Asymptotic behavior of solutions to the fragmentation equation
with shattering: an approach via self-similar Markov processes
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Abstract

The subject of this paper is a fragmentation equation with non-conservative solutions, some
mass being lost to a dust of zero-mass particles as a consequence of an intensive splitting.
Under some assumptions of regular variation on the fragmentation rate, we describe the large-
time behavior of solutions. Our approach is based on probabilistic tools: the solutions to the
fragmentation equation are constructed via non-increasing self-similar Markov processes that
reach continuously O in finite time. Our main probabilistic result describes the asymptotic
behavior of these processes conditioned on non-extinction and is then used for the solutions to
the fragmentation equation.

We notice that two parameters influence significantly these large-time behaviors: the rate
of formation of “nearly-1 relative masses” (this rate is related to the behavior near 0 of the
Lévy measure associated to the corresponding self-similar Markov process) and the distribution
of large initial particles. Correctly rescaled, the solutions then converge to a non-trivial limit
which is related to the quasi-stationary solutions to the equation. Besides, these quasi-stationary
solutions, or equivalently the quasi-stationary distributions of the self-similar Markov processes,
are entirely described.
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1 Introduction and main results

The fragmentation equation is commonly used to describe the evolution of a particles system where particles
break up as time passes. In this paper, we are interested in models in which particles with mass zy, 0 < y < 1,
are produced from the splitting of a particle with mass x at rate *B(dy), where o € R and B is a measure
on ]0, 1] such that

/0 y(1 —y)B(dy) < oo, and B(]0,1]) > 0. (1)

The corresponding weak form of the fragmentation equation is then

o< = ["a ([ ) - s B ) i @)

where (p¢,t > 0) denotes a family of measures on ]0,00[ and f any test function. The quantity p(dx)
represents the average number per unit volume of particles having a mass in [z,2 + dz[ at time ¢. The
term between parentheses on the right-hand side of the equation models the loss of particles of mass x and
the increase of particles of mass zy, 0 < y < 1, due to the fragmentation of particles of mass x. Note
that the overall rate at which a particle with mass x splits is ¢ fol yB(dy), which may be infinite. When
B(dy) = b(y)dy and fol yb(y)dy = 1, this equation is a weak form of the standard fragmentation equation

with fragmentation kernel
F(z,y) =27 'b(y/z), 2 >y,
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which describes the evolution of the density per unit volume of particles with mass = at time ¢, say n;(x),
in the following way:

o) = [ Framds— [ LrG (. ®)

This last equation was intensively studied both by physicists and mathematicians. Among the first papers
on the topic, we may cite e.g. [@, . We also refer to the book [E] for a probabilistic approach of the
microscopic mechanism of fragmentation and to the papers [EI] and [E] for discussions on the relations
between the probabilistic model and the above equations. Let us add that the physical interpretation of
the fragmentation equation imposes some constraints on the measure B. However other interpretations are
possible and in the following we will be concerned with all measures B satisfying (m)

In this paper, we focus on solutions to (E) with finite and non-zero initial total mass. The fragmentation
equation being linear, we suppose, without loss of generality, that fooo xpo(da) = 1. To be precise, we call a
solution to ([8) starting from po, any family of measures (ju,t > 0) on |0, oo[ starting from s and such that

o (u,t > 0) satisfies () for any test functions f € C, the set of real-valued continuously differentiable
functions on |0, co[ with compact support

e the following natural “physical properties” are respected (id denotes the identity function)
m(t) :=< p,id > < m(0) =1, Vt >0, (4)

and
po([M, 00[) = 0 for some M > 0 = p([M,o0[) =0Vt > 0. (5)

Note the self-similarity of solutions: if (us,t > 0) is a solution to (f]), so is (7~ utya o (yid)~1), for all
~v > 0. Note also that if (us,t > 0) is a solution to the equation with parameters («, B), then for all ¢ > 0,
(11et,t > 0) is a solution to the equation (f) with parameters (o, cB).

Many results on existence and uniqueness of solutions to (E) are available in the litterature. See e.g.
[El, EI, @] and the references therein. With the definition above, we have the following result on existence
and uniqueness of solutions to (f]), which is a generalization of Theorem 1 of [[L7] (see also [[L] for a similar
approach). We recall that a subordinator is a non-decreasing Lévy process and that its distribution is
characterized by two parameters: a non-negative drift coefficient and a so-called Lévy measure on |0, oo
that governs the jumps of the process. See Section E for background on this topic.

Theorem 1.1. Let pg be a measure on |0, 00[ such that [J° xpo(da) = 1. Then

(i) there exists a solution to (ﬁ) starting from po as soon as
a<0

or

a > 0 and either / zIn(z)po(dz) < 0o or z €)0,1[— z!! / yB(dy) is bounded near 0.
1 0

More precisely, this solution can be constructed via a subordinator & with zero drift and a Lévy measure given
for any measurable function g :]0,00[— [0, 00 by

| s = [ g (©
0 0
through the formula

/000 f(@)ap(dz) = /OOOIE [f (zexp(—&p(zar)))] Tpo(dz), for all measurable f :]0,00[— [0,00[,  (7)

where p is defined by
p(t) := inf {u >0: / exp(ag,)dr > t} )
0

(i) This solution is unique as soon as po has a compact support.



When the family (u, ¢ > 0) is constructed via subordinators by ([]), some conditions on 4 and B for the
existence of a density for u;, ¢ > 0, can be settled expliticitly. See e.g. , Proposition 3.10]. We also recall
that there may be multiple solutions to the fragmentation equation when the assumption () is dropped.
We refer to [[lf] for some explicit examples.

The proof of Theorem @, based on that of Theorem 1 in , is postponed to the Appendix at the end
of this paper.

The main purpose of this paper is to use the construction (ﬁ) of solutions to the fragmentation equation
to describe the long-time behavior of these solutions when o < 0. From another, but equivalent, point of
view, our main results describe the large-time behavior of time-changed subordinators, as defined in Theorem
@, conditioned on non-extinction. These processes belong to the family of so-called self-similar Markov
processes. We refer to Section E for a statement of our results in that context.

The study of large-time behavior of solutions to the fragmentation equation when o > 0 is investigated in
details in [@] We point out that some results of [@] can be re-demonstrated using a probabilistic approach:
it mainly consists in combining the subordinator construction of solutions to the fragmentation equation
with the description of large-time behavior of time-changed subordinators when « > 0 investigated in [E]

From now on, we consider o < 0. It is well-known that in such case, small particles split so quickly that
they are reduced to a dust of zero-mass particles, so that the total mass of non-zero particles

m(t) =< ug,id >

decreases as time passes. This phenomenon, sometimes called “shattering”, was studied e.g. in [El, B, E, E,
@, @] More precisely, one can check that the total mass m is strictly decreasing and strictly positive on
[0, 00[ and that m(t) — 0 as t — co. See the forthcoming Proposition . for a proof in our framework.

In order to describe the behavior of m(t) as ¢ — oo more accurately, we introduce the following function
defined for all ¢ > 0 by

o(t) == /0 (1 —2")zB(dx). (8)

It is not hard to check that the function ¢t — ¢/¢(t) is continuous, strictly increasing on ]0, co[ and that its
range is ](fo1 |In(x)|rB(dx))~t, 0o]. Note that the integral fol |In(z)|zB(dx) may be finite or infinite. Then
introduce

p, the inverse of t — t/¢p(t), 9)

which is well defined in a neighborhood of co. This function will play a key-role in the description of the
long-time behavior of solutions to the fragmentation equation.

Most of our main results rely on the following hypothesis on the measure B:
1—u
the function w :]0, 1[— / xB(dx) varies regularly at 0 with an index — 3 €] — 1, 0], (H)
0

which, in particular, ensures that ¢ and ¢ are regularly varying functions at oo, with respective indices
and 1/(1 — ). See Section .9 for details and background on regular variation.

Last, we mention that the large-time behavior of solutions to the fragmentation equation will depend
strongly on the structure of the initial measure pp, mainly on the manner it distributes weight near co. The
statements of our results are therefore split into two parts, according as to wether the initial measure has
compact support (Subsection @) or not (Subsection ) Subsection E deals with the quasi-stationary
solutions.

1.1 Initial measure py with compact support

In this subsection, we adopt the following hypotheses and notations:
-a<0
- the measure 1 has a compact support, i.e. po([M,oo[) =0 for some M > 0
- (ue, t > 0) denotes the unique solution to the fragmentation equation (]) starting from .

The supremum of the support of p is the real s such that po(]s, oo[) = 0 and uo(]s — ¢, s]) > 0 for all € < s.
Thanks to the self-similarity of solutions, we can, and will, always suppose that this supremum is equal to
1. In such frame, we have the following results.



Proposition 1.2. For all A < ¢(00) := lim,_. ¢(x), there exists a constant Cy < oo such that
m(t) < Cyexp(—At), Vt > 0.

More precisely, under the hypothesis @,

@) ~ LD ojap).

t—o0 |Oé|
In particular, t — —In(m(t)) is reqularly varying at co with index 1/(1 — (3).

Together with the following theorem, this gives a complete description of the large-time behavior of
(e, t > 0). Here, two positive functions g and h are said asymptotically equivalent if g(z)/h(z) — 1 as
T — 00.

Theorem 1.3. Suppose ([H) and Jo |In(z)|zB(dz) < co. Then for all continuous bounded test functions

f0. 0l R, . 1/lod =
% /0 f<<‘PTLO|‘lt)> z) zpe(de) = /0 f@)zpoo (d),

where Lo (dx) is a probability distribution on |0, 00] that is characterized by its moments

| ez = a(lahotelal . olnjal), =1 (10)

0

The function t — p(|a|t)/(|alt) can be replaced by any asymptotically equivalent function.

It is interesting to compare this result with that obtained by Escobedo et al. ] when the parameter « is
positive. As already mentioned, part of their result can be rediscovered and completed by using Bertoin and
Caballero’s paper [[f]. With our notations and under the assumptions Jo |In(z)|zB(dz) < oo and a > 0, the
asymptotic behavior of the solution (u:,t > 0) to the fragmentation equation («, B) starting from po = 01
can be described as follows:

/OOO f (tl/a:c) xp(de) tjoo /OOO f(@)zns (do),

for all continuous bounded functions f :]0, co[— R. The measure x1 (dz) is a probability measure on |0, oo.
Interestingly, the measure B is then only involved in the description of the limit measure 7., not on the
“shape” of the speed of decrease of masses to 0.

We come back to the case @ < 0. Note that when foliu rB(dz) ~ u™% as u — 0 for some 8 € [0, 1],
we have ¢(t) ~ T'(1 — §)t? and therefore (p(|alt)/|alt)/1el ~ O, a7/ (=Bl as t — oo, where Cy 5 =
(la?T(1 = 3))1/ (=Bl - When moreover [, |In(z)|zB(dz) < oo, the Theorem [L. then reads

1

W/o f(caﬁtﬁ/((hmm\)x) xpg(de) tjoo/o f(@)zpoo (d)

for all continuous bounded test functions f :]0, co[— R.

The existence and uniqueness of a measure s on |0, 00| satisfying (L) actually hold without any
assumption of regular variation on the measure B or on its behavior near 0. See the discussion near formula
(@) in Section P for details. Some properties of the measure u, (tail behavior near 0, near co) are given
in Section E In Subsection B, we discuss its links with the quasi-stationary solutions to the fragmentation
equation.

The proof of Theorem m consists in describing the behavior of the mass of a random typical non-dust
particle, which is defined as follows: at each time ¢, choose a particle at random among the particles with
a strictly positive mass, with a probability proportional to its mass. Le. if M(t) denotes the mass of this
random particle, the distribution of M (t) is given by

a4 wp(dr)

M(t) m(0)



Otherwise said, in terms of the subordinator ¢ related to the equation by (ﬁ), M(t) is distributed as
M(0) exp(—&,(ar(0)~r)) conditioned to be strictly positive, with M (0) independent of £. In terms of M,
the statement of Theorem E rephrases as follows

<M)1/a| M) S M.,

|t

where My, is a random variable with distribution xpu(dz). Note the special case fol xB(dx) < oo, where
o)/t — fol xB(dx) < co. Then we have that M (t) converges in distribution to a non-trivial limit. In the

other cases satisfying the assumptions of Theorem [[.3, ¢ (t)/t — oo and therefore M (t) Eo.

Using this random approach, we can also specify the behavior of masses that decrease at different speeds
to 0, as follows.

Proposition 1.4. Assume ([]) and k := fol |In(x)|zB(dz) < co.

(i) Suppose moreover that the support of B is not included in a set of the form {a™,n € N} for some a €]0,1].
Then for all measurable functions g : [0, 00[—]0, 0o converging to 0 at co,

o e (edlalt)/lalnt/ 1
9(t) / zp(dr) —
m(t) Jo t—oc |alk

(i) For all measurable functions g : [0, 00[—]0, 00 converging to co at co,
- if glel(t)t/o(t) converges to oo at oo,
/ xps(dz) =0
g(t)(e(lalt)/at)t/ =
for all t sufficiently large
- if glol(t)t/o(t) converges to 0 at co and 0 < 3 < 1:

limsup ——-——In Jowyetiatn iageyse #e(d2)\ - 5
t—oo @71 (g(B)1*) m(t) = e

where ¢~ denotes the inverse of ¢.

Note that the first assertion of (i) is obvious since g(t)(¢(|alt)/|alt)!/® — oo (which means that for ¢
sufficiently large, it is larger than 1, the supremum of the support of p).

We finish this section with the following result on the remaining mass at time ¢ of particles of mass 1
when 4i9({1}) > 0. The measure po is that introduced in Theorem [[.3

Proposition 1.5. Suppose po({1}) > 0 and set ¢(c0) := fol xB(dx) €]0,00]. Then for all t > 0,

pi({1}) = exp (—t¢(00)) po({1})-
When moreover () is satisfied and Jo IIn(z)|zB(dz) < oo and $(o0) < oo,

w1y

m(t) t—o0

9(00)" " 1o ({(00)"/1°1})

1 B(dz)
1—x

and this limit is non-zero if and only sz < 00

This means that under the assumptions of Proposition E, for large times, the remaining total mass of
1-mass particles is proportional to the total mass of non-zero particles when [ ! (1—x)"'B(dz) < co, whereas
it is negligible compared to the total mass of non-zero particles when = fl(l —x)"'B(dz) = co. We point
out that the convergence of Proposition [L.J is not necessarily true when zo({1}) = 0 (since then p;({1}) =0
for all ¢ > 0, whereas the term in the limit may be strictly positive).



1.2 Initial measure py with unbounded support

We still suppose that o < 0 and we denote by (u,¢ > 0) the solution to the fragmentation equation (E)
starting from pg and constructed via a subordinator by formula (ﬁ) The asymptotic behavior of the mass
m(t) is then strongly modified by the presence of large masses and depends on the behavior as t — oo both
of ¢(t) and po ([t, 00[). We investigate two particular cases: exponential and power decreases of pg ([t, oo])
as t — o0.

Theorem 1.6. Assume @ and that po possesses a density, say ug, in a neighborhood of oo such that

In (ugp(x)) ~ —Cx”

oo

for some v > 0.
(i) Then,
—In (m(t)) ~ Ca,ﬁﬁc(lﬂlfﬁ)v/\al)*lh(t)

where h is the inverse, well-defined in the neighborhood of oo, of t — t'+121/7 /¢ (t) and

¥(1—pB)
|a|1/(16)> ~YA-p)Flal

Copy = (14 lo| (1~ 5) < -

In particular, —In(m(t)) varies regularly at oo with index 1/(1 — B+ |a|/7).

(i) Suppose moreover that [ |In(z)|zB(dx) < oo, which ensures that the function In(m) is differentiable on
10,00[. Then, if the derivative (In(m))’ is reqularly varying at oo, one has, for all continuous bounded test
functions f:]0,00[— R,

%/Omf ((%)mau@) rpa(de) = /OOO (@)oo (d),

where [0 (dx) is the measure introduced in Theorem @ and

Cla 5., COF=B)7/ o) ™!
1= B+ |al/y

Ca,py,0c =

Assuming that the derivative (In(m))’ is regularly varying at oo may seem demanding. Actually, this
assumption is also needed to get Theorem , but we are able to show it is always satisfied under the
hypotheses of this theorem (see Lemma @) Unfortunately, it seems difficult to adapt this proof to the
case when the measure pp has an unbounded support. However, according to a classical result on regular
variation (the Monotone Density Theorem), (In(m))" varies regularly at co as soon as In(m) varies regularly
at oo and (In(m))’ is monotone near oo, which can be checked in some particular cases.

There is also the following result on the decrease of the mass m when the density ug of g has a power
decrease near oco.

Proposition 1.7. Assume that ug possesses a density ug in a neighborhood of oo such that

ug(x) ~ Cax™7

o0
for some v > 2. Then,
—2
m(t) ~ C't'e
o0

with C' = |a|~'C [; m(u)u%Tw_ldu < 0o, where m denotes the total mass of the solution to fragmentation

equation with the same parameters o, B as that considered here, and with initial distribution 61, the Dirac
mass at 1.



1.3 Quasi-stationary solutions

A quasi-stationary solution to the fragmentation equation (f) is a solution (s, ¢ > 0) such that
Ht = m(t)MOth > 05

with m(t) =< pt,id >. These quasi-stationary solutions are closely related to the measure 1o, introduced
in the statement of Theorem E We have already mentioned that the existence and uniqueness of such a
measure [io, satisfying ) hold without any assumption of regular variation on the measure B or on its
behavior near 0. The interesting fact is that, whatever the conditions on B, this measure and its self-similar
counterparts

p) = A" oo 0 (Aid) 7,
A > 0, are the only initial measures leading to quasi-stationary solutions to the fragmentation equation (E)

Theorem 1.8. For all A > 0, let (u()‘) t > 0) denote the solution to the fragmentation equation (@) starting

0,

from ugé) and constructed via a subordinator by (ﬁ) Then for allt > 0,

A
iy = exp(-A"t)pl) = m(H)u).
Reciprocally, if (ut,t > 0) is a quasi-stationary solution to the fragmentation equation, then there exists a
A > 0 such that (g, t > 0) = (,u(()i?t,t >0).

Organization of the paper. We start in Section E with some background on subordinators and regular
variation. Section E is the core of this paper: our main results on large-time behavior of self-similar Markov
processes conditioned on non-extinction are stated and proved there. Together with Theorem , these
results imply Theorems E, E and E, as well as Propositions @ and E Section ff is devoted to the
proof of Proposition . Some properties of the limit measure p, are given in Section [}, and used to prove
Proposition E Last, some specific examples are discussed in Section E and the proof of Theorem is
detailed in the Appendix.

2 Background on subordinators and regular variation

2.1 Subordinators

A subordinator is a non-decreasing Lévy process, i.e. a non-decreasing cadlag process with stationary and
independent increments. We recall here the main properties we need in this paper and refer to the Chapter
3 of [E] for a more complete introduction to the subject.

The distribution of a subordinator (&, ¢ > 0) starting from &, = 0 is characterized by its so-called Laplace
exponent ¢ : [0, 00[— [0, co[ through the identity

E [exp(—A&)] = exp(—tp(N)), VA, ¢ > 0.

According to the Lévy-Khintchine formula [E, Theorem 1, Chapter 1], there exists a real d > 0 and a measure
IT on ]0, oo, [;°(1 A 2)II(dz) < oo, such that

6(\) = dA + /000(1 ~ exp(—Az))TI(dz), YA > 0.

The measure IT governs the jumps of the subordinator: the jumps process of £ is a Poisson point process
with intensity II.

We will need the strong Markov property of subordinators ([E7 Proposition 6, Chapter 1]): given a
subordinator £ and a stopping time T with respect to the filtration (F;, ¢t > 0) generated by &, then,
conditionally on {T" < oo}, the process ({117 — &, t > 0) is independent of Fr and is distributed as €. Last,
we recall that the semi-group of a subordinator possesses the Feller property ([E, Proposition 5, Chapter 1]).

From now on, all subordinators considered in this paper start from 0 and have a drift d = 0. Their
distribution is therefore completely determined by their Lévy measure II. Note that when II is related to a
measure B on ]0, 1] through the formula (E), the above expression of ¢ coincides with that given by formula

@), ie.
d(\) = /O (1 — exp(—Az))(dz) = /O (1 —2MazB(dz), VA > 0.



2.2 Regular variation
A function f :]0, 00[—]0, oo] is said to vary regularly at co (resp. 0) with index v € R if for all @ > 0
flaz)
f(x)

We refer to [ﬁ] for background on the topic. In particular, we have already implicitely used that the inverse,
when it exists, of a function regularly varying at oo with index vy > 0 is also regularly varying at oo, with
index 1/~ (see Section 1.5.7 of [fq]).

—a” as & — oo (resp. 0).

Note that when the Lévy measure II is related to the fragmentation measure B by the formula (), our
main assumption (H) reads “u €]0, co[— [ TI(dw) varies regularly at 0 with index —3”. It is classical that
this is equivalent to the fact that the function

¢ varies regularly at co with index f.

This can be easily proved from Karamata Abelian-Tauberian Theorems (see in particular Chapters 1.6 and
1.7 of [[d]). We will often use this form of the assumption ([).

To prove the forthcoming Theorem @, which will then imply Theorems and E (ii), we will need
the following technical lemma, which is taken from Chow and Cuzick [@]

Lemma 2.1. (Chow and Cuzick /@, Lemma 3]) Let f be regularly varying at infinity with index v > 0, and
suppose that for all e > 0 there exists some x(e) such that

ATE< fOx) <NTE VA > 1,V > z(e). (11)

f(x)
Then for all 8 > —1,

041 roo
ef® (&) / (x— t)e e T@dz — A7 +0).
t

t t—oo

We point out that Chow and Cuzick state their result for all regularly varying functions with a positive
index, but that their proof strongly relies on the key point ), which is not true for any regularly varying
function (easy counter-examples can be constructed). However, the functions we are interested in, i.e.
—In(m), and to which we will apply this result, will in general satisfy ([I]). In particular, see the forthcoming
Lemma @

3 Asymptotic behavior of self-similar Markov processes

Given the construction (ﬂ) via subordinators of solutions to the fragmentation equation, the issue of charac-
terizing the large-time asymptotics of these solutions is equivalent to characterizing large-time behavior of
distributions of time-changed subordinators.

So, let £ be a subordinator started from 0 with Lévy measure II and no drift. We denote by ¢ its Laplace
exponent. Then consider a < 0 and let X (0) be a strictly positive random variable, independent of £. Our
goal is to specify the asymptotic behavior as ¢ — oo of the distributions of the random variables

X (t) := X(0) exp (—Epx(0)o1)) » (12)

conditional on {X (¢) > 0}, where p is given by

p(t) = inf {u >0 /Ou exp(ag,)dr > t} .

Following Lamperti [@], the process X belongs to the so-called family of self-similar Markov processes. This
means that it is strongly Markovian and that for all x > 0, if P, denotes the distribution of X started from
x, then for all a > 0,

the distribution of (aX (a®t),t > 0)under P, is Pg,.



Moreover, X reaches 0 a.s. and it does it continuously. Conversely, Lamperti [@] also shows that any
non-increasing cadlag self-similar Markov processes on [0, co[ that reaches continuously 0 in finite time a.s.
can be constructed like this via a time-changed subordinator.

Note that the moment at which X reaches 0 is X (0)!*/T where I is the exponential functional defined
by

I:= / exp(ag, )dr (13)
0
which is clearly a.s. finite. The distribution of the random variable I was first studied in details in [E] In
particular, it is well known that for all integers n > 1,
n!
¢(la)e(2lal)...o(nlal)

and that the distribution of T is characterized by these moments ([P, Prop. 3.3]). It will also be essential for
us (see [f], Propositions 1 and 2]) that there exists a unique probability measure pg on ]0, c0[ whose entire
positive moments are given by

E[["] =

/ 2" pr(dz) = ¢(|a)o(2]al)..d(nlal), n =1 (14)
0
and that, moreover, if R denotes a r.v. with distribution ur independent of I, then
d
RI =e(1) (15)
where e(1) has an exponential distribution with parameter 1.

We now have the material to state the main result of this section. To be consistent with the notations
used for the fragmentation equation, we denote by xpg(dz), > 0, the distribution of X (0). We recall also
the definition of the function ¢ as the inverse, well-defined in a neighborhood of co, of t — t/¢(t).

Theorem 3.1. Suppose that fuoo II(dx) varies reqularly at O with index —3, 3 € [0, 1] and foo 2Il(dz) < co.

(i) If the support of uo is compact with a supremum equal to 1, then for all bounded continuous functions

f:]0,00[— R, el
f <(<P(|a|t)> X(t)) ’X(t) > O] ) |:f(R1/|oz\):|

alt -

E

where R is the random variable with distribution ugr defined by (@)

(i) If po possesses a density ug in a neighborhood of co such that
In (ugp(x)) ~ —Cx”
for some v > 0, then the function t €]0,00[— P(X(t) > 0) is continuously differentiable. If moreover the

deriwative of t — In(P(X (t) > 0)) is regularly varying at co — which e.g. is true as soon as this derivative is
monotone near oo — then, for all bounded continuous functions f :]0,00[— R, as t — oo,

E [f ((%)Ula X(t)> ‘X(t) > 0] T E {f(Rl/\a|):|

where the function h is the inverse, defined in the neighborhood of co, of t — t'F1¢1/7 /¢(t) and Cp p5.-.c is
the constant defined in the statement of Theorem .

We will see in the proof of this result that the function ¢ — ¢(|a|t)/|alt in assertion (i) can be replaced
by any asymptotically equivalent function. Likewise for A in the second assertion.

Now, let B be the fragmentation measure related to II by (). If (yu,t > 0) refers to the solution to the
(cv, B)-fragmentation equation contructed from & by the formula @), we have

mit) = /OOO s(dz) = P (X () > 0)

9



and the distribution of X (¢) conditional on X (t) > 0 is xu¢(dz)/m(t). The above theorem then leads
directly to the statements of Theorem and Theorem [.q (i) (note that [ 2TI(dz) < oo is equivalent
to [, |In(z)[zB(dz) < o). The limit distribution #fi.(dz) mentioned in these theorems is therefore the

distribution of RY!%!. The large-time behavior of m(t) = P(X(t) > 0) is studied in Subsection B.1 below,
whereas Theorem @ is established in Subsection @

Last, we finish with the following result on the quasi-stationary distributions of X, which will be proved
in Subsection E, and which, in terms of the fragmentation equation, will lead to Theorem E We recall
that the quasi-stationary distributions of X are the distributions ¢ on |0, oo[ such that

X(0) Le= E[f(X ()| X(t) > 0] = E[f(X(0))], for all ¢ > 0 and all test-functions f defined on ]0, col.

Theorem 3.2. Let ug‘) denote the law of ARYI®l, X\ > 0. Then, a probability measure s on 10,00[ is a

quasi-stationary distributions of X if and only if ¢ = ,ug-?) for some A > 0. Moreover, if X(0) b HS‘E\),

P(X(t) > 0) = exp(—=A“t),Vt > 0.

We point out that this theorem does not directly lead to the reciprocal assertion of Theorem B However,
easy manipulations of the fragmentation equation will lead to it. See Subsection @ for details.

3.1 Total mass behavior

This section is devoted to the description of the behavior of the total mass
m(t) = / zpp(de) =P(X(t) > 0) =P > X(0)%).
0

The notations are those introduced above in the introduction of Section B We start with the following result,
which holds for all fragmentation equations with parameters v < 0, B and all initial measure po such that

JoS wpo(dz) = 1.

Proposition 3.3. The total mass m is strictly positive and strictly decreasing on [0, 0c[. Moroever m(t) — 0
as t — o0.

Proof. Since -
m(t) = / P(I > z%t)xuo(dx),
0

it is sufficient to show that the function ¢t € [0,00[— P(I > t) is strictly positive, strictly decreasing and
converges to 0 as t — oo. This last point is obvious since I < co a.s.. Next, suppose that P(I <t¢) =1 for
some t > 0. This would imply that for all n > 1

n!
o(|al)e(2]al)...o(nlal)

But we have seen in the Introduction that z/¢(z) — oo as ¢ — oo. In particular, 2¢ < n/¢(n|a|) for large
enough n, say n > ng. Hence we would have

= E[I"] < t".

no!
¢la)¢(2]al)-..d(nolal)

for all n > ng, which is impossible. So, P(I > t) > 0 for all ¢ > 0.
Last, for all ¢ > 0, using the Markov property of subordinators, we get

(215)”7"0 S "

t [e'e)
I - /exp<asr>dr+exp(a£t> / exp(a(€rsr — &))dr
0 0
< t+exp(a§t)f,

where [ is distributed as I and independent of &. Consider a such that P(I < a) > 0 and note, using the
Poisson point process construction of the subordinator, that P(exp(aé;) < t/a) > 0 for all ¢ > 0. Then

0<P (eXp(a«ft) <ta,]< a) <P(I <2t), Yt > 0.

10



This leads to the fact that P(t > I > s) > 0 for all 0 < s < ¢. Indeed, the event {I > s} coincides with
{p(s) < oo} and when I > s,

I'=s+ exp(afp(s)) / eXp (a(£r+p(s) - gp(s)) dr.
0

Using the strong Markov property of the subordinator at the stopping time p(s), we get, with probability

one,

(I - S)+ = exp(agp(s))f,
with I independent of &§p(s) and distributed as I. Hence, for all 0 < s < t,

P(I>s)—PUI>t)=P(s<I<t)=P (exp(afp(s)) >0,1< (t— s)exp(|a|§p(s)))

and this last probability is strictly positive since P(exp(a,(s)) > 0) = P(I > s) > 0 and P(I < a) > 0 for all
a > 0. O

Now we turn to the proofs of the more precise descriptions of the behavior of m stated in Proposition
.3, Theorem [L. (i) and Proposition [.3. The crucial point is the following lemma, which is basically a
consequence of Rivero [RG, Prop. 2] and Kénig and Morters [[Id, Lemma 2.3].

Lemma 3.4. Assume (E), or, equivalently, that ¢ varies regularly at co with index 8 € [0,1[. Then

1-p B
~In (B > 1) SePellalt) (1= Aol
where @ is the inverse of t — t/¢(t), which is well defined in the neighborhood of oco. In particular,
—In (P(I > t)) is reqularly varying at oo with index 1/(1 — ().

Proof. Note that the Laplace exponent of the subordinator |«|¢ is ¢(]a|-) and that the inverse of ¢ —
t/o(Jaft) is ¢(|a|-)/|al. Using this remark, we can restrict our proof to the case |« = 1, which is supposed
in the following.

When 3 €]0,1], the statement of the lemma is exactly Proposition 2 of Rivero [2). When 8 = 0 and
$(o0) < o0,

o (FU) = 53 mo) o - (o)

Then by Lemma 2.3. of Konig and Marters [Ld]

1
tlim B In(P(I >t)) = —¢p(c0).
Last, when 8 = 0 and ¢(0c0) = oo, we can adapt Konig and Morters’ proof of [@, Lemma 2.3] to get the
expected result. Indeed, first note that

n

%m (IE {MD Ly (%) +In(¢(n)) — 1 > In(e(i) — —1, (16)

n" n n 4 n— o0
=1

as a consequence of Stirling’s formula and of the fact that

n(6(n) — = S (6() —_0

n—oo

since ¢ is a slowly varying function (see Section 3.2 of Rivero [@} for a proof of this last point). Then, it is
easy, using Markov’s inequality, that

1
limsup —In (P (I > n/¢(n))) < —1.
n—oo T

To get a lower bound for the limit inferior, set Y;, := In(I¢(n)/n). For every e > 0 and every integer m, we
have that ()

TR Bl exp(—em).

g v 2a] < exp(—em)

11



Letting m — oo, this gives
1 n
E[]n]E [I 1{1@2&}} o 0. (17)

Besides, for all ¢ > 0 and all n > 1,
1 1
—In(P(I > nexp(=¢)/é(n))) = —In (P(|Yn| <e)).

But I7™ > exp(—ne)n~"¢(n)"™ on {|Y,| < €}, which gives

EI "I v, <e}]
ln( ] E[I ])

In (exp(ne) —E[Inéj[“]‘iig}] n_"¢(n)"E[I"]) .

%m (P(|Ya] < )

>

SI= 3=

By (E) and (E), the last line of this inequality converges to —e — 1 as n — oo. Thus, since the function
t — t/p(t) is increasing and p(t) — oo as t — 0o, we have proved that

1

limsup —In (P (I >1t)) < -1

msup = (P(I>1))
1

Iiminf ——In(P(I >t)) > — — 1.
t—oo p(texp(e)) (P )=z

Using the regular variation of ¢, we get the expected

. 1 L
tlggomln(P(I >t))=—1.

3.1.1 po with compact support: proof of Proposition [[.2

We recall that with no loss of generality, the supremum of the support of pg is supposed to be equal to 1.
Then,

L 1
m(t) :/ P(I > tx®) zpo(dz) <P (I > t)/ zpo(dz) =P (I > t).
0 0
According to Proposition 3.3 in [, Cy := E[exp(\)] < oo as soon as A < ¢(o0). Hence for such \'s,
m(t) <P (I >1t) < Cyexp(—At), Vt >0,

which gives the first part of the statement.
Now, assume ([). Then, on the one hand, since m(t) <P(I > t), we get by Lemma B.4,

lim inf —In (m(?)) > 1- 5
t—oo  o(lalt) |a

On the other hand, for all 0 < e < 1,
1
m(t) > P (I >t(1— f—:)o‘)/ xpo(dz).

l1—¢
By assumption, fll—a zpo(dz) > 0, hence
—In(PI >t1—-¢)*) 1-7 o

. —In(m(t)) .. o
lim sup ————* < limsup = (1—¢)i-5.
i—oo  Pt) t—o0 p(lalt) |

Then, let € | 0 to get the expected result.
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3.1.2 g with unbounded support: proofs of Theorem (i) and Proposition [I.7]

Proof of Theorem [L. (i) 1. Suppose first that po(dz) = exp(—Cz?)dz, v > 0. We have

12/
Y

m(t) = / P(I > tz®) zexp(—Cz)dx = / P (I > uo‘/'y) u? 7 exp (—C’ut”’/“) du, (18)
0 0

using the change of variable v = («t . Then use Lemma and Theorem 4.12. i) o to get
ing ge of iabl ( 1/0‘)7 E 4.12.10 () f [E] g
o * afy 2/v—1 ~ aly -~ - B/(1-p5) aly
In (/0 ]P’(I>u )u du) o In (P (I>:p )) N 0(1 B)|a] o(z*7)

which varies regularly at 0 with index a/(y(1 — 3)). Note that in a neighborhood of 0,  — 1/@(x®/7) is

the inverse of
1 —v/a
o= ((5)
T

Hence, by de Bruijn’s Tauberian Theorem [ﬂ, Th. 4.12.9], we have
—1In (/ P (I > u“”) u? 7L exp (—ut) du) N w8~/ ho(t),
0 o

where hg is the inverse, well-defined in the neighborhood of oo, of z — 2~ (z¢(1/x))"/ and Co 3, is the
constant defined in the statement of Theorem E (i). Together with (@), this leads to

“1n (m(t)) ~ Ca g, COFA=01/10D " o v/laly

Otherwise said,
—In(m(t)) ~ Cq ﬁﬁc(lJr(l*ﬁ)v/\al)*lh(t)

)

where h is the inverse of ¢'*1%1/7/¢(t).

2. Now, suppose that 1o possesses a density ug in a neighborhood of oo such that In (ug(z)) ~ —Ca?,
o0
v > 0. Fix ¢ > 0 and let C: be such that ug(z) exists for > C. and

exp(—(1+¢)Cx") <wug(x) <exp(—(1—¢)Ca?), Vo > C.. (19)

Then write
oo

Ce
m(t) :/0 P (I > ta®) zpp(de) —|—/ P (I > tz®) zug(z)da.

€

On the one hand, following the argument developed in Section B.1.1}, we get

In (focg P(I > tz®) xuo(dx))
lim sup

< (1 B)alt1-A e/ =5),
0 Su "0 < (1= B)al ‘

which actually holds for any initial measure po. Note that ¢(t)/h(t) — oo as t — oo, where h is the function
defined above, in the first part of this proof.
On the other hand, the inequalities ([9) and the results of the first part of this proof imply that

—Iln (fcoj P(I > tz®) zuo(z)d:c)

lim sup < Copq((14 5)0)(1+(1*B)7/\a|)’1
t—o00 h(f) '7
and
—In ([ P (I > ta®) zug(r)d .
lim inf U ) > Co (1 — )C)I+A=B1/1eD ™

We have therefore proved that

Cop((1— E)C)(1+(1—ﬁ)v/\a|)*1 < litminf w < limsup w < Cop~((1 +5)C(1+(1—ﬁ)7/\a|)*1
oo t—o00

13



for all € > 0. The result follows by letting | 0. 0

Proof of Proposition [L.7. Suppose that ug(z) = Cz~" on [a, oo for some a > 0 and v > 2. Then,
m(t) = C/ P(I > 2%t)z' Vda +/ P(I > x“t)zpo(dz).
a 0

With the change of variables u = x*t,

0o tVT*Q a®“t
/ P(I > 2%)z' Vdz = ——
a |Oé| 0

2=y

P(I > u)u = ‘du

and this last integral converges to a finite limit as ¢ — oo since P(I > u) < Cy exp(—Au) for all w > 0 and
some A\ > 0 sufficiently small (see the proof of Proposition for this last point). Using the same upper
bound for P(I > z%t), we get that

/ P(I > z%)xpp(de) < Cy eXp(—)\ao‘t)/ xpo(dz).
0 0

Thus,
m(t) ~ gt%z/ ]P’(I>u)u2%771du.
0

t—o0 |Oé|

It is not hard to extend this proof to the cases when wug(xz) ~ Ca~7, for some v > 2, which is left to the
o0

reader. O

3.2 Proof of Theorem B.1|

We start with the following lemma.

Lemma 3.5. Suppose that —In(m) varies reqularly at co with a positive index v and satisfies @) Then,
for any function g : [0, 00[—]0, 00[ such that g(t)/(—1In(m(t))) — 1 as t — oo, we have

B s ((M>1/'a X(t)) x(0) > o} = B[]

t

for all continuous bounded test functions f on ]0,00].
Proof. First note that when X (0)I*IT > ¢,

X (0)llr

(X (0)°1)
= X(0) / exp(ag, )dr + X (0)1* exp(a,(x 0)er)) / exp(e(&rtp(x(0)ot) — Ep(x(0)r)))dr
0 0
= 4 X(0)* exp(aly(x o)t / exp((&r+p(x(0)ot) = Ep(x(0)ot)))dr
0

Then use the strong Markov property of £ at the (randomized) stopping time p(X (0)*t) to get
(X(0)!*11 = )" = X(0)* exp(ad(x (o)) T = X ()1, (20)

where I is distributed as I and is independent of X (). This gives, for all n € N*,

m(t)'E <<%@>1/|QX®>IM E[I"] = m(t)"! (@)nE[X(t)ian] E[I"]
= m(t) (%@)HE [((X(O)'a‘l—t)Jr)n} .

Then recall that



Integrating by parts,

m(t)~! (M)n E [((X(O)lau - t)+)"} = nm(t) ! (M)n /oo(x — )" I (z)dx,

t t ]

which, according to Lemma @ and the assumptions we have made on —In(m) and g, converges as t — oo
to nl. Next note that E[R"]E[I"] = n!, using the factorization property ([Lj) of the exponential random
variable with parameter 1. Putting all the pieces together, we have proved that for all integers n > 1,

|a|n

E <<M>l/laX(t)> Xt > 0| — EIR".

t t—o0

To sum up: let v; denote the distribution of v¢t~'g(t)X (t)/*! conditional on X (t) > 0 (v; is a probability
measure on |0, co[). We have shown that for all n > 1,

/x”yt(dz)ﬂ/ 2" pr(dr),
0 0

where pp is the distribution of R. Of course this still holds for n = 0. But the distribution of R is
characterized by its moments. It is then well-known ([[[3, Chapter VIII, p.269]) that this implies that v;
converges in distribution to pg. O

3.2.1 Proof of Theorem B.] (i)

By Proposition [.2, under the hypothesis (H), — In(m) varies regularly at oo with index 1/(1 — 3) and more
precisely

Ctnm@®) ~ =Dt

oo ol

Together with Lemma B.J, this implies the statement of Theorem B.J, provided — In(m) satisfies ([L]). The
goal of this section is to proof this last point when po has a compact support.

Lemma 3.6. Let
f(x) = —In(m(x)),z > 0,

and assume (E), that foo 2Il(dz) < oo and that po has a compact support. Then for all € > 0, there exists
some x(g) such that

< )\ﬁﬂ, VA > 1 and Vo > x(¢).

This lemma is a direct consequence of the forthcoming Lemmas @ and .

Lemma 3.7. Let g :]0,00[—]0, 00[ be a continuously differentiable function such that

zg'(2)
g(z)

—c¢>0 as x — 0.

Then for all € > 0 there exists some x(e) such that
g(Ax
g(x)
Proof. For ¢ > 0, let z(¢) be such that

~

A< < ATE YA > 1 and Vo > z(e).

xg'(z)
g9(z)

c—e< <c+eforall z > x(e).

For such xs, and all A > 1

Az Ax Ax
s [ ijg’))dyg@m |- e amo.

Since f;‘w %dy =1In(g(Az)) — In(g(x)), the result is proved. O

(c—&)Im()) = (c—s)/

x
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Lemma 3.8. Suppose that ¢ is reqularly varying at co with index B € [0, 1] and that ¢(x) — 0o as © — co.
Let 3’ €]8,1[. Then there exists some x1(") such that for x > x1(8") and all X > 1,

1< d(x) < d(ha) < N ()

and
o(z) < a7

Proof. Note that ¢ is infinitely differentiable on ]0, co[, with derivative

¢(x) = / " exp(—a)(dv),

which is non-increasing. It is then a classical result on regular variation (see the Monotone Density Theorem,
[ﬂ, Th.1.7.2]) that ¢’ is regularly varying with index 8 — 1 and

/
@) g
p(z) w00
The first part of the lemma is then a consequence of the above Lemma @ and of the fact that ¢ is

increasing and converges to co. We also have that ¢(z)/z® converges to 0 at oo (since 3 > f3), hence the
second assertion holds for = large enough. O

Lemma 3.9. Let
fz)=—In(P(I > x)),z >0,

which, as proved in Lemma is reqularly varying with index 1/(1— (), under the assumption (E) Suppose
moreover that foo 2ll(dz) < co. Then f is infinitely differentiable and

off (@) 1
f@ 1-3

Proof. According to [f], Prop. 2.1], when [* zII(dz) < oo, there exists an infinitely differentiable function
k :]0, 00[— [0, oo such that k(z)dz is the distribution of I. Moreover,

as r — OQ.

k(z) = /mﬁ(|a|7lln(u/z))k(u)du

_ /OOO </Z k(u)du) T1(dv).

To simplify notations, we suppose in the following that || = 1. The proof is identical for || # 1. In
particular, we have,

P(I>zx)= /OO k(u)du,

and

@) = D - / T (1 - exp (f(x) — Flae”)) T(dv), z > 0. (21)

P(I >

Note that since f is regularly varying with a positive index, we have that f(z) — oo as  — 00, and therefore,
for all v > 0,

@)= fleet) = 1) (1= ZED) o ) (1= /0 = o

e When II(]0, 00[) < oo, this implies the expected result, since, by dominated convergence,

f'(z) — T1(]0,00[) = lim M

—00 r—o0 X

e The proof is much more technical when TI(]0, co[) = oo, which is supposed for the rest of this proof. We
proceed in two steps.
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Step 1. The goal of this step is to prove that
!
() 1

it =y =15

To start with, suppose there exists some xy and some non-decreasing positive function g such that f'(z) >
g(x) for all x > x¢. Then for x > z¢ and v > 0

ze

f(ze?) = fz) = flw)du = g(x)a(e” — 1) = g(x)zv.

Using (RI]), this gives
f'(@) = ¢(g(2)x), & = . (22)

Now, note that f'(z) — oo as & — oo since for all a > 0

xr—00 r—00

liminf f'(z) > liminf /OO (1 —exp (f(z) — f(xze?))) II(dv) = /OO II(dv)
(by dominated convergence) and this right-hand side converges to co as a — 0. In particular, f'(z) > 1 for
x sufficiently large (say = > o). Replacing g by 1 in (2), we get
f(z) > ¢(x), Yo > x0.
Recall that ¢ is non-decreasing and then iterate the procedure to get, for all n > 0
f'(z) > hp(z), Yo > o, (23)
where the functions h,, :]0, oo[— ]0, oo[ are defined by induction by

ho(z) =1, for allz >0
hn(z) = ¢(hp-1(z)x), for all z > 0.
Now the interesting fact is that for x large enough, h,(x) — ¢(z)/x as n — oco. Indeed, let 3’ €]3, 1[. With

the notations of Lemma @ we have for x > x1(8'), 1 < ¢(x) < xﬁl, ie. ho(z) < hi(x) < 25 Using that ¢
is non-decreasing, we easily have, by induction, that

1< hn(l') < hn+1(x) < $5/+~~~+ﬁm+l < lﬂ//(l—ﬁ/) < 00,

for all n > 1. Let I(z) := lim,— o0 hn(x). We have shown that 0 < I(z) < oo. Then necessarily I(z) =
o(l(z)x), otherwise said I(x)x/P(l(x)x) = x and finally, l(x)z = ¢(x), Vo > 21(3"). To conclude, for x large
enough, letting n — oo in (RJ), we get f'(z) > o(x)/x, which, combined with Lemma B.4, gives the expected
liminf.

Step 2. The proof of the limsup is similar, but more technical. To start with, note that for all € > 0 and
all a <In(1+¢), a >0,

In(1+e) In(1+¢)
hminf/o (I —exp(f(z)— f(ze”))) (dv) > liminf/ (1 —exp(f(x)— f(ze?))) I(dv)

Tr—00 Tr— 00

In(1+¢)
= / II(dv) (by dominated convergence)

— o0

3
a—0

whereas

lim b (1 —exp(f(z)— f(ze”))) I(dv) = /OO II(dv) < occ.
n—00 Jin(14¢) In(1+¢)

Hence, there exists some z1 () such that for z > z1(¢)
In(14-¢)
P+ [ 1o (fa) = flae) T(). (24)
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Next, fix some 3’ €]3,1] and consider some § > 0 and £ > 0 such that (14 6)(1 +¢)/ =D 3" < 1. Since f
is regularly varying with index 1/(1 — ), there exists some x2(d, €) such that

Fa(l+e) < A+0) 1 +e) D f(x), Vo > 22(6,¢). (25)

We will need this later. For the moment, let 2 = max(z1(5’), z1(g), 22(d, €)), with 21(8") as introduced in
Lemma @ Next, suppose that for all z > xg

f'(z) < g(2)
for some non-decreasing function g s.t. g(x) > 1 for all > xy. Note that this implies that
flxe”) = f(z) = / f(w)du < g(ze”)z(e” —1).

The function v — v~!(e¥ — 1) is increasing on [0, 00[, hence €’ — 1 < vy(e) for all v < In(1 + €), where

v(e) = ¢/(In(1 + ¢)). Together with (R4) this leads to

f'(=)

IN

In(1+¢)
(1+e) /0 (1 —exp (—g(z(1 4 ¢))zvy(¢))) II(dv)

(1+€)¢ (g(x(l +e))ay(e)) (26)

IN

for all z > xg.
Then we claim that for all n > 1 and all > xg

f'(x) < (1+E)1+B/+2ﬁ/2+...+n5/",y(€)ﬁl+5/2+..~+ﬁ/"g(x(l+€)n)ﬁ hn(l'), (27)

where the sequence of functions h,, is that introduced in the step 1 of this proof. We will prove this by
induction on n. Before doing this, let us just mention that, by an easy induction, using Lemma E,

B (2(1 +€)) < (1 +¢)? 4" h, (2), for all 2 > 2 and n > 1.

We now turn to the proof of (7). For n = 1, use (Rd) and Lemma B.d to get (note that ~v(¢) > 1, hence
v(e)g = 1) o
fl(2) < (1+e)g(z(1+€) 1(e)” éla), @ > w0,

which leads to (@) for n = 1. Now assume (@) is true for some integer n. Note that the function in the
right-hand side of this inequality, which we call g, is larger than 1 for all x > zy. Note also that it is
non-decreasing. Hence we get, replacing g by g1 in (@), for x > xg,

f'(z)

IN

’ 2 n3'm ’ 24 m n ﬁ’"’
(1+€)6 (1 4+ ) H7 42 tnd ™ ()T 0870t g (14 2)™ )7 B (@(1 + )y ) )
(1+¢)o <(1+5)1+2ﬁ’+3B’2+...+(n+1)ﬂ’"7(5)1+B’+B’2+...+ﬁ’”g ($(1+5)n+1)5/" hn(z):c)

T (hl@)a)

where for the last inequality, we have used Lemma @ Hence we have (@) for all n > 1.

Now, thanks to the assumptions (H) and [* 2TI(dz) < oo and to Lemma 1 in [L], we know that the
function k is bounded from above on ]0, 0o[, say by some constant C' > 1. Hence f'(x) = k(x)/P(I > z) <
Cexp(f(x)) for all x > 0. Since f is non-decreasing and non-negative, the function x — Cexp(f(z)) is
non-decreasing, greater than 1 hence we can replace g by this function in (@) to get for all n > 1 and all
Tr > xg

IN

< a +5)1+ﬁ/+2ﬁ/2+...+(n+1)ﬁ/"“7(E)B’+B’2+...+ﬁ/"“g (x(l +5)n+1)

Fl(@) < (14 )20 e dn™ o ()88 4 87 GO oy (87 f(2(1 + €)™)) (). (28)

Our goal now, is to let n — oo in this inequality. Iterating inequality (@)7 we get for x > zy and for all
n>1
fla(l+e)") < (1+68)"(1+e)" 0D f(a).

Since
(1+8)(1+e)/PDg <1,
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this leads, for > xg, to
exp (" f(z(1+2)") — 1

n—oo

As n — oo, we also have
CP" = 1and (14 E)1+ﬁ/+2ﬁ/2+...+nﬁ/" — 1+ 5)1+ﬁ//(1—5’)2 and 7(E)ﬁ/+ﬁ/z+...+6’" — ~(e)?/0=F,

Last, recall that for x large enough, h,(z) — ¢(z)/z as n — occ. Letting n — oo in (§), we therefore have
for x large enough

f(x) < Cep(x)/x,
where Cz. — 1 as ¢ — 0. This gives
!
xf'(x) - 1 .
=15

lim su

Lemma 3.10. Let
f(2) =~ (m()) .z > 0,

and suppose ([H), that [~ 211(dz) < oo and that yo has a compact support. Then f is differentiable on |0, 00|
and
xf'(x) am/(x) 1

fl@) ~ m@f@ 1-5

Proof. With no loss of generality, we suppose that the supremum of the support of g is equal to 1. Under the
assumptions of the lemma, we know (see the proof of the previous lemma) that « — P(I > z) is differentiable
on |0, 0o, with derivative —k. By Lemma 1 in [[[§], we also know that the function x €]0,00[— zk(z) is
bounded. Let M denotes an upper bound. Recall then that

as r — Q.

m(z) = / BT > ey®)ypo(dy)

and note that for all z > a > 0 and all y €]0, 1],

00 (B > 2y™) | = Ko™y < o

Hence, by dominated convergence, m is continuously differentiable on |0, oo, with derivative

m'(z) = —/O k(zy®)y“ypo(dy), = > 0.

Now, fix § > 0. By Lemma B.9, there exists some z(5) such that for z > z(9),

1—6< —xk(x) <1+(5
1-8 " PU>z)n(P(I>2) — 1-04

Then for x > z(0),

B 1 1
(11_—;)36 / B(I > 2y®) In (B(I > 29°)) ypo(dy) < ' (z) < (11_;;)36 / P(I > 2y®) I (B > 24”) yﬂo((;)y))-
Now, let € > 0. On the one hand, we claim that
1 1
| B> e @ > i)~ [ PO ot @S e wldy). (30)

Indeed, forall 0 <y < 1 — ¢,

P(I > zy®)In (P(I > xy®))
P(I > z(1 —&)*)In(P(I > z(1 —e)®))

—0aszr —
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since  — —1In (P(I > z)) is regularly varying at oo with a positive index and o < 0. It is then not hard to
see, using Lemmas @ and @ that for = large enough this function is bounded from above by

a(l—¢) a(lte)
exp | 1— L o y o
1—¢ 1—¢

which, in turn, is bounded for y €]0,1 — ¢[. Hence, by dominated convergence, we see that

| /0151@(1 > ay™) n (B> oy ) ymo(dy)| < B> (1 =) I (B > o(1 - )") |

— 00

)

< 1 / B> ay*) 0 (P > 2™) ypoldy)

where we have used for the last inequality that the function 2 — —xIn(z) is increasing in a neighborhood
of 0. Hence (BJ). A similar, but simpler, argument leads to

| 2> a )~ [ RO ot (31)

—€

On the other hand, using that @ — In (P(I > z)) is regularly varying with index 1/(1 — (), we have for
1 —e <y <1 and z sufficiently large (say x > x(¢))

(14e)(1—e)/An(P(I > ) <In (P > z(1 — &)%) <In(P(I > zy®)) < In (P(I > z)).

Thus

P(I > zy)ypo(dy) <

! ' P(I > zy®)In (P > zy°® d 1
/175 b P2 y1n)(113>((1(>$>)) vl (1+a)(1—s)a/<1fﬁ>/ P(I > 2y )yno(dy).

1—¢

Which, taking z(¢) larger if necessary and using (BJ) and (B1), gives for 2 > z(e)

Jo P > ay®) In (P(I > 2y®)) ypo(dy)
In (P(I > x))

(1—=0)m((x) < <A+8)1+e)1—e) ().

Plugging this in @) and letting first ¢ — 0 and then § — 0, we get the expected convergence, since
f(z) ~ —In(P(I > z)) as © — oo. O
3.2.2 Proof of Theorem B.1] (ii)

The fact that the function

z €]0,00[— f(z) := —In(m(z)) = —In (P(X(z) > 0))

is continuously differentiable on ]0, co[ can be proved exactly as when the support of pg is compact. See
the beginning of the proof of Lemma B.1(. Next, by Karamata’s Theorem (Th. 1.5.11 of [ff]), if f varies
regularly at co with index A > 0 and if its derivative is also regularly varying at oo, then

zf'(x)
f(z)

Together with Theorem (i), Lemma @ and Lemma E, this implies Theorem @ (ii).

— Aas x — 00.

3.3 Quasi-stationary distributions

Proof of Theorem B.d. When X(0) ~ u%), the distribution of X(0)/°T is that of A®/RI, with R
independent of I, i.e. that of an exponential random variable with parameter A*. We then immediately have
that forn > 1 and t > 0,

E [((X(O)'”“I — t)+)n} = Alelmplexp(—At),
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and
P(X(t) > 0) = P(X(0)1*T > t) = exp(—\t).

Following the beginning of the proof of Lemma @ this gives

E {(X(t))‘“'"} E[["] =E [((X(O)lau - t)+)"} = Aelmpl exp(—A9t)

and then
E [(X(t))'a‘” X (1) > o} — E\el"gr] = E {X(O)la\n} .

Hence /L( Jisa quasi-stationary distribution, since the distribution of R is characterized by its entire positive
moments. Note there is no other quasi-stationary distribution. Indeed, let ¢ be a quasi-sationary distribution
and suppose X (0) ~ ¢. Then necessarily, by the Markov property of X, P(X (¢t + s) > 0) = P(X(t) >
0)P(X(s) > 0) which implies that X (0)/*/T has an exponential distribution. Say with parameter ¢, i.e.
£X(0)!IT has a exponential distribution with parameter 1. Since the factorization ([[J) characterizes the
1/

distribution of R, we get that ¢ = (e ), 0
Proof of Theorem E The first part of this theorem is an obvious consequence of Theorem . The
reverse cannot be directly deduced from Theorem @, since we do not know if uniqueness holds for the
fragmentation equation when the initial measure has an unbounded support.

So, consider (u:,t > 0) a quasi-stationary solution to the fragmentation equation () We want to
prove that this solution belongs to the family of solutions ((Mgo)t,t >0),\ > 0) as defined in Theorem E

Replacing i, by m(t)po in equation (), we get that

(1= m(®) < o f > /Otm@ds < 10, G(f) >, ¥f € C

where G(f =a® fo f(z)y)B(dy). Otherwise said, there exists some constant C' > 0 such that
m(t) = exp(—Ct), Vi > 0,

and
<po, f >=—C7" < o, G(f) >, Vf € CL.

When f € C!, the function x — zf(z) is also in CL. Hence the above identity rewrites
<apo, f>=—C7" <apo, A(f) >, Vf € C, (32)

where A(f)(x) = z* fo (x))yB(dy).

To show that this charactenzes 1o, we need the following fact: for all 3 > 0, there exists a non-decreasing
sequence of functions fz, :]0, 00[— [0, 00[ such that fs,(z) — 27 as n — oo, Vo > 0; and f5, € C} and
| f5.0(@)] < BB~ for all z > 0 and all n > 1. This sequence can, for example, be constructed by considering
first a non-decreasing sequence of continuous functions gg, :J0,00[— [0, 00[ such that gs,(z) < Bz°~1,
VYo > 0,n > 1, ggn(z) = B2 for x € [n7',n] and gsn(x) = 0 for = €]0,(2n)"'] U [2n,00[. Then
set fan(®) = [ gsn(u)du for z €]0,2n] and extend these functions on ]2n,co[ so that fz, € C} and
|fan(@)] < BBt for all z > 0 and all n > 1, and the sequence (fz.,,n > 1) is non-decreasing. For all
(£ > 0, this implies that for all > 0

Afp@) = o [ " = uBlay) = = o(), (33)
together with .
A(fp)(@)] < 2+ B)z+ / (1 - y)yB(dy). (34)

Indeed, this is obvious when 8 > 1: we just need that

ZG[zy z]
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and then use the dominated convergence theorem. The case 0 < < 1 needs more care. Using the above
mentioned properties of f5, and also that fs ,(z) < 2° we obtain, for 2 > 0 and y €]0,1]

$|fﬁ,n(l’y) - fﬁ,n(‘r)l < xfﬁ,n(xy)(l - y) + |‘Tyf51"($y) - ‘Tfﬁ’"(x”
< 2P(l-y)+ s |(idfs,n) (2)]x(1 —y)
< 21—y + (14 B) (1 —y),

which leads to (BJ) and (B4).

Now, take 3 = |a|. Then use (BJ), (B4) and the dominated convergence theorem in the right-hand side
of (@) (recall that xug(dx) is a probability measure), together with the monotone convergence theorem in
the left-hand side of ([B2) to get

/0 21z po(dz) = C71¢(|al) < oco.

Then, by an obvious induction, taking successively 5 = 2|al, 5 = 3|a|, etc., we get for all n > 1
/ 2"z (dz) = C_1¢(N|Oé|)/ a =Dl (de) = C7g(nlal)..¢(|a).
0 0

We recognize the moments formula ([4). Hence zpo(dz) = u%cl/a)(dz) = xuégl/a)(dx) and for all ¢ > 0,

ot/ ot/
p = m(t)o = exp(—CHuS ) = plS . O

4 Different speeds of decrease: proof of Proposition 4

4.1 Proof of Proposition [.4 (i)

Recall that the support of pg is supposed compact with supremum 1. The goal of this section is to prove the
forthcoming Corollory @, which is the statement of Proposition @ (i) translated in terms of the process
X defined by ([[d), provided the Lévy measure II of the subordinator £ involved in the construction of X is
related to the fragmentation measure B by () and X (0) is distributed according to zpo(dz). We recall that
the distribution of X (¢) conditional on X (t) > 0 is then xp.(dz)/m(t), t > 0, where (pu,t > 0) denotes the
solution to the fragmentation equation starting from pp. We start with some preliminary lemmas.

Lemma 4.1. Suppose (H) and that Jo |In(z)|zB(dx) < oo. Consider some r.v. I independent of X, with
distribution that of fooo exp(ag,)dr. Then

(i) there exists some to > 0 such that

/el
sup a°P (((p(|a|t)) XY <a ’ X(t) > 0) < 00

t>t0,a>0 |t

(i) for all positive function g : [0,00[—]0, 0] converging to — 0 at oo, we have, as t — oo,

1]l
g(t)°P <<M> X () IM1el < g(#) \ X(t) > o) 1

|alt

Proof. To simplify notations, suppose v = —1 (the proof is identical for all & < 0). Recall then the key
equality in law (), which leads to the following identities for all a > 0

a”'P <@X(t)f <a ] X(t) > 0> - ani(t)]P) <0 <XOI-i< %))
_m(t) —m(t +at/e(t) (35)
am(t)

Ny
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Use then the regular variation of —In (m) with index 1/(1 — 3) (Prop. [L2)) and Lemma B.q to see that for
all € > 0, there exists a real t(e) such that for all ¢ > ¢(¢) and all a > 0,

e o In(m(t(L+a/e(1) _ -
( ()7 <1 (D) <1=(1+a/e(t)™7 " (36)

Now, let 0 < e <1 — 3. Since

1 1
1—-(1 5t > g —— 42
(1+x) > —x (1 e + 5)
for all z > 0 sufficiently small, since moreover ¢(t) — oo as t — oo and —In(m) ~ (1 — )y, we have that

forall 0 < a <1 and all t > #/(g) (for some t'(¢) depending on € but not on 0 < a < 1),

~In(m(t)) (1 1+ a/w(t))ﬁ“) > lnm®) (1,
1-5
1
> a(16+€)<m+2€>.
Together with the identities (BJ) and inequalities (Bd) this implies that for all t > max(t(e), ' (¢))

t
sup a P (MX(t)I <a ‘ X(t) > 0) < 0.
0<a<l t

This is enough to get (i), since for @ > 1, a~! times a probability is bounded by 1.
The proof of (ii) relies on the same idea. Since g(t)/¢(t) — 0 as t — oo,

~In(m(®) (1= (1+ 9(6)/0() 77*) ~ —g(t)(1 - §) <ﬁ 4 ) ,

and a similar result holds by replacing € by —e. Together with the inequalities (Bf]) and the identities (@)
(replacing there a by g(t)), using also that g(t) — 0 as t — oo, we get (ii). O

Lemma 4.2. Suppose k := fol |In(z)|xzB(dz) < co. Then,
(i) I possesses a density k € C>(]0, o)),
(ii) E[I71] = kla| < oo,

(iii) if moreover the support of B is not included in a set of the form {a™,n € N} for some a €]0,1], then
the function

v €R—-E[I" ] = / Y k(y)dy
0
is well-defined and non-zero for all real x.

Proof. If IT is the Lévy measure associated with the fragmentation equation, the assumption k < oo is
equivalent to fooo 2I1(dz) < oo, which, by Propositions 3.1 and 2.1 of [{] implies (i) and (ii). Next, it was
proved in the proof of Theorem 2 of [[L§ that E[I**~1] # 0 for all z € R under the additional assumption
that the support of II is not included in a set of the form {rn,n > 0} for some r > 0. O

Corollary 4.3. Suppose ([H), that x = fol |In(z)|zB(dz) < oo and that the support of B is not included
in a set of the form {a™,n € N} for some a €]0,1[. Then, for all measurable functions g : [0, 00[—]0, c0]

converging to — 0 at oo,
1/lal
o sﬁ(lalt)) X ()
g(t)°P ( gl‘Xt>0 N
€ < ot a(0) © als

Proof. Set for x >0

al)\ Vel
Us() = g(t)°P ((M) X(t) < wglt) | X(0)> o)

|alt
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and note this quantity increases in z when ¢ is fixed. Then consider some r.v. I independent of X, with
distribution that of [~ exp(a&,)dr. Consider b such that P(I < b) > 0. Then

1/l
Uy (z)P(I < b) < g(t)°P ((M) X1l < /el g(t) \ X(t) > o) :

|aft

which, according to Lemma (i), is bounded from above by some constant (independent of ¢ and z) times
balel for all > 0 and ¢ > to. Le., there exists some finite constant C' such that for all ¢ sufficiently large
and all x > 0,

2 U (z) < C. (37)
Now, consider an increasing function I : N — N. For all # > 0, the sequence (Uj,(x),n > 0) is bounded.
Hence there exist some non-decreasing right-continuous function U : [0, co[— [0, oo[, with U(0) = 0, and a
subsequence (Uy,,),n = 0) of (U, n = 0) such that Ul( )( x) — U(z) for a.e. x > 0. See e.g. [Theorem 2,
Section VIIL.7] @] Hence if we prove that the limit U is given by

el

U(z) = Yo >0, (38)

Jafr’
for all sequences (I(n),n > 0), (I(n),n > 0) as defined above, we will have the expected result (note that the
continuity of the function involved in (B§) 'mplies that the convergence will hold for every x > 0).
To prove (), recall that by Lemma (ii) fo 27 1k(x)dz < co. Hence by dominated convergence, for
alla >0, [ Uy (azt/*)k(z)dz — [ U( azl/o‘)k( Ydx. By Lemma [L.1] (i), we therefore have

/OO Ulazt/*Vk(z)dz = a'®l, Ya > 0. (39)
0

We claim that this equation characterizes U under the additional assumption that the support of B is not
included in a set of the form {a",n € N} for some a €]0,1[. Indeed, note first that by setting V' (z) :=
exp(z)U(exp(z/a)) and k(x) := k(exp(—=x)) for all x € R, the above equation rewrites

/ V(z)k(y—x)dz =1, Yy € R,
But the function V' is bounded a.e. on R, by @) Moreover, by Lemma @ (ii), k¥ € L'(R) and by Lemma
@ (iil), the Fourier transform of k is non-zero on R. We conclude with the Wiener approximation Theorem
for L*(R) ([f], Th.4.8.4]) that the above equation in V has a unique bounded solution (in the sense that two
solutions are equal a.e.). This determines V', hence U, almost everywhere. Since U is right-continuous, it is
determined for all > 0. Last, it is not hard to check that the expression of U given by () indeed satisfies

equation (BY). O

4.2 Proof of Proposition [.4 (ii)

We just have to prove the second part of Proposition [[4 (ii), the first one being obvious since p;(]1, 00[) = 0
for all t > 0 and g(t)(¢(|alt)/|alt)/® — oo as t — co. We keep the notations of the previous section and we
recall that we work under the assumption (E) From the proof of Lemma @, we get that

m(t(+58)\ heyel

( ) t—oo

In

for all positive functions h such that h(t)l*l/o(t) — 0 as t — oo. Otherwise said, for such functions h,

1/]al
In (m(t)lP <<‘P|(Lo|‘lt)> X (t)I1el > h(t))) o~ —h)l.

Note that for all £ > 0 and all ¢ > 0, since X is independent of I,

In <m(t)1IP’ ((%)w' X(t) > (cqb(h(t)“'))l/'a)) +1n (p (Il/al > h(t)/ (cqﬁ(h(t)al))l/'a))
<In (m(t)_llP <(90T|a0|élt))1/la X611 > h(t))) _
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Suppose moreover that h(t) — oo as t — oo and that 3 < 1, which implies that h(t)l*l/é(h(t)l*) — co. By
Lemma @, we have, for all real ¢ > 0,

o (P (1 . h(t)‘o‘|/c¢(h(t)|a‘))) - 1-8 ( |a|h(t)! ) - (1 —ﬁ)|a|5/(1—ﬁ)h(t)‘a|

al co(h(t)lel) 1/(1-5) ;

using both the regular variation of ¢ and the fact that ¢ is the inverse of t — t/¢(t) near co. Now let ¢ €]0, 1]
and ¢ be such that ¢/~ > (1 — 8)|a|?/ (=), We have proved that

i) Vel la _ B)[alf0-0)
1n<m<t>-1p((“”fg|lt’) x(0) 2 (eotnie)) ))s—u—a)(l—“ it ) no

for t large enough. Next, let gy .(t) = (cqﬁ(h(t)'a‘))l/‘al ,t >0, and suppose 3 > 0 (hence the existence of
the inverse of ¢ near 0o). We have for ¢ large enough

ale Vel
o (e ((25) ™ x02.0))

IN

— B)|alf/-5)
~a-9 (1- =R ) o a0

— B/(1-0)
~ (-9 (1—(1 i )C”/%-%gh,c(w'a)-

It is not hard to check that the maximum of
(1 g)|0|ﬁ/(lfﬁ)
{(1 /0B c l/ﬁ,c>(1fﬂ)1 ﬁ|0¢|ﬁ

is equal to 8/|a| and is reached at ¢ = |a|?. Finally, if g, = Gh,ja)#; letting € — 0, we have proved that

: 1 o [ [ elalt) B
h?isoljp o= (gn(t)leh) In <m(t) P (( ot ) X(t) > gh(t)>> < o] (40)

To conclude, to get the second part of the statement of Proposition B (ii), suppose 0 < B < 1 and
consider some positive function g that converges to oo at oo, such that g(t)\®lt/p(t) — 0. Set h(t) =
(¢~ (g(t)!!/|alP)/1el ¢ > 0. Then, h(t) converges to co as t — oo and it is easily seen that h(t)l*l /p(t) — 0
as t — 00. Since g = g with the notations above, the result follows from ([i0)).

5 Some properties of the limit measure [

Recall that the distribution 2 (dz) on ]0,00[ is that of RYI®l| where R denotes a random variable with
entire positive moments

E[R"] = ¢(|al)....¢(nlal), n =1, (41)

that characterize its distribution. Using this particular moments’ shape, wet get the following description of
the measure ., near 0 and co. Some of these properties are then used at the end of this section to prove

Proposition .
Proposition 5.1. (Behavior at co)
(i) Suppose (E) for some 3 €]0,1]. Then,

I (/too .wc,o(d:c)) — T (P(R > t‘“')) O 41 glel)

~ 2
> |af

where ¢~ denotes the inverse of ¢ (and is therefore a function regularly varying at oo with index 1/3).

(i) Suppose ¢(c0) 1= fol xB(dz) < oo. Then pioo has a compact support with supremum ¢(co0)/1%l and

pe (1000 111) > 0 [ BOD o
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Proposition 5.2. (Behavior at 0) Suppose that fOEXp(fu) xB(dz) varies reqularly at oo with index —v,~y €
[0,1]. Then, as s — 0

1
(laPT (1 4+ 7)g(—1/ In(sl*l)))

/ -TlJra,UOO(dw) = E[l{R>s\a\}R71] ~

and

/Osxuoo(d:c) =P(R < sy =0 <W:(Sal))> .

Proof. This is a direct consequence of Corollary 1 of Caballero-Rivero , which gives these results in terms
of the random variable R. 0

Proof of Proposition @ (i) Our proof strongly relies on the proof of Proposition 2 of Rivero [@] Rivero
shows there that if a positive random variable Y has entire moments satisfying

n

E[y"] =[]

for some function 1 regularly varying at oo with index « €]0, 1], then
—in (B(Y > 8) ~ 1 (1),

where ¢ is the right-inverse of 1. Apply then this result to the r.v. R, by taking ¢ = ¢(|a|-) and v = S.
(i) Using ([tl)) and that ¢ is increasing, we get for all n > 0,

(EnE
Besides, writing

[ () ] 5 (5 ] 28t

and using the monotone and dominated convergence theorems, we see that

()] = { Bl — o)) othervine

In particular, from (1), we see that P(R > ¢(c0)) = 0. Similarly, it is easy to show, using (1)), that for all

0<e<@(o0), R .
2| (sm=2) |~

which implies that P(R > ¢(c0) — e) > 0. Last, to get the remaining part of the statement, note that

(SmlaDY  elmla) <1 [
l(qﬁ(oo))wo e B(da)

«(=[G) 1) -2 (55)

converges to —oo as n — oo if and only if

Therefore

L1+l

1 oo 1
/ Zx“o‘HlB(dz) = / 7|B(d:c) = o0.
0 =1 o 1—al

Since [j2B(dz) < oo,




which ends the proof. O

Proof of Proposition [I.5. From the construction ([]) of u, we see that

pe({1}) = po({1HP (€(p(1) = 0) = po({1})P (£(t) = 0),

and from the Poisson point process construction of a pure-jump subordinator with Lévy measure II we have
that P (£(t) = 0) = exp(—tTI(]0, 00[)) = exp (—t¢(c0)). Next, we get from the factorization ([LF), that

exp (—té(c0)) = P (RI > t(00)) > B(I > )P(R > ¢(oc)).

On the one hand, from the proof of Proposition ., we see that when ¢(c0) < oo, P(R > ¢(0)) = P(R =
¢(o0)) and that this quantity is non-zero i.f.f. fl(l — )" B(dz) < oo. On the other hand, under (H), we
get from the regular variation of —In(P(I > t)) that P(I > z%t)/P(I >t) — 0 for all 0 < 2 < 1, as t — o0;
and then, from the dominated convergence theorem that

m(t) _ /1 P(I > z*t)
0

P(I > 1) IS D) “Ho(de) = po({1}) as t — oo

Otherwise said, we have proved that under the hypothesis ([H), when po({1}) > 0 and ¢(c0) < oo,

imint 202 > PR = 6(0c) = 6(00) /e ({006) /).

—00 m

Next, suppose ([]), that Jo IIn(z)|zB(dz) < co and that ¢(o0) < co. According to Theorem -3, for all
£ €0, 1[ such that (1 — )@(co0)1°l is not an atom of fie,

1)) _ i olde) /q“""’”a e (d).
t—o0 (

m(t) —  m() 1—2)¢(c0)1/ I

Letting £ — 0, we get
imsup 0 < 0(00)1 i (0(00) 1))

t—o0 m(

6 Examples

Below is a list of standard examples where the main quantities involved in our results can be computed
explicitly. More precisely, for each of these examples, we specify the distributions of I (defined in ([[J)) and

R (defined in ([14))), which lead to explicit expressions of the limit measure jio, (since R/l i zp(de)) and
of the mass
mi(t) =PI > t), t >0,

which is the mass of the solution to the fragmentation equation starting from py = d1. We also specify the
behavior as t — oo of the quantity ¢(|aft)/|alt, involved in the statement of Theorem [[.J. For all these
examples, we give the main tools to get the distributions of I and R, but we leave the calculation details
to the reader. We recall that 0 denotes the index of regular variation of hypothesis (ﬂ) and that when
(e, > 0) is a solution to the equation with parameters (o, B), (tet,t > 0) is a solution to the equation with
parameters («, ¢B). For this reason, in the examples below, given a measure B we choose its “representative”
among the measures ¢B, ¢ > 0, which is the most convenient for the statement of the results.

The first four examples concerns absolutely continuous measures B(du) = b(u)du, where b is a function
defined on ]0, 1[. The Lévy measure is therefore also absolutely continuous and we denote by 7 its density.

It turns out that the limit distribution p is also absolutely continuous. We denote by 1 its density.

Ex.1. b(u) =bu’"2,b > 0; a < 0.

e 3=0

27



e o(t)y ~tast— o0
LTb/lo] +1,1)
mi(t) = moyar S 21 exp(—a)da, £ 2 0

R 2 B(1,/lal)
b
o Uo(z) = balol=2 (1 —gleN T o<z <1

The notations I'(z, y) (resp. S(z,y)) refer to the classical Gamma distribution with parameters x,y > 0 (resp.
Beta distribution). In these examples, the density of the Lévy measure associated to B is w(z) = bexp(—bx),
2 > 0, hence the Lévy measure associated to the subordinator |a|¢ (where & has Lévy measure II) has a
density given by bexp(—bx/|a|)/|a|, > 0. According to the Example B, p.5 of [[], the density of I is
then proportional to /1%l exp(—z),z > 0. Last we refer to the formula (4), Section 3 of [@, to get the
distribution of R.

We point out that the solutions to the fragmentation equation with this measure B are studied in [@]
In particular, when o = —b/2 and po = 1 the solutions (p¢,t > 0) has the explicit expression

1
p(de) = exp(-0) (3a(d) + b2 (1= 320 - 7)) Lppcacp )
which gives
t2
mq(t) = exp(—t) (1 +t+ 5)

and for all bounded test functions f :]0, co[— R

/f 2)opn(da) —>/f a2 1),
m1

which is consistent with the above expressions of m; and .

[o] [o]

Ex.2. b(u) = [aT(1—7)"'u™ 2(1—u> )7L 0<y<1; a<0.

e f=1v

o ot) ~ (ﬁ)l’” tT7 as t — oo

ft g~(z)dz, t > 0.

e RA e(1)”

(K=
oo (@) = lay 125 2 exp (=alel/7), 2 > 0

Here, e(1) denotes a r.v. with exponential distribution with parameter 1 and 7, a vy-stable random variable,
i.e. with Laplace transform ¢ € [0, oo[— exp(—t7). Hence 7.7 has the so-called Mittag-Leffler distribution.
We recall that it possesses a density given by

1 & z 1
= — E T(vi+ 1) sin(myi), = >0
™ = !

and its entire positive moments are equal to n!/I'(yn + 1), ¥n > 1 (see e.g. [R, Section 0.3]). The Lévy
measure associated to B has a density given for > 0 by

)= lolewClaley)
I'(1 = 7)1 = exp(—|alz/v))F
Using formula (5) and the following discussion in [{], we get that T 9 7,7 and R 9 e(1)7.

w \

Ex.3. b(u) = |a|y2 (1 =902 —~)) ' ut= 21 —ulol/E1)=7"1, 0 <y < 1;00 < 0.
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e f=1v
o p(t)~ (1— 7)_1|a|ﬁtﬁ ast — oo
o [ Le(1)

my(t) = exp(—t/A=1) t>0

e RY le__vl
o Lioo() = |ajz!®I=2g; . (2lo), 2 > 0,
where g;_~ is the Mittag-Leffler density given in the previous example. Note the duality with this previous
example. In the present example,
|a|y? exp(afz/(1 = 7))
(1 =)L(2 = y)(exp(|afz/(1 = 7)) = 1)1+

and we again refer to the formula (5) and the following discussion in [ to get the distributions of I and R.

7(z) = x>0,

Ex.4. b(u) = |a|T(2 + )~ tul=2(1 —w)*~1; —1 < a < 0.

* f=lal

1
o)~ () T ast— oo

I/(1+ «) is a size-biased version of the Mittag-LefHler distribution with parameter ||, i.e. for all test
functions f

- E [f ((1 + a)T‘jla‘) Tl;\aq

mi(t) = T'(la| +1) ftjo(l-i-oz) zg|o)(z)dx, t >0

o (L+a)R)* L1r(al1)

o o) = %z'a‘d exp(—(1 4+ a)Vlelz), 2 > 0.

Indeed, here
|a| exp(x)
= , x> 0.
™) = Fe T a)(exp(a) — D
Following the end of the proof of Lemma 4 of Miermont [@], we get that I has its moment of order k equal
to

k(14 a)FT(|al)

T+ Dla])
for all k£ € N. Hence
B T(k4D) 1 et
B) = 51 = (T ayral) = T afigap Jy o el

Remark. Note that the Examples 2, 3 and 4 give, for all 0 < v < 1,
-ifb(u) =u (1 —u)"7 "t and a = —,
Thoo(dz) & c1(7)e(1)
Sifb(u) =uw2(1—u) " tand a =y — 1,
Tpoe(dz) & e ()7L,
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-ifb(u) =u72(1 — )7L and a = —,

oo (dz) & e3(7)T(7, 1)

where ¢1(7), ca(y) and c3(y) are reals that depend on ~. Hence, both o and the behavior of b near 0 play a
significant role on the shape of the limit measure fio.

Last we turn to the case where B is a Dirac measure.

Ex.5. B = a4, for some a €]0,1[; a < 0.
e 3=0

e oty ~tast— o0

e [ has a density k on ]0, co[ given by

k(x) = Z exp (aln(a)i — zexp(aln(a)i)) H (1 —exp(aln(a)(i—p))~"

i>0 p#i

o my(t) = [ k(z)dz, t >0

In this case, II = 0_1,(4), i.e. the associated subordinator is a Poisson process. We then refer to [E, Prop. 6.5
(ii)] for the expression of the density k. Note that ¢(t) = (1—a') for all ¢ > 0, hence E[R"] = [, (1—(|a|a)?)
for all n > 1.

7 Appendix: Existence and uniqueness of solutions

This appendix is devoted to the proof of Theorem B on existence and uniqueness of solutions to the
fragmentation equation (E) So in this section, o € R. The proof follows the main lines of that of Theorem 1
in [@], which states existence and uniqueness of solutions to a slightly restricted form of the fragmentation
equation (E), and which was concentrated on solutions starting from pg = ;. We note that it was implicit
in the statement of this theorem that a solution should satisfy assumptions (H) and (E)

Let ¢ denotes a subordinator with Lévy measure II and zero drift, such that £, = 0. We recall that
its semigroup possesses the Feller property and that the domain of its infinitesimal generator contains at
least all functions f that are continuously differentiable on R and such that f and f’ tend to 0 at infinity.
See e.g. Chapter 1 of [E] As a consequence, the domain of the infinitesimal generator of exp(—¢) contains
continuously differentiable functions f on ]0, co[ with compact support.

One can easily checked that when f :]0, 0o[— R is bounded and continuous, the function

r—E [f(z exp(*fp(zat)))]

is also bounded and continuous on ]0,00[. This mainly relies on the cadlag and quasi-left-continuity (@,
Prop.7, Chapter 1]) of subordinators.

Now, for every 0 < a < b, let C, 5 be the set of continuous functions f :]0,b] — R that are null on |0, a],
and C;b be the set of continuously differentiable functions f :]0,b] — R that are null on ]0,a]. It is clear

from the remark above that for all 0 < a < b, the linear operators T} and Tt, t > 0, defined by

Ti(f)(z) = E[f(zexp(—&t))]
and ~
Ty(f)(z) =E [f(x eXp(_gp(z“t)))}

send Cq p into Cq . Following the proof of Theorem 1 of (see also [R0]), we see that both family of oper-
ators define strongly continuous contraction semigroups on C, 3, and that the domains of their infinitesimal
generators are identical and contain C;b. These generators are respectively given, for f € C;b and z €]0, b],
by

A(f)(x) = / " (Fwexp(—y)) — f(2) TI(dy)
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and B
A(f)(x) = 2" A(f)(=).
Note that when B is a measure on ]0, 1] defined from II by (§), we have

A(f) () = 2 / (f(zy) — f(x)) yB(dy).

Existence of solutions to @) With the above remarks, and Kolmogorov’s backward equation (see
Prop.15, p.9 of [LY)), we have that

T(f)(@) = f(z) + / To(A())(2)ds, (43)

Va €]0,b], Vf € C;b, Y0 < a < b, Vb > 0. Otherwise said: let f :]0,00[— R be null near 0 and continuously
differentiable. Then, considering its restriction to ]0,b] and = < b, we have that f and = satisfy ([).
Now, consider vy, a probability measure on ]0, co[, and set

<y, g >i=< Z/O,Tt(g) >

for all bounded, measurable functions g on ]0, oo[. Note that for all t > 0, 14(]0,00[) < 1 and v(x > M) =0
as soon as vo(x > M) = 0 for some M > 0. Then let f be some continuously differentiable function on
10, o[ with compact support. It is clear that A(f) is null near 0 and it is easy to see, using Fubini’s theorem,
that there exists some constants b,¢ > 0 such that |A(f)|(z) < cz®TI(In(z/b)) for large enough = (here
(y) = fyoo II(dz)). In particular, A(f) is bounded on ]0, o[ when z*TI(In(z)) is bounded near oo (hence
when « < 0). It is then clear that in such case we can apply Fubini’s theorem when integrating (@) with
respect to v to get

t
<un, [f>=< uo,f>+/ < s, A(f) > ds.
0

This holds for all continuously differentiable functions f on ]0, co[ with compact support. Therefore, defining
the measures p; on 0, 00[ by < ug,g >:=< 14, g >, where g denotes any test-function on |0, co[ and g(x) =
g(x)/xz, x > 0, we have proved that (u: ¢t > 0) is a solution to the fragmentation equation, as defined
in the Introduction. To sum up: provided that the function # — x®TI(In(x)) is bounded near oo, for all
measure fo on |0, oo such that fooo zpo(dz) = 1, there exists a solution constructed via subordinators to the
fragmentation equation.

When a > 0, the function # — x°TI(In(z)) may not be bounded near co. Another way to tackle the
problem in this case is to use the definition of p to get that

co gt o0 p(z™t)
/0 / To(|A(f) | (x)dsvo(dz) = / EV A (@ exp(—€a))du | o(da),

the function f being still supposed continuously differentiable on 0, co[ with compact support. For such f,
the function A(f) is bounded on ]0, co[. Hence the double integral involved in the identity above is bounded
by a constant times [ E [p(2°t)] vo(dz), which is finite as soon as [~ In(x)vy(dz) < oo: indeed, according
to Proposition 2 of [}, for all z > 0, E[p(z)] = foz Elexp(—sR)]ds, where R is a random variable with
distribution pg defined by (@) Let then I be a random variable defined by (B), independent of R, and
consider a real a such that P(I < a) > 0. Using the factorization property ([L7), we get

x

E[p(z)|P(I <a)= /0z Elexp(—sR)1{7<qy]ds < /0 Elexp(—sa~'e(1))]ds = aln(1 4+ a 'x).

It this then possible to apply Fubini’s theorem when integrating (@) with respect to vy and we conclude as
above to the existence of a solution to (fJ).

Uniqueness of solutions to (E) Let vy be a probability measure with support included in ]0, b] for some
b > 0 and suppose that (v, t > 0) is a family of measures with support included in ]0, b] such that

t
<wu, f>=<w, f> +/ < vs, A(f) > ds, Vf € UpcaciCy -
0
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Suppose moreover that v4(]0,00[) < 1, V&t > 0. Our goal is to prove that (v4,¢ > 0) is uniquely determined.
Using that the total weight of 14 is less or equal to 1, we get that sup,~q < v, [f| >< oo and sup;>q <
v, |A(f)] >< oo for each f € U0<a<bC;7b. It is then possible to follow the proof of Proposition 18, Sect.

4.9 of [IJ] to deduce that uniqueness holds provided that, for all A > 0, (Aid — zzl(f))(C;b) is dense (for the
uniform norm) in C, 4, for all 0 < a < b. Following the proof of Theorem 1 in [[[7], we see that C,p is a core

for the strongly contraction semi-group T : Cap — Cap, t > 0. Hence the result.
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with shattering. Many thanks also to Victor Rivero who pointed out the reference [@] to generalize his
Proposition 2 in [2€].

References
[1] J. Banasiak. Shattering and non-uniqueness in fragmentation models—an analytic approach. Phys. D,
222(1-2):63-72, 2006.

[2] J. Bertoin. Lévy processes, volume 121 of Cambridge Tracts in Mathematics. Cambridge University
Press, Cambridge, 1996.

[3] J. Bertoin. The asymptotic behavior of fragmentation processes. J. Eur. Math. Soc. (JEMS), 5(4):395—
416, 2003.

[4] J. Bertoin. Random fragmentation and coagulation processes, volume 102 of Cambridge Studies in
Advanced Mathematics. Cambridge University Press, Cambridge, 2006.

[5] J. Bertoin and M.-E. Caballero. Entrance from 0+ for increasing semi-stable Markov processes.
Bernoulli, 8(2):195-205, 2002.

[6] J. Bertoin and M. Yor. On subordinators, self-similar Markov processes and some factorizations of the
exponential variable. FElectron. Comm. Probab., 6:95-106 (electronic), 2001.

[7] N. H. Bingham, C. M. Goldie, and J. L. Teugels. Regular variation, volume 27 of Encyclopedia of
Mathematics and its Applications. Cambridge University Press, Cambridge, 1989.

[8] M. E. Caballero and V. M. Rivero. Preprint, 2007. Awvailable on arXiv:0711.1854.

[9] P. Carmona, F. Petit, and M. Yor. On the distribution and asymptotic results for exponential functionals
of Lévy processes. In Fxponential functionals and principal values related to Brownian motion, Bibl.
Rev. Mat. Iberoamericana, pages 73—130. Rev. Mat. Iberoamericana, Madrid, 1997.

[10] Y. S. Chow and J. Cuzick. Moment conditions for the existence and nonexistence of optimal stopping
rules for S, /n'. Proc. Amer. Math. Soc., 75(2):300-307, 1979.

[11] M. Escobedo, S. Mischler, and M. Rodriguez Ricard. On self-similarity and stationary problem for
fragmentation and coagulation models. Ann. Inst. H. Poincaré Anal. Non Linéaire, 22(1):99-125, 2005.

[12] S.N. Ethier and T. G. Kurtz. Markov processes. Wiley Series in Probability and Mathematical Statistics:
Probability and Mathematical Statistics. John Wiley & Sons Inc., New York, 1986.

[13] W. Feller. An introduction to probability theory and its applications. Vol. II. Second edition. John Wiley
& Sons Inc., New York, 1971.

[14] A. Filippov. On the distribution of the sizes of particles which undergo splitting. Theory Probab. Appl.,
6:275-294, 1961.

[15] N. Fournier and J.-S. Giet. On small particles in coagulation-fragmentation equations. J. Statist. Phys.,
111(5-6):1299-1329, 2003.

[16] N. Fournier and J.-S. Giet. Existence of densities for jumping stochastic differential equations. Stochastic
Process. Appl., 116(4):643-661, 2006.

[17] B. Haas. Loss of mass in deterministic and random fragmentations. Stochastic Process. Appl.,
106(2):245-277, 2003.

32



[18] B. Haas. Regularity of formation of dust in self-similar fragmentations. Ann. Inst. H. Poincaré Probab.
Statist., 40(4):411-438, 2004.

[19] W. Konig and P. Morters. Brownian intersection local times: upper tail asymptotics and thick points.
Ann. Probab., 30(4):1605-1656, 2002.

[20] J. Lamperti. Semi-stable Markov processes. I. Z. Wahrscheinlichkeitstheorie und Verw. Gebiete, 22:205—
225, 1972.

[21] P. Laurengot. On a class of continuous coagulation-fragmentation equations. J. Differential Equations,
167(2):245-274, 2000.

[22] E. D. McGrady and R. M. Ziff. “Shattering” transition in fragmentation. Phys. Rev. Lett., 58(9):892—
895, 1987.

[23] Z. A. Melzak. A scalar transport equation. Trans. Amer. Math. Soc., 85:547-560, 1957.

[24] G. Miermont. Self-similar fragmentations derived from the stable tree. I. Splitting at heights. Probab.
Theory Related Fields, 127(3):423-454, 2003.

[25] J. Pitman. Combinatorial stochastic processes, volume 1875 of Lecture Notes in Mathematics. Springer-
Verlag, Berlin, 2006. Lectures from the 32nd Saint-Flour Summer School on Probability Theory.

[26] V. Rivero. A law of iterated logarithm for increasing self-similar Markov processes. Stoch. Stoch. Rep.,
75(6):443-472, 2003.

[27] W. Wagner. Explosion phenomena in stochastic coagulation-fragmentation models. Ann. Appl. Probab.,
15(3):2081-2112, 2005.

33



