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Abstract

In this paper, we study Ruelle’s probability cascades [@] in the framework of time-
inhomogeneous fragmentation processes. We describe Ruelle’s cascades mechanism exhibit-
ing a family of measures (1v4,t € [0, 1[) that characterizes its infinitesimal evolution. To this
end, we will first extend the time-homogeneous fragmentation theory to the inhomogeneous
case. In the last section, we will study the behavior for small and large times of Ruelle’s

fragmentation process.
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1 Introduction

Ruelle PJ] introduced a cascade of random probability measures in order to study Derrida’s
GREM model in statistical mechanics. This approach was further developed by Bolthausen and
Sznitman [§], who pointed out that an exponential time-reversal transforms Ruelle’s probability
cascades into a remarkable coalescent process. Previously Neveu (unpublished) observed that
Ruelle’s probability cascades were also related to the genealogy of some continuous state branch-
ing process ; we refer to [f] for precise statements and the connexion with Bolthausen-Sznitman
coalescent. Furthermore, Pitman [R(] obtained a number of explicit formulas on the law of Ru-
elle’s cascades ; in particular he showed that the latter can be viewed as a fragmentation process
and specified its semi-group in terms of certain Poisson-Dirichlet distributions. Returning to
applications to Derrida’s GREM model, we mention the important works by Bovier and Kurkova
[E, [, EI] who established in particular properties of the limiting Gibbs measure.



The purpose of this paper is to dwell on Pitman’s observation that Ruelle’s cascade can be
viewed as a time-inhomogeneous fragmentation process. The theory of time-homogeneous frag-
mentation processes was developed recently (see eg [, B, fl]), and we shall briefly show how it
can be extended to the time-inhomogeneous setting. Roughly the basic result is that the distri-
bution of a time-inhomogeneous fragmentation can be characterized by a so-called instantaneous
rate of erosion (which is a non-negative real number that depends on the time parameter), and
an instantaneous dislocation measure (which specifies the rate of sudden dislocation). We shall
establish that for Ruelle’s probability cascades, the instantaneous erosion is zero, and we will
provide several descriptions of the instantaneous dislocation measure. Specifically, the latter is
related to the well-known Poisson-Dirichlet distributions, in particular we shall establish a stick-
breaking construction, compute the corresponding exchangeable partition probability function,
and derive some relations of absolute continuity. In this direction, we mention that related (but
somewhat less precise) results have been proven independently by Marchal [If]. Finally, as ex-
amples of applications, we shall prove some asymptotic results for Ruelle’s probability cascades
at small and large times.

The rest of this work is organized as follows. The next section is devoted to preliminaries,
then we briefly present the extension of the theory of fragmentation processes to the time-
inhomogeneous setting. The main results on Ruelle’s probability cascades are established in
section [, and finally section deals with applications to the asymptotic behavior.

2 Preliminaries

2.1 Ruelle’s cascades and their representation with stable subordinators

Let us briefly recall the construction of Ruelle’s cascades [§, B, BJ]. Let p > 1 be an integer
and let 0 < 27 < ... < x, < 1 be a finite sequence of real numbers. For k € {1,...,p},
(Mir,ois 81 -+ -1 € N) denotes a family of random variables such that :

o for k€ {1,...,p}, i1,...,954—1 > 1 fixed, the distribution of (n;, ;. _, ;.7 € N) is that of
the sequence of atoms of a Poisson measure on ]0, co[ with intensity zzr~!~%*dr, arranged
according to the decreasing order of their sizes,

o the families (1,4, ,,,J €N) for ke {1,...,p}, i1,...,i,—1 > 1 are independent.

i1y 0iy,....i, 1 almost surely

Set 0i,.in = Miy---Niy,...ip- We can easily show that C = )
finite. Next we define Ruelle’s cascades :
n H’ilv-"vil)

o0
eil,---,ip = o and recursively i,y = § :aily---vikflvj'

Bertoin and Le Gall [E] have proved we can relate this process to the genealogy of Neveu'’s
CSBP (continuous-state branching process). Precisely, they have proved that there exists a
process (S®%(a),0 < s < t,a > 0) such that :

e V0 <s <t S&D = (5 (a),a > 0) is a stable subordinator with index e~ =),

eVp > 2 0 <t < ... < Ly, Stttz)  G(tr-1t) are independent and S(1:tr)(q) =
Sltr-1tp) o o §tt2)(g),



Set 0 <ty < ... <t,such that

r1 =€ " and x), = e_(tp_tk—l), k=2,...,p.
Let us fix a > 0. We define recursively, for £ = 1,...,p, random intervals Dgl_’_'_"i’ik’a) in the
following way :
D@ =)0, al.

Let k> 1, i1,...,ik—1 € N. Let (b, j,,i € N) be the jump times of S(te—1.t) on the interval
D(tlwnvtkflva)

ittt listed in the decreasing order of sizes. We set
PARES] -

D(tl,...7tk,a) :]S(tk_l tk) (bl

21,...,Z'k

2,8ttt (b, [ and €t = [ pletea) ()

15k 1] yenesli 11,000k

Bertoin et Le Gall have proved that the families

<(S(O,tp)(a)> - fil,...,ip§ Ty - ,ip € N) and (Eil,...,z‘zﬁ Ty .- ,ip S N)

have the same law.

2.2 Ruelle’s cascades as fragmentation processes

Using this representation of Ruelle’s cascades in terms of stable subordinators, we can exhibit a
link with fragmentation processes.
Recall that the law [ (a,b) has density
I'(a+0b)
I'(a)T"(b)

and let us introduce some definition :

247 (1 —2)P ! 1,1 dz,

Definition 2.1 [2]]/ For 0 <a <1, 0 > —a, let (Yn),>1 be a sequence of independent random

variables with respective laws 3 (1 — a, 0 + na). Set

~

A=Y fo=0-Y1)...(1-Y, )Y, f= <f">n>1'

Then , ﬁ = 1. Let f = (fn),>o be the decreasing rearrangement of the sequence (fn)nzl.We
define the Poisson-Dirichlet law with parameter (a,0), denoted PD («,0), as the distribution of
f-

Thereafter S stands for the set of decreasing sequences of non-negative numbers with sum
equal to 1. S is endowed with the uniform distance. S denotes its closure, it is the set of
decreasing sequences of non-negative real numbers whose sum is less than or equal to 1 and is
called the set of mass-partitions. Notice that S is a compact set.

Definition 2.2 Let s = (s;,i € N) be an element of S and s = (s i € N) a sequence in S.
@)
: J

rearrangement of all the terms of the sequences 39 as i describes N is called fragmentation
of s by sV). If P is a probability on S, we define the transition kernel P — FRAG (s,.) as the
distribution of a fragmentation of s by s, where s) is an iid sequence of random mass-partition

with law P.

Consider the fragmentation of s; by s%), i.e. the sequence 5§ = (sis;’,j € N). The decreasing



A Markov process (F(t),t € [0,1]) with values in S is called a fragmentation process if the
following properties are fulfilled :

e F(t) is continuous in probability.

e [ts semi-group has the following form :
for all ¢,¢' € [0, 1] such that ¢t + ¢’ € [0, 1], the conditional law of F(t 4+ t') given F(t) = s
is the law of Py 4y — FRAG(s, ) where P; ;44 is a probability on S.

The fragmentation is said homogeneous (in time) if P; 4, depends only on ¢'. Besides, (F(t),t €
[0,1]) is called a standard fragmentation process if F'(0) is almost surely equal to the sequence

1=(1,0,...).

In the case of Ruelle’s cascades, using the work of Bertoin et Pitman [fj] (Lemma 9), we
know that for any integer 2 < k <p, (0, i 01,...,9% > 1) is a PD(zy, —xj_1)-fragmentation
of (i1, ix_1»01,---,ik—1 > 1). More precisely we have :

Proposition 2.3 There exists a time-inhomogeneous fragmentation (F(t),t € [0,1]) with semi-

group Py = PD(t +t',—t) such that

((@-1;1’1 € N) Y (51-17,,,,%;2'1, coip € N)) law (F(a:l), . ,F(:cp)).

In the sequel, we call F', Ruelle’s fragmentation. To study Ruelle’s cascade, it should be
possible to use the fragmentation process theory developed for example in [ff], but first, we must
extend this theory to time-inhomogeneous fragmentations.

2.3 Exchangeable random partitions

In this section, we recall the connections between exchangeable random partitions and mass-
partitions. Let us first introduce some useful notation :

we denote by N the set of positive integers. For n € N, [n] denotes the set {1,...,n} and
P,, denotes the set of partitions of [n], P the set of partitions of N. For all n < m, for all
T € Pm,y T denotes the restriction of 7 to P,. We endow P, with the distance d(w, ') =

m. The partition with a single block is denoted by 1. We always label the blocks

of a partition according to the increasing order of their smallest element.

A random partition of N is called exchangeable if its distribution is invariant by the action
of the group of finite permutations of N. Kingman [[J] has proved that each block of an
exchangeable random partition has a frequency, i.e. if # = (my,m9,...) is an exchangeable
random partition, then

Vi e N fi= lim M exists a.s.
n—oo n
One calls f; the frequency of the block m;. Therefore, for all exchangeable random partitions,
we can associate a probability on S which will be the law of the decreasing rearrangement of
the sequence of the partition frequencies.

Conversely, given a law P on S, we can construct an exchangeable random partition whose
law of its frequency sequence is P (cf. [[J]). Let us specify this construction : we pick s € S
with law P and we draw a sequence of independent random variables U; with uniform law on
[0,1]. Conditionally on s, two integers i and j are in the same block of II iff there exists an



integer k such that Zle s <U; < Zfill s; and Zle 5 <U; < Zfill s;. This construction of
a law on the set of partitions from a law on S is often called “paint-box process”.

Kingman’s representation Theorem states that any exchangeable random partition can be
constructed in this way. Therefore, we have a natural bijection between the laws on S and the
laws on the exchangeable random partitions.

We also define an exchangeable measure p, on P, from a measure v on S by :

pol) = /g pu( ()

where p,, is the law on P, obtained by the paint-box based on the mass-partition w.
For any exchangeable random partition II, we define a symmetric function p on finite se-
quences of N such that, for every n,nq,...,n; integers with n =ny + ... + ng,

p(ni,...,ng) =PI, = 7),

where 7 is a partition of [n] with k blocks of size ny,...,ng. The fact that P(II},, = 7) depends
only on nq,...,n, stems from the exchangeability of II. One calls p the EPPF (exchangeable
partition probability function) of II.

Proposition 2.4 [i§, [[9] Let f= <ﬁl) en be a sequence of random variables of [0,1] defined
as in Definition [2.] . Then there exists an exchangeable random partition with frequency dis-
tribution f, where ﬁ is the i-th block frequency and where the blocks are listed order of their
smallest element. It is a («,0)-partition. Besides the EPPF of this partition is

9
Pag (N1 ng) = [[g]k

—[—aln, for6#0 (Ewens-Pitman’s formula)  (2)

=

In i=1

where [x], = [[7~, (z+i—1) and n =" n,.
For 0 =0, the formula is extended by continuity.

~

This proposition also proves that the law of the sequence f is invariant by size-biaised
rearrangement.

In the case of Ruelle’s fragmentation, we know that, at time ¢, F'(¢) has the PD(¢,0) law.
So we have the following proposition :

Proposition 2.5 The EPPF q; of the random partition associated with Ruelle’s fragmentation
at time t, F(t), is :

k
g (ni,...,ng) = %ﬁ—l [T =t (3)
) i=1

where n =3 n;.
Remark 2.6 We can also construct a random partition with distribution pa g recursively (Chi-

nese restaurant construction):

First, the integer 1 necessarily belongs to the first block, denoted By. Suppose the n first integers



split up in b blocks : 11, = (Bi,...,By), where block B; has cardinal n;. We now define I,
with the following rule :

P(Ily41 = (B1,..., BiUu{n+1},..., By)) = 7o

P (g1 = (Bi,..., By, {n+1})) = L.

Then 11 is a (o, 0)-partition (cf. [L7]).

We can also define a notion of fragmentation process of exchangeable partitions such that
there is still a bijection with fragmentation processes of mass-partitions :

Set AC B CNand 7w € Py with #7 = n. Let 70) = (z® i € {1,...,n}), n) € Py for all
i. Consider the partition of the i-th block of m,m;, induced by 7@ i.e. 71‘(72 = 7@,
As i describes {1,...,n}, the blocks of 7 form the blocks of a partition 7 of A. This partition
is denoted FRAG(m,7()). This is the fragmentation of 7 by 7().
If P is a probability on Pp, define the transition kernel P — FRAG (w,.) as the distribution of a
fragmentation of 7 by 7(), where 7() is a sequence of iid partition with law P.
Let (II(t),t € [0,1]) be a Markov process on Ps,. We call (II(t),¢ € [0,1[) an exchangeable
fragmentation process if the following properties are fulfilled :

e II(¢) is continuous in probability.

e Its semi-group has the following form :
for all ¢,¢ > 0 such that t + ¢ < 1, the conditional law of II(t + t) given II(t) = 7 is
Piy — FRAG(w,-), where IP; ¢ is an exchangeable probability on P.

The fragmentation is homogeneous if P, » depends only on t'. Furthermore, (II(t),¢ € [0,1[) is
a standard fragmentation process if I1(0) is equal to 1.

We can check that, with these definitions, if (II(¢),¢ € [0,1]) is a fragmentation process
on partitions, then (F(t),t € [0,1[) the frequency process of II, is a fragmentation process on
mass-partitions. Furthermore, the converse is true, i.e., if one takes a fragmentation process on
mass-partitions, then one can construct a fragmentation process on partitions II such that the
frequency process of II is equal to the initial fragmentation process (cf. [[]).

We also remark that if we consider a fragmentation (II(¢),¢ € [0,1[) with semi-group Py —
FRAG, then its restriction to Pp, (I},(t),t € [0,1[), is a Markov process with semi-group
P?y — FRAG where P}, is equal to Py restricted to Py, (cf. B).

For Ruelle’s fragmentation, we have an explicit construction of its corresponding fragmen-
tation on the partitions. Indeed, recall the representation of Ruelle’s cascades with the jumps
of a family of subordinators (cf. Section R.1)). Let (o}, € [0,1]) be a family of stable sub-
ordinators such that for every 0 < ¢, < ... < t; < 1, the joint distribution of oy ,... ,O';kp is
the same as that of oy,,...,0¢, With oy, = 75, ...75, where t; = (31...0; and 73,,...,75, are
independent stable subordinators with indices 3, ..., 8,. For t €]0,1], let M; be the closure of
{of(u),u > 0}. Consider then the family of open subsets of [0,1] : G(t) = [0, 1[\M, for t € [0, 1].
Then (G(t),t € [0,1]) is a nested family, i.e. G(t) C G(s) for 0 < s <t < 1 and furthermore, if
F(t) is the sequence of ranked lengths of component intervals of G(t), then (F(¢),t € [0,1]) has
the law of Ruelle’s fragmentation ; see [f].



Set 0 < t; < ... <t, <1 Let usnow draw (U;)icn, uniform and independent random
variables on |0,1[. For 1 < k < p, we construct a partition II(k) of N with the rule :
T(k)

i ~ j<« U; and Uj are in the same component interval of G(t;).

Then (II(1),...,II(k)) has the law of a Ruelle’s fragmentation on the partition at times
(t1,...,tp).

2.4 Connexion with Bolthausen-Sznitman’s coalescent

Bolthausen et Sznitman have shown that it is possible to formulate Ruelle’s fragmentation
as a coalescent process if we reverse time. Moreover, for a good choice for the time reversal,
the coalescent process is time-homogeneous [f]. Let us first recall the definition of a coalescent
process.

Set s € Sandlet Il = {By, By, ...} be a partition of N. Set §; = >_jen, 8j- TheIl-coagulation
of s, denoted COAG(s,1I) is the decreasing rearrangement of the sequence (§;,7 € N).
If P is a probability on S, we define the transition kernel P— COAG (s, .) as the distribution of a
[I-coagulation of s, where II has the law on P, obtained from P by the paint-box construction.
Let (C(t),t > 0) be a Markov process on S. (C(t),t > 0) is a time-homogeneous mass-coalescent
process if the following properties are fulfilled :

e ((t) is continuous in probability.

e Its semi-group has the following form :
for all ¢,¢' > 0, the conditional law of C'(t+t') given C(t) = s is the law of Py —COAG(s, -)
where Py is a probability on S.

To see that Ruelle’s fragmentation reversed in time is a time-homogeneous coalescent process,
we use the following property :

Proposition 2.7 [i9] Set a €]0,1[, 8 € [0,1] and 8 > —aB. The following assertions are

equivalent :

e s has PD («,0) distribution and s’ is a PD (3,0 /«)-coagulation of s.

e s has PD (af3,0) distribution and s is a PD («, —af3)-fragmentation of s'.

Thus, if we define C(t) = F(e™!) where (F(t),t € [0,1[) is Ruelle’s fragmentation, then
(C(t),t > 0) is a homogeneous coalescent process with semi-group PD(e~?,0)-COAG. This
process is called the Bolthausen and Sznitman’s coalescent.

Just like the case of the fragmentation processes, we can associate a coalescent process on
exchangeable partition to any mass-coalescent process. For the Bolthausen-Sznitman’s coales-
cent process on partitions, we have an explicit construction [I9]. It is a simple exchangeable
coalescent process, i.e, at each jump-time of the process II,,(¢), only one block can be formed.
The jump rates of this process can be explicitly written. If we start from a partition with b
blocks, each k-uplet of blocks coagulates with rate Ay ; that depends only on b and k and which

is equal to :
kE—2)(b—k)! . _
)\b,k—_( (b) (1)! )——/Oﬂ:kQ(l—x)b kdx.




Remark 2.8 One can be surprised that an homogeneous Markov process becomes an inhomoge-
neous Markov process after time-reversal. In fact, Ruelle’s fragmentation can also be seen as a
homogeneous Markov process, but, if one takes this point of view, it is no longer a fragmentation
process since the evolution of a particle depends on the other particles. Actually, it is known
that if a random variable x = (x1,72,...) € S has the PD(a,0) law , then nh_lrgom =—1 (cf.

Inn
B1).

In particular, in the case of Ruelle’s fragmentation, F(t) has law PD(t,0), therefore

; Inn
=—lim ——.
n—ooln xy, (t)

Let (ptt1s), 40 be the transition probabilities of F'. Suppose that the process is in state T € S.

Inn

i exists and
nTn

For all t € [0,1], the process F' has a Poisson-Dirichlet law, so T'(z) = — lim
. n—00
T'(x) determines the considered time. For y € S. We define

qs (, y) = PT(2),T(x)+s (z,y).

Then (qs)se[OJ[ is a homogeneous transition kernel for F'. However, remark that to determine

T(z), we must know the other particles state and the branching property is lost.

3 General theory of time-inhomogeneous fragmentation pro-

cesses

In this section, we extend the theory of time-homogeneous fragmentations to time-inhomogeneous
fragmentations. For this, we will first work on fragmentations of partition and next on mass-
fragmentations.

3.1 Measure of an inhomogeneous fragmentation

Let us first define precisely the class of fragmentations we consider (which includes Ruelle’s
fragmentation). We denote P,, \ {1} by P;.

Hypothesis 3.1 In the sequel, we always suppose that (II(t),t € [0,1]) is a standard time-

imhomogeneous exchangeable fragmentation for which the following properties are fulfilled :

e foralln € N, let 7, be the time of the first jump of 11, and A, be its law. We have

Ve e [0,1], Mn(t) == An ([t,1]) > 0

and A, is absolutely continuous with respect to Lebesgue measure with continuous density

In(1)-

o for allm e Py, hi(t) =P, (t) = | 1, =1) is a continuous function of t.



Let us now define an instantaneous jump rate for a fragmentation fulfilling Hypothesis B.1].
Set m € Pj;. Set hit (t) =P (I, (t) = 7 | 7 = t). It is the law of the jump given 7,.
We set
(t)

1
(1) = im—=P (1, € [t,t+s] | 7 > t) = =—~,
n(8) =l P (1 € [t 5] | 7 2 6) = 5

N

>

and
1
qrt = h:rl (t) fn (t) = lir%g]P’ (H|n (Tn) =r&T,€c [t7t + S] ‘ Tn = t) .

It is the probability density that the process 1I},, jumps at time ¢ from the state 1 to the
state  given that II},, has not jump before.

’

Proposition 3.2 Form € P,, n' >n, set Q= {r' e Pty 7y, = mw}. For eacht € [0,1], there

erists a unique measure ly on Po such that
Vne NVr € Py pit (Qoor) = Grp and py (1) = 0.

The family of measures (ug,t > 0) characterizes the law of the fragmentation.

Proof. We have
vn' > n,Vr € Pk Z qn't = qr t- (4)
TEQ x
In fact, at time ¢, if the process IIj,, has not jumped yet, it will jump between time ¢ and
time ¢ + dt to the state such that II,, = 7 with probability zﬂ/einﬁr ¢n ¢dt. Besides, we have
the following equality :

P Wy, (1) =7 & 1 € [t + dt] | 7 > t) =P (L, (1) =7 & 1 € [t,E+ dl] | 70 > 8)

because the event that the block [n] has already split, does not affect the process II},,. In fact,
as (I}, (¢),t € [0, 1[) is a Markov process, the law of the process (II},,(t),t € [to, 1[) depends only
on IIj,,(to). Therefore, we have equality M.

Let us now define (4(Qoo,x) = ¢rt. By (@), this application can be extended to an additive
application. By Caratheodory’s Theorem, p can be extended to an unique measure on Puo.

We have now to prove that this family of measures determines the fragmentation law. To this
end we just have to prove that the family of measures (u,t € [0,1]) characterizes every jump
rate of IT},, (). Set 7,7’ € Py, to € [0,1]. Let 7,, be the time of the first jump of II},, (t) after to.
We must express li_r%%]? (1L, (7,) = 7" & 7, € [t,t + s] | I, (to) = ) in terms of (u,t € [0,1]).

If 7’ can not be obtain from the fragmentation of one block of 7, we clearly have :

Permuting the indices (which does not change the law by exchangeability), we can suppose
7= (A1,...,Ay) and ' = (By,...,Bg, Ag, ..., Ay) where 7’ = (By,...,By) € Pa,. Let T[/Ai]
be the first jump time of II 4,. Then, by the branching property :

P (H‘n (T;L) =7 &7 €t t+dt]| I, (to) = 7T)



N
=P (H|A1 (T[Aﬂ) =n"& Tl € [tat + dt] | H\A1 (tO) = 1) HP (T[Ai} >t | T[A;] > 750)

=2
N
= B, (ay) =7 & 7y € [t 4t 71 > ) [ [P (7107 > £ [y > 0)
=2
NN (¢t
= P (M, (ma) = 7 & Tpan € [t ] | 74y > 10) [[ 22
i=1 >\|Az\ (tO)
Thus we have :
N o~
i Ay ()
lim-P (11, 7'1/1 :w'&Tr/LEt,t—{—s I, (to) =) = Qoo A Y
e ot e o) =) = (@ TES

and )\, is easily expressed as a function of y; (cf. below).

Proposition 3.3 The application from [0, 1] to the set of measures on P, which at t associates

e constructed according to the proposition above, verifies :

e 1y is an exchangeable measure such that

pe{1} =0 and Vn € N py ({7 € Poo, m, # 1}) < 00,
o Vn e NVt e [0,1] we have fg tru ({7 € Poo, mp, # 1}) du < c0.

Proof. The exchangeability is clear and we have

pe ({7 € Poompy # 1}) = [ (1)
and .
/0 Ly ({7T € Poo, Tn # 1}) du = —1n (A, (Jt,1]))
which is finite by Hypothesis B.1.0
Set g; = {{i}, {N\{i}}} and e = 3", 4.,. So £ is a measure on Pw,. According to Bertoin [H], we
know that for each exchangeable measure p such that {1} = 0 and p ({7‘(’ € Poo, TMjp # 1}) < 00,

we can find a measure v on S (dislocation measure) verifying v(1) = 0 and [5 (1 — s1)v(ds) < oo,
and a constant ¢ > 0 (erosion coefficient) such that

1= py+ce

where p,, denotes the measure on P, associated to v by the paint-box process.
So for ¢t € [0,1] fixed, we can write u; = p,, + ¢t where v, and ¢; are the instantaneous
dislocation and erosion rates of the fragmentation.

Proposition 3.4 We have uy = p,, + cie where v, and c; fulfill the following properties :

Vt e [0,1[ 14 (1) =0 and / (1 —s1) 1 (ds) < o0, (5)

S

10



v [0,1[/0u/§(1—51)yt(ds)dt<oo and /Ouctdt<oo. (6)

Proof : The property (f]) is clear. For the formula (f]), we shall look at the proof of the
theorem in the time-homogeneous case (cf. [[]). During the proof, we obtain the following
upper bound :

/_(1 )i (ds) < u ({7 € Poormp #1})

S

Then use Proposition B.3.
For the upper bound concerning ¢; we remark :

¢ = pe ({11, NAA{1}) = oo, ({11, NAA{1}) = e ({1}, N\ {1}) .0

Hence the law of a time-inhomogeneous fragmentation is characterized by a family (v, ¢)o<t<1
where (v4)o<t<1 and (c)o<t<1 fulfill () and (). One calls 14 the instantaneous dislocation rate
and ¢ the instantaneous erosion rate at time ¢ of the fragmentation. We will next give a
probabilistic interpretation of this family.

As for the time-homogeneous fragmentations, we can construct a fragmentation with measure
(e, t € [0,1]) considering a Poisson measure M on [0, 1[xPs x N with intensity p(dm)dt @
where f is the counting measure. Let M"™ be the restriction of M to [0,1[xP} x {1,...,n}.
According to Proposition B.J, the intensity of the measure is finite on the interval [0,¢]. Then,
we are in a similar case as a time-homogeneous fragmentation (refer to [f] for a proof in the
homogeneous case). Let us rearrange the atoms of M™ according to their first coordinate. For

neN, (m,k) € P, xN, let A%)(w, k) be the following sequence of partition of [n] :
AD (k) =11ifi #k and AP (1 k) = -

We construct the process (I}, (¢), > 0) in P, with the following rules :

,(0) = 1.

(I, (t),t > 0) is a jump process which jumps at times s, atoms of M". More precisely, if (s, 7, k)
is an atom of M", we have I1j,(s) = FRAG(II},(s7), A%)(ﬂ, k)). We can then check that this
construction is compatible with the restriction and the constructed process is a fragmentation
with measure p.

We have also a Poissonian construction for a mass-fragmentation (cf. [[l]). First we use
that if F = (F(t),t € [0,1]) is a mass-fragmentation with parameters (14,0)o<t<1, then F =
(e” I cdsp(t),t € [0,1]) is a mass-fragmentation with parameters (v, c;)o<i<1. S0, we remark
that the family of instantaneous erosion coefficients plays only a deterministic role in the frag-
mentation. To find a Poissonian construction for the mass-fragmentations (F'(t),t € [0,1[) with
parameters (v, 0)o<¢<1, consider then a fragmentation on partitions (II(¢),¢ € [0,1[) such that
F = A(IT) where A is the application which associates to a partition its frequency sequence. So
IT can be constructed from a Poisson measure M. Consider K, image of M by the application

P xN — SxNUox

(AC)EC) — (AMAC)), F ),

where f is the function which associates to k the frequency rank of the block By (t7).
Berestycki [[f] then proves that K is a Poisson measure on [0,1[xS x N with intensity measure

11



v(ds)dt ® 8.
Set
K = (t,8(t), k(t))tepa] = (¢, (s1(£)s 52(2), - - ) k() refo,n[-

Then, if (¢,5(t), k(t)) is an atom of K, then at time ¢, the k(¢)-th largest block of the fragmen-
tation at time ¢~ will be fragmented according to S(t).

Let us now determine the effects of a deterministic change-time on a fragmentation.

Proposition 3.5 Let (I1(t),t € [0,1]) be a fragmentation with parameter (ct,vy). Set I (t) =
II(5(t)) where B :[0,1[— Ry is a strictly increasing derivable function. Let J be the image of
[0,1] by B (J is thus an interval of Ry ).

Then (IT'(t),t € J) is a fragmentation with parameter (c};v})ics where

¢t = B'(t)es vi =B (s

Proof. A Markov process remains a Markov process after a deterministic time-change. The
law of II'(t + t) given II'(t) = 7, is FRAG(m,7()), where 7() is an iid sequence with law
Pst),8(t+t')—p()- Thus IT' is a fragmentation.

Let us calculate its jump rates q;,t.

¢t = P(an (7
0, (B(r))) = 7w & 7 € [t,t +dt] | 7, > 1)

) =7 & 7y € [B(1), Bt + dt)] | T = B(1))
) =7 & T € [B(1), B(t) + B (t)dt)] | T > B(1))

):w&rge[t,tert]]T,gzt)

So ¢+ = B'(t)qx ). We thus deduce similar relations between vy and v; and between ¢
and ¢j. O

3.2 Law of the tagged fragment

An application of the above decomposition is for example to calculate the law of the frequency
of the block containing 1, |IT; (¢) |, for an exchangeable standard fragmentation. This quantity
is interesting because it represents the law of a size-biased picked block. We have the following
theorem :

Theorem 3.6 There exists a process ({(t),t € [0,1]) with independent increments such that
ITIy (t) | = exp (=&). Its law is characterized by the identity :

B(|tt () = B(ep(-ae) =ex (~ [ 6ut@au). >0

where ¢y (q) = (¢+ 1) + /S (1 — Z Sg+1> v (ds).
i=1
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In the sequel, we will also use the notation (¢, q) fo ou (q

This result is very close to the corresponding result in the homogeneous case. We just loose
the stationarity of the increments of {(¢). The demonstration itself is similar to the homogeneous
case and we just sketch the proof here. For more details, refer to [2].

We use the equality :

Py (1) = 1] = E[IL (1) "],

which we get by conditioning on [II; (¢) |. Then remark the event {IIj;4; (f) = 1} corresponds,
looking at the Poissonian construction, to an absence of Poisson atom in the subset [0,¢] x {7 €

Poos Ti1 (1) # 1} x {1}.
So the formula is true for every positive integer. Besides, we remark that the law of |II; (¢) | is
characterized by its moments, thanks to the independence of the increments (when you take the
logarithm) and because the process takes values in [0, 1].
By uniqueness of the analytic continuation, we deduce that the formula is true for every ¢ > 0.
And by the monotone convergence theorem, (¢, q) is continuous in ¢ at 0. O

Thanks to this formula, we can characterize the processes which have proper frequencies, i.e.

with S2%°, |m| = 1.

Proposition 3.7 We have :

i

P(II(t) is proper ) =1 (cu:O and vy, <Zsi< 1) :OforOSugta.e).

Proof. First remark
EL%EHIH (t) "] = ,liL%EHHl (t) 1*1y11, (1) 20) = E[L, (g0 = 1 — P (]I (¢) | = 0).
Then we have :
P(II(t) is proper ) =1 < P([II;(¢)|=0)=0
& exp(—y(t,0)) =
< P(t,0) =0
< ¢y, (0)=0for 0 <u<ta.eO

Recall from [ff] that if (X (¢),t € [0,1]) is a time-homogeneous mass-fragmentation, ¢ the
Laplace exponent associated to the tagged fragment and F; = o (X (s),s < t), then

exp (to (p Z X7 +1 is a Fy-martingale.

We can obtain a similar theorem in the time-inhomogeneous case.

Proposition 3.8 Consider (II(t),t € [0,1]) a time-inhomogeneous fragmentation on partitions.
Let X (t) = (X; (t)) € S be its decreasing sequence of frequencies. Set F; = o (X (u);u < t).
Let ¢y, be its instantaneous Laplace exponent and ¥(t,p) fo ¢u(p)du. Then

[e o]

M(t,p) = exp (¥(t, p)) Z Xf“ (t) is a Fy-martingale.
i=1

Proof. Tt is the same idea as in the time-homogeneous case. Set G; = o (I (u) ,u < t). Then

E (t,p) = exp(—p& + ¥(t,p)) is an Gy-martingale and we remark that M (¢, p) is the projection
of £(t,p) on Fp. O

13



4 Application to Ruelle’s cascades

4.1 Jump rates of Ruelle’s fragmentation

Let (II(¢),t € [0,1[) be Ruelle’s fragmentation with values in partitions. For each integer n,
(I, € [0,1]) is a Markov process in the finite space of partition of [n]. The law of such a
process is entirely determined by its jump rates from one state to another.

Let us calculate its jump rates. Set # = (71,...,m) € Pi. Fix t € [0,1]. Let ¢ (n1,...,ng)
be the probability that IIj, (t) has blocks with size (ni,...,n%). Recall (cf. Proposition R.5)
that

k
q (nl, e ,nk) = %tkl H [1 — t]ni—l-
=1

So from Proposition .3 and P4

P(ru€ltt+sh () =mlm=t) = P(Hu(t+s) =0 =1)
= pt-i—s,—t(nh---,nk)
G
= [_t]n 1—[1_[_t]m
D= T [,

t[_t]n

Remark that we could also have calculated this quantity using Proposition R.7 and Bayes’
Formula. So we obtain the following proposition :

Proposition 4.1 For m = (7y,...,m) € P and fort € [0,1] we have :

ot — q (n1,...,ng)
™ t(k—1)q:(n)

4.2 Instantaneous erosion coefficient and dislocation measure

It is well known that the Bolthausen-Sznitman’s coalescent is a process with proper frequencies
(cf. Proposition @) So, the erosion coefficient ¢; should be identically zero. We can check this
with a short calculation. In fact, consider 7 =¢; = {{1}, N\ {1}} and 7, = .

According to Proposition [E.1], we have Qrnt = qtg;r(ln_)l) - "*11*15'

Thus ¢; = 0 for all ¢ € [0, 1].

And ¢; = limy, 00 @, p = 0.

Let us denote by S the set of the positive sequence with sum 1. From a measure 7 on S, we
can define a measure p on P, (cf. [RO] p. 61) :
Conditionally on a sequence (s;,7 > 1) drawn with respect to the measure 7, we construct the
following law on partitions :
1 is in the first block. Fix n > 1. Suppose II,, has k blocks. The integer n + 1 will be :

e in the block j with probability s; (for j < k),

e in a new block with probability 1 — Zle Si-

14



So we have

(2

p(r) =E (H "le 1—; ) (7)

=1
where 7 = (71,...,7) et |m| = n;.

If the measure 7 is a dislocation measure (i.e verifies [ (1 — s1)n(ds) < c0), then p is finite
on Pr. In fact, for all £ > 2, we have

k i—1 k-1
[Limsi IS (2 —Z]:1 sj) <1 —s1.
Let us now look at the dislocation measure. In this direction, let us introduce the following
measure :

Definition 4.2 Fiz a €]0,1[. Consider the measure n, defined as follows on S : first,
Na(s1 € dz) = ax™ (1 — z) ey de,

and second, conditionally on s1 = x, the sequence (s;+1/(1 —x),i € N) has the law of a random
variable with law PD(c,0) of which the terms have been size-biased rearranged. We denote
PD(a, —a) the image of 1, by ranking the s; in the decreasing order. PD(a,—«) is then an
infinite measure on S.

Remark that the construction of the measure PD(«, —«) is similar, except for the nor-
malization, to the construction of a Poisson-Dirichlet measure with the forbidden parameter

0 =—a.

Proposition 4.3 Define p, as the measure on P, associated to 1, as above. Then ps is an

exchangeable measure on Ps. Its EPPF for the partitions non-reduced to one block is :

—2
Pa(ny, ... ,ng) H n; for all k > 2. (8)

Proof. Let us first check [¢ (1 — s1)n4(ds) < oo,

(67

1
/S (1 = s1)na(ds) = /0 (1 —s1)as7®(1 —s1) 'ds; = T 9)

Using formula ([]) and the definition of 7,, we have :

1 .
Pa(m) = (/ g (1 — z)Zi=2 Mg (s € dm)) Pao(ne, ..., ng)
0
1
= « </ e - x)""lldm> Pa,o(n2, ..., 1)
0

B F(TL —OZ)F(’I’L—TL ) k .
= q—1 I'(n—a) . OZ(TL S ZHZ according to (B)

—Q

] k
= — (k-2 [ -[-aln,
[=aln i=2

ke
B —[~aln H

i=1
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So, we find the foretold formula and this one is symmetric in the variables (n1,...,ng), thus
the measure is an exchangeable measure (cf. [R0] Theorem 24). We also deduce that 7, is the
image of PD(«, —a) by a size-biaised reordering and p, = PPD(a,—a) (where PPD(a,—a) 18 the
measure on Py, obtained from PD(a, —a) by the paint-box construction.)O

Next, we observe that for every partition 7 not reduced to one block, we have

1

qrt = zpt(ﬂ)-

Indeed, this follows from Proposition .1 and formula (§) of Pitman. In conclusion, we may
now state the following theorem :

Theorem 4.4 The instantaneous dislocation measure vy of Ruelle’s fragmentation at time t is
given by :
1
Vy = ;PD(t, —t)

4.3 Absolute continuity of the dislocation measure and PD(«,0)

Let us recall that, if II is a random partition with law p, o and K, the number of block of II},,,
then the limit of K, /n® exists almost surely and has the Mittag-Leffler law with index « (cf.
[BO] Theorem 31)

Proposition 4.5 For each « €]0, 1 the measure p,, is absolutely continuous with respect to the

measure pa0. More precisely, we have :

K,
Paldr) =T (1 — a)S,  pa.o(dr) where So = lim —.
n—oo N

Proof. Let (F,)n>1 be the filtration of I,
Fix k > 2. Set pk = Palpy. We consider

dpk
k o
on = Fn-
’ dpa,O
Using formula () and (§), we have :
I'l—a)'(n)

Ms,n = for n > k,

1
T(n—a)(K, —1)" "%
where K, denotes the number of block of II},,. M, éfﬂ is a positive martingale, thus it converges

almost surely to a random variable M¥.
Let now use

K, I'(l—a)l'(n) I'(l—a)n®
o Pao —a.s. d ~ .
o Sa Pap—as.and - mrrmrime T K,

We deduce

dp
k _ a —1
Ma = M = F(l — (X)Sa 17)1: ]P)Q’,O — a.Ss.

So, according to martingale theory (cf. [[J] p.210), for all A C P}, we have :
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Pa(A) =Eapo (T(1 — @)S;'14) 4+ pa(AN {5 =0}),

where S = limsup %

Set = €]0,1[. Let us define ¢o(-) = epo( - | |II1] = z) where ¢ is chosen such that g, is
a probability. Let s = (s1,...) € S be the frequency sequence of a partition with law ¢q.
According to the construction of p,, we have

!
(sit1)ien = (1 —2)(p;)ien,

where (p;);en has the PD(«,0) law.

According to Lemma 34 of Pitman’s course [R0], for a random partition, S exists and belongs
almost surely to |0, o[ iff there exists Z random variable on ]0, co[ such that P; ~ Zi~/®, where
P; is the decreasing sequence of the frequencies. Here we know the existence of such a random
variable Z €]0, o[ for a PD(«,0) law. Set Y = (1 — x)Z then

8 ~ yi~le,

So we have
pa(szo | |H1| :x) = 0.

Thus

We conclude that

VA€ Py such that 1 ¢ A po(A) =Eao (T(1 —a)S,'14) .0

Theorem 4.6 The dislocation measure of Ruelle’s fragmentation at time t is absolutely contin-
uous with respect to the measure PD(t,0). More precisely, we have for all continuous function
fonS:

w(f) = o) (L7 F(V)

where Lo = lim nV;>.
n—0o0

Proof. We use that if (s;);>1 € S is the frequency sequence of an («, 0)-partition I, then
I'(1 — )L, exists almost surely and it is equal almost surely to So = lim £z (cf. [R0] Theorem
n—oo

36).
Use Theorem [£.4 to finish the proof. O

Remark 4.7 L, is not a continuous function on S.

4.4 Law of the tagged fragment

In this section, we determine the law of the tagged fragment. Actually, its law has already been
determined by Pitman [[g]. He proves that |II; (¢)| has a 3 (1 —¢,t) law. So we check that we
find the same result.
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1= Z

Hence, according to Section B.3, we shall calculate ¢; (k) = [ s <1 -3 k“) vt (ds). Re-

1
call that p; denotes the measure on Py, associated to the measure PD(t, —t).

We have
E[|II; (¢) |¥] = exp < / oy (k du)

(bt (k) = Evt (ps (H|k+1 7é 1) ’3)
= %Pt (Mppq #1).

Thus

So we must calculate p; (H| kil 7 1). We will do this recursively.
For k£ =1, we have
—t]? t
pe (Mp # 1) :_[ bt

and for k£ > 2

pNHWH#l):M(mk#1y+m(mM4:{ﬂwn,ﬂﬁk+1%):pdﬂw¢1)+%%?

Thus we have :

t ! SOl
pt(H|k+17é1):Zm and so /0¢“(k)du:ln<ni—t>'

So we deduce

=1

The right-hand side coincides with the k-th moment of a 5(1 —t,¢) law. So |II; (¢) | has a
B (1 —t,t) law and we deduce :

F(k+1-1t)
ra-¢rk+1)
More generally, we can determine the law of the process (|II; (¢)[,t € [0,1[). By the ho-

mogeneous property of fragmentation in space, the process (ll}ﬁ(lt;;)j)‘,s €[0,1—t¢

VEk >0, E[|TI; (t) ] =

is inde-

pendent of |II; ()| (cf. Theorem B.§). So we can calculate the finite dimensional law of the
process (|II; (t)|,t € [0,1]) and we deduce that the process has the same law as the process

(ng(z)t) ,t €10, 1[> (result already proved by Pitman [[9]).

Remark 4.8 We have also an expression for (t,p) :

T(1—t)D(k+1)
T (k+1—1t) >'

wmm:m<
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5 Behavior of the fragmentation at large and small times

5.1 Convergence of the empirical measure

Let (II(¢),t € [0, 1]) be a Ruelle’s fragmentation on the partitions. Let (X (¢),¢ € [0, 1]), X(¢) =
(Xi(t))i>1 € S be its process of ranked frequencies.
We are interested in the empirical measure p; defined by :

o0
pr =Y Xi()3(-1)1mx,(1)-
i=1
Proposition 5.1 For every bounded continuous function f on Ry:
> 2
lim / fW)pe(dy) = / fy)e dy in L°.
- 0

We split the proof in two parts. We will successively prove the following two points:

tigs ([ wtan) = [~ ey (10)

(/ f(y)pt(dy)>2] ([ f(y)eydy>2- (11)

Set & = —In |11 (¢)|. Let us recall

limE
t—1

I (8) [~ B(1—t1),
and observe :
B ( [t ) =5 (s - 06).

The following lemma clearly implies ([[0).

Lemma 5.2 Set & = —In |1y (t)| where I1(t) is the Ruelle’s fragmentation. Then

lim(1 — t)& = e in distribution

t—1
where e denotes the exponential law with parameter 1.
Proof. Let us calculate the Laplace transform of (1 — ¢)&;.

E(e*Q(lft)&) _ E<‘H1(t)‘q(17t)>

T (q(1—t)+1—1t)
T(1—t)D(q(l—t)+1)

1
B
t—1 q + 1
Since —1- is the Laplace transform of the exponential law, by Lévy’s Theorem, (1 — t)&

g+l
converges in law to e. O
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To prove ([]), we consider & = — In |IT5(t)| where IIy(t) is the block containing the integer
2. Observe that & and 5; have the same law but are not independent, and that

b [( / f(y)pt(dy)>2] —E[f(0-ng)s(a-ng)].

Set T' = inf {t > 0,111 (¢) # IIz(¢)}, so T is almost surely finite and conditionally on 7', {1
and &, the processes (&,t > T) and (&,,t > T) are independent. From this, we deduce (1))
and then the L%-convergence of [ f(y)p:(dy) (refer to [] for details).O

So, informally, this proposition proves that, if we consider the size of a typical fragment
X(t), then, as t tends to 1, we have

where C is a random factor.

5.2 Additive martingale

In this section, we aim at studying the convergence of the martingale M (t,p) defined in Section
and we follow the ideas of Bertoin and Rouault [[f] who introduce a new probability to prove
the convergence.
Recall the following notation :
Fi =0 (X; (u),u <) is the filtration of the frequency sequence.
Gy = o (I (u),u < t) is the filtration of the fragmentation process on the partitions.
So we have F; C G;.
Set & = —In (JII; (¢) |). It is an increasing process with independent increments.
M (t,p) = exp (¢ (t,p)) S22, | X (t) [PTL. M (-, p) is then a F-martingale.
E (t,p) = exp (¥ (t,p) — p&) . € (-, p) is a Gy-martingale.
As E(IL (O | X (1)) = 3, Xi()PH, we have E (€ (4,p) | F) = M (t,p).
We denote QQ the probability on G defined by :

dQig, = € (t,p) dP|g,. So we have also dQ|z, = M (t,p) dP|,.
Proposition 5.3 Fix p > 0. We have :
%in% M(t,p) =0 P-a.s.

Proof. A martingale theorem (cf. [[J] p.210) asserts that if limsup M (¢, p) = co Q-a.s., then
lim M (¢,p) = 0 P-a.s.
We have

M (t,p) = exp (¢ (t,p)) [ () P = exp (v (t,p) — (P + 1) &) .

Set Ny = (t,p) — (p+ 1) &. We will prove that lim sup Ny = oo Q-a.s.
Let us recall that, under P, |II; (¢) | has 5 (1 —¢,t) law. So for all A > 0 we have :
Y

Q& =2 =E" (£ (t:p) Ligzn) = 1 (pi(fjtl))r ) /oe 21— ) da,
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So for A < 4 (t,p),
_Y(t,p)—A
pFI

Y(t,p) — A Fp+1) ‘ p—t -
Q(NtSA):Q<ftZ | )ZF(p+1—t)F(t)/0 (1 —2) e

Recall ¢ (t,p) ~ —In(1 —¢) as t T 1. Choose A (t) = —%1In(1 —t). So for t large enough, we
have v (t,p) — A(t) > —% In(1 —¢).

Set g(t) =(1—1) . We have :

g9(t)
Q(N; < A(t)) F(pi(fjtl))l‘(t) /0 (1 — 1) e
Fp+1) i1 1 i1t
S Tori—pre YO e @
S 6p(t)’

where ¢, (t) is a function with limit 0 at ¢ = 1.
So %inq@ (Ny > A(t)) =1 and then Q (limsup Ny < co) = 0. We deduce :

limsup M (p,t) = limsup N (p,t) = oo Q-a.s. and so %IH%M (p,t) =0 P-as. O

t—1 t—1

Remark 5.4 In the case p =0, as the process has proper frequencies, we have M (0,t) = 1 P-as
for all t € [0,1].

5.3 Small times behavior

In this section, we obtain information on the behavior of the two largest blocks of Ruelle’s
fragmentation at small times. In this direction, we use the following results due to Berestycki

.
Let X (t) be the frequency of the k-th largest block at time ¢ of Ruelle’s fragmentation. Recall
that Ruelle’s fragmentation can be constructed from a Poisson measure K on [0, 1[xS x N with

intensity (v4(ds)dt) @ f. Set
K = (t’ S(t)’ k(t))te[o,l[ = (t’ (Sl(t)a 52(t)’ .- ')’ k(t))tE[O,l[-

Let (SO(t),t € [0,1]) = (sgi) (1), sg) (t),...,t €[0,1]) be the Poisson measure obtained from K
restricted to the atoms such that k(t) = 4. So, it is a Poisson measure with intensity v4(ds)dt.
Set
R(t) = max sgl)(s).

s<t
Lemma 5.5 e Fort small enough, we have X1(t) = exp(—¢&;)a.s. where & is an increasing
process with independent increments and such that :

T (k+1—t)
T(1-)C(k+1)

Vk > 0, Efexp(—k&)] =

Xo(t) ~ R(t) ast — 0" a.s.
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Proof. The proof is the same as in Berestycki [[l], since there, time-homogeneity of the
fragmentation plays no role. O

Let us now determine the behavior of R(t).

Proposition 5.6 Fiz Ty €]0,1/2[. Then there exists three strictly positive constants C1,Co, Cs
such that for all A > 0 and for all t €]0,Tp|,

A
exp(—ChA — Cst) <P <R(t) < exp (—;)) < exp(—Ca\ + Cst).
To estimate the distribution of R(t), we study v4(s2 > ¢) for a fixed . Indeed,
t
PR() <) = exp(~ [ va(sa = e)du),
0

and Proposition f.6 follows from the following lemma :

Lemma 5.7 Fiz Ty €]0,1/2[. Then there exists three strictly positive constants Cy,Ca, Cs3 such
that for all € €]0,1] and for all t €]0,Ty],

t
—t(CQ Ine + 03) < / Vu(SQ > €)du < —t(Cl Ine — 03)
0

Proof. We begin with the upper bound. If (s;);>1 is an element of S, we denote (§;);>1 a
size-biaised rearrangement. We have :

s$o>e=>s81<1—e=5<1—¢,

S0
vi(sa >e) <wm(si <1l—e)<up(si<1—¢).

According to Theorem [£.4, we know the law of §; under v; :

1—¢
W <1-2) — / (1—y) Tty tdy
0

1/2 1—¢
< / 2y—tdy+/ 2'(1 —y)dy

0 1/2

t 2t
< —2'1
< ( ne+ 1—t>

1

< 2(—Ine+2) fortgi.

So we obtain

t
/ vy (s > e)du < —t(21lne — 4).
0

Let us now prove the lower bound. First, we will find a lower bound for f(f vy (82 > €)du and
then we will deduce the lemma.
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1—x
V(5 € dx) = / (81 € dy)ry (82 € dx | §1 € dy)
0

- ), () () e

Set .
A= / / e 1 —y) Yyt (L -y —2)" dyda,
€ 0

_ 1
(52 > ¢) = WA.

We now calculate a lower bound for A :

1—y
A = / / e (1—y) Yy (1 =y —2)" dady
0 €

1—¢
- /01_6 (/1 21— 2)t dz> (1—y)ly'dy

1-y

_ /: (/_1 21— )t dz> y (1 —y)tdy

1-2)"" dz) y (1 —y)tdy

SO

Y, Y,
~& | = n\
2,
“\H/\
TN e
>
|
| ™
N———
<
L
—~
—
|
&
|
i\
Q,
<

Y

IV
& | =
(N
_
N
[S—y

|
| m
N———
<
L

Q
<

v
I
—~
|
=3
™
|
=

So
- 1
vi(S2 > €) > =D (~lne—1).

As T(1 — t)[(t)t = ==L~ is a positive function which is bounded on ]0,Tp[, let 1/C5 be its

sin(7t)
maximum. By integration, we obtain :

t
/ vy (52 > e)du > tCy (—Ine —1).
0
We would like now to deduce the lower bound for fot vy (s2 > €)du. We use
Vu(SZ > E) > Vu(§2 > 5) - Vu(§2 > 32)7

and

vy (52 > s2) = vy (52 = s1) < 1y(51 # s1) = /8(1 — s1)vu(ds) < /(1 — §1)y(ds).

S
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We have already seen that

1
1—u

/8(1 — §1)vyu(ds) = (cf. Formula ().

So, for all ¢t < Tj, we have

1

t.
1-T

t
/ Vu(§2 > Sz)du < —ln(l — t) <
0

Hence

t
/ vy(s2 >¢e) > t(—Cylne — Cs3).0
0

We can then deduce the lower-asymptotic behavior of X (¢) from this theorem.

Proposition 5.8 There exists a constant 6 > 0 such that almost surely

liminf, o |Int["*X5(t) =0  if y<§

liminf, .o |Int["/*Xo(t) =00 if v > 6.
Proof. According to Theorem .5, we just have to prove the proposition replacing Xs(t) by
R(t). Set v > C% Choose # > 0 such that v > g—i. Set t; = e and f(t) = vIn(—1Int). For

t €10,e 1, f(t) is a decreasing positive function.
For t € [tit1,t;], we have

R(t) > R(ti4+1) and exp <_@> > exp (_@) .
So if we prove

R(ti+1) > exp (—M> (12)

t;

almost surely for 4 large enough, then we will deduce

Yy > ?2 hgri)mf(ln t)“’/tR( )>1 as. andso Vy> 62 hgrlmf(ln t)“’/tR( ) =00 a.s.

To prove ([[d), we apply Borel-Cantelli’s Lemma. Using Proposition p.6, we obtain :

P <R(t,~+1) < exp <_f§f )>> < K(Bi)=C2” 8

(2

Thanks to the choice of v and (3, the serie converges.

For the second part of the proposition, we use an extension of Borel-Cantelli’s Lemma when
the sum diverges but the events are not independent (cf. [14])
Let (H;)i>1 be a sequence of events such that > P(H;) diverges and

ZxIMHﬁH)

(s, o)

Then the set {i,w € H;} is infinite with a probability larger than 1/M.

YN > 1,

(13)

24



;14

In our case, we fix a v < 1/Cy and a € > 0 such that (1 +¢)yC; < 1. Set t; = e and
H; = {R(t;) < (In(1/t;))"/*}. Fix 4,5 > 1. Recall R(t) is the record process of a point Poisson
process. So we have

]P’(HZ N Hj—l—i) = P(HZ‘)P(Hi+j)eXp (A i Vu(82 > (hl(l/tﬂ)“//%)dﬂ)

< KP(H;)P(Hiy ;) exp ((1 +5)CiyIn Z‘e*(lJre)is)
< K'P(Hi)P(Hiy;)-

(We have used (i + j)1*¢ — il™® > (1 + €)i® for all 4,j > 1). With this upper bound, we
deduce that the sequence H; verifies ([[J). We now have to prove that the sum of probabilities
diverges. Using Proposition .6, we obtain :

Z P(H;) > K Z j—C1(l+e)

Thus this series diverges thanks to our choice of v and €. We now apply the 0-1 law to prove
that the probability that the set {i,w € H;} is infinite equal to 1.
So we have proved

liminf, o(In $)7/*R(t) = 0 as.  Vy< C%
liminf, o(In3)/'R(t) =00 as. Vy> C%

Thus we deduce that there exists almost surely a (random) critical v. €]1/Cy,1/Cs[ such
that
liminf; o(In $)7/*R(t) = 0 Yy < ve
liminfy o(In $)Y/*R(t) = oo Yy > .

By the 0-1 law, the law of 4. is trivial, i.e. it exists ¢ verifying Proposition p.§ O
We can also determine the upper asymptotic behavior of Xs(¢) :

Proposition 5.9 We have almost surely

limsupy g exp(§(—1In(t)) ") Xa(t) =00 if B>1
limsup_g exp(H(~ () ) Xa() =0 i F<1.

Proof. We use the same approach as for the infimum. Fix f > 1. Set t; = e~* and
f(t) = exp(—3(—1In(t))~#). We want to prove that R(t) < f(t) almost surely for ¢ small
enough. As f is a decreasing function and R(t) an increasing process, we have R(t) < R(¢;) and
f(tiv1) < f(t). So we just have to prove that R(t;) < f(t;+1) almost surely for i large enough.

We have

P(R(t) > f(tis1) < 1—exp(—Coe™" = Cre(i+1)7")
< Crei P +o(i7P).

This serie converges. So, thanks to Borel-Cantelli’s Lemma, we can conclude.
Let us now prove the case 8 < 1. Set t; = e~ and f(t) = exp(—7(—In(t))™7). Set
H; ={R(t;) > f(t;)}. Then we have

N N
ZP(HZ) > Z (1 — exp <036_i - Cgi_ﬁ)) .
i=1 i=1
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The right term is equivalent to Z@]\L 1 Coi~ P, so it diverges.
We have now to check the condition ([[3) to apply the generalized Borel-Cantelli’s Lemma.

P(H;N Hiyj) = 1—P(H;) —P(Hitj) +P(H; 0 Hiyy)

— 1 B(E) ~ () + PP e ([ (on 2 1)

IN

Litj
PUHB(T ) +xp ([ vatsa 2 f6)an) -1
0
Then remark

tit; o .
exp (/ vy (s2 > f(tz))du> < exp (Cgeﬂfj + leﬁe*]) .
0

Hence we deduce

So

2%21 (exp <f§”j vy (s9 > f(t,))du) — 1>

N
>im1 P(H;)
is bounded and thus the condition ([LJ) is true.
So, we can conclude for the case 8 < 1. For 8 = 1, we just have

t—0

1
lim sup R(t) exp (—m> <1 as.
n

Remark then that the same demonstration works with ~f(¢) instead of f(t) with ~ positive
constant. So, we have

1
lim sup R(t) exp <——> <~ as.
n

t—0 tint
and thus
li R(t) L) - 0 O
1r:1581p exp i) = a.s.
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