GRAVITATIONAL CLUSTERING IN
STOCHASTIC SYSTEMS OF STICKY PARTICLES

VLADISLAV V. VYSOTSKY

ABSTRACT. We give a quantitative analysis of clustering in a stochastic model of one-
dimensional gas. At time zero the gas consists of n identical particles that are randomly
distributed on the real line and have zero initial speeds. Particles begin to move under
the forces of mutual attraction. When particles collide, they stick together forming a new
particle, called cluster, whose mass and speed are defined by the laws of conservation.

We are interested in the asymptotic behavior of K, (t) as n — oo, where K,,(t) denotes
the number of clusters at time ¢ in the system with n initial particles. Our main result
is a functional limit theorem for K, (¢). Its proof is based on the discovered localization
property of the aggregation process, which states that the behavior of each particle is
essentially defined by the motion of neighbor particles.
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1. INTRODUCTION

1.1. Description of the model. We give a quantitative analysis of clustering in a sto-
chastic model of one-dimensional gas. At time zero the gas consists of n point particles,
each one of mass % These particles are randomly distributed on the real line and have zero
initial speeds. Particles begin to move under the forces of mutual attraction. When two
or more particles collide, they stick together forming a new particle, called cluster, whose
mass and speed are defined by the laws of mass and momentum conservation. Between
collisions particles move according to the laws of Newtonian mechanics.

We suppose that the force of mutual attraction does not depend on distance and equals
the product of masses. This assumption is natural for one-dimensional models because, by
the Gauss law applied to flux of the gravitational field, gravitation is proportional to the
distance to the power one minus dimension of the space. At any moment, the acceleration
of a particle is thus equal to difference of masses located to the right and to the left of the
particle.

Random initial positions of particles are usually described (see [8, 16, 25]) by the fol-
lowing natural models: in the uniform model, n particles are independently and uniformly
spread on [0, 1]; in the Poisson model, particles are located at points %SI, %SQ, ey %Sn,
where S; is a standard exponential random walk. In other words, particles are located at
points of first n jumps of a Poisson process with intensity n.

These two models are the most natural and interesting; let us call them the main
models of initial positions. However, we will see that behavior of the Poisson model is
essentially defined by independence of initial distances between particles rather than by
the particular type of the distances’ distribution. Therefore, it is of a great mathematical
interest to generalize the Poisson model by introducing the i.d.-model, where “i.d.” stands
for “independent distances”, as follows. Particles are initially located at %Sl, %SQ, . %Sn,
where S; is a positive random walk whose non-negative i.i.d. increments X; satisfy the
normalization condition EX; = 1. Note that if we proceed to the limit as n — oo, we
consider a system of total mass one, which consists of, roughly speaking, infinitesimal
particles homogeneously spread on [0, 1]; this is true for all the mentioned models of initial
positions.

The mathematical interest in sticky particles systems arises mainly from relations
between these systems and some non-linear partial differential equations originating from
fluid mechanics, e.g., the Burgers equation. These equations admit interpretation in terms
of sticky particles, see Gurbatov et al. [10], Brenier and Grenier [4], or E et al. [6]. Sticky
particles models are also used for numerical solving of other partial differential equations,
see Chertock et al. [5] for explanations and further references.

As time goes, particles aggregate in clusters. Clusters become larger and larger while
the number of clusters decreases until they merge into a single cluster containing all initial
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particles. This process of mass aggregation is strongly connected with additive coalescence,
see Bertoin [2] and Giraud [9] for the most recent results and references.

The aggregation process resembles formation of a star from dispersed space dust and
sticky particles models indeed have relations to astrophysics. It is appropriate to clarify
these relations since they are not so direct and cause a lot of misunderstanding.

It is known that the distribution of galaxies in the Universe is very inhomogeneous
and the regions of high density form a peculiar cellular structure. The first attempt to
understand the formation of such structures was made in 1970 by Ya.B. Zeldovich. Most
of the mass in the universe is believed to exist in the form of particles that practically do
not collide with each other and interact only gravitationally, e.g., neutrinos. In his model
Zeldovich considered an initially homogeneous collisionless medium of particles moving by
pure inertia; the gravitational interaction was taken away by an appropriate time change.
He showed that singularities, i.e., the thin regions of very high density of particles, so called
“pancakes”, appear even if initial speeds of particles form a smooth velocity field.

Zeldovich’s approximate model, however, does not explain formation of the cellular
structure of matter. His approximation does not take into account that particles hitting
a “pancake” are hampered by its strong gravitational field and start oscillating inside
the “pancake” instead of flying away. Although this gravitational adhesion of collisionless
particles is not precisely the same as the real sticking, the model of sticky particles serves as
a reasonable approximation. The effect of gravitational adhesion was then analyzed by the
use of the Burgers equation; S.N. Gurbatov, A.I. Saichev and S.F. Shandarin proposed it in
1984 to extend Zeldovich’s approximation, which is invalid after formation of “pancakes”.

The model of sticky particles is directly mentioned in Gurbatov et al. [11]; a compre-
hensive survey of the formation of the Universe’s large-scale structure could be found in
Shandarin and Zeldovich [23].

1.2. Statement of the problem and the results. In general, the problem is to describe
the process of mass aggregation. How fast is it? How large the clusters are? Where do
clusters appear most intensively, etc.” Numerous papers on the model, e.g., [8, 14, 16,
20, 25], are dedicated to probabilistic description of various properties of the aggregation
process as the number of initial particles n tends to infinity. Thus, the behavior of a typical
system consisting of a large number of particles is studied.

In this paper, we are interested in the asymptotic behavior of K, (t), which denotes
the number of clusters at time t in the system with n initial particles. This variable is a
descreasing random step function satisfying K,,(0) = n and K,,(t) = 1 for ¢t > T'!  where
T!est denotes the moment of the last collision. While calculating K, (t), we also count initial
particles that have not experienced any collisions; in other words, K, (t) is the total number
of particles existing at time ¢.

It is very important to know the behavior of K, (). This gives us a deep understanding
of the aggregation process since the average size of a cluster at time ¢ is #(t)

At first we give a short deterministic example. Suppose that particles are located at
points %, %, ooy, le., S; = 1. By simple calculations, we find that there would not be any
collisions before ¢t = 1. At the moment ¢t = 1, all particles simultaneously stick together,
hence K,(t) =n for 0 <t < 1and K,(t) =1 fort > 1.
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However, when the initial positions are random, the aggregation process behaves en-
tirely differently. In [25], the author proved the following statement.

Fact 1. There exists a deterministic function a(t) such that both in the Poisson and the
uniform models of initial positions, for any t > 0, we have
Ka(t) »
n
The function a(t) is continuous, a(0) = 1, and a(t) = 0 for t > 1. We conjecture, on the
basis of numerical simulations, that a(t) =1 —1t? for 0 <t < 1.

a(t), n — o0. (1)

The relation a(t) = 0 for ¢ > 1 is not of a surprise because we know from Giraud [§]

that both in the Poisson and the uniform models, 745 AN (the limit constant is so
“fine” due to the proper scaling of the model). Therefore, we say that the moment ¢t = 1
is critical; note that this moment coincides with the moment of the total collision in the
deterministic model.

The aim of this paper is to strengthen the result of [25]. We first generalize Fact 1 and
prove it for the i.d.-model. We will see (relations (20) and (28) below) that a(t) is equal to
the probability of a certain event that is expressed in terms of X;. Also, we will prove that
a(t) depends on the common distribution of X; as follows: a(t) = 1 on [0, \/jz), where

pi=suply : P{X, <y} = 0};
a(t) € (0,1) on (y/t,1); and a(t) = 0 on (1, 00).

Furthermore, we prove the conjecture from Fact 1 that a??®(t) = aU™/(t) = 1 — ¢
for 0 < ¢t < 1. There is an amazing contrast between the simplicity of this formula and
the hard calculations one needs to obtain it; although this problem seem to be technical,
its solution is based on quite original and interesting ideas. It is remarkable that now we
know the limit function a(t) for the main models of initial positions.

Our main goal is to improve (1) by finding the next term in the asymptotics of K, ().

The result is the following statement, where the standard symbol 2, denotes weak con-
vergence and D denotes the Skorohod space.

Theorem 1. In the i.d.-model with continuous X; satisfying EX; < oo for some v > 4,
there exists a centered Gaussian process K(-) on [0,1) such that

W 2 K(-) in D[0,1—¢] forall e € (0,1) (2)

as n — oo. The process K(-) depends on the distribution of X;. This process satisfies
K(0) = 0 and has a.s. continuous trajectories. The covariance function R(s,t) of K(-) is
continuous on [0,1)%, R(s,t) > 0 on (\/i,1)?, and R(s,t) =0 on [0,1)*\ (/&r,1)%.

In the uniform model, (2) holds for some centered Gaussian process KU/ (-) on [0,1).

This process satisfies KU/ (0) = 0 and has a.s. continuous trajectories. The covariance
function RU™/ (s,t) of KY™/(.) is continuous on [0,1)%, and RV (s,t) = RT3 (s, t)—s2t2.

Thus, the Poisson and the uniform models lead to different limit processes K7°%5(.)
and KUm’f(,)’ although aPoiss(_) _ aUm’f(_)‘
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As an immediate corollary of Theorem 1 (see Billingsley [3, Sec. 15]), we get
K, (t) — na(t)
NLD
for any ¢t < 1, where o?(t) := R(t,t). Tt is possible to show that in the i.d.-model, (3)
holds for all ¢ # 1 under the less restrictive condition EX? < oo, with o2(t) = 0 for t > 1;
continuity of X; is not required.

We also study convergence of the left-hand side of (3) at the critical moment ¢ = 1.
Apparently, the limit is not Gaussian, but this complicated problem is related to a curious,
but hardly provable conjecture on integrated random walks. In view of this non-Gaussianity,
it seems impossible to prove any extended version of Theorem 1 that describes the weak
convergence of trajectories on the whole interval [0, 1]; we refer to Section 7 for further
discussion.

We finish this subsection with a note on scaling. In our model, the masses of particles
are equal to % and the distances between them are of the order % Let us rescale the i.d.-
model by multiplying all masses and distances by n: the system of particles of mass one
each, initially located at points Sy — Sjzy, S2 — Syz,..., S, — Spzy, is called the ezpanding
model. The particles are shifted by Spz) because we want the system to expand “filling”
the whole line as n — oo rather than only the positive half-line.

All results of our paper hold true for the expanding model. This is not unexpected
because the shift does not produce any changes and the rescaling of masses is equivalent
to the time contraction by n times while the rescaling of distances is equivalent to the time
expansion by n times. We refer the reader to Section 2 below or to Lifshits and Shi [16]
for rigorous arguments.

DN(,0%(t), n— oo (3)

1.3. Organization of the paper. In Section 2 we describe a general method which is
used to study systems of sticky particles. This method is applied for studying the i.d.-
model in Section 3, where we investigate some properties of the aggregation process. We
will show that the aggregation process is highly local, i.e., the behavior of a particle is
essentially defined by the motion of neighbor particles. This localization property suggests
that we could use limit theorems for weakly dependent variables to prove both Fact 1 and
Theorem 1 for the i.d.-model; this will be done in Section 4. Then we will prove Theorem 1
for the uniform model in Section 5. In Section 6 we study the number of clusters at the
critical moment ¢ = 1. Some open questions are discussed in Section 7. The proof of the
relation a?**5(t) = 1 — 2 for 0 <t < 1 is separated into Appendix.

2. METHOD OF BARYCENTERS

In this section we briefly describe the method of barycenters, which is the main tool
used to study systems of sticky particles; it is also applicable to more general models where
particles could have non-zero initial speeds and different masses. The method of barycenters
was independently introduced by E et al. [6] and Martin and Piasecki [20].

Let us start with several definitions. We always numerate particles from left to right
and identify particles with their numbers. A block of particles is a nonempty set J C [1,n]
consisting of consecutive numbers. For example, the block (7,7 + k] consists of particles
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14+ 1,...,7 4+ k. Note that there are not any relations between blocks and clusters: for
example, a block’s particles could be contained in different clusters and these clusters
could even contain particles that do not belong to the block.

It is convenient to assume that initial particles do not vanish at collisions but continue
to exist in created clusters. Then the coordinate x;,(f) of a particle ¢ could be defined
as the coordinate of a cluster that contains the particle at time ¢. The second subscript
n always indicates the number of initial particles; we will omit this subscript as often as
possible.

By x,(t) :=|J|7' >, i(t) denote the position of the barycenter of a block J at time

t. Further, define
1

§(M§R) - MyP)E,
where MﬁR) and Mf,m are the total masses of particles initially located to the right and to
the left of the block, respectively.

A block is free from the right up to time t if, up to this time, the block’s particles did
not collide with particles initially located to the right of the block. We similarly define
blocks that are free from the left and say that a block is free up to time t if it is both free
from the right and from the left.

The next statement plays the key role in the analysis of sticky particles systems. The
barycenter of a free block moves as an imaginary particle consisting of all particles of the
block put together at the initial barycenter. In a more precise and general way, we state the
following.

25(t) = 25(0) +

Proposition 1. If a block J is free from the right (resp. left) up to time t, then x;(s) >
x%(s) fors € [0,t] (resp. x;(s) < x*(s)). If a block J is free up to time t, then x ;(s) = x%(s)
for s € 10,1].

This statement could be found, for example, in Lifshits and Shi [16], Proposition 4.1.
The easy proof is based on the property of conservation of momentum.

The moment when a particle j sticks with its right-hand neighbor j 4 1 is called the
merging time T}, of the particle j. In other words, T}, is the first moment when particles
j and j + 1 are contained in a common cluster; here j € [1,n — 1]. Proposition 4.3 from
Lifshits and Shi [16], which is stated below, gives us a way to calculate T} .

Proposition 2. For every j € [1,n — 1], we have

Tin = jrggl {s >0: xfj7k](s) = a:aj](s)} ) (4)
0<I<y

Thus, Tj,, is expressed by means of barycenters. Note that since

. . k—1
x(j,k](s) - I(z,j}(s) = x(ng](O) - l’(l,j](o) ~ on 5%, (5)
each of the equations z{;, (s) = =z, ;(s) has a unique non-negative solution. We also
mention that at the moment Tj,, appears a cluster that consists of the particles [41,.. .k,

where k and [ are minimizers of the right-hand side of (4).
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We will prove Proposition 2 since the proof is simple and perfectly illustrates the sense
of the method of barycenters.

Proof. For any u < Tj,, the particles j and j + 1 are contained in different clusters.
Therefore, for every [ < j, the block [l, j] is free from the right up to time u, and for every
k > j, the block [j + 1, k] is free from the left. By Proposition 1,

(W) < xag(w) < aj(u) <z (u) < zgr(u) <z, ),

and since, by (5), the function «7; , (s) — x{, ;(s) is decreasing for s > 0, we conclude that

u <{s >0: x(;,(s) = xz‘l’ﬂ(s)}.

Taking minimum over k,! and taking supremum over u, we get 7j,, < min{...}.

Let us prove the last inequality in the other direction. By the definition of 7j,,, there
exist an [ < j and a k > j such that the blocks ([, j] and (j, k| are free up to time 7},
(clusters containing particles from these blocks collide exactly at time 7j,). In view of
Proposition 1,

37’(7,;‘] (Tjn) = L(1,5] (Tjn) = L(5,k] (Tjn) = 33’(3,1:} (Tjn);
hence T}, = {s >0 af;y(s) = x?lyﬂ(s)}, and 7}, > min{... }. O

3. STUDY OF THE I.D.-MODEL. THE LOCALIZATION PROPERTY

At first, note that
n—1
Ko(t) =1+ Lyer,y (6)
i=1

because the total number of clusters decreases by one at each moment 7;,,. This represen-
tation plays the key role in the investigation of K, (). Clearly, we need to study properties
of the r.v.’s T;,, to prove limit theorems for K, (t); such study will be done in this section.

3.1. The initial study. Let us simplify the representation for 7 ,, from Proposition 2. In
this section we consider the i.d.-model of initial positions, where z;,,(0) = %Sj. Recall that
S; is a random walk with i.i.d. increments {X;},ez (we will need the variables {X,};<o
later).

Rewrite the initial distance between barycenters as

1 K1 1 1
(i) (0) — 2@y (0) = j— Z 551‘ . Z 551‘

i=j+1 i=l+1

K i
1 1 1
= - (k:T > (8= S + ] D (85— S) + (Sju — Sj))
n J S J i=l+1

1 1 k—j—1 1 j—1-1
= - (m D (Sjvirr — Sjn) + i > (85— 8m) + Xj+1>;

n - -
=1 =1
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let us agree that > := 0. Further, by
%',k](U) "y 70y

=1 m=j+2 =1 m=j—i+1
1 1 k—j—1 Jj—=l-1
= E(E ;(k_]_Z)X]—H—H—i_ Z (-1~ jz+1+X]+1)7

and (5), we have
2 (8) — 205(8) = Fajjji(s),

where
1~ 1 p+q
Fpjql(s) = 52(19 — 1) X1 + = Z q—O)Xj—it1 + Xjp1 — 5 s° (7)
i=1 i=1

(for p,q > 1 and j € Z). Now, by Proposition 2, we get

Tjn = JISCIPn{S >0: Fi_jjj(s) = 0} = 1§Ikn§irl}ij{s >0: Fiji(s) = 0}. (8)
0<1<j 1<i<j

Note that F, ;,(0) > 0 for all p, j, ¢ and F}, ;,(s) is decreasing for s > 0. This function
could be also written in the more convenient form

Frials) =+ 3 (0= (X =)+ ¢ (0= )Xo =)+ (g = ). 9

3.2. Localization property of the aggregation process. We see that Tj,, is a function
of Xo, ..., X,; in other words, it is necessary to know the distances between all n particles to
find Tj,,. The aggregation process is actually highly local, i.e., the value of T} ,, is essentially
defined by the initial distances between neighbor particles {i} of j for which |j — 4| is small
enough.

To make this statement rigorous, we need to introduce the following notation. Let us
put

7D = min {3 >0 Fls) = o}, jeZ, MeN,
1<k,I<M

which is expressed in terms of the variables {X;};_i<a only. Also, define

1= kl?zfl{s 20: Fk’j’l(s) - 0}’ Iz,

which is, in some sense, the merging time in an appropriate infinite system of particles.
The reader could construct such system by considering the limit of the expanding model,
see Sec. 1.

It is clear that
<TUND i eN, j<n, (10)
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where by A and V we denote minimum and maximum, respectively, and
M .
n<T™,  jez MeN. (11)

Let us estimate the rate of the convergence of lP’{Tj =+ Tj(M)} to zero as the “radius
of the neighborhood” M tends to infinity. We thus could “measure” the above-mentioned

locality of the aggregation process. In fact, by (10), we have P{T;,, # Y’J(M)} < P{T; #
Tj(M)} foranyn € N, j<mn,and M < jAn—j.

Lemma 1. Suppose EX; < oo for some~y > 1. Then there exists a non-decreasing function
p(t) such that

M M _
max(IP’{ll{tSTj} #+ ]]_{tST](A{)}}, ]P){TJ #* Tj( )’Tj( ) < t}) < p(t)Ml v (12)

for any t € (0,1), j € Z, and M € N. Moreover, for any t < 1, the left-hand side of (12)
is o(M'™7).
Proof. Let us estimate the first probability in the left-hand side of (12). By properties of
Fy ;1(-) and definitions of Tj(M) and of Tj,

P{1usr) # Lyerony} = P{T <t <7}

= ]P){kl,{lzfl de’l(t) < 0, min Fk:,j,l(t) > 0}

1<k,I<M

By (9), this expression does not depend on j, and putting j := —1,

]P){]l{tSTj} 7 ]l{thj“‘“}}

>1
i=1 i=1

k—1 -1
| . o1 .
— P{mf . > (k—i)(X; — £*) + inf 72 (=X - t3) 4+ (Xo — 1) <0,

1<k<M k 4 1<I<M [ 4
=1 =1

min =S (k= i)(X; — ) + min li(l—z‘)(Xi—t2)+(X0—t2)20}.

We then compare the inequalities in the braces and obtain

P{ﬂ{tSTj} 7 ]l{thj“‘“}}

IN

k>M

k—1
21@{ inf %;(k—i)(Xi—t2)< min % (k-i)(X,--t?)}

AN
DN
=
—N
=
-
|
e
IMT I
"
|
<
N
=
=
|
e
L
"
|
<
N
—
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Now rewrite the event in the last line as
k—1 M—1

{EIk>M %Z(Si—it2)<min<,1z ~—zt2>

=1

——

EII

-1

=

k-
1 1
_ . 2y b a2 a 2
= {EIk>M. (S; —it%) kg @t)<m1n(0, } (S; zt))}.

Analyzing both cases 0 < & S M 1(S; —it?) and 0 > L M (S, — it?), we conclude that
the considered event 1mphes

I
—

i

k—1
{3k>M Z S, — it?) <o} - {3k>M 3 O(S; — it?) <o}.
=M
Clearly, the latter implies
Si
{ElizM:Si—it2<O} = {mf —<t2}
i>M 1
hence, combining all the estimates together, we get
S
P{Ler) # Lyeqon | < 2P{ inf = < 2], (13)

Note that we obtained (13) without any assumptions on the moments of Xj.

We now estimate the right-hand side of (13); recall that EX; = 1. Then the first
part of (12) immediately follows from the classical result of Baum and Katz [1] (see their
Theorem 3 and Lemma):

Fact 2. IfEX; = a and E|X;|" < oo for some v > 1, then
S
P{sup - — a‘ > 5} =o(k'™), k — oo
i>k!
for any € > 0. In addition, the series > ;-
if v =2.

The estimation of the second probability in the left-hand side of (12) is completely
analogous, since

L — a} > 5} converges for all € > 0

1,27, 100 < ¢} = {1, <7 < 1}
_ () (DY _ o ) < }
L%lek]l(T ) <0, 1<r1£1l12MFk”(T ) 0,737 <ty

We put j := —1, repeat the estimates, and get
2
IP’{T]- £ T 7D < t} < 21@{&' > M S — T <0, TOD < t}
instead of (13). The right-hand side does not exceed QIP{EIZ' >M:S;—it? < 0}, hence

[[D{Tj £ 1M M < t} < 21?’{ inf é < tQ}. (14)

i>M 1
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O

3.3. The distribution function of the merging time 7; in the Poisson model.
It is amazing that in the Poisson model, the distribution function of 7y could be found
explicitly. This is important because by (28) below, the limit function a(t) equals IP’{TO > t}
for the i.d.-model. Also, in the proof of Theorem 1 for the uniform model, we will need
aloiss(t) = ]P’{T(fD oiss > t} to be twice differentiable and have a continuous second derivative.

Lemma 2. In the Poisson model, for 0 <t <1, we have
IP’{TO > t} —1-£ (15)
In addition, fort >0, n>2, and 1 <75 <n—1, we have

1<k<j 4
=1

IP{TM > t} - etQ]P’{ min zk:(si —it?) > 0} -]P’{ min S (S; — it?) > 0} (16)

where S; 1s a standard exponential random walk.

Proof. We start with (16). By (8), (9), and properties of Fj, ;,(-),

P{rnz) = o £ 0)
1<I<j

k—1
1
+ min - (l — Z.)<Xj—i+1 — t2) =+ Xj+1 — t2 Z O}
=1

In the right-hand side of the last equality, by Y denote the first minimum and by ¥ denote
the second one.

Suppose X is a standard exponential r.v., Z is a non-negative r.v., and that X and Z
are independent; then

P{Z < X} = / P{Z < x}e "dx = / El{z<ne “de = E/ liz<sye "dr =Ee 7.
0 0 0
Hence in view of independence of Y, Y, X j+1 we get
IP’{Y AV 4 X — 2> 0} — RV = PR PR
and therefore,

]P’{ij > t} = etQ]P{Y + X1 — 2> 0} ]p{f/ 4 X — 2> 0}'
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Now, by

-1
) |
IP’{Y X - 2> 0} - IP’{ min > (1= )(Xji1 — ) + Xja — £ > 0}

— — X, —t?) >
{1Igzlgjzl 1+1 t)_O},

we conclude the proof of (16). Indeed, the expression in the last line equals the first
probability in the right-hand side of (16).

Now let us prove (15). From the definition of Ty and Ték) we see that ]l{tSTék)} — lg<my
a.s. as k — oo; then by (16),
—it?) > 0}

]P’{TO > t} _ etQIPQ{ Izl
k
P{inf (Si —it) > 0} — V1 —te /2 (19)

Then we need to check that
E>1

i=1

IIM?v

for 0 < t < 1. The complicated calculations of this probability take about ten pages,
and therefore, they were separated into Appendix. Although these calculations seem to be
technical, they are based on quite original ideas. 0

3.4. Some properties of merging times 7;. In this subsection we prove several impor-
tant properties of the r.v.’s T;.

1. The sequence T; is stationary.
Proof. This statement immediately follows from the definition of T; and stationarity of X,
which are i.i.d..

2. The common distribution function of 7; is defined by

P{:nzt} :P{inf LSS i) (x, —t2)+1nf; (=) (X i —t2)+(Xo—12) 20}. (20)

i=1 =1

Proof. This formula follows from (9).

3. We have P{\/n < T; < 1} = 1 while sup{y : P{T; < y} = 0} = /z and
inf{y : P{T; < y} = 1} = 1; recall that p = sup{y : P{X; < y} = 0}. In addition, if
EX? < oo, then P{T; =1} = 0.

Proof. First, ]P’{\/ﬁ < Ti} = 1 is trivial, because both infima in (20) are non-positive.
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Second, fix a ¢t > 1 and consider IP’{Ti > t}. Taking into account that infima in (20)
are non-positive, we obtain

IP’{Ti zt} {g%k; Xi —12) + (Xo — 2) zo}.

Then by the same arguments as in (18),

k k

A . s _2 _ . _2
P{Tth}SP{}cgg.l(k i+ 1)(X; t)ZO}—IP{Ilcrzlflll(Sl zt)ZO}.

By the strong law of large numbers, this probability is zero for all ¢ > 1.
If t =1 and EX? < oo, then

k k
R R T Y
Bl Do -0 20) = mP{ min 3360 2 0f

=1

and from the invariance principle, we get

]P’{T>1 {mm/W du>0}
0<s<1

It follows from the asymptotics of unilateral small deviation probabilities of an integrated
Wiener process, see (44) and (45) below, that the last expression equals zero.

Third, sup{y P{T;, < y} = 0} = //t and mf{y P{T;, < y} = 1} = 1 follow if we
prove that for any ¢ < EX; = 1, the common distribution of the i.i.d. infima in (20) has
an atom at zero. But we have

]P"flkilk (X, — P'flkils it > Plinf 2 > ¢

{,121%;( — 1) (X; = ) —0} = {}&E;( i —it )—0} > {?2117 >t }
and it could be shown via the strong law of large numbers that the last probability is
strictly positive for all ¢ < 1.

4. Suppose X; is continuous. Then Tj(k) and T}, are continuous for any j, k,n and the
common distribution of 7; could have an atom only at 1. In addition, if EX? < oo, then
T} are continuous.

Proof. By (7) and (8),
Tj,= min +/H(k,j,1), (21)
Sz

where
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Hence T}, is continuous as a minimum of a finite number of continuous r.v.’s. The Tj( )

are also continuous because Tj(k) 2 Tk ok
Now we prove the continuity of 7. By Property 3, it only remains to verify that

]P’{T] > t} is continuous on [0,1). But ]P’{Tj(k) > t} — IP’{T] > t} = IP’{IL{tSTj} #1

and in view of (13),

(<1 } g

]P’{Tj(k) >t} —P{T; > t}’ < sup 21@{ inf Om t2} = 2IP>{ inf Om 32}

0<t<s m>k M m>k ™M

sup
0<t<s

for every s < 1 = EX;. The last expression tends to zero by the strong law of large
numbers; then ]P’{ T; > t} is continuous on [0, s] as a uniform limit of continuous functions
]P’{Tj(k) > t}. Since s < 1 is arbitrary, P{T; >t} is continuous on [0, 1).

5. The cov(Lis<mnpy, Lp<ry,y) tends to zero as k — oo for all s,¢ € [0,1). If, in addition,
EX] < oo for some y > 1, then for any s,¢ € [0,1) and k£ € N, we have

|cov(Lsemy, L<ny)| < 27 (p(s) + p(t)) K7 (22)
Proof. The idea is to approximate Ly<7)y and Ly<zy by ]_{SSTék/Q)} and ﬂ{tSTék/m},

respectively; here by k/2 we mean [k/2], where [2] = min{m € Z : m > z}. Note that
1{S<T(k/2)} and 1{t<T(k/2)} are independent because the first is a function of {Xi}i<k/2 while
=1 STy <

the second is a function of {X;};>x/2+1. We then have

‘COU(1{3§T0}7 l{tSTk}) |

|cov(Lis<ny, Lip<mi}) — cov(]l{ngék/m}, ﬂ.{tSTék/Q)})‘

IA

‘E(H{SSTO}H{tSTk} - ﬂ{ngék/Q)}ﬂ{thé’“/Q)}H
+ ‘E(H{SSTO} - ﬂ{ngg’“/Q)})} + ‘E(ﬂ'{tSTk} - l{th,gk/”})‘ (23)

P{ Ls<nylp<ny # ﬂ{ngék/m}ﬂ{tSTék/z)}}

+P{1{8§T0} 7é ﬂ{ngék/z)}} + P{]l{thk} 7& ﬂ{tSTék/z)}}.
But

]P’{ Ls<mylp<ny # ﬂ{ngék/m}ﬂ{tSTék/m}}

< ]P){]l{SSTo} 7 Lgerttry U teny # ﬂ{th,gk/Z’)}}v

therefore the result follows from Lemma 1.

6. The r.v.’s {T;}iez, {Ti(k)}iez, and {T;,}7=! are associated; the author owes this
observation to M.A. Lifshits.
Proof. Let us first recall the definition and some basic properties of associated variables.
R.wv.’s &,...,&, are associated if for any coordinate-wise nondecreasing functions f,g :
R™ — R, it is true that

COU(f(gl, s >£m)7 9(517 s >€m)) > 0
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(assuming that the left-hand side is well defined). An infinite set of r.v.’s is associated if
any finite subset of its variables is associated.
The following sufficient conditions of association are well known, see [7].

(a) Independent variables are associated.
(b) Coordinate-wise nondecreasing functions (of finite number of arguments) of associ-

ated r.v.’s are associated.

(c) If the variables &y, ...,&n, are associated for every k and (&1k,---5&muk) _D

(&1,...,&m) as k — oo, then &, ..., &, are associated.
(d) If two sets of associated variables are independent, then the union of these sets is
also associated.

Then {T;,}7=]! are associated for every n by (a), (b), and (21). Analogously, {Ti(k)}iez

are associated for every k. Finally, since Tl-(k)

the association of {T;};cz.
7. For any s,t € R and k € Z,

— T; a.s. as k — oo for every i, (c) ensures

cov(Liny<sy, Lizp<ry) 2 0 (24)

Proof. This inequality follows from cov(Lip<s}, Lir,<i3) = cov(Lis<nyy, L<n,}), the asso-
ciation of Tp, Ty, and (b).

8. If EX] < oo for some v > 2, then the stationary sequence min{7},t} is strongly
mixing for any ¢ < 1 and its coefficients of strong mixing a(k) satisfy a(k) = o(k*77).
Proof. Recall that stationary r.v.’s & are strongly mizing if a(k) — 0 as k — oo, where
a(k) are the coefficients of strong mixing defined as

a(k) = sup  |P(AB) — P(A)P(B)|;
AeFY _,BeFge

— 00

here F°_ := 0(&,&é 1,...) and F° := (&, Ekra, - .. ) are the o-algebras of “past” and
“future”, respectively. It is readily seen that

alk) < sup |cov(f(§0,£_1,...), g(§k,§k+1,...))|, (25)

0<f,9<1

where the supremum is taken over Borel functions f, g : R* — [0, 1].
Let us estimate a(k) in the same way we estimated the left-hand side of (22). Fix some
Borel functions f,g : R>® — [0,1]. We approximate the variables from the “past” Ty A t,

T _Nt, T 5Nt, ... by To(k/Q)/\t, Tﬁﬁ/%l)/\t, TSI;/ZH)/\t, ..., respectively; and for the variables
from the “future”, we use the analogous approximation. Now, f (TOW 2 A t, T Ekl/ 2+1) At, ... )

and g(T,Ek/Q) At, Tk(i/fﬂ) At, ... ) are independent because the first is a function of {X;};<y/2
and the second is a function of {X;};>x/241. We then argue in the same way as in (23) to
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get

cov(f(To/\t,T_l/\t,...), g(Tk/\t,TkH/\t,...)N

< QP{G(Ti At) # (TEPH A t)} + 21P’{G(Tk+i At) # (TEZD A t)}

=0 i=0

IN

4 i P{(Tynt) # (T3 A1) }.

i=k/2
Now, by the formula of total probability, we have
r{t ) 4100}
= P{(ToAt) # (T A0, T = th +P{(Ty At) # (T A 2), T <t}
= P{l{tSTO} 7# ﬂ{tg:qg“}} + P{TO AT 1 < t}

and combining all the estimates together, by Lemma 1, (25), and arbitrariness of f and
g, we get a(k) < 837%, ,0(i'™7) = o(k*77) if v > 2. For v = 2, we get a(k) <
163274 P{inf;>y % < t*} = o(1) using the same argument and applying (13), (14),

%

and Fact 2 instead of Lemma 1.

3.5. The last collision. We finish this section with a statement on the convergence of the
moments of the last collision.

Proposition 3. In the i.d.-model, T'*t 5 1 as n — oo if EX? < co.
This result is well known for the Poisson model, see Giraud [8].

Proof. Let us first prove that P{T'**' >t} — 0 as n — oo for all ¢ > 1. Since T}**" =
maxi<;<n—11jn, we have

n—1
P{Ti >t} <> P{T;, > t}. (26)
j=1
By taking into account that the minima in (17) are non-positive and by arguing as in (18),

k—1
1
P{Tjn >t} < P{ min =Y (k—i)(Xjpn — )+ X0 —£° > 0}

= ]P’{ min Xk:(k—iJrl)(Xi—tQ)ZO}

1<k<jVn—j 4
i=1

k
< P i —it?) > 0.
< P, 305 >0}

1=1
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We claim that (without any assumptions on the moments of X;)

S 1+t
IP){TM > t} < IP{ sup — > * };
iztgta 2

(27)
recall that ¢ > 1. Clearly, (27) follows if we check that

k
S;  14+¢2
{1<I1?<12/2i:1(sl zt)_O}C 511_13 i> 2

Assume the converse; then, by the non-negativity of S;,

n/2 cn n/2
0 < Z —it?) =) (Si—it?) + > (S —it?)
i=1 1=cn+1
cn n/2 2
1+1
< S — it?) + (2 —it2>,
= L 2

where ¢ := %. We estimate the last expression with

(en)? 5 (n/2)?—(cn)? -1 ¢ , 1/4—¢ 2-1,
Scn - —t - . < — — . i
Cn 2 2 2~ 2 5 "

It is simple to check that the right-hand side is negative, thus we have a contradiction.
Then from (26), (27), and Fact 2 it follows that P{T/*" >t} = >~ 0((cn)_1) =o(1)
for all t > 1.
Now let us prove that P{T'* < ¢} — 0 as n — oo for all ¢ < 1. Since T/*' =
maxi<j<n—11jn, We estimate

P{Tlst <« 41l < ]P{ T. <t}
{ " } - 1<;(I<1i%/}E LIV

= (vVn/2)
N ]P{1<§r<l(?/}£ 17—-17 < t} Z ]P){]l{t<T\/ﬁn} # ]]‘{t<T(\/7/2)}}

In view of (10) and Lemma 1, the sum is Z‘/ﬁ_l o(n"12) = o(1), hence it remains to

check that the first probability in the last line tends to zero. For a fixed n, all T (g/ 2)
are independent because each one is a function of {Xi}; m_s<,m/2 (to be precise, of
Xjﬁ_\/ﬁ/2+27 e 7Xj\/ﬁ+\/ﬁ/2) ThU.S,

IP{ max TV < t} - Pﬁ—l{T%ﬁ/?) < t} < Pﬁ—l{To < t},
1<j<y/n-1

which tends to zero; indeed, IP’{TO < t} < 1 by Property 3, Subsection 3.4. 0
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4. PROOFS OF FACT 1 AND THEOREM 1 FOR THE I1.D.-MODEL

Recall that the number of clusters K, (t) is given by (6). Our idea is to study
Z;:ll Ii;<7,) instead of Z;:ll Ly, ,,3: We thus deal with a single sequence T; and avoid
considering the triangular array 7 ,,.

Let us now prove Fact 1 for the i.d.-model. We prove (1) for ¢ # 1 without any
additional assumptions on X;; for ¢ = 1, we require EX? < co. The properties of the limit
function a(t) were studied in Subsection 3.4, Properties 3 and 4.

Proof of Fact 1. We put

a(t) :=P{Ty > t}. (28)
Let us first prove (1) for all t < 1. It is sufficient to check that
K,t) 1 P
—_—t = = Lger, 0 . 29
w T m e 0 e (29)

Indeed, the stationary sequence 1y..7;) satisfies the law of large numbers by Property 5,
Subsection 3.4, and the well-know result of S.N. Bernstein:

Fact 3. The law of large numbers holds for r.v.’s & if there ezists a sequence r(k) — 0
such that cov(&;, &) < r(|i — j|) for alli,j € N.

By (6),

Ko(t) 1L 1 1

‘T - 2; Lpery| < s 2(]1{1%7;,”} — Lgeny)
where we used (10) to get the non-negativity of the right-hand side. Then (29) immediately
follows from the Chebyshev inequality provided that the expectation of the right-hand side

tends to zero. By using (10), we obtain

1 n—1 1 n—1
D E(Lpcry —Lp<ny) < =D (Bl _pean) — Elgery)
=1

X n“
=1 —

IN

n

n—1
1
o Z;P{H{KTZ‘} 7 ]l{t<T}””*”}}’

which is %Zfﬁ o(1) = o(1) by Lemma 1. To be very precise, Lemma 1 deals with slightly

different indicators, but we can estimate the considered probability by repeating the proof
of Lemma 1 word for word.
We now check that (1) holds for all ¢ > 1. Using (27) gives EK"T(t) = %Z?:_f P{T;, >

t} — 0asn — oo and K"T(t) N a(t) = 0 follows from the Chebyshev inequality.

It remains to check that (1) holds for ¢ = 1 if EX? < oo to conclude the proof. By
Property 3 from Subsection 3.4, we have a(1) = 0 and ]P’{Tg = 1} = 0; consequently, a(t) =

P{T, > t} is continuous at t = 1. Then (1) is true for ¢ = 1 since 0 < KT(D < K”T(t) N a(t)

for any t € (0,1) and a(t) — a(1) =0ast /1. O
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Now we prove Theorem 1 for the i.d.-model. We think of DI[0,1] as of a separable
metric space equipped with the Skorohod metric d, which induces the Skorohod topology.

Proof of Theorem 1. At first, we prove (2). In view of representation (6) for K,(t),
relation (2) follows from the relation

n—1 n
1
Z Lier, .} — —= Z Lge<ry
NLD — NLD —

and the existence of a centered Gaussian process K (-) on [0, 1) such that

50 foralle € (0,1) (30)

sup
0<t<l—¢

%{i Liery = na(t)} 2 K(-) inD[0,1—¢]foralle € (0,1). (31)

Indeed, if Y, 2.y and d(Y,,Y.)) 2, 0 for some random elements Y., Y Y of the separable

metric space D[0,1 — ¢], then Y/ -2 Y5 recall that d(Y;,,Y,)) < supepo g [Ya(t) = Y, (D)]-

We start with (30). It is sufficient to prove that the expectation of the left-hand side
tends to zero. Since the supremum of a sum does not exceed the sum of suprema, let us
check that

1
% ZE sup |]]‘{t<Ti,n} — 1{t<Ti}| — 0 forallee (0, 1). (32)

0<t<l—e

By (10), we have

E su 1 < E su 1 inn—i), — 1 )
0<t<Il) a‘ (<T, o Ogtgli)—a( {t<Ti( )} {t<TZ})

_ P{E#E(i/\n—i)’ﬂgl_g}
_ P{n#ﬂ(i/\nfi),ﬂ(i/\nfi)<1_€}

+P{1{1—5§Ti} + ]l{liegTi(i/\n—i)}},

where the last equality was obtained via the formula of total probability. Combining the
estimates together and using Lemma 1,

n—1 n/2

n—1
1 2p(1 — ¢ . . 1—5
WE:E(KS;I? | Lp<r, ; S%E (iAn—i)' " = E i
i=1 Stei-e i=1

The last expression is O(n*277) and (32), which implies (30), follows.
Now let us prove (31). As long as

U, (t :——{ZIL{KT}—na } { ZIL{T<t}— 1—@(75))}

the U, (+) is the empirical process of stationary r.v.’s T; with the continuous common distri-

bution function 1—a(t). By K(-) 2 —K(-), (31) is equivalent to the existence of a centered
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Gaussian process K (-) on [0, 1) such that
Un(-) -2 K(-) in D[0,1—¢] for all £ € (0,1). (33)

We will use the following result from Lin and Lu [17, Sec. 12] on convergence of
empirical processes. They attribute this statement to Q.-M. Shao, who published it in
1986, in Chinese.

Fact 4. Let & be a sequence of stationary strongly mizing r.v.’s distributed on [0,1], and
let F' be the common distribution function of &. Suppose F(x) = z on [0,1] (i.e., &
are uniformly distributed) and the coefficients of strong mizing of the sequence F(&;) de-
crease as O(k~2%%)) as k — oo for some § > 0. Then the empirical processes of &
weakly converge in DI[0,1] to a centered Gaussian process with the covariance function

ZiEZ Ccov (1{§0§S}7 ﬂ'{fzgt}) :

Remark. The limit Gaussian process is a.s. continuous on [0,1]. Fact 4 also holds true if
F is an arbitrary continuous distribution function.

The a.s. continuity of the limit process could be concluded by a comparison of the
proof from Lin and Lu [17] with the proof of Theorem 22.1 from Billingsley [3]. The
statements and the proofs of these theorems are identical, but Lin and Lu do not state the
continuity while Billingsley does. Further, since F(§;) is uniformly distributed on [0, 1] if
F' is continuous, Fact 4 holds true for every continuous F’; see the proof of Theorem 22.1
by Billingsley [3] for explanations.

Recall that we need to prove the convergence of the empirical process of T;. It seems
that the r.v.’s T; are not strongly mixing; but min{7;,1 — ¢} are strongly mixing because
of Property 8, Subsection 3.4. These variables are not continuous and so we need to fix
them up. Let us fix an € € (0, 1), and let o; be i.i.d. r.v.’s independent of all T; and, say,
uniformly distributed on [0, £]; we define T, := min{7;, 1 — e} + Lyr>1-} 0.

The stationary variables T} are distributed on [0, 1], their common distribution function
G is continuous, and the coefficients of strong mixing of G(7}) decrease as o(k*~7). The
proof of the last statement is the same as the proof of Property 8 from Subsection 3.4. In-

deed, approximate the variables G(1p), G(T1), ... from the “past” by G(TO(WQ)), G(Tﬁkl/ﬂl)), .

where Ti(m) = min{Ti(m), 1—e}+ ]l{Ti<m)21_6}
variables from the “future”; and then repeat word for word the arguments of the previous
proof.

Now, recalling that v > 4, we see that T, satisfy the assumptions of Fact 4, with the
only difference that their distribution is not uniform. By Un() denote the empirical process
of Tj; clearly, U,(-) coincides with the empirical process Uy,(-) of T; on [0,1 — €]. By the
Remark to Fact 4, we conclude that, first,

«;; use the analogous approximation for the

U,(-) —2 K() in D[0, 1], (34)

where K (-) is a centered Gaussian process with the covariance function

]:2(5, t) = Z COU(IL{TOSS}, ]l{ﬂ-gt})

1€EL
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and, second, trajectories of K(-) are a.s. continuous on [0, 1].

[There exists a simpler and more elegant proof of (34). Note that {Ti}ieZ are associated as coordinate-
wise nondecreasing functions of associated r.v.’s {1}, a; }icz, see (a), (b), and (d) from Property 6, Subsec-
tion 3.4. Then we can obtain (34) applying the result of Louhichi [18] on convergence of empirical processes
of stationary associated r.v.’s & instead of using Fact 4. Her theorem requires only cov(F(&), F(&)) =

O(k_(4+5)), which could be proved analogously to Property 5, Subsection 3.4. Thus we avoid the compli-
cated estimations of the strong mixing coefficients, and the proof of (34) is becomes much simpler. The
only problem is that this proof requires v > 5.

We also note that the a.s. continuity of K(-) could be proved directly, without referring to the proof

of Fact 4. The arguments should be the same as in the proof of the continuity of KU™f(.) in Section 5.]
Define

R(s,t) := Z cov(Lyry<sy, Lim<ty) s (35)

1€Z

which is, evidently, equal to R(s,t) on [0,1—¢]?. Since R(s,t) is positive definite and & > 0
is arbltrary, the function R(s,t) is positive definite on [0,1)?. Therefore, by Lifshits [15,
Sec. 4], there exists a centered Gaussian process K () on [0, 1) with the covariance function

1
R(s,t). The trajectories of K(-) are a.s. continuous on [0,1) by K(-) = K() on [0,1 —¢],
arbitrariness of € > 0, and the a.s. continuity of K(-) on [0, 1].

Finally, by (34), Un(-) = Uy(-) on [0,1 — ¢, K(*) éD K(-) on [0,1 — €], and the a.s.
continuity of K(-), we get (33). Since (33) implies (31), we conclude the proof of (2).

Only the stated properties of R(s,t) remain to be proven. The continuity of the joint
distribution function of continuous variables T; and 7T} implies that cov(ﬂ{%gs}, H{Tigt}) is
continuous on [0,1)? for every ¢ > 0. Then, in view of (22), R(s,t) is continuous on [0,1)?
as a sum of uniformly converging series of continuous functions.

The strict positivity of R(s,t) on (/f, 1) trivially follows from (35), (24), and
cov(Liny<s}, Lim<ty) = a(s V) (1 — a(s A t)) > 0; the last inequality holds by Property 3,
Subsection 3.4. The R(s,t) =0 on [0,1)?\ (y/z,1)? follows from P{T; < \/zi} = 0, which
holds by Properties 3 and 4 from Subsection 3.4. OJ

We note that (3) holds for ¢ # 1 under the less restrictive condition EX? < oo. For
t < 1, the proof is almost the same: By (30), which is true for v > 3/2, we conclude that (3)
holds if the stationary associated sequence 1.7} satisfies the central limit theorem. Then
we refer to the central limit theorem for stationary associated sequences from Newman [21];
his theorem requires only R(t,t) < oo, i.e., the convergence of the right-hand side of (35).
This condition holds by (13) and Fact 2. For ¢ > 1, relation (3) holds true with o?(t) = 0
because of Proposition 3.

Finally, note that the process K (-) is associated, i.e., the r.v.’s {K(t) }scj0,1) are asso-
ciated. In fact, by (6), Property 6 from Subsection 3.4, and condition (b) from the same
Property 6, the processes % ) is associated by
(2) and (c), Property 6.

are associated for every n. Then K(-
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5. PROOF OF THEOREM 1 FOR THE UNIFORM MODEL

There exists a simple method that allows to extend results from the Poisson model
to the uniform model and vise versa. The method is based on the next statement (see
Karlin [13, Sec. 9.1]).

Fact 5. Let S; be an exponential random walk. Then for any k > 1, we have

Sl Sz Sk D
) ey = U ,U ,...,U , 36
(Sk+1 Skt1 Sk+1> ( LR 2k kk) (36)

where Uy i, are the order statistics of k i.i.d. r.v.’s uniformly distributed on [0,1]. Moreover,
the random vector in the left-hand side of (36) is independent of Sk.1.

Therefore, if 29%%(0) = %Sj are the initial positions of particles in the Poisson model,

Jm .
then for the initial positions of particles in the uniform model, we have xg;”f 0) =g~
z555(0). By Proposition 2 and (5), we conclude that
TUnif _ ﬁ_l TPoiss ﬁ o Sn+1 (37)
7,n - Mn jn n o n )
and hence, using (6), we get
KM () = K7 (Bat). (38)

Note that the process KUni/(.) and the r.v. 3, are independent since values of the process
are defined by xgzzf (0),...,2 "/ (0), which are mutually independent of 3, by Fact 5.
Now we prove Theorem 1 for the uniform model.

Proof of Theorem 1. Denote
K" (t) — nal(t
vty o K0 = nalt)
Vvn
we stress that Y,,(-) and Z,(-) are independent.
Fix an € € (0,1). First, it follows from (2) for the Poisson model and (38) that

Zn(t) = Vn(a(t) — a(Bat));

Ya() + Zu() =2 KP*(.)  in D[0,1 - ¢]. (39)
Indeed, the process Y, (:) + Z,(-) is obtained from \%(Kf"iss(-) — na(+)) by the random

time change t — ,t; and since ||3,t — t||co,1-] 2,0, we have

LESELIL R

A(Ya() + Zu()

by the definition of the Skorohod metric d.
Second, from Fact 1, (15), and (28) it follows that a”™/(t) = aP™**(t) = P{T " >
t} =1—1t%for 0 <t <1, and by the central limit theorem,

Z,(t) -2 >y in D[0,1 — ¢, (40)

where 7 is a standard Gaussian r.v.
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We claim that (39), the independence of Y,(-) and Z,(-), and (40) yield the weak
convergence of Y,,(+) in D[0,1 — ¢]. Let us check the tightness of Y,,(-) and the convergence
of their finite-dimensional distributions.

The tightness of Y,,(-) in D[0,1 — €] follows from Y, () = (Y (:) + Zu(+)) — Za(-), (39),
and (40). Indeed, by the Prokhorov theorem, (39) and (40) yield that both sequences
Y,(:) + Z,(-) and —Z,(-) are tight. But trajectories of —Z,(-) are a.s. continuous because
of the continuity of a(-), and the tightness follows from the continuity of addition + :
D x C' — D and the fact that under any continuous mapping, the image of a compact set
is also a compact set.

Now we study convergence of finite dimensional distributions of Y;,(-). Recall that the
characteristic function of a centered Gaussian vector in R™ is e~ 2(F2% where u € R™ and
R is the covariance matrix of the vector. Then (39), the mdependence of Y,,(+) and Z,(-),
and (40) yield that for the characteristic function of a finite-dimensional distribution of
Y,.(+), we have

Eei(Ya(®)w) ({RPOZSS(t i) — t2t2} et ,u), (41>

where u € R™, t = (t1,...,t,) € 0,1 — s]m, and Yy, (t) := (Yu(t), ..., Ya(tm))-

We see that the matrix {RF**(t;,t;) — t?ti};szl is positive definite for any t =
(t1,...,tm) € [0,1 —¢]™ and m > 1 since the absolute value of the left-hand side of (41)
does not exceed one. Putting

RUmf(S,t) — RPoiss<S’t) o 82t2,

we have {RF9s(t;,t),) — t?ti}?kzl = { RV (¢, tk)};?kzl; then the function RU™/(s,t) is
positive definite on [0, 1)? since ¢ > 0 is arbitrary. Thus, by Lifshits [15, Sec. 4], RV™/ (s, t)
is the covariance function of some centered Gaussian process KY™/(-) on [0, 1).

Clearly, (41) yields the convergence of finite-dimensional distributions of (tight) Y;,(- )
to finite-dimensional distributions of KY™/(.). Now check that KU"/(.) € C[0,1 — ¢] a.s
to conclude the proof of Theorem 1 for the uniform model.

For this purpose, let us prove that a.s., trajectories of Y, (-) have jumps of size \/Lﬁ

only. In fact, the jumps of Y, () coincide with the jumps of \/LEK,({ " (.), whose jumps are
of size \/Lﬁ if and only if TV £ TV for 1 < j; # j, < n —1. By (37), we need to

Ji,m J2,n

verify that T # T/%s5 a.s. for 1 < j; # jo < n — 1. This relation follows from (21) if
H(ky,51,0) 7é H(kg,]g,lg) a.s. for j; # jo and kq, ko, l1,lo > 1. The last a.s. inequality is
obvious because if the equality holds true, then a certain nontrivial linear combination of
i.i.d. exponential X; equals zero. . 3

Then there exist a.s. continuous Y, () such that supte[ojl_a]‘Yn(t) — Y, ()] < \/iﬁ a.s.;
consequently, d (}7”, Yn) < \/iﬁ a.s. By tightness, some subsequence Y, (-) weakly converges
to a random element K'() € D[(), 1 — ¢] and consequently, Y. (+) 2 K'(-). But 1 =

lim 1anP’{Y ) € C’} < IP’{K’ € C’} since C' C D is closed in the Skorohod topology,

therefore K'(-) is a.s. continuous. It remains to note that K'(-) 2 KU/ () on [0,1 — ¢,
hence a.s., KY™/(.) is continuous on [0,1 — ¢]. The proof of (2) is finished.
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Since ¢ € (0,1) is arbitrary, a.s., KY™/(-) is continuous on the whole interval [0,1).
The RU™/(s,t) = RF?3(s,t) — s*t? is continuous on [0, 1)? because RF%S(s, ) is. O

6. THE NUMBER OF CLUSTERS AT THE CRITICAL MOMENT

Now we turn our attention to the number of clusters at the critical moment ¢ = 1. We
are interested in the behavior of

Ko(1) —na(l)  K,(1)

vn oV
which is the left-hand side of (3) at ¢t = 1; here we have a(1) = 0 under EX? < oo, see
Property 3, Subsection 3.4.

We do not know if this sequence is weakly convergent, but we hope that it is. We also
have a naive guess that its limit is Gaussian because the limit in Theorem 1 is Gaussian.
In view of K, (1) > 1, this conjectured weak limit is nonnegative, hence it is Gaussian if
and only if it is identically equal to zero. However, the results of this section show that the
limit is non-zero, thus our guess on Gaussianity fails.

The study of convergence of K\’}ﬁ) is quite complicated. Therefore, in this section, we

consider only the Poisson model. First, let us prove the following statement.

Proposition 4. In the Poisson model, we have lim P{K,(1) =1} > 0.

Proof. On the one hand, K, (1) = 1 is equivalent to T,%%,.. < 1, where T}%3,. . denotes
the moment of the last collision in the Poisson model. On the other hand a result by

Giraud [8] states that in the uniform model,

V(T — 1)—> sup (l—x/ W y——/ W dy>—7'

0<z<1

where W/ (-) is a Brownian bridge. Now, by (37), we have T)% .. = 0, 'T}3.,,,, hence

n;Poiss?
V(B T — 1) =D T (42)
But from the central limit theorem and the law of large numbers,
Spt1 —
V(g = 1) = -2t — (43)

G VEREa ) 2

where 7 is a standard Gaussian r.v. and S; is a standard exponential random walk that
defines initial positions of particles. Since, in view of Fact 5, Tp%,,» = 0, T30, and 3,

are independent, from (42), (43), and the law of large numbers it follows that

\/_(Tvéa;Zzss o 1) —D) T g :@T + g7

where 7 and 7 are independent. Thus,

tim Pk, (1) =1} = lim P{725, <1} =P{~ +7< 0} >0.

n;Poiss —
n—00
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The main advantage of the Poisson model is that, by Lemma 2, we have lP’{Tjn >
1} = ep;pn—j, Where

m

and S; is a standard exponential random walk. We say that the sequence of r.v.’s " | (S; —
ES;) is an integrated random walk. In the proof of Property 3, Subsection 3.4, we showed
that pr — 0 as k — oo. Therefore, it is reasonable to say that p, are the unilateral small
deviation probabilities of an integrated centered random walk.

We need to obtain the asymptotics of py — 0 to continue the study of convergence of
K”TS). Unfortunately, the results of the rest of this section are completely dependent on the
correctness of the following conjecture.

Conjecture 1. We have py, ~ c1k™'/* as k — oo for some ¢; € (0, 00).

Simulations show that the conjecture is true and ¢; ~ 0.36. The weaker form p;, =< k~/*
of Conjecture 1 was proved by Sinai [22], but only for integrated symmetric Bernoulli ran-
dom walks. It also interesting to note that, by McKean [19], the unilateral small deviation
probabilities of an integrated Wiener process have the same order as T" — oo:

]P{ min / W(u)du > —1} ~ T4 (44)
0

0<s<T

for some ¢y € (0,00). The left-hand side of (44) is a unilateral small deviation probability

e P{ min /0 W (u)du > —1} = IP’{ min /0 W(u)du > —T‘?’/Q}- (45)

0<s<T 0<s<1

To be precise, McKean was interested in a more general problem, and some calculations
are required to obtain (44) from his results. Therefore, we additionally refer to Isozaki and
Watanabe [12] who state (44) explicitly.

By the results mentioned above, we also suppose that Conjecture 1 is true for other
integrated centered random walks that satisfy some moment conditions.

Now we are able to prove the following result on convergence of K"TS)

Proposition 5. Suppose Conjecture 1 holds true. Then in the Poisson model, we have

JEEOE<K\H/(51)> = ¢, sg;;E(K:}(ﬁl)y < 00 (46)

for some c3 € (0,00); the sequence K:}g) is tight and uniformly integrable; and the limit of

any weakly converging subsequence of K:}g) takes value zero with positive probability, but is

not identically equal to zero.

Numerical simulations show that K"TS) is weakly convergent and that this conver-

Kn(1)

n = 10000. Since the simulations performed for n = 40000 showed a hardly perceptible

for

gence is quite fast. In Fig. 1 we present the (empirical) distribution function of
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difference, this function seems to be a good candidate for the distribution function of the
conjectured limit.

0.8r¢
0.6+
0.4+

0.2}

1““2““3““4

FIGURE 1. The distribution function of =2~ K” ) for n = 10 000.

Note that if we weaken Conjecture 1 to pj, =< k~'/4, then Proposition 5 still holds true
with the only difference that EK“TS) = 1.

Proof. We start with the convergence of the expectation. On the one hand, by (6) and
Lemma 2,

Vi >_% 72 o

and on the other hand,

\F Zz T if(%)_mQ _ %>_1/4 . B(3/4,3/4)

1=

as the integral sum of Beta function. Then it follows from Conjecture 1 and standard

arguments that EK\"f converges to ¢z := eciB(3/4,3/4) > 0.
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Now we check the uniform boundedness of E(K:}g))z. By (6) and the convergence of
EK\’}S), it is sufficient to prove that
1 n—1
sup — Z ]P’{Tm > 1,7, > 1} < 0. (47)
2l T it

Suppose i < j; then by using (8) and properties of Fj, ;,(-), we get

]P’{Tm > 1,7}, > 1} - ]P{ min Fiiy(1) >0, min Fyy(1) > o}

1<k<n—1i 1<k<n—j
1<i<q 1<I<j
< ]P{ min Fri(1) >0, min Fy(l) >0},
1<k<(j—i)/2 7 1<k<n—j he
1<i<i 1<I<(j—1)/2

where by (j —4)/2 we mean [(j —4)/2]. The minima in the last expression are independent
as functions of { Xy, bm<(itj)/2 and { X, }m>(i1j)/241, respectively; hence

P{Tm =1, T > 1} < IP{ min  Fj,(1) >0} -P{ min  Fy(1) >0}
1<k<(j—i)/2 1<k<n—j
1<I<i 1<I<(—1)/2

= IP’{E,H(]-_Z-)/z > 1} -P{Tu—z’>/z7n—j+(a’—i>/2 = 1}
= 621%‘29%@_@)/21%—]',

where the first equality follows from (8) and the second follows from Lemma 2.
Recalling Conjecture 1, we get

[ary

3

n—1
1 1
- P{Tim> 1,T;, > 1} < o Z e2pip%(jfi)/2]pnfj
1,7=1,i#7j 1,7=1,i#7
n—1
C - . . — N —
=Y G2 P )
ij=1,i#j

n—1

IN

<

i,j=1,i#]

for some ¢ > 0. The last expression is an integral sum converging to

1 1
c/ /x1“u—m1”u—w1%m@,
0 0

and it is a simple exercise to check that the integral is finite. This concludes (47).
The uniform integrability of K"TS) follows from the second relation from (46), see
Billingsley [3, Sec. 5], and the tightness follows from the uniform integrability.
Ko, (1)
N
E¢ = ¢3 > 0 by the uniform integrability and (46), and hence ¢ is not identically equal to

Finally, suppose 2, ¢ for some subsequence n; — oo and some r.v. £&. Then
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zero. But the distribution of ¢ has an atom at zero since by Proposition 4 and properties
of weak convergence,

K, (1
P{e¢=0} —tmP{¢ <} > lim limsup]P’{ ) g} > lim lim P{K,, (1) = 1} > 0.
e\0 eNO oo A/ T e\0i—o0

O

7. OPEN QUESTIONS

1. The number of clusters at the critical moment ¢ = 1.

Here the main question is if Conjecture 1 holds true. Even by itself, this problem is
worth studying.

But even if Conjecture 1 is true, we still do not have a proof of weak convergence of
K"S), it is only known that this sequence is tight. The author strongly believes, relying on
numerical simulations, that the limit exists. It would be interesting to find this conjectured
limit, which should be nontrivial by Proposition 5, in an explicit form.

f L_nm() on the whole interval [0, 1].

2. The weak convergence o
It is very natural to ask if it is possible to strengthen Theorem 1 by proving the weak
convergence of % in D[0,1]. This complicated problem returns us again to Ques-

tion 1 because the weak convergence of % in D[0, 1] implies the weak convergence

of K"(lz/%”a(l) = K"S), see Billingsley [3, Sec. 15]. But even if K"TS) converges, its weak

limit K (1) is not Gaussian, hence the limit process K (-), which is Gaussian on [0,1), is
no more Gaussian on [0, 1]. Therefore, it is doubtful that Theorem 1 is true in DI0, 1];
at least, one should provide a proof completely different from the presented one. Also, it
is unclear how to define the finite-dimensional distributions of the non-Gaussian K (-) on
[0, 1] because simulations show that K (1) would not be independent with K (t) for ¢ < 1.

3. The number of clusters in the warm gas.

In the presented case, initial speeds of particles are zero. This model is often called
the cold gas according to its zero initial temperature. We introduce a new model stating
that initial speeds of particles are a,v,a,vs,...,a,v,, where v; are some i.i.d. r.v.’s and
a, is a sequence of normalization constants. This model, called the warm gas, was studied
in many papers, e.g., [14, 16, 20, 25].

It is of a great interest to study the behavior of K, (t) in the warm gas. In [25],

the author proved that in the basic case where a,, = 1 for all n and Ev? < oo, we have
Kn(t)

£, 0 for all t > 0. The question is to find a normalization of K, (t) leading to some
nontrivial limit. Clearly, this normalization depends on a,,, but it is very possible that there
is an effect of phase transition similar to the one discovered by Lifshits and Shi [16]: If a,,
are small enough, then the gas has a low temperature and the normalization is the same
as in the cold gas. If a,, are big enough, as in the basic case a,, = 1, then the normalization
and the behavior of the gas differ entirely from the case of the cold gas.

The author believes that the localization property, which is described in Section 3,
could be helpful in a study of these questions.
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It is also interesting to compare the behavior of K, (1) in the warm and in the cold
gases; in the warm gas, the moment ¢ = 1 plays the same “critical” role as in the cold gas,
see Lifshits and Shi [16]. The variable K, (1) was studied by Suidan [24], who considered the
warm gas with a,, = 1 and deterministic initial positions of particles (his initial positions
were %, %, ..., ). For this case, Suidan found the distribution of K, (1) and showed that
EK, (1) ~ logn. Recall that in the presented case, EK,, (1) ~ c3y/n.

4. The number of clusters in ballistic systems of sticky particles.

A sticky particles model is called ballistic if it evolves according to the laws introduced
in Section 1, but in the absence of gravitation. Such models are, in some sense, more natural
than gravitational ones because the basic assumption that gravitation does not depend on
distance is sometimes confusing. However, an unpublished paper of M.A. Lifshits and L.V.
Kuoza shows that certain gravitational and ballistic models are tightly connected.

It seems interesting to study the number of clusters in the ballistic model. The author
does not know any results in this field.
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APPENDIX

Recall that in the proof of Lemma 3.3, while proving that a°®s(t) = 1—t?for 0 <t < 1,
we showed that this relation is equivalent to

k

G(t) == P{gg (Si—it) > 0} =Vi—te'? 0<t<l, (48)
==l
where S; is a standard exponential random walk, see (19).
In this Appendix we prove the relation (48); our proof is completely independent of

the main part of the paper. Let us rewrite G(¢) in the more convenient form

2 ¢
G(t) :P{’gf—lmzs > t}.

Our proof is organized as follows. In Sec. A.1 and A.2 we study properties of the functions

k
2
Gn(t) : P{lr&lgn P ;SZ > t},

which converge to G(t). We show that G,,(t) are continuously differentiable and that G, ()
converge uniformly; consequently, G(¢) has a continuous derivative. We also obtain an
ordinary differential equation for G(t), but the right-hand side of this equation will be
represented as the sum of a series with unknown coefficients. In Sec. A.3 we find these
coefficients, solve the differential equation, and get (48).
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A.1. “PARTIAL DENSITIES” AND CONTINUITY OF G(t)

We will use the bold type for multi-dimensional variables. Let us indicate the dimen-
sion of these variables with subscript, e.g., x,, € R"; we will omit these subscripts as often
as possible. The coordinates of x, will be always denoted by x1,...,z,. By 0 = 0,, and
1=1, denote (0,...,0)T € R and (1,...,1)" € R", respectively.

Recall that X; are increments of the standard exponential random walk S; = X7 +

—|— X;. By definition, X; are i.i.d. standard exponential random variables. Put Y} :=
k:+1) S | S;; clearly, we have YV = ) S (k—i+1)X;. Hence Y, = (Y3,...,Y,)T

(k+1
is a linear function of X,, = (Xy,...,X,,)", that is Y,, = 4,X,,, where

1 0 0 0

2/3 1/3 0 ... 0

A, = 3/6 2/6 /6 ... 0

: : : R 0

2n 2(n—1) 2(n—2) 2

n(n+1) n(n+l) nn+l) 7 n(ntl)

This matrix is nonsingular; by L, := A_! denote the inverse matrix. As far as for every
k>3,

k k-1 k—1 k—2
Xy = Sp— S = (Zsi - Zsi) - (Zsi - Zsi)
=1 =1 i=1 =1

k k—1 k—2
k(k + 1) (k—2)(k —1)
= N5 -2 85+ S =Y (k= Dk Y + Yio,

we conclude that

1 0 0 0 0 0 0
-2 3 0 0 0 0 0

1 -6 6 0 0 0 0

0 3 —12 10 0 0 0 k(k + 1)

Ln = . . 5 lk =

: : : RS : : 2

0 0 0 0o ... lp—a 0 0

0 0 0 0 ... =2l,2 1,1 0

0 0 0 0o ... lh—a 20,1 1,

This matrix has three nonzero diagonals; note that the sum of elements of each row equals
one and the sum of elements of each column except the last two equals zero.

The distribution of Y,, = AX,, is concentrated on the n-dimensional cone {y =y, :
Ly > 0} C R%, because LY, = X,, > 0 (x > y denotes coordinate-wise inequali-

ties). For the density py,(y) = p(y) of Y,, we have py, (y) = |det A7 px, (A7 y) =
"'("H exp{—(Ly, 1)} 1{1y>0}. For each of n—2 first columns of L, the sum of its elements
(n—1)n

equals zero; the sum of elements in the columns n — 1 and n equals —I,,_; = —~5— and
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ln _ n(n+l)

5, respectively. Thus we conclude

nlin+ 1! _a@tn (n—1)n
( o ) e 2 Yn+-—73 n—1 , ]l{LyZO}‘ (49)

This is not surprise that the density of Y,, = (Y1,...,Y,)" depends only on Y,,_; and Y,,.
In fact, we have @Yn — @ w1 = S,, and the density of independent exponential

random variables X,, = (X1,...,X,)" depends on S,, only.
Now we write

p(yn) = v

n

G(t) P{lglgn Yy > t} ZP{@ISHRYQ Vi, Yy > t}, (50)

and for any 1 < k < n introduce

97(#) (t) :== / p(y)dM\.-1(y), (51)
{y=yn:y>t1,yp=t}

where \,,_; denotes the Lebesgue measure on the (n — 1)-dimensional set {y =YyY,:y >
t1, yp = t}. Then by the Lebesgue theorem, for a.e. t,

/
9B (t) = —]P’{ min Y, = Y3, Yy > t} , (52)
1<i<n
where the derivative exists a.e. Consequently, G, (t) is differentiable a.e., and for almost

every t, we have
n

G(t) == gP(). (53)

Let us call g,(f) (t) the kth partial density of the random variable 11<nkl£1 Y:. In the next

section we will show that partial densities are continuous, hence (52) and (53) hold for
every t and G, (t) is differentiable.
Finally, making the change of variables y = t(z + 1) in (51) and using (49), we get

gqgk) (t) = Mt”—l e

2n

(n41) (n=1)
e~ T g\ (z). (B4)
{z=2zn: Lz>—1,2>0, z;,=0}

Indeed, the inequality Ly > 0 transforms to Lz > —1 because for each row of L, the sum
of its elements equals one.
We finish the section with the following statement.

Proposition 6. The functions G, (t) are continuous. For every ¢ € (0,1), G,(t) converge
to G(t) uniformly on [0,1 — ¢]. The function G(t) is continuous on [0, 1).

Proof. As
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we can write

k k
— = i _at) > 0.1 p—)
Ga(t) — G(t) P{lglnn;(sl it) > 0, inf 3 (S; —it) < 0}
k
k>n
i=n+1

< P{3i>n:8i—it<0}.

Then
sup ‘Gn(t) — G(t)‘ < sup P{infi < t} = P{infi <1- 5},

0<t<l—e 0<t<l—e¢ >no 1 >n 1

and the last expression tends to zero by the strong law of large numbers.
By (51) and (53), G,(t) are (absolutely) continuous; hence G(t) is continuous on [0, 1)
as a uniform limit of continuous functions. 0

A.2. PROPERTIES OF “PARTIAL DENSITIES” AND DIFFERENTIABILITY OF G(t)

Here we prove several important properties of partial densities gflk) (t). Let us first
state the auxiliary Lemmata 3, 4, and 5, and then prove the differentiability of G(¢) in
Proposition 7. The lemmata will be proved afterwards.

Lemma 3. For everyn > 1,
1 _
guh (8) = Gu(t)e™.

Lemma 4 (Chaining property). For everyn >2 and 1 <k <n—1,

_ k-1
g () = er(te™) gtV (1),

where {Ck}kzl are some positive constants. These constants satisfy cp = O(\/E ek).

Lemma 5. The functions gi" (t) are continuous. For every e € (0, 1), g (t) converge to

0 uniformly on [0,1 — ¢].

Proposition 7. The functions G,(t) are continuously differentiable. For every e € (0,1),
G, (t) converge to —G(t)e "> 7 ¢ (te_t)kfl uniformly on [0,1 —¢]. The function G(t) is
continuously differentiable on [0,1), and

(e}

G'(t)=—-G(t)e Y al(te™™  telo).

k=1

Proof of Proposition 7. By (50), (51), and (52), we get continuous differentiability of

G, (t) if we show that partial densities are continuous. The last partial density g (t) is
continuous by Lemma 5. Using Lemmata 3 and 4,

g(t) = en(te™) T Gur®e ™, 1<k <n-1; (55)
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but G,_(t) are continuous by Proposition 6, thus g (t) are continuous. Note that now
we know that (52) and (53) are true for every t.

Further, (te*t), = (1—t)e">0o0n|0,1], thuste™* < 1-e7t =e ! fort € [0,1). There-

fore in view of the estimate on the rate of growth of ¢ from Lemma 4, "7 ¢ (te_t)k_l
converges on [0,1). Clearly, this convergence is uniform on [0, 1 — €.

Recall that 1 > G,(t) \, G(t) > 0 for every t. Then by (53) (which holds for every t)
and (55),

‘—G’(t)e‘t g cr(tet)" ™ = G;(t)'

< S ) (G~ GO) + G Y ) 40
n/2

< (Gn/g(t) — G(t)) Z te_t k— + Z te—t k— + g(n)( .
k=1 k=n/2+1

The last expression tends to zero uniformly in ¢ € [0,1 —¢]. Indeed, for the third term, use
Lemma 5; the second one is a remainder of the uniformly converging series; and the first
term tends to zero by Proposition 6. 0

Proof of Lemma 3. The Y; = X is a standard exponential random variable, therefore

/
g,(llll(t) = —P{ min Yszl,let} :—P{ min Yk>Y1,Y1>t}

1<k<n+1 2<k<n-+1

= —(/ E{ min Yk>Y1Y1—s}d]P’{Y1<S})
. 2<k<n+1

= E{ min Yszllet}e’t

2<k<n+1

for a.e. t. After simple transformations

Y=t}
ﬁ(kX1+(k—1)X2+---+Xk> > X
_ E{V2§k§n+1, ﬁ((k—1)x2+---+xk) > (1—%“>X1‘X1:t},

E{ min Y, >V,

2<k<n+1

- E{V?gkgn—l—l,

Xlzt}

we use the independence of X; and find

2
' > S - <k< — 2 ((k- > ¢l
E{Qgrlg}}“}/k >Vi|Vi=t) =P{¥2<k<n+1, =T ((k=1)Xo+ -+ Xy) 2 1]
The right-hand side equals G, (t). It remains to note that the conditional expectation is
continuous because G, (t) is continuous (by Proposition 6), therefore our argument is true

for every t. OJ
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Proof of Lemma 4. The case k = 1 is trivial, we put ¢; := 1. Now suppose that 2 < k <
n— 1.

Let us introduce the following notations. For an [ x m matrix M, by M {-iriin.ish
(where r < [, s <mand 1 <i < --- <4 <[, 1<j < < js <m) denote the
(I = r) x (m — s) matrix obtained from M by deleting the rows i1, ..., 7. and the columns
J1,- -+, Js. For multi-dimensional variables, we will use the analogous notation.

Consider the integration set {y =y,: Ly > -1,y >0,y = O} from (54). We
claim that the first £k — 1 and the last n — k coordinates of any element of this set satisfy
independent constraints. Precisely, for 2 < k <n —1,

{y=vyn:Ly>-1,y>0, y =0}
= {y=yi1: L,Eg;k}y > 141,y > 0,1} x {0} (56)
x {y=ypp: LAy > 1,y >0, )

here L,Ez;k} is k x (k — 1) matrix consisting of the elements from the top left “corner” of L,

and L F 0k ig the (n — k — 1) x (n — k) matrix consisting of the elements from the
bottom right “corner” of L,,.

Take an y € {y =y,: Ly > -1,y >0,y = O}, then y{k} satisfies L,{lg;k}y{k} >
—1,_; and y* > 0,_;. Inview of y{¥} > 0,,_;, the (k+1)th of the inequalities L;{lg;k}y{k} >
—1,_1, namely, @yk_l + Wykﬂ > —1, holds automatically. Therefore we can

delete the row &k + 1 from LYZ*) that is
{L7{1®7k}y{k} Z _171717 y{k} Z Onfl} = {L;{Lk+1’k}y{k} Z _1n717 y{k} Z Onfl}-

Since L,, has three nonzero diagonals,

Loy _ (L7 0
n - 0 Lil,...,k—l—l;l,..‘,k:}

is a block matrix. This implies that the constraints for y,...,yx_1 and ygi1,...,y, are
independent, i.e., (56) holds true.
Now define

P, = {y =¥Ym-1: Ljng7m}y >—1,1,y2 Omfl}a m > 2
U := Am—1(Pr), (57)
Cm = 27""ml(m + 1)oy,,

and combine (56) with Fubini’s theorem to rewrite (54) in a simpler form. For k =n — 1
we get

g D(1) = n(z—:)tnlentml / AN (), (58)

{y>0}
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and for 2 < k <n —2 we get

| |
TL(’I”L2:- 1)‘tn—le—ntvk (59)

_ n(n+41) (n—1)n
X / e P} tyn—k+ P} ty7l7k71d)\n7k (y).

gt ()

For the simpler case k = n — 1, we integrate in (58) and find

g () = ¢, " 2o (60)

But by Lemma 3, gél)(t) = ¢ 2 and there is nothing to prove.

For the harder case 2 < k < n — 2, we use (54) and write

1 m—k+Dn—Fk+2)! .
9£2k+1(t) — T =k o—(n—k+1)t (61)

— (n—k+l)2(n—k+2) 21t (n—k’)(;—k-H) ton

X e 7kd/\n_k(Z).

{z=2z,_y1: Lz>—1,2>0,2,=0}

Take an element z of the integration set, then z{! satisfies Lfﬁlz{l} > —1,_; and
zU} > 0,,_,. But the first of the inequalities Lf}:}rlz{l} > —1,_4, that is 0 > —1, is always
true, while the second one, 3z, > —1, follows from zt'} > 0,,_,. Therefore

{z=2,411: Lyp1z2>-1,2>0, z =0}

- {O} X {Z =Zp_f - Lil_ii}lz > =1, 22> 0n—/€}7

and transforming the integral in (61), we get

m—k+Dn—k+2)!  ,
Gk (D) = ST ek (62)

_ (n7k+1)2(n7k+2) 2 (nfk)(;szﬁ»l)

x e it g\, (2).

1,2;1
{z=zn i LT 2> 1, 4,220, 1}

Compare (59) and (62). The integrals in these formulas do not look nice, but the point
is that one could be obtained from the other by a very simple change of variables. Recall
that

—6 6 0o ... 0 0

3 =12 10 ... 0 0

1,2;1 . . . . .
Li—k+}1 = : : " : :
0 0 0 ... Ik 0

0 0 0 ... —2lhy lign
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and
s s O ... 0 0
Iy —2lgr2 Iz - 0 0
LAk k) : : : . ‘ ‘
0 0 0 ... l,_ 0
0 0 0 ... =2l,1 I,

By J&7t where i,s,m > 1, we denote the m x m diagonal matrix with the elements

f—z, Zﬁ, cee Ziﬁ on the diagonal (counting from the top left corner). Then
1,2;1 1,0k+151,. .k} Th+1—2
LUE = Lt i (63)
because the right-sided multiplication by J:f;HQ multiplies the first column of Lkl k)
by ll—2 = li, the second column by ll—3 = li, etc.
k+1 k41 k+2 k42

Hence the change of variables z = (JSfin)_ly transforms the integral from (62) to
the integral from (59) times }det((]ﬁf,i'_a)*l}. But

(s — DIs!(i +m — 1)I(i + m)!

det J5! = 64
I T s+ m— Di(s +m)! (64)
and from (59) and (62),
nl(n 'yn—1_—n
gy(Lk)(t) _ (2::1)_15 Le=nty, _ kl(k + 1)!vktk_16_(k_1)t
952%1@) det(JT]ff/iH%il ' (n_kgi)jiﬁkﬂ)!t”*ke*(”*’f“)t 2k

It remains to check that ¢, = O(\/E e*) to finish the proof of Lemma. By (60),
g,(c’?l(t) = ¢tF e~ D! and integrating from 0 to oo, we get IP’{ min Y, = Yk} =

1<i<k+1
ck%. Then ¢ < %, and by Stirling’s formula,
ke + 1)kekt F+1\"" k+1
Cr < (k¥ 1) e = ( i ) il ek_le(\/Eek).
(k — 1)k1/27m(k — 1) k—1 2m(k — 1)

O

Proof of Lemma 5. Using notations (57), formula (54) could be written as

! 1 ' n—1)n

o) = g / TN (V). (65)

Pp

Recall that, first, y,,_; € P, implies y,,_; > 0, and second, from the proof of Lemma 4 we
know that P, C R"! has finite volume. Then P, is bounded since it is an intersection of
half-spaces; note that we give another proof of boundedness of P, while proving Lemma 6
from the next section.

Now it is clear that g,g") (t) is continuous. Further, as far as y,_1 > 0 for y,,_1 € Py,
the integral from (65) increases in t. By (t"'e™™)" = t""2¢7"((n — 1) —nt)), we conclude
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that g{" (t) increases (in t) at least on [0, =1]. Now suppose n is such that >1—¢/2;

then ¢{" is increasing on [0,1 —¢/2], and in view of (52) (which holds for every t),

1—e/2
2 2
w g0 =a1-9 <2 [ a0 < p{n <1-cp)
0<t<l—e¢ £ g
l—e

The last expression tends to zero as n — oo. Indeed, Y,, = ﬁ Y or . Si — Las. because
S, — 1 a.s. by the strong law of large numbers. ([l

A.3. THE DIFFERENTIAL EQUATION FOR G/(t)
By Proposition 7, we know that G(t) satisfies
G/( ) = (t>t_1f(t€_t)7 t E [07 1) (66)
G(0) =1,

where f(z) := >, e is the generating function of ¢. By Lemma 4, this series converges
for |x| < e7!. Let us formulate Lemma 6, which is indispensable for finding f(z), and then
find G(t) in Proposition 8. The lemma will be proved afterwards.

Lemma 6. Forn > 2, we have

n—1
_n(n+1) ClCr—k
S ;(kﬂ)(n—kﬂ)’

and ¢; = 1.
Proposition 8. The function G(t) satisfies the differential equation

G'(t) = 3555G(t), telo,l
G(O) = 1,
which has a unique on [0,1) solution /1 — te™t/2.

Proof of Proposition 8. Define the variables b,

(z) :=

S oo bea® of these variables satisfies

(wh(x)) = f(z),  |z|<e (68)

and h(0) = 0; we recall that the sum of a power series could be differentiated termwise
inside the circle of its convergence.

Usmg Lemma 6, we find that b,
jz] < e,

pra . 1bkbn  for n > 2 and by = 1/2. Then for

n—

o) 1
hQ(x):(blx+b2x2+. Z brby_ " —Zn_lba: —Zb:p — b—n "

n=2 k=1 n=1 n=1
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and by differentiation,

h
2h(z)h (z) = b (x) — ﬁ, 2| < et
T
Now we have
My = -1 lz| < et
h'(0) =b; =1/2,

and by taking into account that h > 0 for x > 0,
2h —Inh=—Inxz + C, 0<z<el
then
In2h —2h =Inz + ', 0<z<el
2he M = "z, 0<z<el

Using h'(0) = 1/2, we find that C” = 1. The function ¢(z) := ze™* is invertible on [0, 1],
and we obtain

-1
h(z) = a 2(3:), 0<z<e
Finally, by (68),
_ , h(q(t))
FUe) = Ja0) = hlato) + g0 a(0) = ha(0) + 90" 20
/ 1/2 2t
= — t —t — t t 1
2 T et 20=0)" €o.1),
and applying (66), we see that G(t) satisfies (67).
It remains to solve (67). As far as 2?1;—215) =-1- ﬁ, we get

G(0) = 1.
Then C =0, and G(t) = /1T —te™¥? on [0,1). Note that this equality holds on [0,1]. [

{lnG(t) ——tylmi-n+0, telo1)

Proof of Lemma 6. We recall that ¢, = 27"n!(n+1)!v, for n > 2, where v, is the volume
of
Pn = {y =¥Yn-1: Liil@’n}y > _1n—17 y > O?’L—l}?
see (57). That is why our goal is to find v,. As far as ¢; = 1, we define v; := 1 to satisfy
C1 = 2_11|(1 + 1)!1}1.
Let us study properties of P,,. We will temporary forget about geometric intuition and
use algebraic arguments only. Evidently,

Pn = {y =Yn-1: L;gl’n}y Z —]_n—l> y Z On—l}
because the first of the inequalities LY%™y > —1, ;. namely, y; > —1, follows from

y 2 Onfl-

We claim that (for every n > 2) the matrix L& s nonsingular. By I/} denote the
k(k+1)
2

k x k upper triangular matrix with all its nonzero elements equal 1, and denote
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IV := (Ip)7, which is lower triangular. For the matrix L™ | the sum of elements of each

column except the first and the last ones equals zero. For the matrix IX_IL#;"} , the sum
of elements of each column except the first one equals zero. That is why we easily get

—n 0o 0 ... 0 0
-n+2 =3 0 ... 0 0
-n+3 0 —6 ... 0 0

-2 0 0 ... —lho 0

—1 o 0 ... 0 —lpq

and thus det L™ = det(Iﬁ_IIZ_lL#m}) # 0.
Let us now show that L,{zm}y > 0 implies y < 0. The proof is by induction. For
n = 2, the statement is trivial. Assume that the statement is true for an n > 2; then

check that it holds for n + 1. Since I} 1) has positive elements only, Lffﬁ“}y > 0 implies

Iﬁ]ZLfLIﬁH}y > 0, and by (69) we conclude that y; < 0. Further, Liﬁﬂ}y > 0 implies
Liﬁ;l’nﬂ}y{l} > 0,,_1. In fact, we just get rid of the first of the inequalities L;{llﬁﬂ}y >0

and replace y; — 6y, + 6y3 > 0, which is the second inequality, by the less restrictive

—6yy + 6ys > 0 (recall that y; < 0!). Then L2 — LI j1=2 (gee the comment
to analogous statement (63) and the definition of J5~%), therefore L{L%" iy} > 0,
is equivalent to L#m}z > 0,_1, where z := J!=2y{l}, By the assumption, z < 0,_;;

hence yt'} < 0,,_; because z is obtained from y{!} by the tension with positive coefficients.
Finally, we get y < 0,,.
By (69) we easily find that a unique solution of LYy = —1 is

12 2 N\T
oo n ) (70)

yn—1::< 9 ) 3 7"'7n_1aﬁ

We see that y* € P,, and since Li"™ (y —y*) > 0,_; for every y € P,, we have y < y*.

Now it is clear that P, is an (n— 1)-dimensional convex polyhedron with 2(n—1) faces.
Denote by O,, the point of intersection of n — 1 hyperplanes (faces) Ly = —1,_4, and
put r = P, N {y =Yno1: Uk = O}, where 1 < k& < n — 1, see the figure. Naturally,
O,=y ,andbyy, 1 € P,=Yy,1 JYy,_;, the P, is a disjoint union of n —1 simpleces

with the common vertex O,, and the bases ol (to be pedantic, the simpleces themselves
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are not disjoint, but their interiors are). Recalling (70),

1 ok

An_a(FHF)). (71)

Up =

Thus we reduced the problem of finding the volume of P, to finding the volumes of o)
For 2 < k <n — 2, we have

FP = dy=y,1: Ly > -1,1, y > 0,1,y = 0}
= {y=yi: LMy > 1,1, y >0} x {0}
X Ay =Yoot LAy > 1y > 00 ]
which is very similar to (56). The only difference is that this statement deals with L

while (56) is a statement about L,,. Therefore the proof is a verbatim copy of the proof of
(56). Then

FP = Py x {0} x {y = ypopr ¢ LEAtEbobnly > 1 0 1y > 0041
and in view of L;{Ll_;"fk} Lok Lok, "}Jff*,iﬂl (see the comment to analogous statement,
(63) and the definition of J5~%), we make the change of variables y = J*""'z and obtain

Fn(k) = Pk X {0} X Jﬁ"']i'_’ll{z =Zp_f—1 - L;{Ll_;zik}z Z _]-n—k—b zZ > On—k—l}-
Finally, FP = P, x {0} X Jfﬂi'_’llpn_k, and by (64),

El(k+ 1D (n—k—1)(n—k)!
(n—1)n!

For £ = 1, we could repeat Word by word the argument we used in the case 2 < k <

n — 2. At the final step, we get F\" = {0} x J2Z} P,_1, and since v; = 1, (72) also holds
for k = 1.
For k = n—1, it is readily seen that £\" " = P,_; x {0}, hence (72) holds for k = n—1.
Thus (72) is true for 1 < k <n — 1. It remains to take a look at (71) and (72) to get

Ao (F(k))

n

ViUn—k- (72)

vy = 'k:‘ 2 kU

" (n=1)( n—l'n'z ok

The application of v, = mcn finishes the proof of Lemma. 0
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