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Abstract We consider a family of fragmentation processes where the rate at which
a particle splits is proportional to a function of its mass. Let F l(m)(t), Fz(m) ®),...
denote the decreasing rearrangement of the masses present at time ¢ in a such process,
starting from an initial mass m. Let then m — co. Under an assumption of regular
variation type on the dynamics of the fragmentation, we prove that the sequence
( Fz(m), F3(m), ...) converges in distribution, with respect to the Skorohod topology, to
a fragmentation with immigration process. This holds jointly with the convergence
ofm—F l(m) to a stable subordinator. A continuum random tree counterpart of this
result is also given: the continuum random tree describing the genealogy of a self-
similar fragmentation satisfying the required assumption and starting from a mass
converging to oo will converge to a tree with a spine coding a fragmentation with
immigration.

Keywords Fragmentation - Immigration - Weak convergence - Regular variation -
Continuum random tree
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1 Introduction and Main Results

We consider Markovian models for the evolution of systems of particles that undergo
splitting, so that each particle evolves independently of others with a splitting rate
proportional to a function of its mass. In [8], Bertoin obtains such fragmentation
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model with some self-similarity property by cutting the Brownian Continuum Ran-
dom Tree (CRT) of Aldous [1, 2] as follows: for all # > 0, remove all the vertices of
the Brownian CRT that are located under height ¢ and consider the connected com-
ponents of the remaining vertices. Next, set F 8 (D (r) := (FIB”(I)(I), FZB”(D(I), .
for the decreasing sequence of masses of these connected components: F 5D s
then a fragmentation process starting from (1,0, ...) where fragments split with a
rate proportional to their mass to the power —1/2.

On the other hand, Aldous [1] shows that the Brownian CRT rescaled by a factor
1/e converges in distribution to an infinite CRT composed by an infinite baseline
[0, 00) on which are attached compact CRT’s distributed, up to a scaling factor, as
the Brownian CRT. In terms of fragmentations, his result implies that

1
E_Z(FzB”(l)(a), F3B”(1)(8-), ) ZFI% ase— 0,

where FIP is some fragmentation with immigration process constructed from the
infinite Brownian CRT of Aldous. Equivalently, if F 37" denotes the Brownian frag-
mentation starting from (m,0,...), m >0,

) 1
(EBA BB B g oo

Motivated by this example, our goal is to characterized in terms of fragmentation
with immigration processes the limiting behavior of

(m— Fl(m), Fz(m), F3(m), ..) asm— oo

for some general fragmentations F ™ where the rates at which particles split are
proportional to a function 7 of their mass. In cases where 7 is a power function, this
will give the asymptotic behavior of (1 — FD (g, Fz(l)(a), ...)ase— 0.

This paper is organized as follows. In the remainder of this section, we first intro-
duce the fragmentation and fragmentation with immigration processes we will work
with (Subsect. 1.1) and then state the main results on the limiting behavior of F )
(Subsect. 1.2). These results are proved in Sect. 2. Sections 3, 4 and 5 are devoted
to fragmentations with a power function 7. Section 3 concerns the behavior near 0
of such fragmentations starting from (1,0, ...). Section 4 deals with the asymptotic
behavior as m — oo of some CRT representations of the fragmentations F ™. Sec-
tion 5 is an application of these results to a family of fragmentations, namely the
“stable fragmentations”, introduced by Miermont [26, 27]. Last, an Appendix con-
tains some technical proofs and some generalization of our results to fragmentations
with erosion.

1.1 Fragmentation and Fragmentation with Immigration Processes
1.1.1 (t,v)-Fragmentations

For us, the only distinguishing feature of a particle is its mass, so that the fragmen-
tation system is characterized at a given time by the decreasing sequence s1 > sy >
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--- >0 of masses of particles present at that time. We shall then work in the state
space

l#::{s:(s,-)izl:slzszz--~2012s,~<oo}

i>1

which is equipped with the distance

d(s,s') = |si — s]|.

i>1

The dust state (0,0,...) is rather denoted by 0. Consider then (F(¢),t > 0), a
cadlag lli -valued Markov process, and denote by F a version of F starting from
(m,0,...), m>0.

Definition 1 The process F is called a fragmentation process if
eforallm,1>0,)",, Fl-(m)(t) <m
o for all 79 > 0, conditionally on F(#) = (s1, 52, ...), (F(to +1),t > 0) is distrib-
uted as the process of the decreasing rearrangements of F©V (1), F¢2(¢), ... where
the F©)’s are independent versions of F starting respectively from (s;,0,0,...),
i>1.

When FO 2 1 FOD for all m > 0, the fragmentation is usually called homoge-
neous. Such homogeneous processes have been studied by Bertoin [7] and Berestycki
[4]. In particular, one knows that when the process is pure-jump, its law is character-
ized by a so-called dislocation measure v on

11¢,<1 = {sel]i:Zsifl,sl <1}

i>1

that integrates (1 — sy) and that describes the jumps of the process. Informally,
each mass s will split into masses ssi, ss2, ..., Zi>1 si <1, at rate v(ds). We
call such process a v-homogeneous fragmentation. To be more precise, the pa-
pers [4, 7] give a construction of the fragmentation based on a Poisson point
process (#;, (s(t;), k(t;)))i>1 on 11¢,<1 x N (N={1,2,...}) with intensity measure
v ® #, where # denotes the counting measure on N. The construction is so that,
at each time f;, the k(#;)-th mass F,f'(':i))(ti—) splits in masses sl(ti)F,f:':i)>(t,~—),
sz(t,-)Fk(?Zi)) (ti—), ..., the other masses being unchanged. The sequence F(z;) is
then the decreasing rearrangement of these new masses and of the unchanged masses
F k(m) (ti—), k # k(t;). When v is finite, this means that each particle with mass s waits
an exponential time with parameter v(lli,<1) before splitting, and when it splits, it di-
vides into particles with masses 551, 595>, ..., where (S1, Sz, ...) is independent of
the splitting time and is distributed according to v(-) /v (I 1¢’<1 ). When v is infinite, the
particles split immediately.
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General Setting In this paper, we are more generally interested in pure-jump frag-
mentation processes where particles with mass s split at rate t(s)v(ds), where

T is a continuous strictly positive function on (0, c0)

T is monotone near 0

v is a dislocation measure on llL <1» 1€ le (1 —=sp)v(ds) < o0 (H)
= 1,<1

—v(lf =00
- v si <D =0.

The latter hypothesis on v means that the particles do not lose mass within sudden
dislocations. The fact that v is infinite will be essential in the assumptions of our main
theorems (forthcoming Theorems 5 and 7; see also Lemma 6).

Construction The distribution of each (z, v)-fragmentation is constructed through
time-changes of a v-homogeneous fragmentation starting from (1,0, ...) in the fol-
lowing manner (see [17] for details): let F(1-hom be a y-homogeneous fragmenta-
tion starting from (1,0, ...) and consider a family (I"™(¢), t > 0) of nested random
open sets of (0, 1) such that F(D-hom(7) is the decreasing sequence of the lengths
of interval components of 1"°™(z), for all r > 0. One knows ([4, 8]) that such in-
terval representation of the fragmentation always exists. For x € (0, 1), t > 0, call
I;"m(r) the connected component of 7"™(z) that contains x, with the convention
I;“’m(t) =@ if x ¢ I"™(¢). Moreover, it is easily seen that F(D-hom) — 0 as.
as t — 00, since the dislocation measure v(/ f <) # 0. This implies that a.s. for all
x€(0,1), |If°m(t)| — 0 as t — oo, where |I;1°m(t)| denotes the length of the inter-
val I ;“’m(t). We therefore set 1 ;‘(’m(oo) := J, which makes the function ¢t > |I ;‘Om ]
continuous at co.
Introduce then for m > 0 the time-changes

. u dr
T;”(t):sz{uEO:/ S t}, (1)
0

(m1hom(r)))

where, by convention, 7(0) := oo and inf{{J} := oco. Clearly, the open sets of (0, 1)

= {J fmare), t=o0,
xe(0,1)

are nested and we call F " (¢) the decreasing rearrangement of m times the lengths of
the intervals components of 17 (¢), t > 0. The process F ™ is then the required frag-
mentation process starting from (m, 0, . ..) with splitting rates 7 (s)v(ds) (Proposition
1, [17]). When m = 0, F" (¢) = 0 for all ¢ > 0, by definition.

Self-Similar Fragmentations When 7(s) = s* for some « € R, the fragmentation
is called self-similar with index «, since F (m) law mF (1)(m°‘~) for all m > 0. These

self-similar fragmentations processes have been extensively studied by Bertoin [7-9].
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Two Classical Examples The Brownian fragmentation is a self-similar fragmenta-
tion process constructed from a normalized Brownian excursion ¢ with length m
as follows: for each ¢, FB™ () is the decreasing rearrangement of lengths of con-
nected components of {x € (0, m) : 2¢M™ (x) > t}. Equivalently it can be constructed
from the Brownian continuum random tree of Aldous by removing vertices under
height ¢, as explained in the introduction (precise definition of continuum random
trees are given in Sect. 4). The index of self-similarity is then —1/2 and Bertoin [8]
proves that the dislocation measure is given by

g, (s1 €dx) = Qrx>(1 —x)*)"Y2dx, xe[1/2,1), and

VB,(SI +s5<1)=0,

@

this second property meaning that each fragment splits into two pieces when dislo-
cating.

On the other hand, by logging the Brownian continuum random tree along its
skeleton, Aldous and Pitman [3] have introduced a self-similar fragmentation F AP
with index 1/2 which is transformed by an exponential time-reversal into the standard
additive coalescent. This Aldous-Pitman fragmentation is in some sense dual to the
Brownian one: its dislocation measure is also v, (see [8]).

Loss of Mass ~ Consider the total mass M ™ (1) = dois1 Fi(m)(t) of macroscopic par-
ticles present at time ¢ in a fragmentation F ). When the fragmentation rate of small
particles is sufficiently high, some mass may be lost to dust (i.e. a large quantity of
microscopic—or 0-mass—particles arises in finite time), so that the mass M ) (1)
decreases to 0 as t — co. Such phenomenon does not depend on the initial mass
m > 0 and more precisely either occurs with probability one simultaneously for all
m > 0 or does not occur, for any m > 0, with probability one. For example, one
knows that there is loss of mass as soon as f0+ dx/(x7(x)) < co. We refer to [17]
for details and some necessary and sufficient condition. An interesting fact is that the
mass M decreases continuously:

Proposition 2 The function t — M ™ (1) is a.s. continuous on [0, 00).

This will be useful for some forthcoming proofs. A proof is given in the Appendix.
1.1.2 (z,v,X)-Fragmentations with Immigration
Let Z be the set of measures on / # that integrate (3_ ;- 5;) A 1. Two such measures
I, J are considered to be equivalent if their difference / — J puts mass only on {0}.
Implicitly, we always identify a measure with its equivalence class. In particular, in

the following, we will often do the assumption 7 (/ ll ) # 0, which means that / puts
mass on some non-trivial sequences. Endow then Z with the distance

D(,J) = sup
feF

) €)

/ﬂ f&)U — J)(ds)
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where F is the set of non-negative continuous functions on lll such that f(s) <
(ijl s;) A 1. The function s (ijl s;) A 1 belongs to F and therefore T is
closed. It is called the set of immigration measures.

Definition 3 Let ((r;,u’),i > 1) be a Poisson point process (PPP) with intensity

I € T and, conditionally on this PPP, let F(”'j), i, j > 1, be independent (t, v) frag-
mentations starting respectively from u’j, i, j > 1. Then consider for each > 0, the
decreasing rearrangement

FI(t):= {Fk(uj)(t —r),ri <t, j k> 1}¢ € lf.

The process FI is called a fragmentation with immigration process with parameters
(z,v, I).

When there is no fragmentation (v (I fq) = 0), we rather call such process a pure
immigration process with parameter / and we denote it by (/(¢), ¢t > 0).

This means that at time r;, particles with masses u"l, ué,. ..immigrate and then start
to fragment independently of each other (conditionally on their masses), according to
a (t,v) fragmentation. The initial state is 0. Note that the total mass of immigrants
until time ¢

o)=Y ul )

ri<t,j=1
is a.s. finite and therefore that the decreasing rearrangement F I (¢) indeed exists and
is in lli . The process oy is a subordinator, i.e. an increasing Lévy process. We refer
to the lecture [6] for backgrounds on subordinators. In particular, we recall that a
subordinator o is characterized by its Laplace exponent, which is a function ¢, such

that E[exp(—qo (t))] = exp(—t¢,(g)), for all_ q,t>0.

Note also that FI is cadlag, since the F @) are cadlag, since dominated conver-

gence applies and since, clearly, the following result holds.

Lemma 4 For all integers 1 <n < o0, let x" = (x?,i > 1) be a sequence of non-
negative real numbers such that ) ;. x!' < oo and let x"V denotes its decreasing
rearrangement. If 3 ;_ |x]' — x°| = 0, then ), |x{l¢ — xiooﬂ — 0, ie. x"V —

X%V in lll.

Equilibrium for such fragmentation with immigration processes has been studied
in [18] in a slightly less general context.

1.2 Main Results: Asymptotics of F ™

Introduce for all m > 0, the measure v, € Z defined for all non-negative measurable
functions f on lll by

/f(s)vm(ds) :=/ f(sam, s3m, .. )v(ds).
It <)
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Set also
ou(m) = (si < 1=m™" N7 =, Iy o)™

which is finite for m large enough and converges to 0 as m — oo, since v(lli,q) = 00.

We are now ready to state our main result. We remind that the distance on Z is
defined by (3). Also, the set of cadlag paths in R x! f is endowed with the Skorohod
topology.

Theorem 5 Let F be a (t,v) fragmentation and suppose that t(m)v,, — I € T,
I(1}) #0, as m — 0. Then,

(m—F™ (F™ F™ ) (0 FI) asm — oo,

where F1 is a fragmentation with immigration with parameters (t,v, I) starting
from 0, and oy is the process (4) corresponding to the total mass of particles that
have immigrated until time t, t > 0.

In some sense, letting m — 0o in F (m) creates an infinite amount of mass that
regularly injects into the system some groups of finite masses which then undergo
fragmentation. A similar phenomenon has been observed in the study of some differ-
ent processes conditioned on survival (see e.g. [11, 13, 15, 25]).

Example Recall the characterization (2) of the Brownian dislocation measure vp, .
Clearly, m=1/2y B,.m — Ip, where the measure /p_is defined by

Ip, (s1 €dx) = 2Qux®)"Y2dx, x>0, and I (s >0)=0. 5)

So the previous theorem applies to the Brownian fragmentation and the fragmentation
with immigration appearing in the limit has parameters (z : x > x~ /2, vg,,1g,).
The Lévy measure of the subordinator oy, is simply /p, (s; € dx). Informally, this
corresponds to the convergence, mentioned in the introduction, of the Brownian CRT
to a tree with a spine on which are branched rescaled Brownian CRTs. This tree with
a spine codes (see Sect. 4 for precise statements) the above (7 : x — x~ U2y B,.1B,)
fragmentation with immigration.

Other examples are given in Sect. 5.1.

The assumption on the convergence of 7 (m)v,, may seem demanding and, clearly,
is not always satisfied. A moment of thought, using test-functions of type f,(s) =
Iy~ si>a)> @ > 0, leads to the following result.

Lemma 6 Suppose that T(m)v,, converges to some measure 1 € T, I (lli ) #0, as
m — 00. Then both T and ¢, vary regularly at oo with some index —y,, y, € (0, 1)
and t(m) ~ Co,(m) as m — oo, with C =1(3_;-,s;i > 1) > 0. As a consequence,
the limit I is y,-self-similar, that is -

/¢ f(asy,asy,...)I(ds) =a” /l f()I(ds) foralla>0, feF,
ll ll
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which in turn implies that o is a stable subordinator with index y, and Laplace
exponent CT'(1 — y,)q", g = 0.

Note that y, < 1 since I integrates (D ;.;s;) A 1 and that y, > O since
I(Zi>1 s; > a) — 0 as a — o0. Note also that y_v > 0 is equivalent to ¢, (m) — 0 as
m — oo, which occurs if and only if v is infinite. That is why our general hypotheses
(H) include the fact that v is infinite.

Lemma 6 therefore implies that Theorem 5 applies to measures v such that
@y (m)vy, converges, coupled together with functions T whose behavior at oo is pro-
portional to that of ¢,. In particular, the speed of fragmentation of small particles
plays no role in the existence of a limit for .

Remark then that it is possible to construct from any y-self-similar immigration
measure [, [ (lli ) #0, y € (0, 1), some dislocation measures v such that ¢, (m)v,,
converge! to I, which gives a large class of measures v to which Theorem 5 applies.
Also, note that when the fragmentation is binary (i.e. when v(s; + s < 1) =0), the
convergence of ¢, (m)v,, holds as soon as ¢, varies regularly at oo with some index
in (—1,0).

We now turn to functions t such that (¢, /7)(m) converges to 0 or oo, in which
cases Theorem 5 does not apply. One way to avoid trivial limits in such situation is
to consider the process F up to a time change:

Theorem 7 Suppose that T varies regularly at oo, and that ¢, (m)v, — I € L as
m — oo (in particular, by Lemma 6, ¢, varies regularly at infinity with an index in
(—=1,0)).

(1) If, as m — oo, (¢, /Tt)(m) — 0, then,

(m = F (9o /T)(m))), FS™ (@0 /T (m)-), F (90 /7)Y (M), - .
B (o7, (U (t).1 > 0)),

where (I(t),t > 0) is a pure immigration process with parameter I .
(i) If (¢, /T)(m) — 00 as m — oo and the fragmentations F"™ lose mass to dust,
then the following finite-dimensional convergence holds as m — oo,

(m = F™ (9o /T)(m))), FS™ (90 /T) () ), ™ (@0 /) (M), - .) I?dw (01, 0).

We recall that the case when (¢, /t)(m) — £ € (0, 00) is given by Theorem 5.

The assertion (ii) is not valid when the fragmentations F M) do not lose mass, since
the quantitiesm — ) . Fi(m) ((¢y/T)(m)) are then equal to 0 and so cannot converge
to o7(1). However, a result similar to that stated in (ii) holds for fragmentations that
do not lose mass, provided that the distance d is replaced by the distance of uniform
convergence on / li Also, the reason why the limit in this statement (ii) holds only in

IFor example, define v by fl# f(s)v(ds) := fﬂ fa - ijlSj’sl’SZ»---)1{5151—2i>|sj}l(ds)-
<l 1 =

Clearly, ”(ijl sj #1) =0, v integrates (1 —sy) and m™" vy, — I.
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the finite dimensional sense and not with respect to the Skorohod topology, is that the
functional limit of (Fz(m) (pv/T)(M)"), F3(m)((<p,,/r)(m)-), ...) cannot be cadlag (see
the last paragraph of Sect. 2.2 for an explanation).

Another remark is that under the assumptions of assertion (i), the processes
Fl.(m)((go,, /t)(m)-), i > 2, although not increasing, converge as m — 0o to some
increasing processes. In particular, Fz(m)((% /T)(m)-) converges to (A{(¢),t > 0)
where A{(z) is the largest jump before time ¢ of some stable subordinator with
Laplace exponent al'(1 — y,)g?", ¢ > 0, and a = lim,,_, 5 ¢, (M) V(52 > m~1) (this
limit exists, although s — 15,1 ¢ F, because I (s1 € dx) is absolutely continuous,
as a consequence of the self-similarity). In case v is binary, one more precisely has:

Corollary 8 Suppose that v is binary, that ¢, varies regularly at 0o with some index
—Y, Vv € (0, 1) and that t varies regularly at oco. Then, if (¢,/7)(m) — 0,

(m — F ((9u/T)(m))), FA™ (@0 /D) (m) ), F (90 /T)(M)-), - .

law

— (0, A1, 82,0,

where o is a stable subordinator with Laplace exponent T'(1 — y,)q" and
(A1(2), Ay(2),...) the decreasing sequence of its jumps before time t, t > 0.

Example This can be applied to the Aldous-Pitman fragmentation, since ¢,; (m) ~
nl/z(Zm)_l/z. We get that

AP, — AP, — AP, _
(m = F{P o=ty B o=y, B Ty, L)
l,
= (oar, AP, AT, (©6)

where o4p is a stable subordinator with Laplace exponent (Zq)l/ 2 and (Af”’ (1),
A’z“P (t),...) the decreasing sequence of its jumps before time 7, t > 0. To see
this, use that ¢, (m)m_l/2 ~ (7'[/2)1/2m_l to obtain from Corollary 8 the con-
vergence of the process in the left hand side of (6) to (0 (/)12 AL(2)m)V/2,
A>((2/m)1/2.),..)) where o is a stable subordinator with Laplace exponent
I‘(1/2)ql/2 = (7‘[(,])1/2 and (A1(2), Aa(t),...) the decreasing sequence of its jumps
before time ¢, ¢ > 0. It then clear that the Laplace exponent of o4p = o ((2/7)'/?.)
is (2q)1/ 2. Aldous and Pitman [3], Corollary 13, obtained this result by studying
size-biased permutations of their fragmentation.

Other explicit (and non-binary) examples are studied in Sect. 5.2.

2 Proofs

The main lines of the proofs of Theorems 5 and 7 are quite similar. We first give a
detailed proof of Theorem 5 and then explain how it can be adapted to prove The-
orem 7. We will need the following classical result on Skorohod convergence (see
Proposition 3.6.5, [14]).
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Lemma9 Consider a metric space (E,dg) and let f,,, f be cadlag paths with values
in E. Then f, — f with respect to the Skorohod topology if and only if the three
following assertions are satisfied for all sequences t, — t, t,, t > O:

(@) min(dg (fu(tn), f (@), de(fu(tn), f(=))) — 0
) de(futy), f()) = 0= de(fu(sn), f()) — Oforall sequences s, — t, s, >t
©) de(fu(ty), ft—)) = 0 = de(fu(sn), f(t—)) — O for all sequences s, — t,

Sp < 1ty.
2.1 Proof of Theorem 5

In this section it is supposed that z(m)v,, — I, I(l#) # 0, as m — oo. Our goal
is then to prove Theorem 5, which is a corollary of the forthcoming Lemma 11. In
order to state and prove this lemma, we first introduce some notations and give some
heuristic geometric description of what is happening. There is no loss of generality in
supposing that the (7, v) fragmentations F m) ' >0, are constructed from the same
v-homogeneous one, which is done in the following.

2.1.1 Heuristic Description

We first give a geometric description of the fragmentation F, which may
be viewed as a baseline B = [0, 00) on which fragmentation processes are at-
tached.

Let A" be the process obtained by following at each dislocation the largest sub-
fragment. According to the Poissonian construction of homogeneous fragmentation
processes and the time-change between v-homogeneous and (7, v)-fragmentations
(see Sect. 1.1.1), the process A™ is constructed from some Poisson point process
((5,8),i > 1) (independent of m) with intensity measure v as follows: if & denotes
the subordinator defined by

£():=Y) (~log(s})), 1>0, (7)

i<t

and p~ the integral

t
p—(m)(t) :Z/O dr/T(mexp(—£&(r))),

then
A™ (@) =mexp(—=£(p"™ (1)), 1=0, (8)
where
P (1) :=influ: p~ " () > t} )

(inf{@} = 00). The set of jump times of A" is then (1" = P~ M), i > 1}.
The evolution of the fragmentation F (m) then relies on the point process
((#",s"),i > 1): at time ", the fragment with mass A(m)(t;”—) splits to give a
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fragment with mass A (") = A" (¢ —)s| and smaller fragments with masses
. (m) (gm _ygi . .
A (t"—)s%, j = 2. For j =2, call F (AT the fragmentation describing the
evolution of the mass A(’”)(ti’" —)sj. and consider that it is branched at height #* on
the baseline . Then the process F ") is obtained by considering for each > 0 all
fragmentations branched at height #/* <t and by ordering in the decreasing order
(m) (om __\ i
the terms of sequences FAT )Sf)(t —t"), " <t, j =2, and A™(¢). In some
sense, there is then a tree structure under this baseline with “fragmentation” leaves.

This will be discussed in Sect. 4.

Similarly, a (z, v, I) fragmentation with immigration F1I can be viewed as the
baseline B with fragmentations leaves F (”lf), Jj =1, attached at time r;, where
((r;,u’),i > 1) is a Poisson point process with intensity I and F(”l') i,j>1, some
(7, v) fragmentations starting respectively from u i,j > 1, that are independent
conditionally on ((r;, u ’),1 >1).

Now, to see the connection between these descriptions and the result we want
to prove on the convergence of (F2(m), F3(m), ...) to FI, note that the processes
A and F l(m), although different, coincide at least when A(’”)(t) > m/2, since

A™ (1) is then the largest fragment of F ) (1), Fix to < oo. It is easily seen that
under the assumption 7(m)v,, — I (which in particular implies that T(m) — 0
as m — 00), a.s. p(’”)(to) — 0 as m — oo, which in turn implies that for large
m’s and all t < 19, A" (¢) > m/2, and therefore A" (1) = Fl(m)(t). In particular
(Fz(m) 1), F3(m) (1), ...) is then the decreasing rearrangement of the terms of sequences
FA™G ) <1, j>2.

Hence, informally, one may expect that the process (Fy", Fém), ...) converges
in law to F'I as soon as (A(’")(tim—)s;,i > 1, j > 2) converges to (u?,i,j > 1),
and (tim,i > 1) to (rj,i = 1). The statement of these convergences is made rig-

orous in the forthcoming Lemma 10, which is then used to prove the required
Lemma 11.

2.1.2 Convergence of the Point Processes
Consider the set [0, 00) x lli x 1 li endowed with the distance

’ N\ . ’ ’
d[O,OO)XliLXlll ((tly S1, S]), (t21 S2, 52)) = |t1 - t2| + Z('sl,i - S2,i| + |s]’i - sz’il)

i>1

(which makes it Polish) and introduce the set R 00)x H l¢ of Radon point mea-

sures on [0, 00) x li X li that integrate 1(;<,} X Z]>1(s] +s ), for all 1o > 0. Two
such measures are con31dered to be equivalent if their dlfference puts mass only on
[0, 00) x {(0,0)}. Again, we shall implicitly identify a measure with its equivalence

class. Introduce then ]—"[0 oyl it the set of R*-valued continuous functions f on
’ 1 1

[0, c0) x lli X lf such that f(z,s,8") < 1< ijl(s]- + s;-) for some 7y > 0 (we
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shall denote by tof such 7y’s) and equip R ;v with the topology induced by
1

[0,oo)><lll

the convergence p, — 1 < (i, f) = (i, f) forall f € }—[O,oo)xlfxl#'

Lemma 10 Ser

Hom == Z80?"’(A(”’)(ff"*)s_i/)/‘zz’(ms.i/)jzz) and pi= Z(S(n"u’l“")'

i>1 i>1

These measures belong to R

R

[0.00)xI} x1}* and with respect to the above topology on

[0,00) x1} xI} >
law
Um — U as m — oo.

Proof According to Theorems 4.2 and 4.9 of Kallenberg [22], the convergence in
distribution of wu,, to u is equivalent to the convergence of all Laplace transforms
Elexp(—(tm, fD] to Elexp(—{w, f)I, f € Fy 1,1 The proof is split into
,00)x1| xI{
two parts.
(1) In this first part, we will show that for all f € ]:[o,oo)xlllxl# and all ¢+ > 0,

E[exp(—(,uf,t,), f))] converges to E[exp(—(u(’), )1, where

@ ._ . .
! =) B (A @1 2)s) 0, ms) 2)°

ti<tt(m)

,LL(I) = Z (S(ri’ui’ui).

ri<t
We recall that " = p~ "™ (1) and A('”)(tim—) =mexp(—&(t;—)) and set
gr(t,s,s):=1—exp(—f(t,s,5))

for all f e }-[o,oo)xzfxlf' Note that gy € f[o,oo)xlfxlf

1A (ijl (sj + s})). Now, to start with, we claim that for all # > 0,

and gr(t,s,s') <

Elexp(—(u?, f) + Ins ()] =1, (10)

where 1, ;(f) is defined by
I (f) = / L 8f (o~ (v), exp(—&£(v—))s, $)dv @ vy, (ds)
[0,tT(m)]xI]

- /[0 It g (0~ "™ (vt (m)), exp(—& (vt (m)—))s, $)dv ® T (M) vy, (ds).
NARS 1

Indeed, the Change of Variables Formula for right-continuous processes of finite vari-
ation gives
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exp(— (i), ) + Ini () — 1
=_ Z exp(—(u%"_), Y4 Iny ()

O<t;<tt(m)

x g (™" (1), (mexp(—£(ti—))sh) j=2, (ms") j=2)
+ / L exp(= (i ™ )+ Do ()
(0,27 (m)]x1

x g7(p~ "™ (v), exp(—&(v—))s, )dv ® vy ().

Then, using the Master Formula for Poisson Point Processes (see e.g. [31], Chap.
XII), we get that the expectation of the sum in the right-hand side of the equality is
equal to the expectation of the integral. Hence (10).

(a) We now claim that a.s. for all f € F, 1., the integral I, ;(f) converges
[0,00) x1} xI} ’

to I;(f) := f[o,z]xlf gr(v,s,8)dv ® I(ds) as m — oo. Indeed,

Ins () = L (f) = /I

0,t]x

. gr(,s,8)dv ® (t(m)vy(ds) — I(ds))
11

+ / (87 (0™ @T(m), exp(—§ (vT(m)-))s. 9)
[0.¢]x1}
—8f(v,s,9)dv ® T(m)vy (ds).

The first integral in the right-hand side of this equality converges to 0, since
t(m)v,, — I and the function s — f[o n8 7(v,s,s)dv is continuous and bounded by

2t (Ziz] siAl)onl f It remains to prove that the second integral converges to 0, a.s.
forall f € ‘7:[0 ooyttt This will be proved if we check that a.s. for all /-Lipschitz
’ 1 1

functions g € ]-'[ such that g (7,s,8) < 1A (3,51 5i),

0,<>o)><11¢xll¢
/[0 | T T ), P T 1) )5, 5) —g 1.5,V OT () (ds) — 0.
X1y

The absolute value of this last integral is bounded from above by

f[o It ((|,0‘(m)(vr(m)) — v+ Zsi(l - exp(—é(tt(m)—)))) ATA Zsi)
XL ; i
x dv ® T(m)v,, (ds). (an

Fix then some ¢ > 0 and recall that t varies regularly at oo with some negative
index —y, (cf. Lemma 6). In particular, 7(m) — 0 and therefore, with probability
one, for all m sufficiently large (depending on ¢ and ¢), 1 — exp(—&(tt(m)—)) <e.
On the other hand, still thanks to the regular variation of 7, one knows (see Potter’s
Theorem, Th. 1.5.6 [10]) that there exists for all A > 1, some constant M(A) >0
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such that

A exp((=310 /6 < —— " Aexp((—po/DEGY),  (12)
T (m exp(—£ (1))

for all m, r such that m exp(—&(r)) > M(A). When mexp(—&(tt(m))) > M(A), this
implies that

Al /0 vexp((—3yu/2>s<r(m>r>>dr < p~ " (vt (m))

<A fo exp((—yo/2)E (x(m)r))dr,

hence
A~ vexp((=3yp/2)E (T (m)1)) < p~ ™ (vr(m)) < Av

for all v € [0, ¢]. Taking A = (1 + ¢), it is then easy to get that with probability
one,

o™ (v (m)) —v| <&t (13)

for all m large enough and all 0 < v <. Coming back to the integral (11), we see
that for m large enough, it is smaller than

/[O,t]xzf ((8(t + Z&')) ATA Zsi)dv ® T(m)vy, (ds),

i>1 i>1

which converges to tfﬂ((s(t + D SN ALAY L si)I(ds) as m — oo. At
! > >

last, letting ¢ — 0, we see that the integral (11) converges to 0 as m — oo,

which implies that a.s. for all functions f € }'[O’OO)X]#X[#, I, (f) converges to
L(f).

(b) To finish this first part of the proof, fix f € ]-"[ gt and note that
1 1

0,00) x

E[exp(— (1), £))(exp(.+ (f)) — exp(L; ()] = 0

by dominated convergence, since for all m, Iy ,(f) < t/}¢((2 Dois18) A D x
1 >
T(m)vy, (ds), which is deterministic and converges to ¢ fll (2> °,5151) A 1)I(ds) as
X >
m — 00. On the other hand, by (10),
E[exp(—(iy), F)(exp(ln.i(f)) — exp(i (f)]
=1— E[exp(—(uly), )] expL (f)),
and therefore, E [exp(—(uf,? , N1 — exp(—1:(f)), which, applying Campbell for-

mula (see e.g. [23]) to the Poisson Point Process (r;,u');>1, is equal to
Elexp(—(n®, ).
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(+)

(2) In particular, E[exp(—(un’ ., f))] converges to E[exp(—(u(’of o=

Elexp(—(u, f))]. Write then

Elexp(—(pm, )]

(19 I 41y

= Efexp(— (™ )]

f . .
fE[exp(fwfé“ o f>>(1 ~ exp<f Y S AT )5 . (mS})j22)>>]

al +DTm<;

(14)

and note that the 1ntegrand in the second expectation in the right-hand s1de is null
as soon as p (m)((t + Dt(m)) > to Since p (’")((t + Dt(m)) — ’0 + 1 a.s.
(see (13)), this integrand is null for m large enough and we conclude by dominated
convergence that the second expectation in the right-hand side of (14) converges to
0. Hence we have that E[exp(—(wm, )] — Elexp(—{(u, )] [l
2.1.3 A.s. Convergence of Versions of (m — F(m) (F(m)
(o1, FI)

..)) to a Version of

Using Skorohod’s representation theorem (our set of point measures is Polish, see
e.g. Appendix A7 of Kallenberg [22]), one can consider versions p,, and wu such
that w,, — pn a.s. We will work with these versions in this section, and, to simplify,
we will consider the representation of the measure w (resp. ., m > 0) that does
not put mass on [0, c0) x {(0,0)}. We then call 6", m > 0, a (random) family of
permutations such that, a.s. Vi > 1,

m.__ .m .
rp = tam(i) — 1,

o= (A @y —)sT D) jm 0l (15)
7= (ms}’m(i))jzz — '

Consider next some i.i.d. family of v-homogeneous fragmentations issued from

(1,0, ...), say phom.i.j) j =1, and for each pair (i, j), construct from pFhom,.j)

l m
)

some (T, V)- fragmentatlons F“" m>0, and F (w5 , starting respectively from
l m

ui", m> 0, and u . Extend the definition of these processes to r € R*~ by setting

@™ () = F(“f)(t) := 0. Then for ¢ > 0, let
FEDm @y = FO (¢ — ) (16)

and set

A0 =m ] (1 - 124’”) (17)

rmfl‘ j>1
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The process X(m) is distributed as A, since ijl s§. =1 v-ae. foralli > 1 (but

note that the law of (K(m), m > 0) is a priori not the same as that of (A(”’), m > 0),
since the distribution of (., m > 0) has been transformed when considering ver-

sions of u,, that converge a.s. to u). The point is then that the process F" obtained
by considering for each ¢t > 0 the decreasing rearrangement of the terms N ®,
Fk(l’j)’m (1), i, j,k > 1, is distributed as F  Furthermore, if #y < oo is fixed, then

a.s. for m large enough and all 0 <t <1, fim)(t) = X(m)(t) and

L @)= F 0, F5" ), = (R @0, k=114, ()
as noticed in the heuristic description.
Define similarly

FEDI(py:= F“D¢t —r), t>0.

The process of the decreasing rearrangements of terms of F@/-1(¢), i, j > 1, which
we still denote by F/, is a (7, v, [)-fragmentation with immigration starting from 0.
Also, we still call oy(t) := Zrift,jzl u’] t > 0. Theorem 5 is thus a direct conse-
quence of the following convergence:

(m),L(”’))a—'i' (o7, FI) as m — oo.

Lemmall (m — A
To prove this convergence, we shall prove that a.s. for all # > 0, the following
assertions hold whenever m,, — oo, and t,, — ¢, t, > 0:

(Ap) if t is not a jump time of (o7, FI), then (m, — A ), L0 (1)) —
(o1(2), FI1(2))

(Ap) if ¢ is a jump time of (o7, FI), there exist two increasing integer-valued se-
quences (one of them may be finite) ¢, ¥ such that N = {¢,, ¥,,,n > 1} and
(1) if ¢ is infinite, then for all sequences sy, —  s.t. 5, > 1,

(mgy — K" (s,,), L) (5,)) — (01(t), F1(2))

(ii) if ¥ is infinite, then for all sequences sy, — ¢ s.t. sy, <1ty,,

(g =R (s54,), L (s54,0) = (01 (1), F1(1-)).
According to Lemma 9, this is sufficient to conclude that (m — K(m), Lmy &%
(o7, FI) with respect to the Skorohod topology. In order to prove these assertions,
we will first show two preliminary lemmas.

Lemma 12 Ler F'™ pe a v-homogeneous fragmentation starting from (1,0, ...)
and fix some a > 0. Then the following statement holds a.s. for all sequences a, — a,
an > 0. Consider F©) and F@ the (t,v)-fragmentations constructed from F"™
starting respectively from a,, n > 0, and a, and extend these processes to t € R*~ by
setting F@) (t) = F@ (t) = 0. Then, whenever v, — v, v,, v € R, one has,
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(a) if v is not a jump time of F@ F@n )y > F@ ()

(b) if v is a jump time of F'“ there exist two increasing sequences @, ¥ such that
N={¢n, ¥u,n > 1} and
() if @ is infinite and if wy,, — v, Wy, > Vg, , then F@n) (wy, ) — F@ (v)
(i) if ¥ is infinite and if wy, — v, wy, < vy, .then F(“‘/’n)(w,/,n) — F@(@-).

In particular, when v = 0, @ is the increasing rearrangement of {k : vy > 0} and
V¥ is that of {k : v < 0}.

This implies that a.s. for all sequences a,, — a, a,, > 0, F@) — F(@ with respect
to the Skorohod topology.

Proof Note that the statement is obvious when a = 0, since sup, D ;- ; Fk(“”) ) <
an — 0. It is also obvious when v, — v < 0, since F ) (v,) = F@ (v) =0 for large
n. So we suppose in the following that a, a,, > 0, and v > 0.

To start with, we point out two convergence results when w,, — v, w, > 0. The
notations 71om T!",m >0, x € (0, 1), were introduced in Sect. 1.1.1. First, we claim
that 7" (w,) — T9(v) € [0, 0o], provided |I}C‘°m(r)| > 0 for all > 0, which oc-
curs a.s. for a.e. x € (0, 1), since V(ijl sj < 1) =0 (in the rest of this proof, we
omit the “a.s.”). Indeed, consider such x. If there were a subsequence (k,),>0 S.t.
lim,, 00 Txak” (wg,) > T (v) with T¢(v) < oo (the limit may be infinite), then one
would have

5 (wg,) Té(v)+e
w, = / dr/z(ag, | 177 ())) > f dr /7 (a, 1177 (1))
0 0

for some ¢ > 0 and all n large enough. The latter integral would then converge to
fOTXa ()+e dr/ r(a|1)}c‘°m(r)|) > v, by dominated convergence (note that under our as-
sumptions, for ng large enough, the set {ay, |I;‘°m(r)|, r <T&(v)+e,n > ngp} belongs
to some compact of (0, 00)). This would lead to liminf,_, o wg, > v, which is im-

possible. Similarly, it is not possible that T; kn (wg,) = b < TZ(v). Hence
Ti(wy) — T (v) forae. x € (0,1). (19)
Next, we want to check that
M@ (w,) > M@ () asn— oo. (20)

If there is no loss of mass, this is trivial, since M ‘@) (w,) = a, and M@ (v) = a. If
thlere is loss of mass, write M@ (v) = afol L{re@w)<cc}dx and note that
Jo Yirey=o0:Tév—)<o0jdx = 0 (by  definition {T¢(v—) < oo} =
{fooo dr/t(all?om(r)l) > v}), since the function v — M@ (v) is (a.s.) continuous
(Proposition 2). Then write

1 1
M (wy) =an/0 1{Tf”<wn><oo;rf<v><oo}dx+“n/0 Lran (u,) <00: T8 (v) =00} 4X-
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By (19), the first term in the right hand side converges to M @ (v) as n — oo. It
remains to check that the integral f()l Lizan () <o0: T ()=o00}dX converges to 0. To see
this, we use that for all x € (0, 1) s.t. |I§‘°m(r)| > ( for all » > 0, one has

lim sup 1izan ) coop = M SUP 1y oo g, /74, | hom ) )5 1,)
n—o0 n—o0o

= l{fo“’ dr/T(alItom(r))>v}- 21

The latter inequality is obtained by splitting the integrals into two [ = fOM + [ur >
where M is such that b — r(b|1f°m(r)|) is monotone in a neighborhood of a,
Vr > M (we recall that T is monotone near 0). Then fOM dr/ t(an|1§‘°m(r) |) converges
to fOM dr/t(a|I™™(r)|) by dominated convergence and [, dr/T(a,|IM™(r))
converges to f ;[O dr/ r(a|1;‘°m(r)|) by monotone convergence (consider monotone
subsequences of (a,),>1; also note that all integrals involved here are
finite, as the F@) n > 1, and F@ lose mass to dust). Hence (21). Then, by
dominatedconvergence, limsup,_, ., fol I{Tf”(w,,) <00t Txa(v):oo}dx is smaller than

fol 1{Tf(v—)<oo;Tx“(v):oo}dxs which is equal to 0.

We are now ready to prove assertion (a). Suppose that v is not a jump time of
F@_ Then for all x € (0,1), s — |I;‘°m(s)| is continuous at 77 (v) (even when
T (v) = oo, see the construction of the process, Sect. 1.1.1) and since v is neces-
sarily strictly positive, we may suppose that v, > 0 and then apply (19). Therefore,
F (v,) = F* (v) forall k > 1. On the other hand, M@ (v,) — M@ (v) by (20).
Hence F@)(v,) — F@ (v).

We now turn to (b) and first suppose that v > 0. That v is a jump time of F®
means that there exists a unique interval component of its interval representation that
splits at time v. More precisely, it means that there exists a unique interval com-
ponent, say I"°™ of the interval representation of F™ that splits at some time

v,a °

T%(v) such that T9(v) = T (v) for all x € I,ﬁ‘fjlm. Moreover, for all s < T%(v) and
allx,ye IEgm, I;‘(’m(s) = I;“’m(s), which implies that for all b, u > 0 and x € Jhom

v,a

Txb(u) < T%®v) = T;’(u) = Txb(u) Vy € IE’Oam. This allows us to introduce the in-

creasing sequence ¥, independent of x € IB’Oam, of all integers k s.t. T () < T (v)

for some (hence all) x € I,E‘f;m. The increasing sequence ¢ is then that of all integers
k s.t. Ty* (vg) > T¢(v) for some (all) x € I, 4.

Suppose then that ¢ is infinite and let wy, — v, wy, > vy,. On the one hand,

T (wg,) = T (v), n > 1, and the functions s IIfom(s)| are right-continuous at

TZ(v) when x € Il})‘zm. On the other hand, the functions s — |I)£10m (s)] are continuous

at T4 (v) when x ¢ If}"’am. Therefore, the convergences (19) imply that Fk(%”)(wwn)
converges to Fk(”)(v), Vk > 1. Moreover, M%n (w,) converges to M“(v) by (20)
and then, F (“Wn)(w%) converges to F@ (v). Hence (b)(i).

Suppose next that ¥ is infinite and let wy,, — v, wy, < vy, . One has " (wy,) <

T¢(v) for all x € Jhom > 1 By (19), this implies that Fk(a'””)(ww) converges to

v,a >
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Fk(a)(v—), Vk > 1. Then, using (20), we get that F(“W)(wll,n) converges to F@ (v—).
Hence (b)(ii).

Last, it remains to prove (b) when v = 0. Let here ¢ be the increasing rearrange-
ment of {k : vy > 0} and ¥ the increasing rearrangement of {k : vy < 0}. If ¢ is
infinite, let wy, — 0, wy, > vy,. Then wy, > 0, and so, according to (19) and (20),
Fn) (w,, ) converges to F@(0). If ¥ is infinite, let wy, — 0, wy, < vy, . Then
F@m) (wy,) =0= F@(0-). O

The results and convergences stated in the rest of this subsection hold, simultane-
ously, a.s. for all # > 0, and all sequences m, — oo and t,, — ¢, t, > 0. Therefore we
drop the “a.s.” from notations. Also, we fix ¢ > 0, as well as sequences m, — oo and
ty = t, 1, > 0.

Lemma 13 (i) If 1 ¢ {ri,i > 1), then mn — A" (ta) — o1 (0).
(i) If t = r;, for some iy, then m, — X(m")(tn) converges to oy(t) when t, > rlfg"

for large n’s and it converges to o (t—) when t, < rirg" for large n’s.

Proof Recall that 1, — ju and set Z"" :=3" .| z;’m”, Uh=3%., u‘l
(i) Take ' > ¢ s.t. ' ¢ {r;,i > 1} and fix 0 <y < 1/2. One has Y
for some k large enough and then ), K <y Zimn < q for all n large enough. In

particular, all components of these sums are then smaller than 7. Taking n larger if
necessary (so that m, > 1) one gets that for all i > k, m;IZ”m"l{rgnnft,} <n<1/2,

i
i<t U'<n

i>k,

which implies (using |In(1 — x)| < 2x for 0 < x < 1/2) that

[mp n(1 = my  Z L )| <2207 Ly < 2.

When moreover ¢, <t’,

> U<y +my In(l milzi’m")l{ri”’”stn})‘

i>1
<Y (W< +myIn(1 - m;lzi’m")l{rf"”ftn})’
i<k
+ Z(Ul l{riSI'} + 2Zi‘m" l{r[_mn Sf/})
i>k
; —1 —~i,my,
<Y Wy +maIn(t —m; 'z >1{r,-'""<tn}>’ +3n. (22)
i<k

On the other hand, since ¢ ¢ {r;,i > 1}, Z"" 1, , — Ul < foralli > 1, or
equivalently,

—my In(1 — m,;lzf’mn)l{,’_mn < = U<y

Hence the upper bound of (22) is bounded from above by 47 for n large enough.
Therefore —my, ), mn <, In(1 — m; ' Zbmny converges to o7 (t) (= Y, -, U'), which

ri <t
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implies that

mn<1 - 1_[ (1 —mnlzi’m'l)> — o(1).

m,
<ty

(i) If t =r;, and #, > r;Z” for n large enough, then, for all i > 1, Zi’mnl{rf’”gt,,}

converges to U'l{,, <, and one concludes exactly as above. Now, if #, < rl.'g " for

large n’s, Z'0-"n l{rirgn <1,y converges to U1, 4y and still, Z*"™" l{r;"” <4,,) converges

to U'1yy, <4 for i # ip. The conclusion then follows by replacing L, <ry by 1 <)
in the proof above. U

We are ready to prove assertions (A,) and (Ap).

Proof of Lemma 11 The proof is split into two parts, according to whether ¢ is, or
not, a jump time of FI. It strongly relies on the convergence [, — (. ,

(1) If ¢ is not a jump time of FI, then t — r; is not a jump time of F(”[I’),
Vi, j > 1 (in particular, t ¢ {ri,i = 1}). When ¢t — r; > 0, applying Lemma 12(a)
to the sequences a, = u’j’m”, a=u', v, =t, —r" and v =1 — r;, one gets that
F@Dma gy — FGDA (), Vj > 1. Clearly, such convergence also holds when ¢ <
ri, since then F@J7)"n (1) = 0 for n large enough. Fix next some 1, & > 0 and then
some k s.t. Zi+j>k u’jl{rif,%} < 7. For n large enough, Zi+j>k “lfmnl{rf"" <t} <>
and therefore

D dFECM ) FODT @) < Y dFC @), FOO @) + 20,
i,j=1 i+j<k

So, the right hand side of this inequality is smaller than 35 for n large enough, i.e.
Zi,jzld(F(””*m” (tp), F&D:1()) — 0. Then, by Lemma 4, one concludes that

L) (1) — FI(t). On the other hand, Lemma 13(i) implies that m,, — X(m")(tn) —
oy (t). Hence we have assertion (A,).

(2) Now assume that ¢ is a jump time of FI. Our goal is to construct some in-
creasing sequences ¢ and ¥, N = {¢,, ¥,,,n > 1}, such that assertions (A)(i) and
(Ap)(ii) hold. For all i, j > 1, let 7%/) denote the set of strictly positive jump times
of F7_ Such process F' @) only jumps when a fragment splits, since its total mass
is continuous (Proposition 2). Then, since the F hom,i./) are constructed from inde-
pendent Poisson point processes, independent of ((r;, u ),i > 1), (as.) the J @.7)g
are pairwise disjoint and disjoint from {r;,i > 1}. Also, every F @) jumps at 0 (we
recall that these processes are defined on R) and therefore the set of jump times of
FU“ is 76D U0}, i, j > 1. So, if £ is a jump time of F1I:

e cither t —r;y € J (o.Jo) for some (unique) pair (ig, jo). Then, one can ap-
ply Lemma 12(b) to a, = ul]%’m”, a= u’j% vy =t —rp" and v =1 — .
Let ¢ and ¥ be the sequences that appear in this statement and first, suppose
that ¢ is infinite. Consider then some sequence sy, — f, Sy, > ty,, and apply

Lemma 12(b)(i) to wy, = sg, — r;Z “. One obtains that F(0-J0)-men (s, ) converges
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to F (i0.Jo)-I (), On the other hand, by Lemma 12(2_1)? F0).mg, (s4,) converges to
FUDL () for all (i, j) # (o, jo) since t —r; ¢ JU/) U {0}. Hence, as in (1), we
get that Zi,jzl d(F%9)men (S¢,)s F@:1 (1)) tends to 0, and then, by Lemma 4, that

L™en (s4,) converges to F'1(t). Moreover, m, — A

Lemma 13(i) since ¢ ¢ {r;, i > 1}. Hence (Ap)(i).
Similarly, supposing that ¥ is infinite and sy, — 1, sy,, < ty,,, one gets, by apply-

ing Lemma 12(b)(ii), that L™vn (sy,,) — FI(t—). Moreover, my,, — K(m""’) (sy,) con-

verges to o7 (t) = oy(t—), still by Lemma 13(i) since ¢ ¢ {r;,i > 1}. Hence (Ap)(ii)
and then (Ap).

eortefr,i>1},sayt=ry. Fori#ip, t—r; ¢ J" U{0} and therefore, as
explain above, F&0-mn (g, converges to FE&D Ity = F@GD1 (), for all sequences
sp — t. Let then ¢ be the increasing sequence of integers k such that #; > rl.'g k¥ and

(g, ) converges to oy (), by

¥ be the increasing sequence of integers k such that # < r;Z k. When ¢ is infinite
and sg, — t =i, S, > 1y, one has, by Lemma 12(b)(i), that F (00 (s,,) con-
verges to F Go.)-1 (1), ¥j > 1. Together with the fact that F{-/)-"en (8g,) converges
to F®-1(¢) for i #ig, j > 1, we obtain, as in (1), that L(’”W)(s%) converges to
F1(t). On the other hand, m, — X(m‘””)(s(pn) converges to o7(t), by Lemma 13(ii).
Hepqe assertion (Ap)(i). 'NQW, if ¥ is infinite, let sy, — 1, Sy, < ly,. Clearly,
F(’0’</?’f"¢n (sy,) =0=FU0:DI(t—) Vj n> 1. Moreover F"/)-"n (s, ) converges
to FGI(t—) for i #ig, j > 1, and therefore L(’”W)(s,/,n) tends to FI(t—). At
last, my, — K(md’”)(sv,n) converges to o7(t—) by Lemma 13(ii). Hence assertion
(Ap)(ii). O

Remark The convergence in law of m — A" (and a fortiori of m — F l(m)) to some
y-stable subordinator o, y € (0, 1), actually holds as soon as ¢, varies regularly at
oo with index —y and 7(m) ~ C¢,(m), C > 0. Very roughly, the point is

— either to check that the regular variation assumptions imply that the measures
Yois 5(rm S uimy converge in distribution to some Poisson point measure
= U L=t
2 i=18, iy on [0,00) x R*, where ((r;,x"),i > 1) is a PPP with intensity
C’x~7~!dx, x > 0. This will lead to some result identical to Lemma 13 (replacing
there o7 by o)

— or to use classical results on convergence of subordinators (see e.g. [21]) and,
again, regular variation theorems.

2.2 Proof of Theorem 7
We still use the notations A™, ((t,s'),i > 1) and ((r;,u’,i > 1) introduced in
the previous subsection, and we suppose that t varies regularly at oo, and that

@y (m)v,, — I as m — o0.

Lemma 14 Define

Hom = Z5(:;"(r/<pv>(m),<A<'"><t,-’"—>sj-) joatmsty s M >0

i>1
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Then, as m — o0,

~ law
W —> L= ZS(ri’ui’ui).

i>1

Proof As in the proof of Lemma 10, the goal is to prove the convergence of Laplace
transforms E[exp(—{ilm, f))] to E[exp(—{u, f))], forall f € .7-'[0 ooyl xit The ar-
’ 1 1

gument is very similar to that of Lemma 10, so we leave it to the reader. Roughly,
the main changes consist in replacing there t(m) by ¢,(m) and p~"(r) by
p~ ™ () (t/p,)(m). As an example, the first stage consists in proving the conver-

gences of Efexp(—(Iy, f)]to Efexp(—(u®, f)], ¥z > 0, where

~(1) . . .
e B (¢ 00 o) (AP @251 15, (ms1) 122)°
1; <ty (m)
,u,(t) = Zg(ri,lli,lli)'
ri<t

The main tools are the convergence of ¢, (m)v,, to I and the regular variation of t,
which still gives the Potter’s bounds (12). t

In the rest of this section, we consider versions of fi,,, & such that [, — w a.s.
Let then 6™, m > 0, be a family of permutations such that, a.s.,

??1(7/(/71) (m) := t’“nl(,)(f/(ﬂv (m) —ri,

@ = (A Wy )] D)z —

7= (msfm(i))jzz —u'.

Define next F@)-m A and 7@ from ﬂ",ﬁi'm,”i"*m, i > 1, m >0, by formulas
similar to (16), (17) and (18). Also, let F™ be obtained by considering for each
¢ > 0 the decreasing rearrangement of the terms A (¢), I?(”)’m (t),i,j,k>1,and

note that, for all m > 0, A™ & A and F Fm F™  We should point out that
contrary to what happens when 7 (m)v,, converges to a non-trivial limit, A and

) law law ) law 1aw

F 1('") do not necessarily coincide on [0, #g] for large m’s under the assumptions of

Theorem 7. However A ™ ((¢y/T)(m)-) and fl(m) ((¢y/T)(m)-) do coincide on [0, 7]
for large m’s and that is all we need for the proof of Theorem 7.
Then, by imitating the proof of Lemma 13, one easily obtains

Lemma 15 With probability one, for all t > 0, and all sequences m,, — oo and

th —>1t,t, >0,

() ift ¢ {ri,i > 1}, thenm, — A(’””)((<p [T (mp)tn) = o1 (1),

(i) if t = riy, then m, — A(’"”)((w /T)(my)t,) converges to oj(t) when
(pv/T) (M)t > rlo for n large enough and it converges to oj(t—) when
(pv/T) (Mt < r;Z” for n large enough.
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To prove Theorem 7(ii), we also need the following lemma.

Lemma 16 Suppose that the parameters (t,v) are such that (t, v)-fragmentations
lose mass to dust and let F™™ be a homogeneous v-fragmentation starting from
(1,0, ...). Fix then some a > 0 and for all sequences a,, — a, a, > 0, let Flan),
F@ be the (t, v)-fragmentations constructed from F"™ starting respectively from
an, n >0, and a. Then, a.s. for all sequences a, — a, a, > 0, and all sequences
ty — 00, Fl@)(1,) — 0.

Proof As in the proof of Lemma 12 we may suppose that a > 0. Then, with proba-
bility one, since the fragmentation F@ loses mass, every x falls into the dust after
a finite time, i.e. fooo 1/ t(al)}c“’m(r))dr < oo. It is then easily seen, using dominated
convergence and the fact that 7 is monotone near 0, that there exists some (random) C
such that fooo 1/t(a,l fom(r))dr < C < oo for all n large enough (this has already be
detailed in the proof of Lemma 12). Hence Ty" (¢,) = oo for large n’s, and therefore,
M@ (t,) = a, fol L7an ;) <o0ydx converges to 0. ]

Proof of Theorem 7 (i) Let I (¢) be the decreasing rearrangement {u;, j=Lr< t}¢,
t > 0. Our goal is to show that a.s.

(m — A" ((@y/T) (M) ), L™ (@0 /T)(M))) = (07, L (1), £ > 0))  (23)

when (¢, /7)(m) — 0. Under this assumption, a.s. for all # > 0 and all sequences
m, — oo, t, — t, with ¢, > 0, one has that (¢, /t)(m,)(, — 7'}'"” (t/¢py)(my)) con-
verges to 0, since 71" (t/¢,) (m,,) — ri. Hence F@Dmn (g, /7)(my)t,) converges to
u‘] when (¢, /T)(m,)t, > 7;’”” for large n’s and it reaches 0 when (¢, /1) (m,)t, < 7;’"”
for large n’s. Recalling Lemma 15, it is then easy to adapt the proof of Lemma 11
to obtain the required convergence (23). Note that the only jump times of the limit
process are the r;’s, which makes the proof shorter than that of Lemma 11.

(i1) The following hold a.s. Suppose that (¢, /7)(m) — oo and fix r > 0. When
t > ri, (p/T)(m)(t — (t/@y)(m)7") — oo and then, according to Lemma 16,
FEDm (@, /t)(m)t) — 0. When ¢ < rj, F@D"M((p,/t)(m)t) =0 for m large
enough. From this, we deduce that for all ¢ ¢ {r;,i > 1}, Z(m)((gov/t)(m)t) —
0. Furthermore, m — /~\(’”)((<pv/r)(m)t) — o7(t) according to Lemma 15. So, if
we consider some finite sequence of deterministic times t1, ..., fx, we know that
(a.s.) these times are not in {r;,i > 1}, and therefore that the convergences of
(m — K™ (g /T)(m)11), L™ (90 /T)(m)1)) 10 (07(11),0), 1 <1 <k, hold simul-
taneously. Hence the convergence in the finite dimensional sense. (]

Let us point out that the convergence of Z('”)((% /t)(m)-) to 0 in the Skoro-
hod sense does not hold when (¢, /t)(m) — oo. Indeed, consider some i such that
u‘l > 0 (such i exists since I(lli) # 0) and set 1, := (r/<pv)(m)?l?’1, m > 0. Then
FEDM (g, /T)(m)t,) converges to u’l # 0 and consequently L™ (¢, /T)(m)t,,) -
0. Therefore, assertion (a) of Lemma 9 is not satisfied.
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3 Small Times Asymptotics in the Self-Similar Cases

We are now looking at the small times asymptotics of F) when t(m) =m®, o € R.
The assumptions on 7 and v are still those made in (H) (to complete our study, remark
that when v(/ li <1) < 00, the initial particle waits a positive time before splitting and

therefore F 1 (¢) = (1,0, ...) for e small enough). Introduce then the function
@, ' (e) :=inf{m : g, (m) < ¢},

which is well defined in a neighborhood of 0 since v(/ 1¢ ~1) = 00, and recall that
under the assumption ¢, (m)v,, — I, the function ¢, is regularly varying at co (with
index —y,). Classical results on regular variation (see [10]) then implies that ¢ Lis
also regularly varying (at 0) and ¢, o (p[l (¢) ~ & when ¢ — 0.

In the following, we say that a fragmentation with immigration process with para-
meters T(m) =m®, £v, I, where £ € R™, is a (, £v, I) fragmentation with immigra-
tion. By convention, when £ = oo, a (¢, £v, I) fragmentation with immigration F[ is
a process constantly null, F'/(¢) =0, V¢ > 0, but the subordinator o; of its total mass
of immigrants is still non-trivial and constructed from the measure /. Roughly, this
corresponds to the case where particles immigrate and vanish immediately.

Corollary 17 Suppose that ¢, (m)v, — I and m~*¢,(m) — £ € [0, 00] as m —
oo, and let FI be a self-similar fragmentation with immigration with parameters
(a0, v, I), starting from 0. Then,

o7 @)1 = FV (e, (FV(e), FV(e), .. ) S (01, FI) ase >0,  (24)

where the convergence holds with respect to the Skorohod topology when { < 0o and
in the finite-dimensional sense when £ = 00.

Proof Thanks to the self-similarity of F', the convergence (24) is obtained by:

— applying Theorem 5 when m~%¢p, (m) — £ € (0, 00) to the process F((Erl)l/a),
and then using that a fragmentation with immigration process with parameters
(o, v, T) is distributed as FI¢ ' (€-) where FI1¢ ' denotes a fragmentation with
immigration (¢, v, ¢! I

— applying Theorem 7 when m =%, (m) — £ € {0, oo} to the process Fe'en 0O

Remark that the fragmentation with immigration process that arises in this limit is
yy-self-similar (as a consequence of the y,-self-similarity of / stated in Lemma 6),
ie.

(Fl(at),t>0) 2 (@/"FI(t),t >0) foralla>O0.

Bertoin [9] proves that large times behavior of self-similar fragmentations differs
significantly according as « < 0, « =0 or @ > 0. The above corollary shows that the
rules are quite different for small times behavior: the convergence rate only depends
on v and then the form of the limit only depends on the position of « with respect
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to yp. The index @ = —y, is the only one for which the limit may be a non-trivial
fragmentation with immigration and this occurs if and only if ¢,(m) behaves as a
power function as m — 0o. This suggests that this index is in some sense more natural
than the others.

However, the limit is also non-trivial when o > —y,,. In particular, Corollary 8, in
this self-similar setting, says that if v is binary and if ¢, varies regularly at co with
some index —y,, € (—1,0), then, as soon as a > —y,,

o7 )1 = FV(e), FV(e), FV(e), .. ) (0, A1, A, ..) ase— 0,

where o is a stable subordinator with Laplace exponent I'(1 — y,)g?” and
(A1(2), Aa(2), ...) the decreasing sequence of its jumps before time ¢, # > 0. This
completes a result of Berestycki [5S] who shows that
— 1 1 1
oy @) (Fy (). Fy(e)...) = (A1(D), Ay(D), ..)
when « > 0, v is binary and ¢, varies regularly at co. He also investigates the behav-
ior of F2(1)(8) near O for all measures v and « > 0, and obtains that Fz(l)(s) ~ R(¢e)

a.s. where R is the record process of a PPP with intensity v(s2 € dx).
We also refer to Miermont and Schweinsberg [28] for some specific examples.

Total Mass Behavior In the self-similar setting, the total mass M Dy =
Ziz | Fl.(l)(t) of macroscopic particles present at time ¢ is non-constant if and only if

o < 0. A consequence of Corollary 17 is that the behavior near 0 of the mass 1 — M)
is then specified as follows.

Corollary 18 Under the assumptions of Corollary 17, as ¢ — 0,

_ 1
o7 @)1 =MD (e)) B op — Mgy,

where Mp(t) = ijl F1;(t), t = 0 (again, the convergence holds with respect to
the Skorohod topology when € < oo and in the finite-dimensional sense when £ = 00).
In particular, the limit is equal to o; when £ = 0o, is 0 when £ = 0, and is non-trivial
when 0 < £ < o0.

Note that when o > —y,,, the limit £ equals 0 and so the speed of convergence of
1 — MW (e) to 0 is faster than 1/(,0‘,_l (¢). When —y,, < a < 0, one can obtain a lower
bound for this speed by using Theorem 4 of [20], which implies that for all y < —«,
there exists a positive constant C, such that 1 — MV (e) > C, &'/, Ve > 0.

4 Underlying Continuum Random Trees
In this section 7 (m) = m® with « < 0, so that the fragmentation loses mass to dust

and reaches 0 in finite time a.s. As noticed in [20], the genealogy of the fragmentation
can then be described in terms of a continuum random tree.
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The definition of CRT we are considering here is the one given by Aldous
[2], to which we refer for background and precise definitions. Let /] := {x =
(x1,%2,...), Y > l%| < oo} be endowed with the norm ||x||1 := ) ;. |x«|, and let
{ex, k > 1} be its usual basis. Roughly, a CRT is a pair (7, ) where 7 is a closed
subset of /| that possesses the “tree” property: for all v, w € 7, there exists a unique
(injective) path connecting v to w, denoted by [[v, w]]. This tree is rooted, that is one
vertex is distinguished as being the root #J7. It is moreover equipped with a o -finite
mass measure »¢, which is non-atomic and puts mass only on the set of leaves, a leaf
of 7 being a vertex that does not belong to [[#, v[[, Vv € T .

According to Theorem 1 of [20], since & < 0, the fragmentation F(!) can be con-
structed from some random compact CRT (7 L 31 rooted at 0 as follows: for each
t >0, FD(z) is the decreasing rearrangement of the ' -masses of connected compo-
nents of 7' obtained by removing the vertices with a distance from the root smaller
than . We shall say that (7', ) codes the fragmentation F(1). Note that the mea-
sure s! is here a (random) probability measure.

Now, for m > 0, let 7™ denote the tree 7' rescaled by a factor m~% and let »™
be m times the image measure of s! by this scaling. Then, according to the self-
similarity property, (7™, ™) codes a fragmentation F" starting from (1,0, ...),
with parameters (¢, v) (:= (z, v) with t(m) = m?).

In the remainder of this section we assume that

mvy, — 1 €T, 1(})#0, asm— oo. (25)

Given Theorem 5, one can then expect that the sequence of CRTs (7™, »™) con-
verges in distribution to some “(e, v, I) fragmentation with immigration CRT”
(7F1, F1), which should be seen as an infinite baseline 3 := {xe;, x > 0} on which
compact CRTs are branched. A version of this tree with a spine is constructed below.

We first specify the notion of convergence of trees we are using here. Two trees are
considered to be equivalent if there exists an isometry that maps one onto the other
and that preserves the root. Implicitly, we always identify a tree with its equivalence
class. A natural distance to consider then is the so-called Gromov-Hausdorff distance,
which is a distance measuring how far two metric spaces are from being isometric
(see [16] for a precise definition and properties). Restricted to compact trees of /1,
this distance is given by

Dgn(T, T') : =inf(DF,(¢(T), ¢'(T) v de(p(B1), ¢' @1))),

where the infimum is taken over all isometric embeddings ¢, ¢ : [; — E into a same
metric space (E, dg) and D% denotes the usual Hausdorff distance on the set of com-
pact subsets of E. However, the trees that appear as limit of 7" are not compact (but
their restrictions to closed balls are). Hence we have to truncate them, by introducing,
for every tree 7 and every integer n, 7 |, := {x €7 : ||x||; < n}. We then consider that
a sequence 7; converges to 7 as k — oo i.f.f. Dgy(Tx|n, T |n) — O foralln > 0.
Let us now construct, for each positive m, a “nice version” of the CRT (77, »™)
by using the geometric description of F of Sect. 2.1. Instead of branching frag-
mentations on a baseline, we here branch CRTs. To do so, write N\{1} = H—Ji, >l Jij
where Card(J; ;) = oo and let f; ; be a bijection between N and J; ;. Remind then
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that ((r;,u!),i > 1) is a PPP with intensity / and that there exist some versions of
the measures iy = D ;o1 8 yim gimy (1], u’™, and z"" were introduced in for-
mula (15) Sect. 2.1) and - Zizl 8(; wi wiy Such that w,, converges a.s. to u, and
rl.m — ri, u""" — ', 7" — u'. Define then the maps

i,m-—
m;f’j : Zxkek — rl-mel + (uj ) ¢ Zxkefi,j(k)’

k>1 k>1
I . i\ —
mi i Zxkek — rie; + (I/tl]) o Zxkeﬂj(k).
k>1 k>1

Introduce next a family (7; ;, s ;), i, j > 1, of independent copies of (Tl, %1), in-
dependent of (r]", ut™ i > 1) and ((r;,u’),i > 1). The tree T(”lfm) = mf"j (7;,j), en-

dowed with the measure uij’m%i, jo(m? ,.)’1, codes a fragmentation F“i") branched
on B at height r/"* and the required “nice version” of (7", »™), which is denoted by

(7’”, ™), is defined by

— im

Tm:Lwh0§x§§JLJT%),
ij=1

—m. 3 1

7" = Z uljm%i’j ] (m:'f]) ,

ijz1

(26)

where tJ} is the first time at which X(m) (defined by (17)) reaches 0.
Similarly, a nice version of the («, v, I) fragmentation with immigration CRT is
defined by

TFI =B U T(”’j),
i,j>1

. § : i 1 \—1
HE] = uj%,-,jo(mi’j) ,
i,j>1

27)

where 705 = mll j(Ti, j)- To obtain a version of the («, v, I) fragmentation with
immigration from this tree, just set F'I(t) for the decreasing sequence of > ry-masses
of connected components of {x €7y : ||x||1 > ¢, x; <t}. At last, note that since I is
(—a)-self-similar (by Lemma 6), the CRT is also self-similar, i.e.

(T¢ 1, a_l/a%?rl) o (Try, 2p;) foralla >0,

where 7, is the tree T rescaled by the factor a and s, is the image measure of
»ry by this scaling.

We are now ready to state the counterpart, in term of trees, of Theorem 5, assuming
that (25) holds. The topology on the set of measures on /1 is the topology of vague
convergence.
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Theorem 19 As m — oo,
(T, ") oy (Tr1, #r1).

For the proof, we need the following lemma, where k; ; := sup{||x|l1,x € 7; ;} is
the height of the tree 7; ;. It is known (see [17]) that those random variables have
exponential moments.

Lemma 20 Foralln e N,
Z ul]mh:]l/ai Z ’lh”/a as m — 00. (28)
ri"<n,j>1 ri<n,j>1

As a consequence, one can extract from any increasing integer-valued sequence k a
subsequence K such that for alln, p € N, as m — oo,

a.s.
) 1{(ujrf'")*ah,-,_,-p>1}_) ) Lt y-en; jp>1y < 0 (29)

3 . i<n,j>
rim<n, j=1 risn,jz1

Proof (1) Fi); n € N and recall that a.s. u,, converges to i and r; ¢ N, i > 1. Con-
sequently, u’j’ml{,lmfn} — usl{rif,,} for all i, j > 1 a.s., and a.s. for all n > 0, there
exists a k € N such that for m large enough,

D Yy + <)) <, (30)
i+zk
We want to prove that Xy = ) m, J>1u1mh Ve converges to X :=

Zrifn =1 u/h, j/ in probablllty Remark that X < oo a.s. since E[X | (r;, u'), i

| V

11=E[h U“]Zr <n,j>1 u is finite a.s. Similarly, X,, < oo a.s. Then, since

P(|Xym — X| > &) = E[E[1{jx,,—x|>¢} | ("I, u"™), (r;,u'), i,m > 1]],

it is sufficient, by dominated convergence, to prove that the conditional expectation
converges a.s. to 0, Ye > 0. For large m’s, one has

Ellyx, —x|>¢) | (7, 0"™), (i u),i,m > 1]
< e VE[|Xy — X|| " 0™, (7,0, iym > 1]

_ 1 i i

)Y Wy~
ij>1

_ —1

IE[h /a < Z |u1m1 rm<ny = rl<n}|+n>
i+j<k

the last inequality coming from (30). So for all n > 0, we have a upper bound smaller

than 2ne " E (hy -1/ “] for all m sufficiently large, a.s. Hence the conclusion.
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(ii)) The measure [ is self-similar (by Lemma 6) and consequently atomless on
l]i \{0}. As (r;, 0 )i>1 is a PPP with intensity /, independent of the £; ;’s, this im-
plies that a.s. (u;)’“hi,jp #1,Vi, j, p>1, which in turq le.ads to the convergence
of 1{(u",7'")‘“h,-,jp>1}1{"'m§"} to 1{(u;)—ahi‘jp>l}1{ri§n} a.s. Vi, j, p,n > 1. Then for all
k>1,

> 1 Wy =hy p1) > Lwiy-on, p>1)

r <n,j>1 ri<m,j>1

= 2 Ly imy=an s poy Lz = Lty-an; ;ponyLiri<m)]
i+j<k

4l Z (utjm iy 1{,,,,<,, +u,h” Yy, <n))- €)))
i+j=k

So if we prove that each sequence k possesses a subsequence K independent of n € N
such that, a.s. for all ¢ > 0 there exists a k such that

Z o' K”‘h_l/a JEn <y + u}h, j/ 1y, <)) <& for all m large enough, (32)
i+j>k B

then we will have the statement (using also that the first term in the right hand side
of the inequality (31) is composed by a finite number of terms that all converge to 0
as m — 00). Clearly, to get (32), it is sufficient to show that there is a subsequence K

such that Vn,
m 1/0[ —1/0[
E ute h; E ’jhl E a.s.

riEm <n,j>1 rifn;jzl

To construct this subsequence, we use the convergence in probability (28). It im-
plies that for all n, there is a subsequence £ such that the above a.s. convergence
holds. We want a sequence ¥ independent of n and to do so, use a diagonal extrac-
tion argument: extract ") from x and then recursively €1 from ©”. Then set
Ky =" (m).

Proof of Theorem 19 The goal is to prove that the version (Tm, ™), defined in (26),
of the fragmentation CRT with total weight m converges in probability to the version
(TF1, »F1), defined in (27), of the fragmentation with immigration CRT. Or, equiv-
alently, that for any increasing integer-valued sequence k, one can extract a subse-
quence K such that (7”'" , 32m) converges a.s. to (7ry, »f). So, fix such a sequence
k and consider its subsequence k introduced in Lemma 20, so that the a.s. conver-
gences (29) hold. In the rest of the proof, all the assertions hold a.s., so we drop the
a.s.” from the notations.
(i) A first remark is that for all i, j > 1,

D%(T”‘Ij'm), TUP) <" — il + | ™)™ — ) "|hi ;>0 asm — 0. (33)
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Fix then n, p € N. As a consequence of (29), the number of trees among {7 wj m),
i,j>1, rf’” < n}, which are not entirely contained in {x : | x—xje(|[; < p~ 1Y is
constant (finite) for m large enough. Let /C be the finite set of (i, j) s.t. 7 @) is not
entirely contained in {x : ||x—xe{|; < p~'}. Then for large m’s,

Iy ~Km _ I iKkm i
DY (T 1w, Tr1 ) < p 1+in}2%D7;(T(“J ) Ty,

Considering (33) and taking m larger if necessary, one sees that this upper bound is
in turn bounded by 2p~!. This holds for all p € N. Hence DgH(TK'" ln, Zr1ln) — O,
Vn e N.

(i) Next, for all R*-valued continuous function f with compact support on
I, " 5,j o (m]')™", f) converges to (u';34,; o (m] ;)~", f), since m";(x) —
mII j(x) for all x € /1. To deduce from this that the sum over i, j > 1 of these
measures converges, fix some 7 > 0 and let Cy := sup; |f(x)|. Again we use

the argum'ent that there exists some k € N such that ), +jzk uz.l{rl. <c;p <1 and
Yivjek U Lpm<c,y < for all m large enough, which leads to

[, f) = (Gerrs f)]

<2Cm+ Y [ sh ;0 )7 F) = s g0 (mf )7L £)|
i+j<k

which is bounded by (2C s + 1)1 for large m’s. U

5 Stable Fragmentations

In this section, we apply our results to two specific families of fragmentations con-
structed from the so-called stable tree (7° B, 3P ) with index 8, 1 < B < 2. This object
is a CRT introduced by Duquesne and Le Gall [12], to which we refer for a rigor-
ous construction. Roughly, 77 arises as the limit in distribution of rescaled critical
Galton-Watson trees 7},, conditioned to have n vertices and edge-lengths nfr1 —1 and
an offspring distribution (1, k > 0) such that n; ~ Ck~17P as k — oo. It is endowed
with a probability measure »# which is the limit as n — oo of the empiric measure
on the vertices of T,,.

5.1 Stable Fragmentations with a Negative Index of Self-Similarity
Let FA~(¢) denotes the decreasing sequence of »#-masses of connected components
obtained by removing in 7# all vertices at distance less than ¢ from the root, ¢ > 0.

Miermont [26] shows that FA~ is a self-similar fragmentation with index 1/8 — 1,
and with a dislocation measure v# given by

/ﬂ Fewlas) = CoE[TF r(mhH="al Al )], reF,
1,<1
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where Cg = ﬂQF(Z - B ) /T'(2 — B). The process T# is a stable subordinator with
Laplace exponent ¢!/ i.e.

Elexp(—qTP)] =exp(-rq'/?), q,r >0, (34)

and (A‘3 , Ag ,...) denotes the sequence of jumps in the decreasing order of T# before
time 1. In order to apply Theorem 5 to these fragmentations, we state the following
lemma.

Lemma 21 As m — oo, ml/ﬁ_lv,‘z — 1P, where IP is defined by
/[¢ f(s)1ﬂ<ds>=ﬂ(ﬂ—1>(r<2—ﬂ>)—1/0 E[feP(al, Ay, .. )] Pdr,
1
feF.

Using (34), one sees that 1P integrates (1 — exp(—) ;. s;)) and therefore
that it is an immigration measure (it is also a consequence of the above conver-
gence).

Proof 1In all the proof, Tﬁ, Af, Ag, ... are rather denoted by 77, A, Ao, .... Aclas-
sical idea is to use a size-biased permutation (A}, A3, ...) of (A1, Ay, ...) to obtain
some results on the latter. To do so, we first recall that 77 has a density (see e.g.
formula (40) in [30]), that we denote by g. One then obtains, using Palm measures
theory (see e.g. [29]), the following equality:

E[f(Ti, A, A5, AS, s AL

00 S 50—S
_k+1/ /O/O‘
=cy

0 0o Jo

/“0_“_"'_” F (50,815 s Ske1)q(s0 — 51 — -+ — Sk 1)dsgq1 ... dsydso
o 1 1 1
0 Sk_/flsk/'g...sl/ﬁ(So—S]—~--—Sk)...(S0—S1)S()
(35)

for all non-negative measurable function f on (RT)**2  where

cp=(BrA—1/8)"".

Let then g be a non-negative measurable function on (R*)¥. One has

* * *
m/B=E| Ty ’"A27 mAj mALL
T T1 T

00 U LU—S)
_ k—H/ / /
_Cﬂ

0 0 JO

/”"“’S" 1/p—1 /oo g(msy/so, ms3/sg, ..., MSk+1/50)
.. m dso
0 p (so —u)l/P
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o qu—s3— -+ — Skg1)dSk+1 . . . dsodu
S,ifisli/ﬂ...szl/ﬂ(u—S2—"'—Sk)(u—sz—"'—Sk_l)...(M—SQ)I/t
© oA/ P +m™ITy), . .. A 0P+ mTIT
ZﬂCﬁE[/ g(AT/(v m~ Ty) . i/ (W m 1))dvi|, 36)
v

where for the first equality we use formula (35), the change of variables 51 > so — u
and Fubini’s Theorem, and for the second equality the change of variables sy
u + mv~? and again formula (35). This holds in particular for g(xi,...,x;) =
fo di(xl,...,xk,O,...) when f € F and dV is the function that associates to
(x1,x2,...) € RT)>®, Zizl X; < 00, its decreasing rearrangement in lli (this func-
tion is measurable). Our aim now is to let X — oo in equality (36) for such functions
g. To do so, first note that di(xl, e X6, 0,000 > d¢(x1,x2,...) in lli as k — oo,
for all (x1,x2,...) € (RT)®, Zi>] x; < 00. We then claim that dominated con-
vergence applies in both sides of the equality. Indeed, for the left hand side, since
f(s) < (3 ;=1 5i) A1, one has for all k,

mAS mA% mA¥ T, — A*
Tig 2, 3,..., kt1 <Ti{1Am ! 1 .
T T T )
It is therefore sufficient to prove that E[T} Am (T — A’l‘)] < 00, which, clearly, holds
if E[T] — AT] < oo. It is not hard to see, using the joint distribution (35), that the
last expectation is proportional to E [(T)'=1/8], which, according to formula (43)

in [30], is finite. Hence dominated convergence applies in the left hand side of (36).
Now, for the right hand side, one uses that

g/ WP mTiTy), L AT 0P m i) < (TP A D)

which is integrable with respect to dP®v~Pdv, because (1 —exp(—T vP)) is. At last,
letting k — oo, one obtains

* *
VB Ty poat( ™02, MA5
T T

0 fodb(A¥/(v P -1 % /00 =P —1
:ﬂCﬂE[/ fod (AT/w P +m T:},Az/(v +m Tl),...)dv}
0

/00 FA/ P +m™ T, Ao/ P +m™Ty),..) }
A P dv |.

Z,BCﬂE[

This latter term converges as m — 00 to Bcg fooo E[f(vﬁ(m, As, .. )vFdv,
again by dominated convergence. Hence we would have the required conver-
gence (ml/ ﬂ_lv,ﬁ, f) — (I8, f) for all continuous non-negative functions f € F
if we could replace in the left hand side of the above formula the sequence
d¢(mA§/T1,mA§/T1, ...)by (mA,/T1,mA3/Ty,...). Of course, this is not possi-
ble. However, when A} > T7/2, one has A} LA (equivalently d¥ (A%, A%, =
(A2, Az, ...)), since the size-biased pick A}/Tj is then necessarily equal to the
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largest mass A1/ Tj. Therefore, one can write

= 1E[T f<mTA2’mTA3““>}
1 1

A% mAj
=g neat (M L) |

T T
Ar mA

=gl (1, (™22 ™23
+m [( 1f< T T

*
Tl ) Tl 3 e {AIST]/Z}

and this converges to the required limit as m — oo, because the absolute value of
the second term in the right hand side of the equality is bounded from above by
m'"P=VE[2Ti 1oz <7, 2)] which in turn is bounded by m'/P~! E[4(T; — A})], which
converges to 0 as m — oo. (]

From this and Theorem 5, one deduces that
_ — - 1
(m — (F{ )™ (FFH™ (Ff™,.0) = (o0, FIP), (37)

where FIP is a fragmentation with immigration process (1/8 — 1, v#, I#) and oyp 1S
the stable subordinator with index 1 — 1/8 representing the total mass of immigrants.
In terms of trees (Theorem 19), one has

(Tﬁ’m» m%ﬂ’m) llﬂ)j (TF[ﬂ’ HEB),

where 7P is the stable tree rescaled by a factor m'~1/# and »#™ is the image
of # by this scaling; (7g;s, »F;p) is a fragmentation with immigration CRT with
parameters (1/8 — 1, VB, FI/’).

In Chap. 4.4.2 of [19], it is shown that (some version of) this fragmentation with
immigration FI# can be constructed from the height process H? coding a contin-
uous state branching process with immigration, with branching mechanism «”# and
immigration mechanism ,314’3_1 as follows: for all t > 0, FIP () is the decreasing
rearrangement of the lengths of finite excursions of H# above ¢. In a recent work,
Duquesne [11] shows that the rescaled height function of some ordered version of
the stable tree with index B converges to H B, which corroborates our results.

Last, thanks to the self-similarity, the convergence (37) also specifies the behavior
of (FEYWD(g)as e — 0. 1In particular, the mass of dust 1 — (MP)(D behaves as
follows.

Corollary 22 As & — 0, e=B/B=D(1 — (MP)D(e)) Y [T L (u)du, where LP is a
continuous state branching process with immigration starting from 0, with branching
mechanism u? and immigration mechanism puf=".

In a previous work, Miermont [26] obtained this convergence result on the mass
of dust for one dimensional marginal.
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Proof According to (37), e=A/B=D (1 — (MPYD (g.)) converges in law to some non-
trivial limit that corresponds to the total mass of microscopic particles produced until
time ¢ by the fragmentation with immigration FI#. The construction of FI# from
HP# implies that this limit is equal to fot LP(u)du, where LP (u) is the local time at u
of HP. Last, Lambert [24] proves that L? is a continuous state branching process with
immigration starting from 0, with the characteristics mentioned in the statement. [l

Remark Using the same tools, one sees that the above corollary is also valid when
replacing S by 2 and the fragmentation F# by a self-similar fragmentation with index
—1/2 and dislocation measure +/2vsp, .

5.2 Stable Fragmentations with a Positive Index of Self-Similarity

We here consider the self-similar fragmentations F#* with index 1/ and dislo-
cation measure VP, 1 < B < 2. Such fragmentations can also be constructed from
the stable trees 77, by cutting them at nodes (see [27]). According to Lemma 21,
ml/ﬂ_lvﬁ — IP as m — oo. It is then easy that ¢, (m) ~ ml/ﬁ_lF(l/ﬂ)/,B as
m — oo and therefore ¢, (m)v,'?, — I'(1/B)I?/B. On the other hand, the index of
self-similarity is 1/8 and m~'/#@,(m) — 0. Corollary 17 then ensures that letting
g — 0,

s B/ ED 1 — FPT (o), (FF (e, FET (6, .. ) ™ (o 0), 1P (1)), 1 = 0),

where (IP(t),t > 0) denotes a pure immigration process with intensity I# and
oyp its (1 — 1/p)-stable subordinator of total mass of immigrants (here we have
used that a pure immigration process with intensity I'(1/8)1#/8 is distributed
as (T(1/B)/B)P/B=D1B(t),t > 0)). Let then o be a (8 — 1)-stable subordina-
tor with Laplace exponent Sg#~!, g > 0, independent of 7# and call (A’f (o(1)),
Ag(g(t)), ...) the decreasing sequence of jumps of T# before time p), t>0. A
moment of thought shows that ((Af(g(l)), Ag(g(t)), ...),t > 0) is distributed as

I B (1),t > 0). Therefore,
Corollary 23 As e — 0,
e P/EVA = FlT (), (FY T (e), F (), ..)
BT e, A5, ...

Miermont [27] obtained this result for one dimensional marginal.

Acknowledgements I am grateful to the referee for a careful reading which helps improving on the
original version of this work.
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Appendix
Proof of Proposition 2

Our aim is to prove that under the general hypotheses (H) we have made on t, v, the
mass M (1) = Ziz | Fi(m)(t) is a.s. continuous in ¢. We point out that the condition

v(l f <) = oo is actually not required, i.e. the result is available for any dislocation
measure, provided that v(3 ;. ;s; <1) =0. So in the following v can be finite or
infinite, but the other hypothes_es on 7, v made in (H) have to be fulfiled. We exclude
the trivial case v(/ 1{<1) # 0 and, since the proof is the same for all m, we suppose

that m = 1 and use the notations M, F instead of MV, F(D

As often in the study of loss of mass, the problem can be tackled by considering
the evolution of some fragments independently tagged at random. So, consider the
interval representation /° from which F has been constructed in Sect. 1.1.1 and let
U, U’ be two independent r.v. uniformly distributed on (0, 1), independent of I7. Let
then D, (resp. D) be the first time, possibly infinite, at which U (resp. U’) falls into
the dust and note that with probability one, P(D; = D, =¢ | I") = (M (t—) — M(1))?
for all # > 0. Consequently, the mass M is a.s. continuous as soon as P(D, = D/T <
00) =0.

The goal now is to prove that this probability is equal to 0. To do so, note first,
using the time changes (1), that

Dr=/0 dr/T(II}}Om(V)I)=/0 dr/z(exp(=0o (r))),

where, by definition, 0 = — In(|/ 2°m|). A well-known result of [7] says that o is a
subordinator with zero drift and Lévy measure L(dx) = ;. e *v(—logs; edx).

Introduce then T, the first time at which U and U’ do not belong to the same frag-
ment and call m(T) (resp. m’(T)) the length of the fragment containing U (resp. U’)
at that time. Since v does not lose mass during sudden dislocations, the masses m(T),
m/(T) are a.s. strictly positive. Let then, for m > 0, t(m-) denote the function ¢ €
[0,00) > T (mt)’.VUsing the fragmentation property, one sees that D, = Z + 51(,”@).)
and Dy =T + Dyw/(1).), Where, conditionally on m(T) and m'(T), Dz(m(r).) and
Dy (1)) are independent and distri@ted as DT(%(T).) and Dy ,/(1).) Tespectively.
Therefore, P(D; = D, < 00) = P(Dzn(r)) = Droni(1)) < 00) is equal to O as
soon as the point oo is the only possible atom of D¢ (., Ym > 0. The proof ends
with the following lemma. We recall that o has no drift component.

Lemma 24 Let f be a locally integrable and strictly positive function on [0, 00).
Suppose moreover that f is monotone near co. Then the integral fooo f(o(r))dr is
either a.s. finite or a.s. infinite and when it is a.s. finite, its distribution is atomless.

Proof The first assertion is a consequence of the Hewitt-Savage 0-1 law and is shown,
e.g., in the proof of Proposition 10 of [17]. In the following we suppose that the
integral fooo f(o(r))dr is a.s. finite. In particular, f is non-increasing near oo and
converges to 0.
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(i) The proof is easy when v is finite. Indeed, let then 77 be the first jump time of o.
It is well-known that 7 and o (r 4 T7) are independent and that 77 has an exponential
distribution. Therefore, splitting the integral at 77, we see that fooo f(o(r))dr can be
written as the sum of two independent r.v.:

/0 fa(r)dr= f(O)T +/0 fo(r+T))dr,

the first one, f(0)77, being absolutely continuous. It is easy that fooo f(o(r))dr is
then also absolutely continuous, hence atomless.

(i) From now on, we suppose that v is infinite. Introduce then for all + > 0 the
stopping times

0(t) :=inf{u : /u flo@)dr > t},
0

with the convention inf{J} = co. According to the strong Markov property, condi-
tional on 6(t) < oo,

/ Fo)dr =1 + / F@O@) + 0O ()dr,
0 0

where 0@ (r) := o (r +6(t)) — o (6(1)), r > 0, is a subordinator distributed as o and
independent of o (6(¢)).

Now fix some ¢ > 0 and to begin with, suppose that f is strictly decreasing on
[0, 00). The function x € (0, c0) — fooo flx+ (r(‘)(r))dr is then strictly decreas-
ing, hence injective. Consequently, there is at most one point, say X;, such that
fooo f(X; +0®(r))dr = . If that point does not exist, X, := oo. Then,

P(foo f(o(r))dr = 22‘) = P</‘°° JACACIR)) +oDr)dr=1,00) < oo)
0 0
= P(e(8(1)) = X,.6(1) < o)

with X, independent of o (6(¢)). This latter probability is then 0, because for all
0<a<oo, P(o(@(t)) =a) < P(3s :0(s) =a) and, by Kesten’s Theorem (see e.g.
Proposition 1.9 in [6]), since ¢ has O drift and v is infinite, P(3s : o (s) = a) = 0.
Hence the conclusion holds when f is strictly decreasing on [0, 00).

Suppose next that f is only non-increasing on [0, 0o) and that P ( fooo f(o(r))dr =
t") > 0 for some ¢’ > 0. Still because the random variables o (8(z)) (¢t > 0) have no
atom (except 00), this implies that for each ¢ € (0, ), the probability that the function
X fooo f(x 4+ oW (r))dr is equal to t' — t on some non-void interval is strictly
positive, which implies in turn that

o0
vVt € (0,¢),3g; €Q*: P(/ f(gr +o@r))dr = t) > 0. (38)
0
On the other hand, Vg € QT, the set of € R™ such that P(fooO fl@g+o@)dr=1) >
0 is at most countable, hence the set of (g, 1) € QT x R™ s.t. P(fooo flg+o@)dr=

t) > 0 is at most countable. This contradicts (38).

@ Springer



J Theor Probab (2007) 20: 721-758 757

At last, when f is non-increasing (only) in a neighborhood of oo, say on [b, 00),
we can turn down to the previous case as follows: let Tj, := inf{¢ : o (t) > b} and write

00 Ty 00
/0 f(a(r))dr=/0 f(cr(r))dr+/0 f(o(Tp) 43 (r))dr, (39)

where o is independent of (o (¢),t < Tp) and distributed as o. Conditional on
(o(t),t <Tp), we know that fooo f (o (Tp) + & (r))dr is atomless since f (o (Tp) + -)
is non-increasing on [0, co). Therefore, using (39) and still conditioning on (o (¢), t <
Tp), we see that fooo f(o(r))dr is also atomless. O

Fragmentations with Erosion

Until now, we have considered pure-jump fragmentation processes. However it is
well-known that a fragmentation may have a continuous part, and more precisely,
that a general homogeneous fragmentation is characterized by its dislocation mea-
sure v and by an erosion coefficient ¢ > 0 that measures the melting of the par-
ticles. More precisely, any homogeneous fragmentation FP°™ can be factorized as

F hom(t) =e °9F Om(t), t > 0, for some ¢ > 0 and some pure-jump v-homogeneous

fragmentation o Exactly as in Sect. 1.1.1, one can then construct from any (c, v)-
homogeneous fragmentation, some (t, ¢, v) fragmentation and (z, ¢, v, I) fragmen-
tation with immigration.

We still work under the hypotheses (H). Theorems 5 and 7 can then be modified
as follows:

— all the results concerning the convergence of (Fz(m), F3(m), ...) are still valid, pro-

vided that in Theorem 5 we replace the (z, v, I) fragmentation with immigration
by some (z, ¢, v, I) fragmentation with immigration

— under the assumptions of Theorem 5, this convergence holds jointly with that of
(m—F ](m)) /mt(m) to the deterministic process (ct, t > 0). Under the assumptions

of Theorem 7, it holds jointly with that of (m — F\"™ (¢, /7)(m)-))/mey(m) to
(ct,t > 0).

The main difference in the proofs is that the subordinator £ introduced in (7) is
here replaced by the subordinator &, &.(t) :=&(¢t) + ct, t > 0.
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