Since the Poisson process and the subprocess L are ergodic (see Section 5.1), both limits in the
fraction tend to the according density due to ergodic theorem. Hence

1
lim 1, < +. 5.2
1im = ( )

n—oo

11
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Furthermore a point of I, say origin, makes a loop, if it is the nearest neighbor of its nearest
neighbor. Hence

P(origin is in a loop) = EZ I[no more points in B(0, |z|) U B(z, |z|)] (5.3a)
z€ell
_ / o~V (BOJ2)UB( ) 4, (5.3b)
Rd
> /e‘QV(B(O’l’“") dx. (5.3¢)
Rd

Since the area of the d-dimensional sphere is equal to |z|9"ldmy, where 7, is the volume of
d-dimensional unit ball, the integral can be reparametrized to the following form

1 S|
/e‘hdﬁdxd_ldwd dr = [— 56_2$d”d}0 =3 (5.4)
R+
From the definition of L and previous result follows that
1 e 1

A= §P(or1g1n is in a loop) > 1 (5.5)
E(# points in component) < 4 (5.6)
what completes the proof. O

Note that if the dimension goes to infinity, the probability in (5.3) tends to its upper bound
and the expected component size is equal to 4 in the limit case.

12
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5.1 Property of Subprocess L

Recall that the process L has been defined as a subprocess of the Poisson process II such that
it contains exactly one point from each loop and both loop points have the same probability to
be chosen. It can be shown that this process is ergodic (even mixing), but not Poisson.

Let T, be a translation in R? over the vector x: T,(y) = y + x, for all y € R% Then T,
induces a transformation S, : M — M with (S,m)(B) = m(T — z7'B), B € B. We identify
the space (M, M) with (©, F) and then P is a measure on M. An event (resp. point process)
is called stationary if its measure P is invariant under S, for all € R%. Finally, denote Z the
o-algebra of events which are invariant under the whole group {S, : » € R4}.

Then the stationary point process is said to be ergodic if 7 is trivial. And it is mixing if for
arbitrary events E, F' € F it holds

P(S,EUF)— P(E)P(F)— 0, for |z| — oc.

If the proces is mixing, then for any invariant event E' the term P(S,F U E) = P(F) tends to
P(E)? and hence FE is trivial, which means that the process is also ergodic.

Proposition 5. The subprocess L defined above is mixing.

Proof. Events depending on a realization of L inside a bounded set can be approximated by
events which depend only on a realization of II in some bigger bounded set. Since any event
can be approximated by an event depending only on L inside a bounded set, it can be also
approximated by an event which depends only on the realization of II inside a bounded set. For
|z| big enough the shifted bounded set for E and the other one for F' become disjoint and hence
independent because of the Poisson process property. Thus the measure of the intersection
tends to the product of measures (probabilities) of these events. ]

Let us write at this place the formulation of the ergodic theorem, which we have used in
Section 5.

Theorem 6. Let {Q, F, P} be a probability space and let {S, : x € R} be a group of invertible
commuting, measure-preserving transformations on ). Let f be a real measurable and P-
integrable function on ). Then

1
v f(Sa(w)) = E(f|IT)(w) a.s. ast — oo,
[0,¢]¢
where T is the o-algebra of events which are invariant under the whole group {S, : € R4}.
For the ergodic process the o-algebra 7 is trivial and hence E(f|Z) = E(f) a.s.

Proposition 7. The subprocess L is not a Poisson process.

Proof. Let xg be in aloop. Then its nearest neighbor’s position is a random variable x1 = xq+X
with the following distribution and the density function:

f()m efvd‘y|d dy

fooo e_'Udly‘d dy

F(X) = 2ol
Td ’

P(IX| < |z]) =

13



CHAPTER 5. EXPECTED NUMBER OF POINTS IN COMPONENT

where v, is the volume of two intersected unit balls V(B(0,1) U B(1,1)).
The subprocess L has density A = Ay = 2% Assume (for contradiction) that L is a Poisson
process with this density. Then

P(0 points of L in B(xg,e)) = e "™,

Let xg be a point of process L. Then the probability of the existence of another L-point in its
surrounding is influenced by the position of its nearest neighbor in II.

P(O points of L in B(l‘mg)) — /OO %e—vd\xld e~ AV (B(zo.2)\(B(zo,|z[)UB(zo+x,[2()))) 1,
o Td

€ vy d d_|.|d * g d
> / YV —vgleft y—dmalet—lal?) g 1 / Vd —vglat g,
o Td e T4

€
— e—ATrded Ud |:_e—(vd—)\7rd)\:p|d] + e—vded

Ud—/\ﬂ'd 0

—(vg—Amg)ed
_ 6—>\7Fd5d (’Ud(l —e (v a)e ) + e—(vd—/\ﬂd)ed>

Vd — )\7Td

There exists € such that the inequality is not valid. It is sufficient to choose one which
satisfies this condition:

(mra d
Vqe (Va—Ama)e < ATy

A
(Ud — )\Wd)Sd > — ln(ﬂ)
Ud
1 _
o n(vg) — In(Amy)
Vg — )\7Td

Hence we get for such € and some ¢ > 0 the following contradiction:
6—)\7Td€d 2 6—)\7Td€d(1 _|_5>

which implies that L can not be a Poisson process. O

14



Chapter 6

Limiting process as d — o0

In this chapter we derive some estimates on the component size in the limiting case when the
dimension grows over all bounds. It can be proven that the volume of the intersection of two
balls (with radii bigger than the distance of their centers) in comparison to their volume become
negligible as d — oo. This fact makes the limiting situation simpler than in finite dimensions.

6.1 Generations

For each point there exist unique path to the loop. In the Section 5 the probability that point
is in a loop is treated. In the similar way we can provide also computations for the next
generations, but now only for the limit case d — oo. Starting with the second generation -
what is the probability that the point is not in a loop and its nearest neighbor is in a loop?
Denote this probability by G5 and define G3, Gy, ... analogously. As well we can say that the
path from the point in the i-th generation to a loop contains i distinct points.

Figure 6.1: Possible constellation of points where the origin is in the third generation.

Denote the origin as sy = xg and s; := x; + ... + x;. Using the same idea as in the
derivation of (3.1) we can express Gy as the following integral. See Figure 6.1 to get better
idea of the integration bounds used in the following expressions. Since omitting of intersections
in exponents makes the integrated function smaller, we get the first inequality. Further the
formula is divided into several terms as we gradually take out the intersections in integrating
bounds.
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d—oo

Gy = lim oV (Blso 1)) / o V(BlsJra)\Bso Joa )
s1€R4 52€B(s1,]|71])\B(s0,|71])

/ ¢~V (B(sz,|ws)\(B(s0,|z1[)UB(s1,|22])))
s3€B(s2,|z2])\(B(s1,|z2])UB(80;|21]))

o~V (B(se-1, |z )UB(sis 2 \UZy Blsi-,[il)

/SkGB(Slimle\Uf_f B(si—1,|zi])

ds. . ..ds3dss dsy (6.1)
> lim el / ¢~ mall! /

d—00 Jg cRrd 59€B(s1,]x1])\B(s0,|1]) s3€B(s2,]x2])\(B(s1,|z2|)UB(s0,|21]))

d _
e~ malwsl® / e 2malmelds, .. dss dsy dsy (6.2)
sk€B(sh—1,Jen—1|)\ULZ,) Blsi,|zi)

. _ d _ d
= lim e~ malml / / e~ mals| /
d—00 [ cRd 5263(51,|x1|) s3€B(s2,|72]) sk€B(sp_1,|Tx_1))

e 2Tkl dg) . dsy dse dsy — Z lim Ak (6.3)

d—00

where

AR :/ —Wd|xl|d/ o~ Talz2|? / o~ malzia|?
j e
SleRd 8263(51,|$1|) Si— 1€B(SJ 2,|JJ] 2|)

/ _7Td|w3|d/
$;EB(sj—1,|Tj— 1|)mUz 1B(32 1lik]) sj+1€B( SJ7|$J|)\U B(si—1,|wil)

ol

d
. / e 2l qg . dsy dsy (6.4)
skEB(sk—1,lzp_1)\Ui—1 B(si—1,|zi])

</ e_wdm'd/ e malz2l" / el
S1€Rd SQEB(Sl,|’I1|) Sj_leB(Sj_2,|£Ej_2|)

/ e mdlwil" 1 ds;...dsydsy (6.5)

i—1 .
EB(SJ 1a|$y )N Ug:1 B(Si—1’|lk|)

</ e~ mdluil / e‘ﬁd|‘”2|d.../ e~z
SleRd 8263(81,|$1|) Sj_leB(Sj_g,ll‘]’_gD

i1
V(B(sj1,|z;1]) " UiZ; B(siot, |il)) / o—malz;
s;€B(sj_1,|; 1‘)
d

V(B(sj-1,|zj-1])
.dSso dsq (6.6)
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Since the integral over variables j + 1, ..., k is easily bounded by 1, we obtain the inequality
(6.5). The inequality (6.6) is given by the fact that if f(|z|) is decreasing in |x| then for y with
ly| > 1 it holds

V(B(0,1) N B(y, [yl))
/xeB(o,l)mB(y,yl) Hlel) do < ( V(B(0,1)) ) /xEB(O,l) flal) dz. (6.7)

The volume of intersections (in the factor) can be estimated by the biggest possible intersection,
which is the one with first ball (of radius x1) in the situation that z;_; lies on the boundary.

V(B(sj—1, |r;—1]) N UZ) Blsizy, |2i])) V(B(0, |z;—1]) N B(s, |z1]))
( V(B(s;1. [£;1))) ) = (J V(B r,1]) )

( VBO)NB(, 5) 6.8
=7 V(B(0,1)) oo

where s, resp. s’ is an arbitrary point in R? with |s| = |z1], resp. || = %
i

We reparametrize the integral in the same way as in Section 5. Again the area of the
d-dimensional unit sphere is dmy, where 7, is the volume of the d-dimensional unit ball, in
particular:

1 —
g = / V(1 — r)(d 1)7rd,1dr (6.9a)
—1

= T4-1 / (sin )" dw (6.9b)
0
D(4)
= Td—1 \/E (69C)
L(452)
.
= —. 6.9d
I'(¢+1) (6.94)
Hence we can rewrite the integrals in spherical coordinates and substitute y; := 7Td’$i|d.
Then
A? S/ e_ﬂdlxllddﬂdhﬂd_l/ 6_”d|x2|dd7rd|x2|d_1 . / e_”d‘xj‘l‘ddﬂdhj—ﬂd_l
|1 |€ERF |lz2|< |21 |z —1|<]w;—2]
(LV(B(O’ Do ( u))) [ e anfa e djas] df
Ta |7j-1] a1 <lej 1]
(6.10)

J

B ’ U1 5 —Z_: Yi
S, (;) e =1 dyj e dy2 dy1
j—
1

)N
)n B(s", Ui ))) e_i;lyi dyj...dysdy;  (6.11)
Y1
Yj—

IN

:/ / (iv (B
y1ERT Jya<a yi<yj—1 \7d
Ll (2
y1€RT Jyo<ys yi<yj—1 \7d
jd=1)(1—a(; ))( RS S ot
1—<a<—>)> e =1 dy;...dysdy
Ll€R+ /y2<y1 /yj<yj—1 \/7_T Yi—1 ! 20

(6.12)

(0,1
0,1
( Yj—1
—a

IN

—0.
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Since Af 's are greater than 0, by the Lebesgue dominated convergence theorem the final
limit equals 0. The only one thing which remains to be proved is the inequality (6.12). Let us
formulate it in a proposition.

Proposition 8. For each fized real y > 1

L v(B0,1) 0 B(s, ) — 0, (6.13)

Td d—o0
where s is an arbitrary point in R? such that |s| = y.

Proof. Let a = a(y) > 0 be the distance from 0 to the orthogonal projection of the spheres’
intersection to the line segment joining the balls centers (which clearly depends only on the
distance y). Then

7Tidv(B(o, 1)N B(s,y)) < %/1 VI—2 " dr (6.14a)
_ %Td;) /al (1-1))7 dr (6.14b)

< %@;) /al (1- 7“2)% dr (6.14c)

— dL\/; /a1 (1- 7«2)% dr (6.14d)

< d;; /a1 (1- cﬂ)d2;1 dr (6.14e)

@rDA=a) ) _ 2% (6.14f)

The term (1 — a?) is less than 1, hence the limit equals to 0 as d — oo. For the calculation of
== we used the identity (6.9). O

Since the summation over this upper bound for Gy equals 1 (see (6.19)), we can write it as
an equality:

G = / e U / e v, .. / e Ykt / e dyp dyp_1 ... dya dyy.  (6.15)
y1ERT y2<y1 Ye—1<Uk—2 Yo <Yk—1

We can see that in the computation for each following generation we did only one step more
(one more integration and multiplication by e~¥), what implies following recurrent relationship:

i 1)
Gi=) ﬁ(k_j_l, (6.16)

J=0

where we set G := 0 and G_; := —1.
Now we have enough information to express (and compute) the probability G;, let us for-
mulate it in a proposition.

18
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Proposition 9. The probability, that a point (the origin) is in the i-th generation in the limiting
case (NN(d, 1) as d — 00), is equal to
1
Gi -
(i+1)!
Proof. We will prove that the recurrent relationship holds for this formula of G;. Suppose now
for induction that G; = % for 7 <. Then

(6.17)

7

Yoi—j5—1
G; = 6.18
Z]+ L (i —j)! (6.182)

(=1) Z _C (6.18b)

= U+FDE=0)r it =)

gl LY i)
T \& G ) e ) T j0< 1) <]) = (6.18¢)

1

= —. 6.18d

(1+ 1)! ( )

Since GG_1, Gy according to this formula are equal to the supposed ones, we have shown that
the probability of a point being in the i-th generation is ﬁ (in the limiting process as
d — 00). O

fqp

Before we continue, we compute some basic summations over G;’s:

(1 1
Z Zz+1 2(5_(”1)!):6—1—(6—2):1 (6.19)
>i6=Y iy

6.2 Tree Structure

[e o] o0

1 1 1
(Z+1)+Z(z‘—1)!_221_6—1 (6.20)

i=1 =0

N
M8

Il
o

7

In the limiting case of our model the possible descendant of a point is not influenced by other
descendants or points in the previous generation and other branches of the component. It
implies following conception: Starting with a box - we can estimate number of points of ¢-th
(and (i+1)-st) generation in the box. The distribution of number of descendants (in the (i+1)-
st generation) belonging to the one point can be approximated, due to the independency, by
the binomial distribution and as the box size goes to infinity we get the Poisson distribution
with parameter Gggl.

G; i
1= = — : 6.21
bt =&, (i—1D(i+1) (6:21)
Define a random variable U as a multiple composition of compound Poisson processes. In
particular

1112

_1+Z1+21+Z (1+.. (6.22)

i1=1 i19=1 i3=1
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where random variables /N, are independent and have Poisson distribution with parameter (3;.
Then it holds for the generating function

Ny
Ee'V = exp(t + fy (B[ T 20=1 -] _ 1)) (6.23a)

=exp(t+ Bi(—1+exp(t + f2(—1 4+ exp(...))))). (6.23b)

Furthermore the number of points in the component is equal to U; + Uy, where both of them
have the above defined distribution and are independent. In Chapter 5 we have shown that the

expected size of the component in the limiting situation is 4 points. The following computation
implies same result.

EU = (Ee¢")'(0) = 1+ 1+ S10a + i Bafs + ... = 1 + Gil Z G =2 (6.24)
i=2

Since [; tends to zero as i — oo, the generating function takes finite values and using
Chernoft’s bound for ¢t = 1 we get

P(U >n) < e ™(EeV)(1) = 2.83¢". (6.25)
Hence e™", ¢ > 0 is an upper bound for the probability that a component has more then n
points.
i 1 2 3 4 5 6 7
11 1 1 1 1 1
Gils 3 5§ 3 1 #0 50
B; 2 3 4 5 6 17 8
i |3 8 15 24 35 48 63

Table 6.1: Numerical values of several first G;’s and (3;’s

6.3 Component of Particular Size

There are several possible questions arising at this place. What is the probability that a
component has n points and how does the component look like? Which shape is the most (or
the least) probable one? We do not present here complete answers of these questions, just some
ideas.

First we define an spatial isomorphism on rooted trees, which becomes useful later. All the
points in the tree are not labelled but the root is the only one identified point. There are several
points connected directly to the root, call them first-generation sons and order them. If we
remove the root, the tree falls into several parts, which can be seen as new trees, in which the
first-generation sons have a role of root. Now come back to the original tree with ordered sons,
two trees t1, ty are said to be isomorphic if the trees of their sons are isomorphic, i.e. they have
same number of sons and the tree of the first (resp. i-th) son of the ¢;-root is isomorphic to
the tree of the first (resp. i-th) son of the to-root. (Tree having one point is clearly isomorphic
with another one point tree.) Denote T, the class of rooted trees on n points not isomorphic
in above defined way.
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The size of the component was expressed by the random variable U. For simplicity, we will
treat only the random variable U, which means exactly the number of points of the random
rooted tree defined in (6.22). Furthermore the random variable N; means the number of points
in the first generation. Let J; be the set of points in the first generation in the corresponding
tree. Denote Ny = Zf\f:l Nj' the number of points in second generation and J, the set of such
points. Analogously define N3, J3, Ny, Jy.... Denote, for j a point of a tree, s(j) number of
sons (descendants) of j. Naturally the sons can be ordered by the coordinates.

Now the probability, that the tree has exactly n points, is equal to

=) H H ﬁz e P (6.26)

teT, 1=1 ]GJ

where betag = 1 and other variables are defined above. This formula can be obtained in the
direct way using knowledge of Poisson distribution. Second possibility is to compute n-th
derivation of the probability-generating function in 0, what I found not exactly easy for larger
n.

n 0 1 2 3 4 Y 6 7
P(U=n){0 0513 0235 0.121 0.635 0.0329 0.0168 0.00846

Table 6.2: Numerical values of probability P(U = n) for several first n

At this place it can be useful to know number of not isomorphic trees. (Note that the number
of labelled rooted trees with n points is n" ™!, see [3].) Following the same idea as in [3], denote
|T,,(m)| the number of trees with m edges meeting at the origin. It holds |T,,(1)| = |T,,_1]- And
|T.(2)| = |T1||Th-2| + |T2||Th-3| + ... + | Thn—2||T}|, because we distribute the n — 1 points in two
new trees and we do care about the order of the branches. Similarly for higher m. Therefore
the final expression takes following form:

T, = EZHF@-I, (6.27)

u=1 P j=1

where P is set of all possible composition at n — 1 points of length J, i.e. set of (kyi, ko,..., k)
such that k; >0, >0 kj =n— 1.

The expression (6.26) of the probability, that the component has exactly n points, is a sum
over trees of different shape (not isomorphic). Since the order of sons has no influence on the
probability of particular tree, there exist more trees of same probability and the most and
least probable tree can be not unique. Hence there should exist among the most (resp. least)
probable trees such one that its sons are ordered by the number of points in their subtrees.
This tree of particular shape can represent the class of trees with the same probability.

The least probable shape of the tree on n points can be found easier. This minimal tree has
to have only one point in 7 first generations and the rest of the points with one common father
- the point in the farthest one-point generation, see Figure 6.2. That is because any other
branch starting in lower generation has greater probability than the situation, when we put
this branch in the farthest generation. Applying this idea several times we get the described
shape of the tree. Hence for an arbitrary shape of tree there exists one with lower probability,
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which responds our description. Note that this class includes also two spatial trees: the one
with all points connected to the root and the other constructed by a single path (always only
one son). Hence looking for the least probable tree is a task of finding i* = i*(n) € [1,n — 1] as
an argument of minimization of

(n—1)!

Note that the i* is equal to 1 for n € [1,..,4], to 2 for n € [5,..,10] , to 3 for n € [11,..,16] , to
4 for n € [17,..,22] , to 5 for n € [23,..,27] and to more then 5 for greater n.

|

Figure 6.2: The shape of the tree on n points with minimal probability

1186 ! (ByePyn, (6.28)
=1

What can we say generally about the most probable tree? Since f3;’s are decreasing, the
number of sons in lower generation (closer to the root) will be bigger or equal to the number of
sons of point in farther generation. This and the zero-influence of the order allow us to shorten
the number of trees we will maximize (resp. minimize) over. Such representative tree can be

uniquely written as one of the (nonincreasing) partitions on n — 1. So the j-tuple, (ky, ..., k;)
with >°7_, k; = n — 1 and k; nonincreasing, we read in following way: k; is number of sons
of the root; ko, ..., kg, are the numbers of sons of the sons of the root and so we continue by

generations as by lines. We provide the minimization in Maple (the source code is included at
the end of this section). The most probable tree for several small n can be seen in Figure 6.3.
Unfortunately more explicit solution of this problem is a thing of future.

AL U (Al

n= 3 4 ) 6 7 8
n= 13 15 16 17 18

Figure 6.3: The shape of the tree with maximal probability for several n
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Procedure for maximization (resp. minimization) in Maple:

> for i from 1 by 1 to 31 do betali]:=(1+i)/i/(i+2) end do;

A\

V VV V VYV VYV VYV VYV VYVYV

V VVV VYV V VYV VYV YV VYV YVYVYVYV

with(combinat) :with(ListTools):

for n from 1 by 1 to 30 do
maxi:=0; maxid:=0;
a:=partition(n);
for j from 1 by 1 to numbpart(n) do
poc:=1; gen:=2; soucin:=exp(-2/3);poc2:=0; b:=Reverse(aljl);
for k from 1 to nops(b) do
poc:=poc-1; poc2:=poc2+b[k];
soucin:=evalf (soucin/((b[k])!)*(betalgen-1]*exp(-betalgen])) (b[k]));
if (poc=0) then poc:=poc2; poc2:=0; gen:=gen+l end if;
end do;
if (evalf(soucin)>maxi) then maxi:=soucin; maxid:=b end if;
end do;
maxii[n] :=maxi;
maxidd[n] :=maxid;
end do;

for n from 1 by 1 to 30 do
mini:=1; minid:=0;
a:=partition(n);
for j from 1 by 1 to numbpart(n) do
poc:=1; gen:=2; soucin:=exp(-2/3);poc2:=0; b:=(aljl);
for k from 1 to nops(b) do
poc:=poc-1; poc2:=poc2+b[k];
soucin:=evalf (soucin/((b[k])!)*(betal[gen-1]*exp(-betalgen])) (b[k]) );
if (poc=0) then poc:=poc2; poc2:=0; gen:=gen+l end if;
end do;
if (evalf(soucin)<mini) then mini:=soucin; minid:=b end if;
end do;

minii[n] :=mini;
minidd[n] :=minid;
end do;
for n from 1 to 30 do max[n]=maxiil[n];maxd[n]=maxidd[n];
min[n]=minii[n] ;mind[n]=minidd[n];
end do;
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Appendix A

Preprint of Article [5] (Required for
Chapter 3)

The Nearest Neighbor (NN(d, 1)) model - Estimates on the connectivity function:
(S.Nanda and C.M. Newman, Dec. 1, 1997)

Basic Definitions and Results

Consider X, the density 1 Poisson process in R? with an “extra” Poisson particle located
at the origin.

Let G4 denote the directed graph whose vertices are Poisson particles and in which there is
a directed edge from s € X to s’ € X if &’ is the NN of s. Let G denote the undirected NN(d, 1)
graph, as in Haagstrom and Meester.

pa(n, L) is the probability that there is a directed path in G, starting at the origin, touching
exactly n distinct particles (besides the origin) and ending at a particle s* with |s'| > L (where
| — | denotes Euclidean length).

74(L) is the probability that there is a path in G starting at the origin and ending at a
particle s* with |s'| > L.

Since in a Poisson process the distances between any two pairs of points are different a.s.
each point has an a.s. unique NN. It is possible that two Poisson points are each others NN.
In this case there is a closed mini-loop of directed edges between these two NN. In fact, since
each Poisson point must have a NN, each cluster contains at least one such closed mini-loop.
This would happen when a Poisson point s is a NN of one or more other Poisson points, and
when one of the latter is a NN of s as well.

Further, each cluster contains exactly one closed mini-loop, as the existence of more than one
such closed mini-loop would imply the existence of more than one NN for some Poisson point
in the cluster, a contradiction. It is not possible to have any type of closed circuit other than
the one described here as the existence of any closed circuit involving more than two Poisson
points would contradict the fact that the lengths of successive directed edges are decreasing.
The existence of an (a.s.) unique NN implies that along any path in G there is at most one
change of direction (in the arrows of G;), and the change of direction takes place at one of the
two Poisson points in a loop.

24



APPENDIX A. PREPRINT OF ARTICLE [5]

Theorem: There exist constants Cy, Cs, Ly € (0,00) (depending only on d) such that

d—

d—1 da—1
emCEInL) T < (L) < e CEInD) T for [ > L,

The lower bound of the above theorem is based on the following. Note that 74(L) > p4(n, L)
for every n.

Proposition 1.1: There exist constants by ,c¢; € (0,00) (depending only on d) such that

pa(n, 1) > O einityt (A.1)

Remark: As will be seen from the proof of the proposition one may choose any ¢ € (0, §]
and take b; to be the probability that a uniformly distributed random point on the unit sphere
S4=1 falls into the “polar cap” of opening half-angle 6. The corresponding ¢; may then be taken

as 57 where mq = V(B(0,1)), where V' denotes Euclidean volume and B(x,r) denotes the

(open) ball of radius r centered at x € RY.

For the upper bound we need to bound not only ps(n, L) but also some closely related
quantities that we now define.

For j € {0,...,n} we define py(n, L, j) to be the probability that there are two directed
paths in Gy: one from 0 to some s, touching exactly j particles (besides 0) and one from some
s' to the same s, touching exactly n — j particles (besides s") and such that |s'| > L. Thus
pa(n, L) = pa(n, L,n) and furthermore (by the properties of the directed graph G; mentioned
above and) by elementary arguments

(L) <D ) pa(n, L j). (A.2)

n=1 j=0

The upper bound is based on the following:
Proposition 1.2: There exist constants by, co € (0,00) (depending only on d) such that

, (b2)"
L < ————P([Wi+---+W,| > cL
pd<n7 7.]) = j'(n—])' (| 1+ + |—C2 )
(b2)"
< ——P(|W, s Wy = el A3
< Sy Pl Wl = L) (A3)
where Wy, -+, W, are i.i.d. R%valued random variables whose common probability density is

e~ V(BO,Jw) — p—malw|?

As a corollary to Prop 1.2 and the inequality (A.2) , we have the following.

Proposition 1.3: 74(L) < e*2P(U > cyL) where U is a random variable with E(e'Y) =
engE(e’”‘Wﬂ—l)'

Proof of Proposition 1.1: Given (zy,...,7,) € (R?)" we define sp = 0 and s; = 21 +- -+,

for i = 1,...,n. Let the set of points in (R?)" satisfying the following three conditions be
denoted by &:
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i) |z1| > |zal.... > |2y

i) [sn| > L

iti) s; ¢ | B fori=1,....n

Jj=1

where B; = B(s;_1,|z;|) is the open ball centered at s;_; of radius |z;|. Note that (because of
i) ) i1i) may be replaced by

ZZZI) Blﬂ{307"~75n} = S;—1 for [ = 1,...,77,.

Then we have:

pa(n, L) = /e_V(U?1 Bidg, - dx,. (A.4)
S

Let C(0) be the polar cap of half angle § < 7 in the unit sphere of R? with vertex at the origin;
ie.
CO)={z=(W",.. . 29 cR: |z]=1and V) > cosh}.

Since
n

V(Bj), (A.5)

V(CJ By) <

it follows (using the notation of Proposition 1.2, letting S; = Wi + --- + W; and B; =
B(Sj1,|Wj])) that:

j=1

S

= P(|[Wy|>---> |Wn|,|ZVVJ| > L and S; ¢ UBj for each 1)
j=1 j=1

P(|Wy| > > \WM,\ZM/A > L and‘W" € C(0) for each 1)

()" P(Wi| = -+ = [Wal, Y [Wjleos(8) = L)

j=1

v

Jj=1

v

n cos0

= YO s> ()

PO pma > (-

ncos(6) )
_ b)) (i
n!
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Here b(6) represents the probability that S; lies in a cone of half angle § < 7 with vertex at
Siz1. Ford=2,b(0) = £ <

1
1

To prove Proposition 1.2 we need Lemma 1.4 below which should be compared to (A.5).
As a replacement for the equality (A.4), one can straightforwardly obtain the inequality,

pd<n7 L)j) S /eV(UZI B’LUU:L:J—Q—I B;)dxl P dxn. (A.6)
Sj
Here B; = B(s;,|zi|) and S; is the set of points (v1,...,2,) € (R?)" satisfying the three
conditions (where again so =0 and s; =z +---+x; ) :
i) || 2o = oyl and |zja| < -0 <
i) |su] > L
zu,) B, ﬂ{so, oy Snp =5 forl=1,... 7 and
B;ﬂ{so,...,sn}:sl fori=75+1,...,n

Lemma 1.4 :There exists a finite constant K, depending only on the dimension d, such that
vUnU U > 5vim s 3 v an
1=j+1 i=1 i=j+1

For j = n we have V(U;_, B;) > Kid Yo VI(B)).
Proof : Let B; = B, for i < j~and B; = B;- for ¢ > j and let ¢; denote the center of B;.
Then from iii') we have that ¢; ¢ B, for | # i. Now

lz::‘/(f}z) = /Zlgl
— /21

1
U, B

/ Kddl‘

U, B
= KV (B). (A.8)

IN

The last inequality is a consequence of the fact that no point x can lie in the intersection
of more than K, of the balls B;. To see this note that if this were not so then x would be
the closest point (among {x,qi, ... ¢,}) to more than K, of the ¢;’s. But it is a standard (and
fairly easy to show) fact that at most Ky ( where K is the kissing number) of the ¢;’s can have
a single point  as their nearest neighbor (among the points {z,q1,...,¢n}).

JFrom now on we call K; merely K.
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Remark: For d =2, K =6.

Proof of Proposition 1.2: Starting with (A.6), we apply (A.7) to get

pa(n, L, j) < /611< S V(B) g Xisjn V(B;)dxl eod,

S;

1 j da _1 d
—wma 2im |l g e ma 20 |l dxy - - - dx,,

n
1 |d
He Kﬂ—dlm]l dmldxn

J=1

&\ &\

By doing the change of variable y; = (;; + for each ¢ the last integral becomes:
d

/H —maly;|¢ dyi - - - dyn (A.9)

/_ Jj=1
where &'; is the set of (y1,...,yn) € (RY)" such that (Kay;,..., Kiy,) € S;. To get an upper
bound on (A.9) we simply drop the third condition in the definition of S;; i.e. we replace &'
with §”;, the set of (yi,...,y,) satisfying only the two conditions:

)yl =2yl and Jyja] < - < fynl

i1) |ZK5yZ-| > L.
i=1

This yields the bound:

paln,L.j) < %Puzww =S

K
Z|W|> L

=

IN

&M—‘

Here the W;’s are again i.i.d. random variables with common density e~ (BO:lwD) = e~ malwl,

Proof of Proposition 1.3 : From (A.2) and (A.3) we have:
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n

(L) < Z P([Wy + -+ W,| > e,L)
= Z P([Wy+ -+ W,| > L)
n=1
> 2b
S €2b2 z% —2b2< n2) (|W1| 4t |Wn| Z CQL)
e P(U > cyL). (A.10)

The last equality follows by taking U to be the compound Poisson random variable |[Wq|+-- -+
|Wn| (where N is independent of |[Wi|, |Ws|, ... and is Poisson with mean 2b). By a standard
calculation

E(eru) _ e2b2E(eT|W1‘—1)‘ (A‘ll)

This completes the proof of Proposition 1.3.

The proof of the theorem now follows easily. Taking n ~ —£— in (A.1) we get the lower

(InL)d

bound in (A.1).

For the upper bound we use large deviation bounds on P(U > ¢y L):
PU > L) < exp {igg{ln(E(em) —rL}}
= exp {ir>1£{2172E(e7"|W1| —1)—rL}}

d

< exp{ig(f){zb;(ecrd* —rL)}. (A.12)

_d_
The last inequality follows from the fact that E(e"™1l) < e ™" for large r (as can easily

d;
be shown). Taking r ~ a(inL)“@ for an appropriate constant a we get 74(L) < e~CeL(nL)
for large L.

This completes the proof of the theorem.
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