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We study a Markovian model for the random fragmentation of an ob-
ject. At each time, the state consists of a collection of blocks. Each block
waits an exponential amount of time with parameter given by its size to some
power «, independently of the other blocks. Every block then splits randomly
into sub-blocks whose relative sizes are distributed according to the so-called
dislocation measure. We focus here on the case where o < 0. In this case,
small blocks split intensively, and so the whole state is reduced to “dust” in a
finite time, almost surely (we call this the extinction time). In this paper, we
investigate how the fragmentation process behaves as it approaches its extinc-
tion time. In particular, we prove a scaling limit for the block sizes which, as
a direct consequence, gives us an expression for an invariant measure for the
fragmentation process. In an earlier paper [Ann. Inst. Henri Poincaré Probab.
Stat. 46 (2010) 338-368], we considered the same problem for another fam-
ily of fragmentation processes, the so-called stable fragmentations. The re-
sults here are similar, but we emphasize that the methods used to prove them
are different. Our approach in the present paper is based on Markov renewal
theory and involves a somewhat unusual “spine” decomposition for the frag-
mentation, which may be of independent interest.
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1. Introduction and main results. We consider a Markovian model for the
random fragmentation of a collection of blocks of some material, where the man-
ner in which the fragmentation occurs is controlled solely by the masses of the
blocks. More specifically, suppose that the current state consists of blocks of
masses mi, my, ... which are such that (for definiteness) m = (m, my,...) be-
longs to the state-space

o0
S:= s=(s1,sz,...):s1Zszz-‘-ZO,Zs,-<oo ,
i=1

which is endowed with the £1-distance

d(s,s)=|s—s|;:==>|si—s]| fors;s €S.
i>1
The transition mechanism depends on two parameters: a real number « and a prob-
ability measure v on Sy := {s € S: ||s||; = 1}, and can be described as follows. The
different blocks evolve independently. For i > 1, block i splits after an exponen-
tial time of mean ml-_“ into sub-blocks of masses m;S, where the random sequence
S = (81, 82, ...) is distributed according to v. To avoid “phantom” fragmentation
events, we will always assume that v(1) = 0, where the state 1 = (1,0, ...) con-
sists of a single block of mass 1. We will then write

Fit)=(Fi(t), F2(1),...) €S

for the state of the fragmentation process at time ¢, and Ps for the law of
(F(t),t > 0) started from a state s € S. By default, we will start our processes from
the state 1, and we will write P instead of 1. Whenever we write (F'(¢),t > 0)
without making explicit reference to its law, we implicitly assume F(0) =1. It is
clear that (whatever its starting point) (F (¢), ¢ > 0) is a transient Markov process
with a single absorbing state at 0 = (0,0, ...).

This model described in the previous paragraph is a self-similar fragmentation
process, as introduced by Filippov in [17] and Bertoin in [8, 9]. We refer to the
second pair of papers for a rigorous construction based on Poisson point processes.
This construction gives a version of the fragmentation which is cadlag for the
topology of pointwise convergence. Proposition 1.9 of [11] shows, in addition, that
the sum of the masses of the blocks is a continuous function almost surely. Hence,
there exists a cadlag version of the fragmentation for the ¢;-distance, which is
the version we will always consider in this paper. More precisely, (F(¢),t > 0)
is a cadlag strong Markov process which possesses the following self-similarity

property:
(F (1), t = 0) has the same distribution under P,,1 as (im F (m“t),t > 0)
has under Py

(we will revisit a stronger version of this property in Proposition 2.1 below). Con-
sequently, the parameter « is known as the index of self-similarity. The probability
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measure v is called the dislocation measure. In [8, 9], Bertoin constructs a more
general class of processes in which v is allowed to be an infinite (but o -finite) mea-
sure satisfying a certain integrability condition; roughly speaking, these processes
are allowed to jump at a dense set of times. He also allows dislocation measures
which do not preserve the original mass, and the possibility of deterministic ero-
sion of the block masses, but we will not consider any of these variants further
here.

Henceforth, we will restrict our attention to the case o < 0. In this case, smaller
blocks split (on average) faster than larger ones. Despite the fact that each splitting
event preserves the total mass present in the system, the fragmentation exhibits
the striking phenomenon of loss of mass, whereby splitting events accumulate in
such a way that blocks are reduced in finite time to blocks of mass 0 (known as
dust). This is reflected by the fact that the total mass M (t) =) ;~.; F;j(¢) decreases
as time passes [so that the dust has mass 1 — M (¢)]. Moreover, if we define the
extinction time,

¢ =inf{t > 0: F(r) = 0},

then ¢ < oo almost surely; see [10]. The manner in which mass is lost has been
studied in detail by Bertoin [10] and Haas [19, 20]. Our focus here is different: we
aim to understand the behavior of the fragmentation process close to its extinction
time.

In most of the sequel, we will impose a further condition on the dislocation
measure v: we will require it to be nongeometric. That is, for any r € (0, 1), we
have

v(s;erNUo0},Vi>1) <1

(where N := {1, 2, .. .}). Fragmentations with geometric dislocation measures be-
have in a genuinely different way to their nongeometric counterparts; we will
discuss this difference further below. For technical reasons, we will also need to
impose the condition that [ S sl_l_p v(ds) < oo for some p > 0. This assumption
is not very restrictive: for example, it is always satisfied for fragmentations where
blocks split into at most N sub-blocks (N being fixed) since then s1+---+sy =1,
and so the largest mass s is bounded below by 1/N v-a.s.

We consider the usual Skorokhod topology on the space of cadlag functions
f:10,00) = S. By convention, we will set F(t) =1 for t < 0. Our principal
result is then the following theorem.

THEOREM 1.1.  Suppose that v is nongeometric and that [ sl_l_pv(ds) < 00
for some p > 0. Then there exists Coo, a cadlag S-valued self-similar process
independent of ¢, such that

(e"(F((c = e0)=), 12 0),£) = ((Coo0), 1 > 0), ).
Moreover, Coo(0) =0 and P(Co,; (1) > 0) > 0 forall i > 1.
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In particular, as ¢ — 0,

VR — )™ coul).
Since S is endowed with the £;-distance, this entails that the rescaled total mass
el/epm (¢ — ¢) has a nontrivial limit in distribution as ¢ — 0.
The self-similarity of the limit process C takes the form

(@ Cooat),t > 0)'Y (Coo(t), > 0)
for all a > 0. We will specify the distribution of Cs, more precisely below once
we have established the necessary notation; see Definition 5.3. This process models
the evolution of masses that coalesce, with a regular immigration of infinitesimally
small masses, as illustrated in Figure 3. Reversing time, this gives a fragmentation
process that starts from one infinitely large mass. A connection with a biased ran-
domized version of F' is made in Proposition 5.4.

In a first paper [18], we proved a result of the same form as Theorem 1.1 for
a different subclass of self-similar fragmentations with negative index, the sta-
ble fragmentations. The stable fragmentations, which were introduced in [24], are
qualitatively rather different in that they all have infinite dislocation measures.
They can be represented in terms of stable Lévy trees (see [14, 15] for a defini-
tion), and the methods used in our earlier paper rely crucially on the excursion
theory available for these trees. The methods used in the present work are quite
different and are dependent on the finiteness of the dislocation measure. We con-
jecture, nonetheless, that Theorem 1.1 is true for generic nongeometric self-similar
fragmentations with negative index.

The proof of Theorem 1.1 proceeds in two main steps. We begin by studying the
last fragment process F,, where F,(t) is the mass of the unique fragment present at
time ¢ that dies exactly at time {. We construct this process in Section 2, where we
also discuss some properties of ¢. We are, of course, interested in the asymptotic
behavior of F, close to time ¢. A significant difficulty is that the evolution of
the process F; is not Markovian. To overcome this difficulty, we introduce the
discrete-time process

Zn:F*(Tn)a(g_Tn)s n>0,

where T,, denotes the nth jump time of the last fragment process F,. The quantity
Z, can be thought of as an updated notion of the extinction time seen in the nat-
ural timescale of the last fragment at its nth jump time. It turns out that (Z,),>0
is a Markov chain which converges to a stationary distribution as n — oo. This
is proved in Section 3 using standard Foster—Lyapunov criteria. Moreover, the
Markov chain (Z,),>¢ drives a bigger Markov chain which additionally tracks
the relative sizes of the fragments produced by the split at time 7},. From this big-
ger Markov chain we derive a Markov renewal process in Section 4, and we then
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use a version of renewal theory, developed for such processes in [3, 4, 6, 21, 22,
25, 28], to obtain the behavior of F near ¢.

The second step of the proof consists of decomposing the fragmentation process
along its spine F, in order to get the behavior of the whole process near ¢. This is
the purpose of Sections 5 and 6, where we prove a detailed version of Theorem 1.1.
Roughly speaking, the limiting process C, is built from a spine, the limit process
of F, near ¢, by grafting onto it independent fragmentation processes conditioned
to die before specific times. A significant technical difficulty in this proof is to deal
with blocks which separated from the spine “a long time in the past” and have not
yet become extinct, and for this we will need to establish a tightness criterion.

Spine methods are standard in the study of branching processes. In earlier work
on fragmentation processes (e.g., in [9, 10]), the so-called tagged fragment has
proved to be a very useful tool. This is again a sort of spine but of a rather different
nature to ours (in particular, the tagged fragment is a Markov process). However,
the tagged fragment vanishes at a time which is strictly smaller than ¢ and, as a
consequence, cannot help us to understand the behavior of the fragmentation near
its extinction time ¢{. We believe that the spine decomposition we develop in the
present paper, based on the last fragment process, should not be particular to the
finite dislocation measure case. However, our results do not immediately extend to
the case of infinite dislocation measures.

As a direct consequence of Theorem 1.1, we are able to construct an invariant
measure for the fragmentation process (since F is transient, this is necessarily an
infinite measure).

THEOREM 1.2. Under the conditions of Theorem 1.1, consider the occupation
measure A of Ceo, which is defined on (S, B(S)) by

A(A) = /OOO P(Coo() € A)dt

for all A € B(S). Then X is a o-finite invariant measure for the transition kernel
of the fragmentation process F; that is, for all u > 0 and all A € B(S),

k(A):/S]P’s(F(u) € A)A(ds).

We can interpret A heuristically as the “law” of C, “sampled at a uniform time
in [0, 00).” To the best of our knowledge, this is the first time that invariant mea-
sures have been considered for self-similar fragmentation processes. Theorem 1.2
is proved in Section 7, where we will see that it is an easy consequence of the
convergence in distribution of gl/eF (¢ —¢) to Cx(1). In particular, this invari-
ance result also holds for the stable fragmentations and, more generally, for any
fragmentation process such that ¢!/ F(¢ — &) has a nontrivial limit in distribution
[in (S,d)] as ¢ — 0.
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We conclude the main part of the paper in Section 8 by investigating the case of
geometric fragmentations. These fragmentations should not be viewed simply as a
degenerate special case: they can be interpreted in terms of various other models,
in particular discounted branching random walks (introduced by Athreya [5]) and
randomly growing k-ary trees (studied by Barlow, Pemantle and Perkins [7]). The-
orem 1.1 is not valid for geometric fragmentations. Indeed, we will see in Proposi-
tion 8.1 that the rescaled sequence ¢'/% F (¢ — &) does not converge in distribution
in this situation. However, we do obtain convergence along suitable subsequences,
which entails the existence of a continuum set of distinct invariant measures, in-
dexed by x € [0, 1).

Appendix containing various technical lemmas. It is split into two sections. The
first concerns criteria for convergence in the space (S, d) and in the Skorokhod
topology on cadlag processes taking values in (S, d). The second section contains
the proofs of fine results about stationary and biased versions of the Markov chain
(Zn)n>0 which are necessary for the proof of Theorem 1.1 but which are not of
much intrinsic interest.

2. The last fragment process. In this section, we gather together some results
on the extinction time ¢ and prove the existence of the last fragment process. We
refer to [9, 11] for background on fragmentation processes. In particular, we will
use the following strong fragmentation property on several occasions.

PROPOSITION 2.1 (Bertoin [9]). Let T be a stopping time with respect to the
filtration generated by F. Write, fort > T,
Fit)=(F"D @), FeD@),..),

where, for each i > 1, F"T) s the process evolving in S which has F®T)(T) =
Fi(T) and, for t > T, tracks the evolution of the fragments coming from the ith
block of F(T). Then

FUIN(T +1) = F(T)GY(tF(T)*)  Vi>1,
where the processes G are independent and have the same distribution as F.

They are also independent of T and F(T).

2.1. The extinction time. We begin by establishing some properties of the ex-
tinction time ¢, which will be useful to us in the sequel. We will make use of
Proposition 14 of [19], which states that

E[exp(at)] < oo for all positive a sufficiently small.
LEMMA 2.2. The distribution of ¢ is absolutely continuous with respect to

Lebesgue measure on (0, 00), and there exists a continuous and strictly positive
version of its density, which we denote f;. Furthermore:
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(1) fe(x) <1 forall x € (0,00);
(i) fr(x) =o(exp(—cx)) as x — o0, for some ¢ > 0;
(iii) fr(x) = o(1) as x — 0 and, moreover, for each B > o such that
f$1 s]_ﬁv(ds) <00, Fr(x):=P( <x) = O(x!=Bley,

PROOF. Let Ty :=inf{t > 0: F(¢) # (1,0, ...)} be the first splitting time of F.
Then 77 is exponentially distributed with parameter 1, and F(77) is distributed
according to v. Moreover, since 77 is a stopping time with respect to the filtration
generated by F, we get from Proposition 2.1 that

¢ =Ty +sup{F; (T ¢},
i>1
where T, F(T}) and (g“(i), i > 1) are independent, and (g“(i), i > 1) is a collection
of independent random variables with the same distribution as ¢. Since 77 has an
exponential distribution, this implies that { possesses a density, say f, which in
turn implies that & :=sup,.{F; (T1)~*¢ D} possesses a density, given by

@.1) 0= [ % felory)st T Felsgy)vis),

i:5>0 J#i
where [F; is the cumulative distribution function corresponding to f;. Note that
if F; (s;’-‘y) > 0, for all j # i, then necessarily [];; F¢ (s;?‘y) > 0. This is obvious
when the set {j:s; > 0} is finite. When it is infinite, taking logarithms and using
the fact that

log(F¢ (s§y)) ~ —P(¢ > 57)

as j — 0o, we see that the above product is null if and only if the sum 3, ; P(¢ >
s;?‘y) is infinite. But this never happens when > _;; s; < 1, since

P(¢ >s%y) <E[¢™"/]s;y~ /e

and ¢ has exponential moments.
Now, choose f; so that

2.2) Sfe(x) =exp(—x) /Ox exp(y) fe(y)dy for all x > 0.

Then, f; is continuous and f; (x) <IP(§ <x) — 0 as x — 0. In particular, we get
(1) and the first assertion of (iii). Note also that if f;(x) = 0 for some x > 0, then
fe equals O a.e. on [0, x]. Hence, using (2.1) and the remark following it, we see
that f; equals O on [0, x"] for some x" > x. This easily entails that f; equals 0
on R, which is impossible. Hence, f;(x) > 0 for all x > 0.

Next, to prove (ii), note that forall 0 <a <1,

exp(ax) f; (x) < /O exp(ay) fi (y) dy < E[exp(at)] < E[exp(at)]
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since ¢ = T1 + &. The last expectation is finite for all positive a sufficiently small,
and so exp(cx) fr (x) = 0 as x — oo forall c <a.

It remains to prove the second assertion of (ii1). Let I' :== {y > 0s.t. 3C, <
00:F¢(x) < Cpx”,Vx > 0}. Since ¢ is smaller than 1, I" is an interval whose
left endpoint is 0. Moreover, since f;(x) <1 for all x > 0, we have [0, 1] C T'. In
particular, we have checked the assertion for 8 < 0. Now consider y € I". We have

i) SPE= < [ Felsfavds)  [since & = (T )
1

scyxV/ 577 v(ds),
Sy

which implies that y + 1 is in [" provided that | S s‘lwv(ds) < 00. The second
assertion of (iii) is then straightforward. [J

2.2. Building the last fragment. For all t > 0 and all i € N, denote by F @7
the fragmentation process starting from (F;(z), 0, ....) which tracks the evolution
of the masses emanating from F;(r). Let Z%" := inf{s > 0: F@9(s) = 0} be the
first time at which this process is reduced to dust.

LEMMA 2.3.  Almost surely, for all 0 <t < ¢, there exists a unique index i(t)
such that Z¢®:D = SUP j ey 70U — . —t.

PROOF. Fix t > 0. By Proposition 2.1, Z%) = F;()~*¢ @D where (¢@1,
i > 1) is a collection of i.i.d. random variables, with the same distribution as ¢,
independent of F(z). Hence

E[Z(Z(i’”)_l/“} = E[Z E(t)(i“’”)‘”“] <E[t7"*] < oo.
i>1 i>1
In particular, the sum } ;- (Z (@.0y=1/« is almost surely finite, which implies that
Z@D — 0 as. asi — oo. Hence, the supremum SUP ey ZU:1 is attained for some
i € N. Conditional on ¢ < ¢, this index i is necessarily a.s. unique, since

P(Ek, j: F “ ()¢ = F7* ()¢ V), Fr(@) #0, Fj(1) #0) =0
& Vkj, PECO =F 00U, Fu@0) #0, Fi() #0) =0,

which is clearly satisfied, since ¢ and ¢-") are absolutely continuous (by
Lemma 2.2) and independent of F (¢). Hence, conditionally on ¢ < ¢, there almost
surely exists a unique index i (r) such that Z¢"-) = sup jenZ () To conclude,
note that when i(¢) exists and is unique, then, for all s <, i(s) is automatically
defined as the index of the ancestor at time s of F;(¢). Therefore, with probability
one, the indices i (¢) are well defined forall0 <t <¢. O

Let (2, F) denote the measurable space on which we work.
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DEFINITION 24. LetE:={weQ:Vt <{(w),i(t)(w)s.t. Z(i(z)(w),t)(a)) —
SUpPjeN ZUD(w)}, and define for all ¢ > 0,

_ N Fiy ) (D) (w), ifweFEandt < ¢(w),
P @)= { 0, otherwise.

The process Fy is called the last fragment process. It is nonincreasing, cadlag and
¢ =inf{t > 0: F,(¢) =0} a.s. (by Lemma 2.3).

REMARK 2.5. Almost surely, for all £ > 0, F,(¢) > 0 implies that the number
of jumps of Fj in [0, ¢] is finite. This is obvious if v(s; <a) = 1 for some a < 1.
Otherwise, it can be easily seen via the Poissonian construction of the fragmenta-
tion in [8, 9].

In the sequel, we will use the last fragment as a “spine” for the fragmentation
process: when blocks separate from the last fragment, they evolve essentially as
independent fragmentation processes which are conditioned to die before the last
fragment. We emphasize that it is not measurable with respect to the natural filtra-
tion of the fragmentation process.

3. Asymptotics along a subsequence. We now derive a convergent Markov
chain from the last fragment process F,, which demonstrates that F restricted to
its jump times behaves as expected near . We prove the Markov property of the
chain in Section 3.1 and show that it converges exponentially fast to its stationary
distribution in Section 3.2. In Section 3.3, we consider an eternal stationary version
of the Markov chain. We also introduce a biased version of this eternal chain,
which is an essential building-block for the process Cug.

3.1. AMarkov chain. LetT; < T, <--- < T, < ---betheincreasing sequence
of times at which F splits, that is, 71 = inf{r > 0: Fi.(¢) < 1} and, forn > 2,
T, =inf{t > T,_1: Fi(t) < F(T—1)}.

For convenience, set 7o = 0. We note that only Ty and 77 are stopping times with
respect to the natural filtration of the fragmentation process. From Remark 2.5 and
since ¢ = inf{t > 0: F,(¢) = 0}, we clearly have that

T, —>¢ a.s.asn — 00.
Define, for n > 0,
(3.1) Zn = (Fu(T))" (¢ — To),

and note that Z,l,/a is the value of the process g‘/"‘F*({ —¢g)ate=¢ — T,. Intu-
itively, Z, is a version of the extinction time updated according to what we know
about the last fragment at time 7,,.



748 C. GOLDSCHMIDT AND B. HAAS

|
NN
LA

Frag A
e LN~

@1@2 @1A2,1 @1A2,2

Frag

T1 """""

1

FIG. 1. The spine decomposition. Time runs up the page. The size of the last fragment, Fy, which
is constant on the intervals [T;, T; 1 —) is shaded. The blocks which split off from Fy start their own
fragmentation processes, each conditioned to become extinct before ¢ .

Note also that Zg = ¢, and set ®g =1, Ag =(0,0,...). Forn > 1, let ®, =
Fo(T,)/ Fe(T,,—1), and let A, = (Ap,1, Ay 2, . ..) be the relative sizes of the other
sub-blocks resulting from the split of F, which occurs at time 7;,, ordered so that
Ap1>Ap2>--->0.Then

(F*(Tn—l)An,ls F*(Tn—l)An,Z, .. )

are the sizes of the blocks which split off from the last fragment at time 7;,. As a
consequence of the fact that v is conservative, we have ®, + ) 2, A, ; = 1 almost
surely. See Figure 1 for an illustration.

PROPOSITION 3.1. (a) The process (Z,, ®n, Ay)p>0 is a time-homogeneous
Markov chain. Moreover, conditional on o(Zy, O, Ay, m < n), the law of
(Zn+1, Oni1, Apt1) depends only on the value of Z,,.

(b) The transition densities P(x,dy), x > 0, of (Z,)u>0 are given by

P
32y [Ed)

;(x)fé'(y)(/ Z e’ yl_[FC 7 i ]l{O<y<s x}U(dS)) dy,

i:5>0 J#I
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where T is the cumulative distribution function of ¢.
We refer to (Z,,),>0 as the driving chain of (Z,,, ©,, Ap)n>0.
REMARK 3.2. The density in (3.2) is strictly positive for all x, y > 0. This is

a consequence of the positivity of f; on (0, 00) (Lemma 2.2) and of the fact that
[Tjzi Fe(sYs; “y) > 0 when s; *y > 0 (as explained in the proof of Lemma 2.2).

Let Yy := ;1/"‘, and for n > 1, let

- T 1/a Zl/a
Y, = (57") -
§—Th—1 Z,” 10y

Later on it will turn out to be convenient to work with Y, essentially because
the times to extinction ¢ — 7T, can then be expressed in the multiplicative form
¢ [17—, Y¥. To this end, we need the following simple corollary of Proposition 3.1.

COROLLARY 3.3. The process (Z,,Y,, Ap)n>0 is a time-homogeneous
Markov chain with driving chain (Z,,,n > 0).

The rest of this section is devoted to the proof of Proposition 3.1. Recall from
Proposition 2.1 that for + > 0, F(T| + t) is the decreasing rearrangement of the
terms of the sequences

Fi(T)GY (e Fi (1)%), Fa(T)GP (t Fa(T)%), . ...,

where the processes G®) are independent fragmentations, all having the same dis-
tributi_on as F. They are also independent of 77 and F(77). Now let ¢ @) = inf{r >
0:G®(r) = 0}, so that

(3.3) ¢ =Ty +sup{ Fi(T)) "¢V},

i>1

By Lemma 2.3, this supremum is a maximum. Let [ := argmax; | {F; (Tl)—“g(i)},
and note that F,.(T1) = F;(T}) and Z| = §<’>. Let

G, if j <i,

GUtD  if j>i.

Finally, for x > 0 and suitable test functions ¢ and 1, we write

A(p,x) =E[p(F)|¢ =x] and B, x) =E[y(F)[¢ <x].

(3.4) HD — gUHL =) — {

REMARK 3.4. The function A(¢,-) is well defined only up to a Borel set
of Lebesgue measure 0, and is Borel-measurable. However, when applied to a
positive and absolutely continuous random variable, say X, this is enough to define
the random variable A(¢, X) properly up to a set of probability 0. This remark is
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also valid for any forthcoming functions defined as expectations conditional on

=x.

The following lemma is the key result needed to prove the Markov property of
(Zn’ ®n, An)nZO-

LEMMA 3.5. For all suitable test functions ¢ and ¥, j > 1,

o0
[ (GD) 1—[ (HTD)

)¢, ¢ D, Fi(T), (Fi(T), k;&z)}
¢.c ") H (W, Fy (MO Ffyq,,,, (TED).

In particular, conditional on ¢!, G is independent of ¢, F(T1) and F;(T}),
and is distributed as a fragmentation process conditioned to die at time ¢ /).

PROOF OF LEMMA 3.5. We will, in fact, prove that

|: G(I) l_[ H(IJ) ‘;- ;-(1) F(T)), I:|

Ap.¢) H (W, Fr (T Fig, ., (TS D),

which implies the statement of the lemma. Let y be another test function.

For i # j, set 8; j = {F,* (Tt > FJ~_“(T1)_“C(j)} and note that {I =i} =
Mj>1Si.j+1=,- We have

[ (GD) ﬁ (HTDY y (e, e D, F(I)1y }

o0

= [«p (GD) 1‘[ (HSD) ) (T1 + F (Tl);“),;("),F(Tl))ﬂ{,:,-}]

= E[x(Tl + Fo(1)¢ D, ¢ D, F(Ty))

o0
[ G(z) 1—[ G(]+]l(/>t}))jls i) T, F(Th), f(l)ﬂ
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Since G/, j > 1 are independent fragmentations, independent of 77 and F(T),
we see that

o0
|: G(l) 1_[ G(j+311>1 )I]‘Slﬁ»llj T\, F(T)), ;-(l)i|

o0

Lij>i i
E G(z) é‘(l) 1_[ G(j+ U= ;))ﬂs j+1{>}| (Tl),C(l)]

é-(l) 1_[ 1//]',F,-_a(Tl)FJ('XHlei}(Tl)g(i))
_]:1
P(; V=) < FO(T) FY FrE. (T1)§'(')|F(T1) ¢®)

¢.¢?) [H (Wj. F (T Fipa,. (Tl)g(i))]IP(]:i|F(T1)’§(i))_
j=1

Then

|: G(I) 1_[ H(I j) ;(1) F(Tl))l{l l}:|
[ (6. ¢ T B, (T Fiey, ., (TED)
j=1

x(,¢D, F(Tl))]l{lzi}],

and the result follows. [

PROOF OF PROPOSITION 3.1. (a) We start by proving that (Z,®, A) is a
time-homogeneous Markov chain with driving chain Z. To see this, we will show
that for all suitable test functions f, g; and alln > 1,

n—1
E[f(Zn, On. An) [ ] 8i(Zi. 6, Ai):|
(%) =

n—1
= E|:Ff(zn—1) []si(z:i. 0, Ai):|,
i=0

where Fr(x) = E[f(Z1, 01, A1)|Zp = x]. Note that F¢(x) is well defined for

Lebesgue a.e. x > 0, since Zy = ¢ is absolutely continuous. We will prove by
induction on n that ({},) is valid and that Z, is absolutely continuous, so that
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F¢(Z,—1) is almost surely well defined. In fact, once (R,) is proved, the absolute
continuity of Z, is a direct consequence of the absolute continuity of Z,_; and of
(*Rn), taking test functions f of the form f = 14 for Borel sets A with Lebesgue
measure 0. So it is enough to focus in the following on the proof of (R,) for
n>1.

({R1) is an immediate consequence of the fact that ®g and A are deterministic.
Now assume that (23,,) holds, and recall that the last fragment process F can be
written as

(3.5) Fu(Ty + 1) = Fi(T)G P (1 FX(Ty)),  t>0.

As for the standard fragmentation process, the last fragment process of G is
well-defined since G!) is a randomized version of the fragmentation. We denote
it by (G (1), 1 > 0). Then for k > 1, let T, be the kth time at which G\ splits,
let

1 1 1
®1(< )= G>(k])(Tk( ))/Gfkl)(Tk(—)l)

and let A,(CI) be the relative sizes of the other sub-blocks resulting from the split of
GV attime 7", From (3.5), we get that Ty = Ty + F;4(T) T, O, 01 = O,
Ak+l = A,((I) and

Ziw = (G D) (21 - 1) = 2.

Therefore,

E[f(znﬂ, Ont1, Any1) [ | £i(Zi, O, A»]
i=0

= E[f(Z,S”, O, AD)e0(Zo, Op, Ap)g1(Z1, 01, Ay)

n—1
o)

i=l

= E[go(zo, Oo, Ap)g(Z1,01,Ay)

x E[f (Z,". 6,7, A)

n—1
x [ &iv1(z", 0", AP |20, Z1, F(T1), FI(Tl)H.
i=1
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Similarly,

E|:Ff(zn) ]_[ gi(Zi, 9, Ai):|

i=0

= E[go(zo, O, Ap)g(Z1,01,Ay)

x]E|:Ff z") 1‘[gl (z". e, A“))‘Zo,zl,nn) Fl(Tl)ﬂ

Then by Lemma 3.5 (recall that Zg =¢, Z; = ¢! )) applied to the functions v/; =
1,Vj eNand (G = F(Z{", 0", ADYTIZ gi1 (2", 07, AD),

n—1
E[f (2.0 AD) [T i1z, 6", A")

i=l

Zy, Zy, F(T), FI(TI):|

=u(Zy),

where

n—1 T
u(x) =E[f(zn, On, An) [ ] &i1(Zi, 01, AD|¢ =x
i=1 .

and similarly

=)

To get (R,,+1), it remains to prove that u(x) = v(x) for Lebesgue-a.e. x > 0. For
this we use the induction hypothesis (2R;) which implies that the random variables

where

n—1
v(x) = E|:Ff(zn—l) H gi+1(Zi, 09, A))
i=1

n—1 n—1

F(Zn.®n, A [] 8i11(Zi. ©i, Ay) and  Fp(Zy1) [ ] giv1(Zin 01, AY)
i=1 i=1

have the same expectation conditional on ¢ since

n—1
E|:h(é-)f(zn’ ®n’ An) l_[ gi+1(Ziv ®is Al):|

i=1

n—1
= E[h(g)Ff(zno []si+1Zi. 6, A,-)]

i=1
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for all bounded measurable functions /. The result follows by induction.

(b) It remains to prove that the transition densities of the chain (Z,),>¢ are given
by identity (3.2). To get this, we compute the joint density of (Zo, Z1). The first
step is to use the independence of 77, F(T1) and (;(f ), j > 1) [defined in (3.3)] and
the fact that F(Ty) is distributed according to v, to get that, for any test function y,

]E[X (F[(Tl)’ §7 Tl)]

=Y "E[x(F:(T). T1 + F;(T)"*¢®, T1)1=]

o .
[ ¥ L/ B0+ 57 €D )02 ma s oy Je " di v(ds)
Slt si>0 0

/ / (sivt+s7%,1) fr (2) H I, (s?sfaz)e_t drdz v(ds).
liis;>0 JFi

In the inner integral, let x =1 + s, %z [then 7 = s{(x — 1)] to get that this last is
equal to

/ Z / f sEx (i x, 1) fr(sf(x — 1)) an Y(x —1))e""drdx v(ds).
Sty 5;>0 ji
Taking x (F;(Th), ¢, Tv) = ¢ (&, Fi(T1)*(¢ — T1)), we obtain

E[¢(Zo, Z1)]

=E[¢(¢, F/(TD* (¢ — T1))]
_/81 Z / / sf(x, sf(x — 1) fe (s¥ (x — 1))

i:5i>0
X [ Fe(s%(x —1))e™" dr dx v(ds)
J#
> [ f 759 0x, ) fr () [T B (s, y) dy dx w(ds),
i:s;i>0 JF#i

where we have used the change of variable y = si (x — ) in the inner integral, so
that r =x —s; “y. It follows that the joint density of (Zo, Z) is given by

0.2, (6, y) =™ %(y)/ S e gy [T Fe (s y)v(ds),

li:si>0 VES
x,y>0.

In particular, the density of Z; conditioned on Zy = x is given by fz, z,(x,y)/
fr(x), as desired. [
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3.2. Geometric ergodicity of the driving chain. In view of the role of (Z,),>0
as driving chain, it will suffice to study its ergodic properties in order to deduce
those of (Z,, ®,, A,),=0. This section is devoted to the proof of the following
result.

THEOREM 3.6. Suppose that [g s;'v(ds) < co. Then the Markov chain
(Zn)n>0 is positive Harris recurrent and possesses a unique stationary distribu-
tion on (0, 00), msat. This stationary distribution is absolutely continuous (with
respect to Lebesgue measure) and its density, which (with a slight abuse of nota-
tion) we also denote by Ty, is the unique solution to the equation

00 -y
(3.6) ﬂ(x)—fg(x)/ (Zez T Fe (5257 x)(/_a %dy))v(ds).

i=1 JFi i
Moreover, the distribution L(Z,) of Z, converges to Tyt exponentially fast, more
precisely, there exists a constant r > 1 such that

(3.7) > M L(Zn) = Tstat|| py < 00,
n>1
where || - ||Tv denotes the total variation norm.

We have not been able to extract an explicit expression for mgy; from (3.6).
(However, Lemmas A.7 and A.8 in the Appendix give some qualitative information
about it.) Note also that (3.6) implies that mg(x) > O for x > 0.

To prove Theorem 3.6, we use the geometric ergodic theorem of Meyn and
Tweedie [23], Theorem 15.0.1, which is based on a Foster—Lyapounov drift crite-
rion; see (3.10) below. To understand the meaning of this criterion, we first need to
introduce the concept of a small set. With this in hand, all we will require in order
to obtain Theorem 3.6 from the geometric ergodic theorem are the forthcoming
Lemmas 3.7 and 3.8. In the following, for each integer n, P" denotes the n-step
transition probability kernel of the chain (Z,),>0.

Following page 109 of Meyn and Tweedie [23], a small set C is a Borel subset
of R%, for which there exist an integer m¢ > 0 and a nontrivial measure pc such
that

(3.8) P"™(x,B)>uc(B) for all Borel sets B C (0, 00) and all x € C.

In our case, subsets of a compact subset of (0, o) are clearly small sets. Indeed,
let C C[a, b],0 <a < b, and recall from Lemma 2.2 that f; (x) <1 forall x > 0.
It is then easy to see that for all Borel sets B € (0, oo0) and all x € C,

P(x,B) =z e "uc(B),
where the measure (¢ is defined for all B by

(3.9) Mc(B)—/f;(y)</ > e TTFelssr 3 hocy s v(@9) ) d.

i:5>0 JFi
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The Markov chain (Z,,n > 0) is Lebesgue-irreducible if, for all Borel sets B C
(0, 0o) with strictly positive Lebesgue measure and all x > 0, there exists an inte-
ger n with P"(x, B) > 0. It is said to be strong aperiodic if there exists a small set
C withm¢e =1 and puc(C) > 0.

LEMMA 3.7. (Z,,n > 0) is both Lebesgue-irreducible and strong aperiodic.

(In fact, the geometric ergodic theorem is valid if we replace strong aperiodicity
by aperiodicity, but the definition of strong aperiodicity is easier to write down and
easy to check in our context.)

PROOF OF LEMMA 3.7. By (3.2) and Remark 3.2 we have P(x, B) > 0 for
all x > 0 and all Borel sets B with strictly positive Lebesgue measure; Lebesgue-
irreducibility follows. Strong aperiodicity follows directly from the above proof
that subsets of compact subsets of (0, co) are small. [J

LEMMA 3.8 (Foster—Lyapounov drift criterion). Assume that |, S sy 1v(ds) <
00. Then there exists a small set C, a function V : (0, 0c0) — [1, c0) and constants
b < 00 and B > 0 satisfying

(3.10) PV(x)—V(&x)<—-BV(x)+blc(x) Vx >0,

where PV (x) := [° V(y) P(x,dy). Moreover, [5° V(x) fr(x)dx < oo.

Note that in Theorem 15.0.1 of [23], the words small sets are replaced by pe-
tite sets. However, small implies petite, and so we lose nothing here by using the
former notion.

PROOF OF LEMMA 3.8. Let

_ exp(—cx)

\% =
) Je(x)

where ¢ € (0, 1/2) is such that exp(cx) fr (x) — 0 as x — o0; such a ¢ exists by
Lemma 2.2. Hence, V(x) — 0o as x — oo and, still by Lemma 2.2, it is con-
tinuous and V(x) — oo as x — 0. In particular, it possesses a strictly positive
minimum on (0, co), which, up to normalization, may be supposed to be 1.

For the remainder of the proof, we proceed in three steps. The goal of the first
two steps is to check that PV (x) < oo for all x > 0 and that

x>0,

PV (x)
V(x)

= fe(x)exp(cx)PV(x) = 0 asx — O or x — oo.
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To this end, write PV (x) =P,V (x) + P,V (x) where
PyVv(x)

e—x

£
/ V(y)fc(Y)</ Z 61 yl_[]F{ 7 i ]]-{O<y<s x}V(dS)) dy»

i:1si>cy JF#i

with ¢; € (0, ¢~ /).

Step 1. We prove that the quantity f; (x)exp(cx)P;V (x) is finite for all x >0
and converges to 0 as x tends to 0 or co. To see this, note first that 5; <i~!,
Vi > 1, for v-a.e. sequence s, and, therefore, that the sum involved in P V (x) only

concerns indices i < cl_l. Since this set of indices is finite, it is sufficient to check

that for all i < cl_1 ,

Ot

ele=Dx /Sl ]l{si>61}</()l V(}’)f((y)el yl_[IFC ;" i )dy>V(dS)

J#i
is finite and converges to 0 as x tends to 0 or to co. This term is bounded above by
s x o
(3.11) ele=bx / Lisi>c1} (/ TS Y dy)v(ds)
Si 0

which is clearly finite and converges to 0 as x — 0. To get a similar result when
x — oo, recall that ¢ < 1/2, and note that

1 sfx —a
e(c— )x/ e—cy+sl- y dy
0

el Dxgay ife]% <s;% <e,
o . —_
< {els )"xsf‘x, ifc<s; %< %,
g _ _ —1 e —
(6(1 siex e(c ])x)(si o C) , lfSi L %

In all three cases, the upper bound converges to 0 (since s; < 1) v-a.e. as x — 00
and is bounded above by a finite constant independent both of x > 1 and of s; in
the interval under consideration. Hence, by dominated convergence, term (3.11)
tends to 0 as x — oo.

Step 2. We now prove a similar result to the one proved in step 1, but for P, V.
Here we use the hypothesis [ S sl_lv(ds) < oo. It will be sufficient to show that

(3.12) / > (f (7 =y [T Fe (%57 dy)v(ds)<oo

i:si<cy yESH

using the fact that exp (¢ — 1)x — 0 as x — oo and monotone convergence near 0.
To get (3.12), we use the existence of some finite constant m [see Lemma 2.2,
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and note that [g sT u(ds) < s, sy 'v(ds) < oo] such that Fy(s¥s;%y) <

—1/a

msl_ls,- y , for all y > 0. Hence, the double integral in (3.12) is bounded above

by

0 —a
/S Jl{s1<c1}<f0 el C)yHFc(S?ST“y)dy>v(dS)
1

Jj=2

00 —a
+m/ Z sl_ls,- </ g1~y ~l/a dy)v(ds)
Sy . 0

Step 3. From expression (3.2) for the transition density and from the fact that
f¢ 1s continuous, we see that the function x — PV (x) is continuous on (0, 00).
Let 0 < 8 < 1, and introduce the set C :={x > 0:PV(x) — (1 — B)V(x) > 0}.
The continuity of PV /V on (0, 00), together with steps 1 and 2, imply that C is a
compact subset of (0, 00), and so it is a small set. Moreover b := sup, . (PV (x) —
(1—-p8)V(x)) < oo, since PV — (1 — B)V is continuous on (0, co). Finally, for all
x>0,

PV(x) = (1= B)V(x)+blc(x),

which is the required drift criterion.
Finally, note that fooo V(x) fr(x)dx < oo since V (x) fr (x) = exp(—cx),x >0
for some ¢ > 0. [

Theorem 3.6 now follows from the geometric ergodic theorem.

3.3. The stationary and biased Markov chains. In order to construct the limit
process Co, appearing in Theorem 1.1, we need to introduce an eternal stationary
version of (Z,, Y, A,),>1 and then a biased version of this stationary version; see
the forthcoming Definition 5.3 of C. This biased version will appear in the limit
when using the techniques of Markov renewal theory to pass from the convergence
of (Z,) to the asymptotic behavior of the continuous-time processes F, and F near
their extinction time.

First, we can construct a stationary version of (Z,, Y, A;),>1 from a fragmen-
tation process conditioned to have an extinction time distributed according to mg,;.
Formally, the Markov chain ((Z5™, Y5, Aj®),>1, Z™) is defined by

E [f ((Zfltat, Y;tat , Aztat) Z(s)tat)]

n>1’

_ /0 E[ £ ((Zus Yas A1 Z0)I¢ = x]tsgae(d)
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for suitable test functions f. Since Zop = ¢, the chain is then stationary: Z5 is
distributed according to g, for all n > 0 and

stat stat staty law stat stat stat
(Zl’l ’Yl’l ,A” )Z(Zl ,Y] ,A] ) fOI‘I’lzl,

since (Z3%, n > 0) is the driving chain of the Markov chain (Z5%, Y3t AS, - .
Now let

(3.13) (Zztat, Y;tat, Aztat)

nez

be an eternal stationary version of (Z,,Y,, Ay)n>1. Recall that such pro-
cess always exists: for all positive integers k, the distribution of the chain
(zsat ysat ASa, 4 is defined to be that of (Z5™, Y3t AS@Y), ~; and so, by

Kolmogorov’s consistency theorem, the full process (Z3t, YS@t A, is well
defined.
Observe that

[T R =120 =0 feydx =P = 1) =0

and that, by Lemma 2.2, f(x) > 0 for all x. It follows that P(Y] > 1|Zp=x) =1
for Lebesgue-a.e. x, and so we also have P(Y}"™ > 1) = 1. The following lemma
is a consequence of Lemma A.9 in the Appendix.

LEMMA 3.9.  Suppose that [, sl_lv(ds) < 00. Let

= E[log ()],

Then u € (0, 00).

The biased version (ZP12s, ybias Abas) of the eternal stationary Markov chain
constructed just above is then defined by

. . ‘ 1
Bla(Z5 7 AN, o)) = —Ellog(F{*)s(Z3 13, A1), )]

Note that the eternal process (ZBiaS, Y,E’ias, Agi“)nez is a time-inhomogeneous
Markov chain. However, if we restrict to times n > 1, it is time-homogeneous,
with the same transition kernel as the stationary and standard versions (although a
different initial distribution). As in the standard case, we set

bias . (Z’liiaS)l/a

n —W forn € Z.

In Appendix A.2 we will prove various technical results about the stationary
and biased Markov chains, which will be used in the main body of the paper.
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4. Asymptotics of the last fragment. We will now determine the asymptotics
of gl/ F.(¢ —¢) as ¢ — 0, and then of the whole process t € R gl/e F. (¢t —
et). The key point in our approach is the ergodicity of the driving chain proved in
the previous section.

From the biased Markov chain introduced in Section 3.3, we can now define
what will be the limit process, which is denoted by (Ceo «(f),t > 0). Let U be
uniformly distributed on [0, 1], independently of (Zbs, ybias Abias) 1 et

k

(YPiaS)*aU H(Yibias)a, if k > 1,
i=1
R(k)={ (vPizs)=Y, if k =0,
0
(Yblas) —aU l_[ (Yibias)—ol’ ifk<—1,
i=k+1

so that R(k) is a decreasing function of k € Z. Note the multiplicative relation
R(k+1)=R(k)(Y, ,?ff)“, Vk € Z. The following result follows from Lemma A.11
in the Appendix.

LEMMA 4.1. We have R(k) — 0 as k — oo and R(k) — o0 as k —> —o0
almost surely.

The process Co « 18 then a nondecreasing piecewise constant right-continuous
process, which is defined by C «(0) =0 and, for ¢ > 0,

Coon(t) = (Z0™)/*(R(k))™V*  ifr € [R(k+ 1), R(k)).
See Figure 2 for an illustration. The monotonicity of Coo . comes from the identity
k
blas 1/a 1_[ Yblas Zblas 1/« 1_[ ®b1as k>1
i=1 i=1

and from the fact that the random variables @?ias lie in (0, 1) a.s. A similar
equality holds for negative k. Note that R(1) <1 < R(0) a.s. and so Co (1) =
(YlbiaS)U (Z(t))iaS)l/o:.

THEOREM 4.2. Suppose that fSl sl_lv(ds) < 00 and that v is nongeometric.
Then, as ¢ — 0,

(" Fu((€ — )=),1 2 0),8) 8 ((Coon1). 1 2 0). ),

where ¢ and C « are independent in the limit. In particular,

l/ozF (¢ —e) 2 law ( blas)U(Z(t))ias)l/a‘
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time J
bias\1/a _ —1/a

py | )
bias\1/« _ —1/a

R(0) (Z27°)/(R(=1))

N

bias\1/a —1/a

R(1) (Z5"*)/*(R(0))

R(2) (Z=) Y (R(1)) Y/

R(3) f(zsi“)”ﬂm@))—”“

fragment size

FIG. 2. The limit (Coo,(t), t > 0) of the last fragment. The process is piecewise constant between
the jumps which are indicated. Compare to Figure 1: here time has been reversed.

The proof of this result is based on the convergence in distribution of the driv-
ing chain (Z,),>0, proved in the previous section, and uses results from Markov
renewal theory, which are gathered in Section 4.1 below. In Section 4.2, we prove
the convergence of the one-dimensional marginal distributions of the rescaled last
fragment process. The full functional convergence is then proved in Section 4.3.

4.1. Background on Markov renewal theory. Let So =0, and forn > 1,

n
S, = Zlog Y;.
i=1

As a consequence of Corollary 3.3, (Z,, Sy)n>0 is a Markov renewal process in
the terminology of [3, 4, 6, 21, 22, 25, 28]. We refer to Alsmeyer’s paper [4] for
background on this topic and results about asymptotic behaviors. As in standard re-
newal theory, these results depend on hypotheses of nonarithmeticity/arithmeticity
for the support of the process. In our context, this is formulated as follows: the
process is called d-arithmetic if d > 0 is the largest number for which there exists
a measurable function y : (0, co) — [0, d) such that

@.1) P(logY; € y(Zo) — y(Z1) +dZ) = 1.

The process is nonarithmetic if no such d exists. The condition for nonarithmetic-
ity in our setting is unsurprising.
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LEMMA 4.3.  The process (Zy, Sp)n>0 is nonarithmetic if and only if the dis-
location measure v is nongeometric.

PROOF. Recall that ¥ = ((¢ — T1)/¢)/* and ¢ = Ty + ©7%Z;, with T} in-
dependent of (01, Z1), and Zy = ¢. If v is r-geometric for some r € (0, 1), then
01 € r¥ a.s. and, consequently, log ¥ € «~!(log Z; — log Zo) + (—logr)N a.s.
The arithmeticity of (Z,,, S;,),>0 follows.

Conversely, assume that (4.1) holds for some d > 0 and some measurable func-
tion y. This is equivalent to

]P’(log@l 67(T1 + ®1“"Zl) -v(Zy) +dZ) =1

for some suitable function 7. Since ®;“Z; has a strictly positive density on
(0, 00) [see the discussion around (2.1)], and since 77 is independent of (®1, Z1),
this implies that for Lebesgue a.e. a > 0, there exists a real number b, such
that P(y (T + a) € b, + dZ) = 1. But Ty is exponentially distributed, and so
Y(u + a) € b, + dZ for Lebesgue-a.e. u > 0. This implies that

P(¥(Zo) —y(Z1) €dZ|Zy > a,Z) > a) =1 for Lebesgue a.e. a > 0.

Hence, P(Y(Zo) — Y (Z1) € dZ) = 1, and so P(log®; € dZ) = 1. Note that this
implies that d > 0. To conclude, assume that v is nongeometric; that is, that for all
r € (0, 1), there exists some i, € N such that v(s;, ¢ PN ;. > 0) > 0. Then

P(log®; ¢ (logr)N) > P(0, = F;(T}), Fi(Ty) ¢ rY)  VieN.

Since P(®; = F;(T1)|F;(T1)) > 0 when F;(T;) > 0 [this is due to the fact
that Hj;éi F;(s;’.‘x) > 0, for s € §;, when x > 0, as explained in the proof
of Lemma 2.2] and, since P(F; (T7) ¢ Ny {0}) > 0 by assumption, we have
that P(log®; ¢ (logr)N) > 0 for all r € (0, 1), which contradicts the fact that
P(log®, € dZ) =1 for some d > 0. Hence, v is geometric when (4.1) holds. [J

Theorem 1 of Alsmeyer [4] applied to (Z,, Su)n>0 yields the following result,
with u = E[log(¥Y;™)] € (0, 00); see Lemma 3.9.

THEOREM 4.4. Suppose that the dislocation measure v is nongeometric and
such that | S 51 "V(ds) < oo. Suppose that g:R; x Ry — R is a measurable
Sfunction which is such that (a) g(x, -) is Lebesgue-almost everywhere continuous

for Lebesgue-almost all x € Ry and (b) [5~° D oneZ, SUP,, <y <(nt1)p 18 (X5 V)| X
Tstat (dx) < oo for some p > 0. Then as r — o0,

E[Z 8(Zn, 7 — Sn)

n>0

1
Zo=z]—>—f / g(x, y)dy myar(dx),
n IR, IR,

for Lebesgue-almost all 7z € R
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In terms of the biased process introduced in Section 3.3, Corollary 1 of [4] reads
as follows.

COROLLARY 4.5. Suppose that the dislocation measure v is nongeometric
and such that | S sl_lv(ds) < o00. Let h:Ry x Ry — R be a measurable function
such that g : R4 x Ry — R defined by g(x,y) = h(x, y)P(log(Y1) > y|Zo = x)
satisfies conditions (a) and (b) of Theorem 4.4. Let

J(r)y=sup{n >0:8§, <r},

and assume that J(r) < oo for all r € Ry. Then for Lebesgue-almost all 7 € R,
asr — 0o,

E[A(Z (), 7 — S10)1Zo = 2] = E[R(Z5™, U log(YP'™))],

where U is uniformly distributed on [0, 1] and independent of (Zgias, log(Y lbias)).

REMARK 4.6. We have replaced all the “for mg,-almost all x”” in Alsmeyer’s
results by “for Lebesgue-almost all x” since gy is equivalent to Lebesgue mea-
sure on R ;. Note also that a bounded measurable function #: R x R} — R which
is such that h(x,-) is Lebesgue-almost everywhere continuous for Lebesgue-
almost all x € R, satisfies the conditions of Corollary 4.5. Indeed, the measur-
ability and condition (a) are obvious. For condition (b), take p =1, set ||h||co =
sup,>¢ |~ (x)| and note that

/ﬂ; S sup i y)|P(log(Yr) > ¥1Zo = x)Taa(dx)

+ neZy n<y<n-+l1

< liloo [, 3 Pllog(¥1) > n|Zo = x) (o)

+ neZ+

S hlloo(1+ p) < o0,

since E[Z] + 1>}, 7, P(Z > n) for any positive random variable Z.

4.2. One-dimensional convergence. We use Corollary 4.5 to obtain the con-
vergence in distribution of the rescaled last fragment at time ¢ — ¢ as € — 0,

4.2) (/% Fu(g — ), ¢) = (Z5) 7 (vP™)Y  ¢),

with ¢ independent of (Zgias)l/ ‘Y lbiaS)U in the limit. In fact, this result will be an
immediate consequence of the proof of Theorem 4.2 in the next section. However,
its proof is instructive and so, by way of a brief warm-up, we give the details here.
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Let
n
Ne=sup{n>0:¢ —e> Tn}=sup{n EO:HYi"‘ zs}
i=0
(4.3) . |
=supin > O:ZIOgYi < —logz-:},

. o

i=0
with the convention that sup @ = —o0. Note that for all ¢ > 0, since 7,, — ¢ almost

surely, N, < oo almost surely. Also,

P(Ny #£ —00) =P >¢)— 1 as e — 0.

Therefore,
Ne
Fi(§ — &) = Fi(Tn) LN, 00} T LiN,=—c0} = l_[ O; LN, £—00) T L{N,=—00}-
i=0

. 1 _
Hence, since ]_[I{V:go ®; = ZN/SO’ ]_[fvzgo Y; !

gl/aF*(é‘ —¢€)

X 1 1
= ZN/;{ exp(a loge — Sy, — alog§'>:ﬂ_{N£7ﬁ_oQ} + 81/“]1{1\/8:_00}.

Next, let f: R — R be a bounded continuous test function. To obtain (4.2), it
is sufficient to prove that for Lebesgue-almost all z > 0,

E[f(e"/*Fu(¢ —&))I¢ = 2] — E[£((26™)"/* (rP')")].

So let z > 0 and note that, conditional on ¢ = z, N; # —oo for all ¢ < z. Hence,
for ¢ <z, since Zgp = ¢,

E[f (e Fu(¢ —&))lt = 7]

1/a 1 1
=E| f|Zy exp|—loge— Sy, — —logz ‘Zozz
e o o

1 1
= E|:f (ZJ(Zl log(e/2)) exp(a log(e/z) =S4 log(e/z))>> ‘ZO = Z],

where J is defined in Corollary 4.5. The last expectation converges to
E[f ((Zglas)l/ "‘(Y}"as)u)] as ¢ — 0, by Corollary 4.5, since the function 4 defined
on (0, 0o) x [0, c0) by

h(x,y) = f(x'*exp(y))

and by, say, (0, y) =0 for y € R, satisfies the conditions of Corollary 4.5; see
Remark 4.6.
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4.3. Functional convergence. We take as a convention (for the standard ver-
sion of our Markov chain, started from Zy = ¢) that Z; =Y; =0 and A; = 0 for
i <O.

LEMMA 4.7. Endow (Ri x S1)% x Ry with the product topology. Then for
Lebesgue a.e. 7 > 0, conditional on ¢ = z, we have

1
((ZNg-i-nv YN, +ns AN, +n)nez - log(e/¢) — SN8>

la_v)v ((Z’t;ias’ YrE)ias’ Azias) Ulog(Ylbias))

nez’

as € — 0, where U is independent of the process (Z2®, ybias Abiasy

PROOF. It is sufficient to prove that for all k > 1 and Lebesgue a.e. z > 0,
conditional on ¢ = z,

1
((ZNW, Vs Az ~ 08 /0) — SN8>

lﬂ")’ ((Zsias’ Yr?ias’ AgiaS) Ulog(YFiaS)).

n>—k’

So, in the following, we fix k > 1.

Recall that, conditionally on ¢ = Zg = z, N, # —oo for all ¢ < z. More-
over, N, — 0o as ¢ — 0 almost surely. It is therefore sufficient to show that
for Lebesgue a.e. z > 0 and all bounded continuous functions f : (]R%r x S x
Ry - R,

1
E[f <(ZN5+ns YN.4n> AN 4n)n>—k, o log(e/z) — SN5>]1{N£zk+1})ZO = Z}

> B[F((Z5%, ¥, Ab),__, Ulog(vP™))]

n>—k’>

To show this, note that for ¢ < z,

1
B £ (vt Vot Avsndsie - 1og(e/2) = S, Jzien|Z0 =2

1
E|:f ((Zi+k+n, Yititn, Ai+k+n)nz—k, a log(e/z) — Si+k)

e

1

X LS p<1/a IOg(S/Z)<Si+k+1}‘Z0 = Z}

=>-5[e(2i. - toxte/2) - 51 )| 20=2],
i=0



766 C. GOLDSCHMIDT AND B. HAAS

where

k+1
glx,y)= E[f ((Zk+n+1, Yitnt1, AkgnsDnz—k, ¥y — Y log Yj)

=1
Zo =x],

the first equality being a consequence of the definition of N, and the second of
the Markov property of the process. Note that g satisfies the assumptions of Theo-
rem 4.4; see Remark 4.6. Consequently, as ¢ — 0, for Lebesgue a.e. z > 0,

ZkH logY; §y<21;;rz log Y}

1
E[f((ZNEJm, YN.+n, AN.4n)n>—k, o log(e/z) — SNE)ﬂ{Ngzk—i-l}‘ZO = Z]

1
—>—f / g(x,y)dy mar(dx).
u IR, JR,

Using the change of variables u = (y — ZIJ‘H logY;)/log(Yi42), we get, for U
uniform on [0, 1] and independent of the process (X Y, A), that this limit can be
written as

1
ﬁ/}R E[log(Yk+2) f ((Zktn+1s Yitn+1s Aktnt1)n>—k, Ulog Yiy2)| Zo = x|
+

X Tsar(dx)

1
= Ellog () (21 Vi ns Al )z Ulog Y5)]

Ulog Y{')],

n>—k’

1
_ EE[log(Ylstat)f((Z’sltat’ ysa, Asar)
by stationarity of the process (Z5%¢, ys@t AS@h ]

PROOF OF THEOREM 4.2. Let e <. Recall that for 0 <t < ¢ /e,

n
Nst:sup{nzO:HYi" zst} # —00

i=0
and

81/aF*(§_ U"‘Z”"‘HY‘

We will want to re-center all times around N, (Wthh is # —oo since ¢ < ¢). To
this end, let
Ne+k
Riky=e '] ¥*. k=-N.
i=0
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so that R. (k) is strictly decreasing in k > — N, and
Ng[ - Ng + Sup{k Z _Ng . Rg(k) 2 t}.

Note that R, (k) = 8*1(5 — Tn,+k) and therefore that (Rg(k),k > —N, + 1) is
the (decreasing) sequence of jump times of the process (eV/*F, (& —et),t =0).
Re-centering times around N, we obtain that R, (k) may be written as

k
exp(aSn, —log(e/0) [T YR, 4 ifk>1,
i=1

(4.4)  R.(k)={ exp(aSy, —log(e/?)), if k=0,

0
exp(aSy, —log(e/0)) [] Ynir if —N, <k <—1.
i=k+1

Similar to the construction of C «, the process (81/“ Fy(¢ —et),t = 0) is piece-
wise constant and may be constructed from (Z,, ¥;;),>0 as follows: for 0 <t <

¢/,
eV Fo(¢ —et) = (Zn, 100"/ (Re (k) 1/
when ¢ € (R (k + 1), R. (k)] Vk > —N..

Next, by Lemma 4.7 and the Skorokhod representation theorem [the space
(IR%r x 81)% x Ry is Polish], for Lebesgue a.e. z > 0, there exists for all € > 0
a version of

1
(s Voem: Bnndne - Toue/6) = S )¢ =

that converges almost surely as ¢ — 0 to a version of ((Zbias ybias pbiasy
U log(Ylbias)). Then for all # > 0 and all ¢ < z, construct from this new version
a process 81/"‘(15*(5 —¢t),1>0) (with £ =z), exactly as /% (F,(¢ —et),1 > 0)
is constructed above from

1
<(ZNS+n, YN8+n, ANS-H’I)}’IGZa E 10g(8/C) - SN5>-

By Lemma A.4 in the Appendix, the cadlag process 81/“(17“*((4: —et)—),t >0)

then converges almost surely as ¢ — 0 to a process which is distributed as Coo .
g

5. The spine decomposition for the fragmentation. We are now ready to
introduce our spine decomposition for a fragmentation process. It may help the
reader to refer to Figure 1. We need a little notation. Write F*) to denote the (left-
continuous) time-reversal of a fragmentation process F conditioned to become
extinct before time x, that is, F®(0) =0, F® (x) =1, FY is ladcag on R, and
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for any suitable test function f,

E[f(F® @), 1 = 0] =E[f(F(x — ) Ljo=r<x) + [ O L>n]¢ < x].

[We emphasize that F®(t) =0 for t > x.] Note that since F®) is ladcag, the
process (F®™)(t4),t > 0) is cadlag. Moreover, the probability that a fragmenta-
tion process jumps at a fixed deterministic time ¢ is 0. (This can be seen as a
consequence of its Poissonian construction [8, 9]. Equivalently, and in a more ele-
mentary way since the dislocation measure is finite here, this can be seen using the
genealogical description of the fragmentation developed in Chapter 1.2 of [11].) It
is clear from its definition that F ) inherits this property on (0, x).
Recall the definitions of N, and R, (k) from (4.3) and (4.4), respectively.

PROPOSITION 5.1 (Spine decomposition). On the event {N, # —oo} = {e <
L}, the process (F (¢ — et),0 <t < ¢/¢e) can be rewritten in the form

Ne+Kg (1)
Jj=0
Ne+i—1 w Ne+i—1 «
= (AN, 4imONg+i ZNe+i) «
( 1_[ ®j>A]\’s'f‘i;mF'i,m8 ‘ et 1_[ ®J ANg—l-i,m .
Jj=0 Jj=0

!

where K.(t) is the unique integer k > —N; such that R.(k) >t > R.(k + 1),

— (AY i mONC L ZNe+i) . . . ..
and F; mN£+"m Neti®Re™ i e Z.m > 1 is a collection of conditioned fragmen-

tation processes which are independent for distinct i and m, conditionally on
(Zn» ®n» An)nzo-

Although this expression may seem a little intimidating, the idea behind it is
simple: the decreasing sequence F (¢ — et) is composed of F,(¢ — et) (the spine
term) and the masses of fragments coming from the fragmentation of all blocks
that detached from the spine F; before time ¢ — &t.

PROOF OF PROPOSITION 5.1.  Consider the state of the fragmentation at some
time { — et. Each block present is either the last fragment, or descends from a
block which split off from the last fragment at time 7}, for some 1 <n < N (this
ensures that 7,, < ¢ — et). In other words, the current state may be written as the
decreasing rearrangement of the blocks of

(5.1) (Fu(¢ —&t), Fym(¢ —et = T,),m > 1,1 <n < Ng),

where I:"n, m (s) represents the collection of blocks present at time 7;, 4+ s which are
descended from the mth-largest block to split off from F, at time 7. Note that
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the process Fn,m must itself have extinction time at most { — 7,, (since it must die
before the last fragment), that is, F}, ,;(s) =0 for some s < ¢ — T,,.
By construction,

Fu(Ty =[] 0;.
j=0

For K, (t) defined to be the unique integer k > — N, such that R (k) >t > R.(k +
1), we have Noy = N + K. (¢) and so

Ne: Ne+K (1)
Fit—en=F(Ty)=[[0,= [] ©;
j=0 j=0

For 1 <n < N.+ K. (t), the blocks descending from the last fragment at time 7,
which split off from the last fragment at time 7, have sizes {Fy.(T,—1)Ap m, m >
1}, that is, Fy 1, (0) = Fy(T,—1) Ap m- Note that

n—1
Fe(Ty))Apm = (1‘[ ®,~>An,m.

j=0

Let us write Hy, () = (Fy.m(0) ™ Fyn (Fym(0)~%s) for F, , with its natural
time- and space-rescaling, in order that we may later exploit the scaling property.
We can then rewrite (5.1) as

Ne+Ke (1) n—1 n—1 o
( [T e, (1‘[ ®j>An,mHn,m((§ — &t — m(]‘[ @,-An,m) )

j=0 j=0 j=0
m>1,1 Sn5N5+Ke(t)>-
Now observe that
n—1 o
(¢ - Tn)<l_[ @J’A"”"> = Zn®, Ay s
j=0

so that we in fact have

Ne+Ke (1) n—1 n—1 o
( [T e (]_[ ®j)An,mHn,m (Zn@);"‘ﬁi,m - 8f<1_[ ®j) Aﬁ,m)’
j=0 Jj=0 Jj=0
(5.2)
mzl,lfane+Ke(t)>~

So far, we know that H, ,, is some sort of fragmentation process which is started
from H, ,(0) = 1 and becomes extinct before time Z,®,* A7 .
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Suppose, temporarily, that we are on the event { N, + K. (¢) = 1}; in other words,
by time ¢ — et, the last fragment has split exactly once. Then, in the notation
introduced just before Lemma 3.5, H; , = H (I.m) and Lemma 3.5 entails that,
conditionally on (®g, ®1, Z1, Ay m, m > 1), Hy j, is distributed as a standard frag-
mentation process conditioned to become extinct before time A‘{"m(@f“Z 1, inde-

pendently for different m > 1. It follows that, in this case, (5.2) is distributed as

_(AY,07°Z))
(®0®]7 ®0A1,mF1’n11, : 1 (8t®g ?,m))

To get to the result for general N, and K.(¢), note that Lemma 3.5 also tells
us that, conditionally on (®g, ©1, Z1, Ay, m > 1), the evolution of the last frag-
ment after its first split (suitably rescaled) is independent of the evolution of Hj j,
for m > 1. So we may apply Lemma 3.5 inductively, just as we did in the proof of
Proposition 3.1, to obtain that (5.2) has the same distribution as

(NS+K£([)

n—1 n—1 o
= (AL 10, Zy)
]‘[ 0, <]_[ @)j)An,an,mf <8t<1_[ ®j> Aﬁ,m>,
j=0 j=0 j=0

m21,15n5N8+Ks(f))-

Finally, we will find it convenient to index the split times in such a way that index
N¢ becomes 0. So we simply shift the indices down by N, (i.e., set n = N +i).
Now notice that everything we have done here is consistent as we vary ¢ in R,
and so we obtain the desired result. [

So far, we have mainly thought of the spine decomposition in terms of the for-
ward direction of time for the fragmentation (F(¢), 0 <t < ¢), with blocks gradu-
ally detaching from the spine and then further fragmenting until such a time as they
are reduced to dust. We now adopt the opposite perspective and view e!/* F (¢ —¢-)
as being composed of a spine plus other blocks which immigrate into the system
and gradually coalesce with one another, before eventually coalescing with the
spine. We group the nonspine blocks together into sub-collections formed of those
which will attach to the spine at the same time. To this end, fori > —N.+1,m > 1
and r > 0, define

1/
. AN5+i,mZN€”_,_,'_l
HE, (1) = ——o
(R:(i — 1))
— (ZNeti—1 YN, 4 i AN, i) i 1
% Fi’m 3 e+i e+i,m (IA(XE_H"mZNg—H—I(Rg(l . 1)) +)’
= (ZNe+i—1 YR i A yim) . . .. .
where F; mNﬁ 1 Ne+i DNeim ,i€Z,m>11is a collection of conditioned time-

reversed fragmentation processes which are independent for distinct i and m, con-
ditionally on (Z,, Y., Ap)n>0. Let Him(t) be the decreasing rearrangement of
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all terms involved in the sequences Hi’fm (), m > 1. [Note that Hi‘m(t) € S since

> -m>1 AN+i,m < 1.] Thus, Hf’L tracks the evolution of the collection of blocks
which attach to the spine at time R, (7). The spine coalesces with other blocks only
at times R.(k), k> —N,+ 1.

Using this new notation, we can rewrite the expression for the spine decompo-
sition in Proposition 5.1 in a form more adapted to our purposes.

COROLLARY 5.2. Suppose that t € [Rg(k + 1), R.(k)) for some k > —N,.
Then ¢'/* F ((¢ — et)—) is the decreasing rearrangement of the masses which make

up:
1 _
o 2% (Re(k) ™,
o H'(t),—N.+1<i<k.

By Lemma 4.7, it is then, more or less, clear what the limit process should

be. Recall that (ZPi2s, @bias Abias) - is the biased Markov chain introduced in
Section 3.3. Let

A?l:;ls (Zlbl_EIIS) 1/a _ (ZbiaS(YibiaS)(x (A!Jf’iS)a)

i— 1 1 . -1
Him @) = =y Fim 1 (AT ZPR(RG— D)™ ),
= (ZP (yPisy (APEsye) . . . .
where F, ’ ,i€Z,m>11s a collection of conditioned time-

rL,m
reversed fragmentation processes which are independent for distinct i and m,

conditionally on the chain (Z};ias, Y,E’ias, Azias)nez. Let HiL (t) be the decreasing
rearrangement of all terms involved in the sequences H; ,, (¢), m > 1.

DEFINITION 5.3. Let Coo(0) =0. Forall k € Z and all t € [R(k + 1), R(k)),
let Co(¢) be the decreasing rearrangement of the masses which make up:

° (legiaS)l/a(R(k))—l/a;
° Hii(t),ifk.

See Figure 3 for an illustration. In a rough sense, the process Co, models the
evolution of masses that coalesce, with a regular immigration of infinitesimally
small masses. It turns out that reversing time, the distribution of C, can be related
to the distribution of a transformed biased fragmentation process in the following
way. For all a, recall that C «(a) denotes the mass at time a of the spine. For
0 <t <a,let C5 (t) denote the subsequence of Cn(f) composed of all of the
blocks which will contribute to the mass C «(a) at time a. In other words, we are
looking at the coagulation history of C «(a). Note that, for a fixed time ¢, each
block of Cw(t) belongs to a sequence C(¢) for some a sufficiently large. We are
interested in the distribution of the (C$,(¢),0 <t < a) process. By self-similarity
it has the same distribution as (a'/® Céo (at),0 <t < 1), sowe can focus on the Céo
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time A

R(-1)

R(0)

R(1)

R(2)
R(3)

0

FIG. 3. The process Coo. The mass of the spine, which is piecewise constant, is shaded in gray.

For each k, the mass of the spine at time R (k) is the coagulation of the mass of the spine at time
R(k)— together with the masses Hki (R(k)—) of some other fragments present at time R(k)—. The
collections of patterned triangles represent, from left to right, the processes H3i , H i, H li , 0¢ and

Hil respectively.

process. The proposition below connects the distribution of this process to that of
a biased fragmentation process. We need the following elements:

e Let Z(S)t"ﬁlt be distributed according to gy, and independently, let F' be a frag-
mentation process.

e Let Fyy be distributed as the process (Z3)!/% F(Z§.) conditioned to die at
time 1. Let Tyar 1 be the first jump time of Fiy.

e Independently, let U be uniformly distributed on [0, 1].

PROPOSITION 5.4. For all test functions ¢,
E[p(CL ), 0<1<1)]
= E[log(l — Tstat,1)

(5.3) Uja U
X d’((l - Tstat,l) Fstat(1 - (1 - Tstat,l) [), 0<t=< 1)]

x (E[log(1 — Tyar.1)]) ™"
PRrROOF. First note that

(5.4) E[¢(Fya)] = fR E[¢(x"*F(x)|¢ = x]mgar(dx).

+
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Recall that the fragmentation F can be constructed from the Markov chain
(Zn, Yn, Ap)n>0 and a collection of conditioned fragmentation processes F; ,:
roughly, F is then composed of a spine (Fy(7,,),n > 1), where for n > 1

n n Zl/a
n
Th=Zo—Zo[]Y, F(Ty=]]0i= PATCT=ra—
i=1 i=1 Zy Il Y
from which, at each time 7,41, blocks split off to give rise to conditioned frag-
mentation processes

Zy " Aptim F(Az+1,mznyr?+1)( P 7 ( o (= Tht1) ))
n .
Zé/a l_[;l=1 Yi n+1l,m n+1,m n+1 "~ ZOH,—l

These conditioned processes are independent given (Z,, ¥, Ap)n>0. From (5.4),
we see that Fyy is constructed similarly from (Z5%, Y5t ASRY), . a stationary
version of (Z,,Y,, Ay)n=>0, and a collection of conditioned fragmentation pro-
cesses as follows: Fy 1s composed of a spine (Fitat,«(Tstat,n), # > 1), where for
n>1

1/a

n (Zstat)l/a
o
Tsatn =1 — H(Yistat) > Fi(Tstat,n) = YStat >
i=1 i=1
and from this spine, blocks split off at times T4 41 to give rise to conditioned
p p i+ g
fragmentation processes

1 tat
(Zstat) /o A:;il "
1—[ ] YStat
1=
-<<AZ““1 rn)O[ZMt(YStat “) stat A 7S tat ( - Tstat,n—H)
< E (@ z (o~ s )
=1\

To finish, multiply Fye by (1 — Tstat,l)U/ ¢ perform the time change t — 1 —
(1 — Tytar,1)Vt and note that 1 — Tygae1 = (Y)®. In order to obtain the expres-
sion in (5.3), we must now take a biased version of this stationary construction.
It suffices to compare this biased, scaled and time-changed version of Fyy, with
Definition 5.3 to conclude the argument. [J

6. Convergence of the full fragmentation. The aim of this section is to
prove Theorem 1.1. Throughout, we will assume that v is nongeometric and that
fss, 17%},(ds) < oo for some p > 0. We start by establishing several preliminary
lemmas.

6.1. Preliminary lemmas. We first deal with an important redundancy in our
expression for (Coo(?),t > 0): for each time ¢, most of the H; ,, () do not con-
tribute.
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LEMMA 6.1. Consider the expression for (Coo(t),t > 0) given in Defini-
tion 5.3. Then almost surely for all t > 0, t ¢ {R(k), k € Z}, only finitely many
indices i and m contribute nonzero blocks to Coo(t).

PROOF. We start by proving that only finitely many indices i and m contribute
nonzero blocks to the state a.s. for a fixed t > 0. By the self-similarity of Cq, it
suffices to prove that this holds for ¢t = 1. Recall, moreover, that R(1) < 1 < R(0)
a.s. By the first Borel-Cantelli lemma, it suffices to check that the following sum
is almost surely finite:

o0
Z Z P(Hi,m(l) + 0|Zbias’ Ybias’ Abias)

i<0m=1

(6.1) =) ZP

i<0m=1

(Z}JlaS(YbﬂS)a(A?l::.lS)a . . ) 1
! (AP ZER(RG — 1)) £ 0]
Zbias Ybias Abias)
Forany x >0 and any 0 <u <x,

Fe(x) —Fe(x —u)
F; (x)

P(F(x)(u) #0) =P >x—ul <x)=

Using Lemma 2.2(ii), we see that

uexp(—c(x —u))
F; (x)

for some constants ¢, d > 0. Hence (6.1) is bounded above by

dz Z Zblas Ablas R(l . 1))

i<0m=1

P(F® ) #£0) < d

| CXp( CzblaS(YblaS)a(AblaS)a(l (R(l))_l))
IF (ZblaS(YblaS)(x(AblaS)(x)

[note that R(i) > 1 for all i < 0]. Using the monotonicity of [F,, we see that we
only require the finiteness of

(R(i))_l - bi bi bias\«
ZF Zbias Ybias o Z Zl als(Y aS) (Ai,r?is)
i<0 c(ZiZ5 (Y)W

(6.2)

x exp(—cZPR (YP)* (ARR) " (1 = (R@) 7).

Since }_°_, A}"f}f < 1, we have A'l?‘,‘:f < m~1!, and so the inner sum in m is bounded
above by

©3) C(1—(R®) Zexp (=<'ZP5 (V) m ™ (1= (R()) 7))

m=1
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for some constants C > 0 and 0 < ¢’ < c¢. Now observe that for 6 > 0,

E exp(—6m “)5/ exp(—6x ")dx:[‘<1__>9 @
0
m=1

o
and so (6.3) is bounded above by
C,(Z})i_af)l/a Yibias(l _ (R(i))—l)—l-i—l/oc

for some constant C’ > 0. Since by Lemma 4.1 we have that R(i) — oo as i —
—o0 almost surely, there exists ig < 0 such that for all i < i, (1 — (R(G))~ 1)~ H Ve
is bounded above, say by 2. For i < iy, let
— 2(R(i))_l bias) 1/« Ybias
= bias v/ biasyo ( i—l) i
Fe (Z7Z (7))

Then by Lemma A.11,

. 1 . o : bias : 1 bias bias\ o
Aim —log(B-p) = lim — ,~=_Zn+1 log(¥;"™) — lim —log(F (22,1 (Y2,")"))

: 1 bias : 1 bias
+ lim —log(Z_n_l)—Fnll)Iroloﬁlog(Y_n )

n—>o00 oyn

=au <0.

Hence, by Cauchy’s root test, (6.2) is almost surely finite.

The statement of the lemma now follows easily: we know that almost surely
for all rational numbers g € Q N (0, co), only finitely many indices i and m con-
tribute nonzero blocks to the state C,(q). On this event of probability one, for
each positive time t ¢ {R(k), k € Z}, say t € (R(k + 1), R(k)), consider a rational
number g € (¢, R(k)). Since all indices i, m that contribute to the state Coo(?) also
contribute to the state C(g), the statement follows. [

LEMMA 6.2. Cq is almost surely a cadlag process taking values in (S, d).

PROOF. We first prove that, with probability one, Coo () € S for all r > 0. By
Lemma 6.1, with probability one, for all t ¢ {R(k),k € Z},t > 0, ||Coo(?)]]1 < 00.
Ift =0, Cx(t) = 0. Finally, for t = R (k) for some k, we can argue via monotonic-
ity. Let u € (R(k), R(k — 1)). Then ||Coo(®)]l1 < ||Coo(1t)]l1 < o0 on the event of
probability one we just considered.

We now turn to the continuity properties. We first show that ||Co(¢)]1 — O as
t | 0. First, recall that Co «(f) — 0 as ¢ | O (this was noted at the beginning of
Section 4, as a consequence of Lemma 4.1). Now fix ¢ > 0. Then we can find
t. > 0 such that Cs «(f;) < /2. Moreover, we can always assume that 7, is not
one of the R(k) and, therefore, that there are only finitely many indices i and
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m which contribute to the state of Coo(f;). Since the total mass in each of these
fragmentations is decreasing to 0, it follows that there exists some time 7. € (0, #,)
such that ||Coo(£)) [l1 < €.

Now consider a fixed time ¢ € (0, 00), and suppose that r € [R(k+ 1), R(k)) for
some k € Z. Take (t,),eN to be such that 11 < R(k) and t,, | t. Then Co () is the
decreasing rearrangement of C «(R(k + 1)) together with the blocks of H; ,, ()
for m > 1, i < k. There are only finitely many indices i and m which contribute
to the nonzero blocks of Co (1), and blocks can only disappear as #,, decreases in
(R(k+1), R(k)). Hence

k 00
Z Z ” Hi,m(’n) - Hi,m(too)Hl
i=—oom=1
. : . = (ZE P (AP .
is a sum with only finitely many nonzero terms. Since F; (-+) s
cadlag for each i, m, each term converges to 0, and so the whole sum converges
to 0. Using Lemma A.1, we deduce that ||Coo(#;) — Co(#)||1 — O.

The existence of a left limit at time ¢ € (0, co) such that r € (R(k + 1), R(k))
follows similarly, because again the same finite collection of indices i, m are in-
volved for all ¢’ € (r — &, t) for sufficiently small & > 0. Finally, for times # such
that ¢t = R(k) for some k € Z, there is a slight difference since the number of in-
dices in the set {(k,m), m > 1} that are involved may be infinite. However, the
result still holds by Lemma A.1, since

> AP (R — 1) <

m>nmy

for some finite m, and all n > 0. [

We now turn to an important tightness result, which will allow us to ignore,
in the proof of Theorem 1.1, the possibility that there exist blocks in the system
at time R, (k) which persist for a very long time before coalescing with the spine.
From now on, we use its spine decomposition, as discussed in the previous section.
For each ¢ > 0 and each k € Z, let 1. (k) be the largest positive integer i such that
at least one nonspine block present at time R, (k) attaches to the spine at time
R.(k —i). Formally, when k > — N, + 1,

I.(k) = sup{1 <i <k+ N — 1: HOY (R.(k)) # 0},

with the convention that [, (k) = 0 if this is the supremum of an empty set. We also
set I;(k) =0 when kK < —N, + 1. Our goal is prove that with a high probability
1 (k) is not too large, simultaneously for all € small enough.

LEMMA 6.3 (Tightness). Let z > 0 be fixed and such that the convergence in
distribution of Lemma 4.7 holds. Consider a sequence (e,),eN of strictly positive



BEHAVIOR NEAR THE EXTINCTION TIME IN FRAGMENTATIONS 177

real numbers converging to 0. Then there exists a family of positive integers (j,(k))
indexed by k € Z, n > 0 such that

P(I,, () = jy(0)|Zo=2) <7 ¥neN.
Consequently, Vn € N,
P({Ze, (0) > jy(0)} U {Fk € Z\ {0} : L, (k) = jy, 2 (k) }| Zo = 2)
< (1427%/6)n.
Having in mind the construction of C,, we define similarly 7 (k), k € Z to be
the largest integer i > 1 such at least one nonspine block present at time R (k)
attaches to the spine at time R(k — i) [and / (k) = 0 if no such i > 1 exists]. As a

direct consequence of Lemmas 6.1 and 6.3, we have the following result, which is
in the form we will use later for the proof of Theorem 1.1.

LEMMA 6.4. Let z > 0 be fixed and such that the convergence of Lemma 4.7
holds. Consider a sequence (¢,),eN Of strictly positive real numbers converging
to 0. Then there exists a family of positive integers (i) (k)) indexed by k € Z,n > 0
such that

]P’(EIkeZ:Ign(k)zin(k)|Zo=z)§n Vn eN
and

PEk € Z:1(k) > in(k)) <n.

In order to prove Lemma 6.3, we gather together some technical results in the
following lemma. They follow from Lemmas A.8, A.9, A.10 and A.12 in the Ap-
pendix.

LEMMA 6.5. We have that for p > 0 and § > 0 sufficiently small,
E[[log(Z5™)|"] <00, E[(log(¥i*))"] < o0
and
E[flog(F¢ (23 (¥i**)"))|**] < co.
Moreover, there exist constants A < oo and cy € (0, 1) such that

E[ﬁ(nﬂat)“] < Ach

i=2
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PROOF OF LEMMA 6.3. The proof is similar for all £ € Z, and so, in order to
ease the notation, we will only write it out in the case where k = 0. In the following
lines, n > 0 is fixed, and C denotes a finite positive constant that may vary from
line to line.

Our main goal is to prove the existence of N, € Z and &, > 0 such that

(6.4) P(I:(0) > Ny|Zo=2z)<n V0<e<e,.

Since (e,),eN 1S a sequence of strictly positive real numbers converging to 0, this
will imply the existence of a positive integer j,(0) such that

P(I, (0) > jn(0)|Zo=2z)<n  VneN,

as expected.
Now, in order prove (6.4), note that for all integers N > 1, following the main
lines of the proof of Lemma 6.1, we obtain that

P(I:(0) > N|(Z, Y, A))

= - 1/
B CNzl Rs(O)Rs(=i)~"! ZN—im1 YN
T 5 = ReOR(=) )V B (Zy,—i1 Yy, )
< CAB(N),

where

_ Re(0) exp(—aSy, +log(e/Zo))
T (1= R(O)R(—=1)~HI-1/e

No—1 0 Zl/a Yn
Ne—i—11Ng—i
B.(N) = Z( I %) : .
i=N \k=—i+1 Fe(Zy,-i-1Yy, )

’

Consequently, for every A > 0,
P(1:(0) = N|Zo = 2) = 3P(4:B(N) =1/3C|Zy =)
+P(Ae = A/3C|Zo=2) + P(B:(N) = /Al Zo = 2).
But we know from Lemma 4.7 that when ¢ — 0, conditional on Zy = z,

aw R(0)(yPiasyel
(1 — R(OO)R(—1)~1)l-1/e,

&

and the limit is almost surely finite. Hence if we fix A sufficiently large, then for
all ¢ sufficiently small, say € < &g, and all N > 1,

P(1,(0) = N|Zo=2) < %’7 +P(Bo(N) = n/A|Zo = 2).
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Let us now deal with this last probability (A is now fixed). We have

P(Bs(N) = n/AlZo =z)

1
i 12[ ZN/ga—l IYNE_I 1 - 677
i<N.—1} Z =~ 5.5
Vi Fe(Zn—i-1Yy,_) =Ne=l} = 4722

i=N k=—i+1

Zo=z)

(since ) >y i—2< n2/6). Recall that, on the event {Zy = z}, we have {N, = j} =
{§; < ot log(e/z) < Sj+1}. Hence
Zy= z)

0 Zle y
Ne—i—11tNe—i 61
P Y : 1y >
((kzl__i[H N€+k>F§(ZNg —i—1Yy, ;) W=Ne=lh = 47272

1/a
:ip«ﬁ +k> Zimimlioi o
j=itl N\ \k=—i+1 I Fe(Z)i- 1Y¢) T A2
Zo=z)
1
_i 1—[ Z/anH . 61
ey +l+1+k F (Z] ]+1) A7T2l2’

k=—i+1
Zy= z)

log(e/z)
j= ga/ <Sj+1

log(e/z)
Sitit1 < gai/ <8jtit2

-5 8o (2, 2 g )jz,=]

j=0 ¢

where for x >0, yeRandi > 1,

i+1 1/
X Y1 617
gi(x,y) =1f>o)F Yy > =, Sit1 <y < Sit2
l =0 kl;[z F)F (v T An2iz :

=)

P(B.(N) = n/AlZo=2) < > E[g(Z;,a 'log(e/2) — ;)| Zo =z],

So, finally,

where g(x, y) = ;> y &i(x, y). Assume for the moment that this function g satis-
fies conditions (a) and (b) of Theorem 4.4. Then, as a consequence of that theorem,

limsupP(Bs(N) > n/A|Zy=7z) < —/ /R > i (x, ) Tgar(dx) < o0,
+

e—0 SN
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We then use the monotone convergence theorem to conclude that there exists some
N, and then some &, (< &o) such that

n
P(BS(NU)ZTI/A|ZO:Z)§§ ngen,

which was the missing piece we needed to get (6.4).

It remains to check that g satisfies conditions (a) and (b) of Theorem 4.4. Note
that we do not even know yet that g(x, y) < oo for Lebesgue a.e. x, y. We start
with (b). For this, note that if y € [n,n + 1) and y € [Si+1, Si+2), then S;12 > n
and S;4+1 < n+ 1. Moreover, the number of integers n € (S; 411 — 1, S;42) is smaller
than S;12 — (Siy1 — 1) + 1 =log(Yi42) + 2. Thus

0
7Y s g nmaan
0 neZ, Yen.n+1)

< D E[(log(¥;}3) +2)
i>N

XL () 2y Vo (23 ey =6/ A2 )
Fix § € (0, 1). By Hélder’s inequality, and for any ¢ € (0, 1),

stat
E[(log(Yi+2) + 2)1{(1_[;;112(}’]?[&1)“)(2(3;&[ 1/a Ylstat/(F{ (Z(S)mt(Ylsm)“))Z6r]/(A7T2i2)}]

i+1 staty 1 /o yrstat 1-8
zstaty1/ay 61
<]E 1 Ystat 2 1/5 ‘S]P) YStat o ( 0 1 >
— [( Og( 1 )+ ) ] | |( k ) F{(Zstat(ylstat)a) — A7T2i2

k=2
i+1 6n 1-3
<ClP —i Ystat o) o
se(r(e(Momr) = 57%)
+P<ci (that)l/a that . )1—8
F{ (Z(s)tat(Ylstat)a) — ’

where, in the last inequality, we have used the finiteness of the expectation
E[(log(Y$™))1/%]; see Lemma 6.5. By Markov’s inequality, the first probability

on the right-hand side above is smaller than Ci*(cy/c)’, where cy is defined in
Lemma 6.5. For the second term on the right-hand side, first take the logarithm
inside the probability, and then use Markov’s inequality to bound it from above by

Cim (M2 (= log (Z5)] "] + B log (v ]
+ Ef log(Fe (23 (7)) "))

By Lemma 6.5, this sum of three expectations is finite for § > 0 small enough.
Consequently, for ¢ € (cy, 1),

o0 cy i(1-96)
[75 s stmaan = 3 c(@(2) " s imaman)
C

0 neZy ye[n,n+1) i>N
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and this sum on i > N is finite as soon as (1 + 28)(1 — §) > 1, that is, as soon as
6 < 1/2. Hence, condition (b) of Theorem 4.4 is satisfied.

To get condition (a), note that we have shown in the last paragraph that for all
c €(0,1) and all § > 0 small enough,

i+l staty 1 /o ystat

sta (Z ) Y 6n i

IP’((H(YH) ) (that(Ygtat)a) > An212> C(i*(cy /o) +i™17%),
k=2

where C depends both on ¢ and §, but not on i > N. Consequently, considering
c € (cy, 1), we get

i+1 xl/aYl
f ZP<(H Yk)F;(xY“) = 71_2 2‘{ )”stat(dx) < 00,
1

i>N

hence for Lebesgue a.e. x >0, ;> y IP’((]_[’Jrl Yy )Fx{(/x;&) > An,zlz | = x) is fi-
nite. For those x, g(x,y) < oo for all y > 0 and we can apply the dominated
convergence theorem to deduce that g(x, -) is continuous at each point which is
not an atom of one of the §;, i > 1. The Lebesgue measure of this set of atoms is 0;

hence condition (a) is also satisfied. [

6.2. Proof of Theorem 1.1. Consider a sequence (&,) of strictly positive real
numbers converging to 0, and recall from Corollary 5.2 the spine construction of

(8yll/aF((§ - Ent)_), 0<r< ;/En)
in terms of the Markov chain (Zg, Y, Ag)k>0 and the time-reversed fragmenta-
tions

—(ZNgy i1 YE A%
imNgnﬂ e b e > i€eZ,m>1,

where these fragmentations are conditionally independent given (Zy, Yk, Ag)i>0.
For the rest of this proof, we fix z > 0 such that the conditional convergence of

Lemma 4.7 holds.

Step 1. As we have already mentioned, an important technical issue is the pos-
sibility that, among the blocks present at time #, there are some which will persist
in the system for a very long time before coalescing with spine. In other words,

we would like to be able to say that Hf”’¢ does not contribute to the state for large
negative i (uniformly in n). For this reason, we introduce, for all n > 0 and n € N,
the modified process

(e F (£ — ga1)—), 0 <1 < /en)

whose spine decomposition is constructed from (Z, Yk, Ax)k>0 in a way very
similar to (8,11/ *F ((¢ — ep-)—)) except that some terms are omitted: for ¢ €
[Re, (k+1), R, (k)), k > —Ng,, we take s,l,/aF(”)((g“ — g,1)—) to be the decreas-
ing rearrangement of the terms involved in:
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1 _
o Z\" 1 (Re, (k) 71/,

o H"V (1), k—iyk) <i <k,

where the (deterministic) integers i, (k) are those introduced in Lemma 6.4. If 7 >
L /en, we set FM (¢ —egpt)—) =1. By Lemma 6.4, the processes FM((z—gp)—)
and F ((¢ —ey-)—) are identical with a high probability independently of n, namely

P((ey/* F (¢ — eat)=), 1 = 0) # () * F((¢ — eat) =), = 0)|g =2) <.

Consequently, for every bounded continuous test function f:S — R,

[ELSf (e F((€ = en)=))Ie = 2] = E[f (&,/* F™ (¢ —en)-))I¢ =2][ = C,

where C is independent of n and n. Similarly, again by Lemma 6.4, |E[ f (Coo)] —

E[£(CI)]| < Cn, where C (1) is defined for ¢ € [R(k + 1), R(k)) to be the
decreasing rearrangement of the terms involved in:

o (ZP*™)V*(RUK)V,
o HY(t), k—iy(k) <i <k.

Therefore, the expected convergence in distribution will be proved if we show
that the process (8,1,/ *F (’7)((( — &p-)—)) converges in distribution (conditional on
{=2z)to C(()Z), for each n > 0.

Step 2. Fix n > 0. Our goal is to prove that conditionally on ¢{ = z, there exist
versions of (8,1,/aF(’7)((§ —ent)—),0<t <¢/ey), n € N, that converge to a ver-
sion of céZ), almost surely as &, — 0. With step 1 above, this will clearly entail
Theorem 1.1.

By Lemma 4.7 and the Skorokhod representation theorem, conditionally on
¢ = z, there exist versions of

1
(6.5) ((ZNEn +ks YN, ks AN,, +K)keZ - log(en /) — Sn,, )

that converge almost surely as &, — 0 to a version of ((ZPs, ybias, AbS)
U log(Ylbias)). From now on, we always consider these versions. Using
Lemma A.5, we get the joint Skorokhod convergence in distribution, conditional
on ¢ = z, of the cadlag processes

H" — H; ase, > 0,ieZ,m>1.

By the Skorokhod representation theorem, we may again assume that these conver-
gences hold almost surely. Without changing notation, we work with these versions
for the rest of this proof. In fact, we will implicitly work on the event of probability
one where the convergence of (6.5) to ((ZPias, ybias Abiasy g7 log(YlbiaS)) holds, as
well as all convergences of processes Hffn to Hiym,1 € Z,m>1.
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Step 2(a). We then claim that for each i € Z,
Hg”i—)Hl as g, — 0,

in the Skorokhod sense (for the distance d on S). To see this, we use Proposi-
tion A.3 and Lemma A.6 from the Appendix. For this, fix a time r > 0 and a

sequence (%, ) converging to ¢. The integer i being fixed, our goal is to check that
enyd

the functions H, and Hﬁ satisfy assertions (a), (b) and (c) of Proposition A.3
for the sequence of times (#,). In order to do this, we distinguish three cases:
t €[0,00)\ {R(i),0},t =0and t = R(i).

First assume that # # R(i) and ¢ > 0. Since a reversed fragmentation process
F© almost surely does not jump at any given fixed time except x, the processes
H; ,, m > 1 cannot jump simultaneously on Ry \ {R(i)}. So at most one process
among H; ,,m > 1 jumps at time ¢ (almost surely). Let m, be the index of this
process if it exists. For m # m;, H " (te,) = H; ;;(t) and this leads to the conver-
gence in S of the decreasing rearrangement of all terms involved in at least one
sequence Hf:’;n (tg,) for some m # my, to the decreasing rearrangement of all terms
involved in at least one sequence H; ,,(¢) for some m # m,, although the number
of m involved may be infinite. Indeed, this is due to the continuity property for
finite decreasing rearrangements (Lemma A.2) and to the fact that

S A = 24 (R — 1) Y A
m>M m>M

= (2P (RG 1) 3T AR
e m>M

which implies that for all § > O there exists Ms € N such that for all ¢, small
enough,

(6.6) YoH )] <8 and > |Hiw )], <6

m>Ms m=>Ms
Hence, Zmzl’m#m[ d(HS” (te,), Him(t)) = 0, and so, by Lemma A.1, the de-
creasing rearrangement { i’m(tgn),m * me ) converges in S to {H; ,(t),m #
m;}i. Now, we also have that Hf”m[ converges in the Skorokhod sense to H; », .
It follows, using Lemma A.6(i), that Hig”’i and Hf satisfy assertions (a), (b) and

(c) of Proposition A.3 for the sequence of times (7).
Next assume that r = 0. Let (sg)ren be a decreasing sequence of strictly positive

times that are not jump times of H. l.i, and that converge to 0. Then, since s; # R (i)
and sz > 0, as we have just seen,

[H Y soly = |Hf sol,  VkeN.

We conclude by using a monotonlclty argument: for all £ and then all ¢, suffi-
ciently small, we have #,, < s, and so

[Hf )| < | H
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and then
timsupl| B 1o, < [ (0], < [Cootsp)],  VEEN.
g, —0
Now let k — 00, so that ||Coo(sx)|l1 — 0, by the right-continuity of Co, at 0.
Hence, Hf"’i(tgn) — 0= Hi¢ (0)as g, — 0.
Finally, for t = R (i), consider the subsequences (. o) and (1, W)) of (#¢,) char-
acterized by

R8¢(n) (l) = t8¢(,1) < R8¢(n) (l - l)a
Re, (0 + 1)< leym < ng(n) ().

For N large enough, there always exists a n such that either N = ¢(n) or N =
Y (n). Since Hf”’i(s) =0 for all s > R;, (i), we clearly have that

H" Y (t5,,) — 0= H (0).

Next, note that Hf;’n (Tey) = Him(t=) for all m > 1. Moreover, similar to (6.6),

for all § > 0, there exists an integer M such that for all ¢, small enough,
. IH ey )| <8 and Y0 [Him@—)] <6.
m>Mg m>Ms
From this and Lemma A.1 we deduce that
H™ Y (1)) — HY (1-).
Assertion (a) of Proposition A.3 follows. To get assertion (b), note that if

H Y (1,) — 0= H' (1),

then necessarily R (i) <t < R, (i — 1) for n large enough [since Hﬁ (t—) #
0]. Hence if (s¢,) is a sequence converging to t with s, > #¢,, one has R, (i) <
S, < Rg, (i — 1) for n large enough and then Hf"’L(sgn) =0= Hl-¢ (t). We obtain
assertion (c) similarly.

Step 2(b). Conditionally on ¢ = z, we consider for all n the version of

(6.7) (ep/*FP((¢ — ent)—),0 <t < /en)

built from the chain (Zy,, 1k, YN, +k» AN,, +k)kez, the real number é log(e,/¢) —

Sn,, and the processes Hf’”, i € Z. We know that (almost surely) these quanti-
ties converge, respectively, to (zblas ybias Abiasy ry log(Ylbias) and Hi¢, ie€Z.To
prove that this version of (6.7) converges for the Skorokhod topology as &, — 0
to a version of Cég) [indeed, the version constructed from (Zzbias, ybias Abiasy
U log(Ylbias) and Hii, i € 7], we will again use Proposition A.3 and Lemma A.6.
We start by proving the Skorokhod convergence on any compact set [a, b] C
(0, 00). Let R(k,) be the largest R(k) strictly smaller than ¢ and similarly R (k)
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be the smallest R(k) strictly larger than b. For all ¢, small enough, R, (k,) <a
and Rq, (kp) > b. This implies that the processes (e,ll/aF(”)((g“ —ept)—),t €la, b))
and (cé? (t),t € la, b]) are constructed from the sequences Hf"’i and Hﬁ, respec-
tively, with k;, — i, (kp) <i <k, — 1 [together with the terms Z,lv/gj i (Re, (k) Ve,
(Z}{’ias)l/ *(R(k))~'/*, for ky < k < k, — 1]. Crucially, the number of processes
Hf”’i, Hl-i involved in these constructions is finite, independently of n. More-
over, the processes Hl.i,i € Z do not jump simultaneously (almost surely). We
can therefore apply Lemma A.6(ii) to obtain the Skorokhod convergence of
s,i/aF(")((g“ —&,)—) to Cég) on any compact set [a, b] C (0, 00).

It remains to check that for any sequence (f¢,) converging to 0, syl,/ YFO((¢ -

entg,)—) convergesto 0 = C ég) (0). This can be done via a monotonicity argument,

exactly as in the case t = 0 of step 2(a).

7. An invariant measure for the fragmentation process. This section is
devoted to the proof of Theorem 1.2. Throughout, we will assume that the as-
sumptions of Theorem 1.1 are satisfied. Recall that the occupation measure A on
(S, B(S)) is defined by

M(A) = /0 T P(Cac(t) € A)dr forall A e B(S).

By definition of the process Cxo, it is clear that A({0}) = 0 and also, using its
self-similarity, that

rM{seS:si<aix,Vi>1})=x"“A({seS:si <a;,Vi > 1})

for all ¢; > 0 and all x > 0.
Recall the notation [[s||; = >_;> s; for s € . Our goal in this section is to prove
first that

A{seS:lsli <x}) <o0 Vx>0

(which implies that A is o -finite) and second that

/S F($)A(ds) = /S Eq[ £ (F(u))]1(ds)

for all u > 0 and all continuous functions f:S — Ry such that f(s) < Ljo<|s|, <c}
for some ¢ > 0.

LEMMA 7.1. For all continuous functions f:S — Ry such that f(s) <
Ljis|)y <c} for some ¢ > 0,

o Va gy
/0 E[f(e F(¢ 8t))] dr e:)O,/g f(s)A(ds) € [0, 00).
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PROOF. To simplify the notation, we assume that ¢ = 1; a similar argument
works for a general ¢ > 0. By Theorem 1.1, for all # > 0, E[f(el/“F(g“ —e&t))] —
E[f(Coo(t))]. It remains to check that we can apply the dominated conver-
gence theorem. For this, we introduce for every a > 0O the stopping time 7, =
inf{u >0:|F(u)||1 <a}. By Proposition 2.1, we may write

¢ — Ta = sup{ Fi(ta) "¢},

i>1
where the ¢ s are i.i.d. distributed as ¢ and independent of F(z,). Hence, for all
B=1,
E[f(e*F(¢ —e1))] <P(C — &t > To-1/0)
<P(¢ = Tp1) P/ = (en)7P/)
< IP’(Z Fi(t1)P (£ @) 7P > (st)ﬂ/“>
i>1
_ BLETPIRLY 1 Fi(ze-1a)]
- (et)=Ble

—Bla
_ Blg P
—= t_ﬁ/a ’

by definition of 7,-1/» and the fact that 8 > 1. Taking B larger if necessary so that
—pB/a > 1 and recalling that E[¢ /%] < oo, we obtain

E[f(e"/*F (¢ — et))] <min(1,Ct#/*)  ¥r>0

for some finite constant C, independently of ¢. The result follows. [
PROOF OF THEOREM 1.2. Consider the potential measure

Ae(A) = /OOO P,y (F (1) € A)dr.

Equivalently, A;(A) is the expected time spent in A by a fragmentation process
started from &!/*1. Suppose now that f:S — R, is continuous and such that
f(8) < Ljo<ys|;<c} for some ¢ > 0. By the self-similarity of the fragmentation
process,
o0
f f(8)re(ds) :/ E[f(e"*F(en))]dt
7.1) S 0

_ °° Ve pr _
_ /0 E[f("*F(¢ ez))]dz—>/8f(s)k(ds)

(if el/2>c)

as ¢ - 0, by Lemma 7.1.
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From now on, fix u > 0, ¢ > 0 and a continuous function f:S — R such that
f(8) < Ljo<|s|;<c}- Our goal is to check, on the one hand, that

(72) /S Eq[ £ (F (1)) ] (ds) — /S £(5)3.(ds)

and, on the other, that

(7.3) /S Ey[ £ (F (u))]he (ds) — /S Ey[ £ (F (u))]7(ds).

Together, these will yield the invariance of A.
We start with (7.2). By the definition of A,

fs Ey[ £ (F (u))]2+ (ds)
= [TELE e F e ) ar

:fo E[f(gl/“F(gr))]dz—fOuE[f(gl/“F(ez))]dt

The first integral in the last line converges to [ f(s)A(ds), by (7.1). The second
converges to 0, since E[ f (¢'/* F(et))] — O for all > 0 [as £!/%|| F(et)||; > ¢ for
& small enough, a.s.]. The convergence in (7.2) follows.

To get (7.3), set g(s) = Eg[ f(F(u))]. The function g is continuous, bounded
and R -valued, but is not supported by a set of the form 0 < ||s||; < ¢’ for some ¢/,
so we cannot conclude the desired result directly from the convergence of A, to A.
Note that, for all ¢’ > 0,

./s g(®)Lys);>c1Ae (ds)

_/ 1/0( 8(M+t))) ||81/0‘F(8l‘)|||>c/}] dr

< [TB(lM e FEn], > <0 < e F e )], <)

o0
< / ]P’(Hsl/“F(g‘ —et —euw)|,; >, 0< ||81/“F(§ —en)|, <c)dr.
0
Using the dominated convergence theorem (and the same argument as in the
proof of Lemma 7.1), we see that the right-hand side converges to fooo P()|Coo (t +
u)||1 >, |ICao (D)1 < c) d¢, which is finite. Hence, for all n > 0 and then all
¢’ > 0 large enough, say ¢’ > cn,

limsupf g(S)Lys|);>c1re(ds) <.
e—0 S
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Now,

fsg(s)]l{||s||1>c/})\8(ds)
o 1/a
=\/(; ]E[g(S F(gt))l]'{nsl/o‘F(st)H]>C/}] dt

o.¢]
1
=‘/(; ]E[g(S /aF({ _gt)):u'{||81/°‘F(§‘—£I)||l>c’}]]'{§28f}]dt'

Since the function s = g(s)1|s|, > 1S lower semi-continuous, by the Portman-
teau theorem,

1i§ljng[g(81/aF(§ — eD)Ljevsap ey >y Lezen]
= E[g(Coo®)L{jcoctt)lli>c}]-
Hence, by Fatou’s lemma,
o0
/ g(S)]l{||s||l>C/})\.(dS) <lim inf/ g(s)l{”s”1>cf})\,g(ds) <n
0 e—>0 Js

for all ¢’ > c;]. Finally, fix n > 0 and then ¢’ > c;,. Consider then ¢” € (¢/, 00), and
let 1:S — [0, 1] be a continuous function such that 4(s) = 1 when ||s||; < ¢’ and
h(s) =0 when ||s||; > ¢”. Then

| [L8® 0~ s
S

< ‘ [ RCICIPEIS
S

4 ‘ [e®01 = ho).@s)

+ ‘/Sg(s)(l — h(s))A(ds)

We have chosen ¢’ and /4 so that the second and third terms are each smaller than
n for small enough ¢. By (7.1), the first term converges to 0 as & — 0. The conver-
gence in (7.3) follows. [J

8. Discussion of geometric fragmentations. In this section, we consider ge-
ometric fragmentations; that is, we assume that the set of » € (0, 1) such that

(8.1) v(s; erNU0}i=1)=1

is nonempty, and we let ryj, denote its unique minimal element. It is easy to see
that rmyjp exists and is characterized by the fact that v-a.e. s; = ’"gfin’ Vi where the
nonzero integers n; have 1 as highest common factor. Moreover, for every r €
(0, 1) satistying (8.1), there is a g € N such that rp;, = r9.

This case has some interesting connections to other parts of the probability lit-

erature, which we will briefly describe below. We will then see that gl/ep ¢ —-¢e)
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cannot converge in distribution in this case. However, it does converge along ap-
propriate subsequences. Finally, we will restrict attention to the simple case of
k-ary fragmentations, when each fragmentation of a block produces k blocks with
identical masses, and describe all possible limit distributions of the rescaled last
fragment /% F, (¢ — ¢) in these simple k-ary fragmentations.

8.1. Related models. Specialize, for the moment, to the case where the frag-
mentation has dislocation measure

v(ds) =68(1/k,1/k,...,1/k.0,..) (dS), se .

This fragmentation process has been studied in various different guises in the prob-
ability literature.

In [5], Athreya considers a model which he calls the discounted branching ran-
dom walk. Start with a single particle situated at a distance to the right of the origin
which is distributed as Exp(1). At each epoch, every particle present gives birth to
two particles. At epoch n, these new particles have a displacement rightwards from
the parent with distribution Exp(27"%), independently for different particles. It is
easy to see that the positions of the 2" particles at generation n correspond to the
times at which the blocks of size 27" appear in the simple binary fragmentation
(when k = 2). Athreya concerns himself particularly with a recursive equation for
the distribution of the right-hand end of the support of the particle distribution at
time oco. This, of course, has the same distribution as ¢, and the recursive distri-
butional equation is ¢ = T + 2"* max{¢", ¢®} in our notation. This equation
and others like it are discussed in more detail in Aldous and Bandyopadhyay [2].
The convergence of the last fragment in Theorem 3.6 (which is valid for geometric
fragmentations) entails that the distance between the ancestor of generation n of
the winning particle and the winning particle itself, rescaled by 27"% converges in
distribution as n — oco. Of course, this construction is easily extended to the case
where each individual gives birth to k offspring.

Barlow, Pemantle and Perkins [7] consider a model of randomly-growing k-ary
trees which has also been studied, in various versions, in [1, 12, 13, 26]. Suppose
we grow the complete k-ary tree as follows. [For definiteness, label vertices in the
tree by k-ary strings, so that the root is &, its neighbors are 0, 1, ...,k — 1 and, in
general, the descendants of a vertex labeled x are x0, x1,...,x(k — 1).] We start
with the empty tree and wait an Exp(1) amount of time; then the root gets filled in.
Let A(0) = {&}. In general, let A(¢) be the set of vertices in the k-ary tree which
have not yet been filled in themselves, but whose parents in the tree have been filled
in. A vertex in A(¢) at height n (where the root has height 0) becomes filled in at a
rate k—*". The vertices in A(¢) correspond exactly to blocks in our fragmentation
at time ¢. In particular, a vertex at height n corresponds to a block of size k™".
This model can be thought of as a sort of first-passage percolation or as diffusion-
limited aggregation on a tree. In particular, Barlow, Pemantle and Perkins study
the structure of the cluster at the first time that it hits the boundary of the tree. This
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corresponds to the time at which mass first disappears in the fragmentation. They
show that at that time the cluster consists of a unique infinite backbone with small
finite trees hanging off it. We are instead interested in what happens near the time
at which the last point on the boundary of the tree is reached. Theorem 3.6 tells
us that the time taken to reach this last point on the boundary from its ancestor in
generation n, suitably rescaled, has a limit in distribution as n — oo.

We now turn to a more general context and prove some results which apply to
these special cases.

8.2. Absence of limit in distribution. We return to the general case of a geo-
metric fragmentation F', assuming solely that |, S 51 'v(ds) is finite. Recall that 7,
is the nth jump time of the last fragment process Fy. From Theorem 3.6, we know
that

ZVe = (¢ —T,)VF(Ty)

converges in distribution to a law which is fully supported by (0, co). However,
we do not have convergence in distribution of the rescaled sequence ¢!/ F (¢ — ¢)
as e — 0.

PROPOSITION 8.1. In the geometric cases, e\/*F (¢ — ¢) and ¢"/*F,(¢ —
€) do not converge in distribution as ¢ — 0. However, for each x € [0, 1), the
sequence rmm YFo(C — _a("+x)) has a nonzero limit in distribution as n — 00,
which depends on x.

In the next section, we specify this limit and its dependence on x for the simple
k-ary fragmentations.

PROOF OF PROPOSITION 8.1.  Suppose (for a contradiction) that s‘/“F(g —&)
converges in distribution in S. Then el/epy ¢ — 8) has a limit in distribution,

say L € [0, 0o0). Consider the sequence &n = armm ,n>1, where a € (0, 00) is

fixed. Then the random variables 8,, *F1(¢ — &,) almost surely all belong to the
set al/®r Z ,and so L € a'/®r Z » U {0} a.s. But this assertion holds for all a €
(0, 00), hence L=0as.In partlcular, this implies that gl/*F, (¢ — &) converges
in distribution to 0. Similarly, supposing first that £!/* F,(¢ — ¢) has a limit in
distribution, we conclude that this limit is necessarily 0.

But a zero limit is not possible, because rmmF (¢ — r ™) has a nonzero limit

min
in distribution as n — oo, provided that |, S 51 v(ds) < 0. To see this, we use

Corollary 2.2(b) of Alsmeyer [3], on Markov renewal theory in the geometric
cases. Given this corollary, it is possible to check that the rescaled sequence
Fon Fx(C — r ") has a nontrivial limit in distribution as n — oo, in exactly the
same way as we proved the one-dimensional convergence in Section 4.2. Using
arguments from Section 4.3 giving an expression for N, in terms of Ng, it is then
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easy to deduce the convergence in distribution of r,_""~* F,. (¢ —r "t

trivial limit. We leave these extensions to the reader. [

) to a non-

REMARK 8.2. This result then certainly leads to the convergence of
r Y F (¢ — r 2 (o a nontrivial limit and more generally of the whole pro-
cess r "N (F((¢ — a("+x)t) —),t > 0), at least when /g, s, 1=ry(ds) < oo for
some p > 0. In order to see this, one should mimic the proofs of Sections 4 and 6.
However, for ease and brevity of exposition, we omit this part and leave it to the
motivated reader. We emphasize that the limit process depends on x and cannot
be self-similar. Moreover, the proofs of Lemma 7.1 and Theorem 1.2 in Section 7

are still valid when replacing ¢ by &, (x) = r;i‘f]("ﬂ) and letting n — 0. Hence,

we may deduce the existence of invariant measures for these geometric fragmen-
tations. Note that the invariant measure constructed from the sequence (&, (x))n>0
is supported by elements s of S such that s; € rr;iflJrZ for all i. We have, therefore,
a continuum set of distinct invariant measures, indexed by x € [0, 1).

8.3. Simple k-ary fragmentations. From now on, we assume that the fragmen-
tation has dislocation measure

v(ds) =68(1/k,1/k,...,1/.0,..) (dS), se .

By adapting the method of proof of Theorems 5.1 and 5.2 of [7], we can obtain a
stronger version of Theorem 3.6. Note that here 7,, = inf{r > 0: F,.(t) =k "} and
Zy= k_na@ - Tn)-

PROPOSITION 8.3. The sequence (Z,)n>0 is stochastically increasing. As a
consequence,

law

Zyn—> Zo
as n — 00, Where Zoo ~ Mgtar and Zoo =g .

PROOF. We argue by induction, using the notation of Section 3. Recall that
Zo=2¢ and that Z| = g(” = max|<j<k §( ) Tt follows that Zo <g Z;. Let next

p(t,x) =P(¢" > 1]¢ =x)
in the sense of a regular conditional probability. Since (Z,),>0 is a Markov chain,
P(Zny1 =1) =E[p(, Zy)].

Suppose for the moment that, for fixed ¢, p(¢, x) is increasing in x. Our induction
hypothesis is that Z,,_1 <y Z,,. Then

P(Zpy1 > 1) =E[p(t, Z)] = E[pt, Zy—1)]| =P(Z, > 1).
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So it remains to show that p(z, x) is increasing in x.
We have ¢ = T} + k% max|<j < ¢ = T} + k%¢ D with Ty independent of ¢ (D).
From this, it is easy to see that (¢, ¢/)) has a density which may be written as

(0, 9) €RE > frin (0K T Lzpayy.

Then for ¢t <k %x,

Jo Fen (n)ek*y=xdy Jo Jra (y)eky dy

and so p(t, x) is, indeed, increasing in x. [J

p(t x) B ftk*"‘x fg‘(l) ()’)ekay—x dy ., f(;‘ f§(1) (y)ekay dy

Now, for ¢t > 0, let

1 1
x(t)=—log,t — [—1ogk t]
o o

We will now specify the asymptotics of the last fragment F, (¢ — ¢;), according to
the behavior of the sequence (g,) under the action of the function x.

PROPOSITION 8.4. Let (&,)n>0 be any sequence of times converging to 0 such
that x(¢,) — x for some fixed x € [0, 1). Then we have as n — 0o

8,11/"‘ F.(C — &) Li“)’ N
where N (x) = sup{n € Z: Z3® > &—ma},
We note that N (x) > —oo almost surely, a statement which we will justify dur-

ing the course of the proof. It is also the case that N (x) < co. As an example of an
application of this proposition, for all x € [0, 1), we have

K (g — ko 0Fm) lay px=N as n — oo.
PROOF OF PROPOSITION 8.4. For any ¢ > 0, let N, =sup{n >0:¢f — ¢ >
T,} =sup{n >0:¢ <¢ — T,}. Then,
eVOF,(; —e) =Y F(Ty,) = /% Ne.
Using Z, = k="%(¢ — T,), we have
N =sup{n>0:Z, >k "“e}.
Write m(e) = [(log; €)/a] so that m(e) + x(¢) = (log; €) /. Then
Ny —m(e) =sup{n > —m(&): Zy(e)4n > k*(m(S)Jrn)ag}

=sup{n > —m(e): Zm(eytn = k" - KO},
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Now take ¢ = ¢, so that ¢, — 0 and x(¢,) — x as n — o0. Then for all p € Z and
all n such that p > —m(e,),

]P(Ngn - m(gn) = P) = ]P)(Zm(gn)-f-p >k Pe. kax(gn))

since the sequence (Z,k"*) is nonincreasing in n a.s. (indeed, Z,k"* = ¢ — T,).
Similarly,

P(N(x) > p) = IP’(Z;tat > kPR = mgpar ([KTPYKYT, 00)).
Then, since x(&,) —> X, Zy(e,)+p converges in law to e as n — 00 and as g
is nonatomic, we get that
P(Ne, —m(en) > p) — P(N(x) > p),

for all p € Z. In other words, N, — m(g,) converges in law to N(x) as n — oo.
So Ng, — (log; €,)/c converges in law to N (x) — x, which entails that

_ I _
8rll/ak Ng, gvkx N(x)’

as n — 00, as required. [

APPENDIX

A.1l. Convergence criteria. In this section, we record various technical lem-
mas concerning criteria for convergence in (S, d) and in the Skorohod topology
on cadlag processes taking values in (S, d). The proofs of the first two lemmas are
straightforward, and so we omit them.

LEMMA A.1. Let (s"™,n > 1) be a sequence of nonnegative elements of £
converging to s € {1 for the £1-topology. For every integer n € N U {00}, let
sV denote the decreasing rearrangement of the terms of s™. Then sV —
sV in (S, d).

LEMMA A.2. Letn € N. The two following functions are continuous:

@ D, ..., sM)eS" > {sJ(-i), I1<i<n,j> 1}V € S, where 8" is endowed
with the product topology;
() (x,s) eRy xS+ {xs;,j>1}€S.

We next recall a classical result on Skorokhod convergence (see Proposi-
tion 3.6.5 of Ethier and Kurtz [16]) which we will use repeatedly.

PROPOSITION A.3. Consider a metric space (E, dg), and let f,, f be cadlag
paths with values in E. Then f,, — f with respect to the Skorokhod topology if
and only if the three following assertions are satisfied for all sequences t, — t,
ty,t > 0:
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(@ min(dg (fu(tn), f(@)), de(fu(tn), f(t-))) = 0;

(b) de(fr(ty), f(@)) = 0 = de(fu(sn), f()) — O for all sequences s, — t,
Sp = In;

©) de(fu(tn), f(—)) = 0= dg(fu(sn), f(t—)) — O for all sequences s, —

t,Sn <ty.

Of course, if ¢ is not a jump time of f, then (a), (b), (c) are equivalent to
de(fu(tn), f(1)) — 0.

We now establish three lemmas on Skorokhod convergence, which are used in
the main body of the paper.

LEMMA A.4. Consider (¢p)nez.,U{cc)» @ Sequence of real-valued nondecreas-
ing piecewise constant cadlag functions defined on R4 by ¢,,(0) =0 and, fort > 0,

cn(t) = by (k) ifrp(k) >t >r,(k+1),

where (r,(k))rez is strictly decreasing in k and such that r,(k) — 0 as k — o0
and ry(k) = oo as k — —oo. Suppose that for all k € Z, ry,(k) — roo(k) and
bp (k) = boo(k) as n — 00. Then ¢, — coo for the Skorokhod topology on the set
of real-valued cadlag functions on R .

PROOF. This is nearly obvious from the definition of the Skorokhod topology.
To prove it carefully, we use Proposition A.3. It is easy to see that for a fixed t > 0
and all sequences #,, — ¢, conditions (a), (b) and (c) of this proposition are satisfied
for the sequence (¢,)nez, » With ¢ at the limit. It remains to check them for = 0,
which consists then in checking that ¢, (t;,) — ¢ (0) = 0. This is immediate, using
monotonicity. Indeed, let ¢ > 0; for large n, t, < ¢, and so ¢, (t;) < c¢,(¢). The
sequence (c,(¢)) might not converge, but clearly limsup, ¢, (¢) < coo(e). Since
Coo 18 right-continuous, we get, letting € — 0, that limsup,, ¢,(¢) =0. U

_ The next lemma concerns the time-reversed conditioned fragmentation process
F“% introduced in Section 5.

LEMMA A.5. Let (an), (by), (cn), s, boo, Coo be nonnegative numbers such
that a,, — doo, by — boo and ¢, — coo. Then

(e ) (bpt4), t = 0) 2 (oo F4) (oot +), 1 > 0)
in sense of the Skorokhod topology on cadlag processes taking values in (S, d).
PROOF. Let F be a fragmentation process and, for all n € N U {oc}, let G
be defined by

cnF(ay — byt), if 0 < byt < ay,
0, if bt > a,.

G (1) = {

Then observe that for all u > 0:
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e if (u,) is a sequence converging to u, with u, > u for all n, then F(u,—) —
F(u);

e if (u,) is a sequence converging to u, with u, < u for all n, then F(u,—) —
Fu-).

We can deduce from this [together with Lemma A.2(ii)] that for all ¢ > 0:

o G (t,4) = G (r) when 1, — t and a, — but, > aso — boot for all n large
enough;

o G (t,4+) — G (t+) whent, — t and a, — byt, < doo — boot for all n large
enough.

From these observations and Proposition A.3, we get that (G™(t+),t > 0) con-
verges to (G (t4), 1 > 0) as n — oo for the Skorokhod topology on S, almost
surely. Since the extinction time ¢ of F' has a continuous cumulative distribution
function, we also have 1; -4,} = L{r<a.}, almost surely. Hence, for all bounded
continuous test functions f:S — R,

E[Lf(G™(t+),t > 0)L{r <q,]
]P’(é' < an)

ELf (G (t4),1 = 0) 1z <a)]
=00 P(¢ < aco)

=E[f ((coo F 9 (boot+), 1 > 0))]. O

ELf ((ca F (but+), 1 = 0))] =

Finally, the following lemma is an easy consequence of Proposition A.3 and
the continuity property for the decreasing rearrangement of a finite number of
elements of S [Lemma A.2(i)]. Its proof is omitted.

LEMMA A.6. (i) Consider cadlag functions u™ u:[0,00) = S such that
u™ — u as n — oo with respect to the Skorokhod topology. Let (t,) be a se-
quence of nonnegative numbers converging to t > 0, and consider another family
of cadlag functions v® v:[0, 00) — S such that v (t,) — v(t). For s > 0, set
Fuls) = (" (9), 0" (), j = 1,k = 1} and similarly f(s) = {u;(s), vk (s), j >
1,k > 1}¥. Then the functions f,, f are cadlag and satisfy assertions (a), (b)
and (c) of Proposition A.3 for the sequence (t,).

(i1) Let u®) 4y neN,iel be cadlag functions from [0, 00) to S, with I a
finite set. For t > 0, set g,(t) = {u$""(t), j = 1.i € I} and g(1) = {u"" (1), j >
1,i € I}V. These functions are cadlag. Moreover, if u™? — u® as n — oo in the
Skorokhod sense for all i € I and if the functions u” i € I do not jump simulta-
neously on [0, 00), then g, converges in the Skorokhod sense to g as n — oc.
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A.2. Properties of the stationary and biased Markov chains. We collect
here various technical results about the stationary and biased Markov chains (in-
troduced in Section 3.3) which are used in the body of the paper.

LEMMA A.7. If [5, sl_lv(ds) < 00, then for all ¢ > 0,

/00 exp (—cx)
0 fr(x)

PROOF. It suffices to prove the result for small values of ¢ > 0. As in the proof
of Lemma 3.8, let V (x) = exp(—cx)/f; (x), x > 0, with ¢ € (0, 1/2) small enough
so that exp(cx) fr (x) — 0 as x — o00. Then, as a direct consequence of (3.10) and
Theorem 14.0.1 of [23], we have that fooo V (x)7stat(dx) < 00. The result follows.

O

Tstat (dx) < 00.

LEMMA A.8. Iffs1 sl_lv(ds) < 00, then for a > 0 sufficiently small and all
b<1+1/|al,

00 1
/ exp(ax)msi(dx) < oo  and f xb Tgtat (dx) < o0.
1 0

In particular, for all p > 0,
E[[log(Z5™")["] < 0.

PROOF. To see the first assertion, note that by Lemma 2.2, there exist con-
stants C| > 0 and ¢ > 0 such that

fe(x) < Crexp(—cx)
for all x > 0. Hence, for all a < ¢, by Lemma A.7,
o exp(—(c —a)x)

Je(x)

Tstat(dx) < 00.

f exp(@x) Tar(dx) < C f
0 0

Next, from (3.6), we have that

Tstat () = S s ox a o > M
fr(x) —/S](Ze HFg(sjsi x)</sd O dy))v(ds)_

i=1 j#i i

Recall the definition of ¢! from just below equation (3.3). Since [5° ex}z(&f ) %

Tstat (dx) < 00 and ¢S ¥ < ¢*, there exists a constant C such that

Tstar(X) Ce* ad _
E 1-F | |F oo d
Je(x) =1 —Fe(x) Js <i:1( g(X))j;éi clsjs X)>U( ¥

Ce*
<
T 1 —-F(x)

Ce*
P >x) < —o
C" > =17 m
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Then, for x € (0, 1], msac(x)/fr (x) is bounded by some constant C;. It follows
that

1 1
fo x g (dx) < Ca fo x 7P £ () da,

and this upper bound is finite by Lemma 2.2(iii) when b < 1+ 1/]|. O
LEMMA A9. If [s, sl_lv(ds) < 00, then E[(log(¥Y;™))?] < oo for all p > 0.

PROOF. Fix p > 0. By definition,

E[(log(¥7™))"]

= ﬁ/oooﬂﬂ[(log(gf—n))p’f :x:|77:stat(dx)

C o0
< a—ﬁv /0 (log()|” +E[[log(¢ — T)["Lie—1,<1)¢ = x])7star(dx),

for some constant C,. By Lemma A.8, fO°°|10g(x)|p715tat(dx) < 00. Next,
using the notation introduced in Lemma 2.2, we write ¢ = T; + & where
& = max;>({F,*(T1)¢"}. Since Ty is independent of & and is exponentially
distributed with mean 1, the joint distribution of (£,¢) is exp(—x + y) X
To<y<x fe(y) dy dx, where we recall that f¢ denotes the density of &. Hence

/0 E[flog(¢ = T0)|"1g -1 <1l =X ()

B OOM min(x,1) ) )
_/0 fe(x) </0 exp(y)|log yI” fe (¥) dy | star (dx)
fe(x)

The integral [;° exp(—x)/f; (x)7suac(dx) is finite, by Lemma A.7. Finally, note
that & > Fl(Tl)_"‘{(l) and so

E[[log(®)["1e<n] < Cp(l«|”E[[log(F1 (T1))|"] + E[[log(¢ V) |7]).

The first expectation on the right-hand side is equal to [ S [log(s1)|Pv(ds) and is

Tstat (dX).

1 00
se/O Ilogylpfs(y)dyfo

finite since |, S 51 ')(ds) < co. The second expectation is also finite, by assertions
(i) and (ii) of Lemma 2.2. [

The following result is the only place that we need the extra condition
s, sl_l_'ov(ds) < oo for some p > 0.



798 C. GOLDSCHMIDT AND B. HAAS

LEMMA A.10. Assume that fSl sl_l_pv(ds) < o0 for some p > 0. Then there
exits 8, > 0 such that for all § € [0, 8,),

E[flog(F¢ (25* (¥7“)"))[ "] < oo,

PROOF.  Again we let & = sup;- | {F;(T1)~*¢}. The first step of our proof is
to show that, for0 < x <1,

(A.1) log(F; (x))| < C(x"*|logx| + x'/*|log(Fs (x))]).

For x > 0, let K(x) = sup{k > 1: F(T7) > x‘l/“}, and let C; > 1 be such that
1 —t>exp(—Cit) forallt € [0,P(¢ > 1)). Then

l_[ Fe(x F;(T)%) > exp(—Cl Z P(¢ > xF,-(Tl)“))

i>K(x)+1 i>K(x)+1
zexp<—C1E[§_l/a]x1/°‘ > Fi(Tl)>
i>K(0)+1
- exp(—Cax'/%).

where we have used Markov’s inequality to get the second inequality and the
fact that ZiZK(x)+1 F;(T1) <1 to get the third. Now note that K (x) < x 1/ since

Fr(Ty) <1/kforall k > 1. So, for ¢ € (0, 1) such that v(s; <c¢) > 0,

Fe(x) = E[]‘[ F, (xFi(Tl)“)}

i>1

K(x)
> E|: [] Fe(xFi (T,-)“)] exp(—Cox1/®)
(A2) =1

> E[Fe (x¢*) " 1, (7)) <) ] exp(=Cox /%)

> (s <o)F; (xca)xl/a exp(—Cox/®).
Next, since F; (x) = exp(—x) fé‘ exp(y)Fe(y) dy, we have that forall 0 < x <1,
(A.3) Fr(x) > exp(—1)(1 — ¢™%/?)xFg (c*/%x).
Using (A.2), we get

—1/2 1/a

Fe(x) > C3xFe (e %xc®)C 7 exp(—Cac™1/2x V%),

and another application of (A.3) yields

—1/2, 1/a

Fe(x) > C3x(CaxFe(c™xc®))” exp(—Czc_l/le/“).

All of the constants here are strictly positive, and so (A.1) follows.
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From (A.1) and Holder’s inequality, we deduce that for all § > 0,
145
E[|log(F; (6))1ie<| ]

< C/(E[S(l-i-ts)z/a] + E[é(l+a)2/a]1/(1+6)E[|10g(F§ (é))|(1+8)2/6]5/(1+5))-

Since F¢ () has a uniform distribution, |log(F¢ (§))| ~ Exp(1) and so has finite
positive moments of all orders. Moreover, since & > F| (Tl)_"‘g“(l), we have

2
R[5 +0%/e] SE[§(1+5)2/a][S 5717 (ds).
1

Let p > 0 be such that fsl sl_l_pv(ds) < 00. By Lemma 2.2(iii), E[¢ ~¢] < oo for
alla < 1+ (1+p)/|a|. So for all § > 0 such that (1 + 82 <1+ 0, the expectation
E[$(1+5)2/0‘] is finite and thus
1+5
E[[log(F¢ (£))] "] < 00

[since |log(FF; (§))] < [log(F; (1)) when § > 1].
In particular, we can deduce that E[|log(FF, EN"|¢ = x¢] < oo for some
xo > 0. Our goal now is to check that

E[log (¢ (25 (¥7*)*))|'™*] < oc.
Recall that £ =¢ — Ty and so ZoY{ = Z;©,“ = £. Hence,
stat (yystatyayy (1487 o 148,
Eflog (Fe (Z5(v))) "] = |~ Elllog(Fe ©)]'1¢ = ] (@)

Write [5° = [3° + [ > Where xq is chosen so that E[|log(F; EN' = x0] <
00. As seen in the proof of Lemma A.8, 7. (x) < Cy, fr (x) on (0, xo). Hence,

/O Y E[[log(Fe (8))|' 71t = x]maa(dy) < Cx, EfJlog(F (£))[F] < oo,

Next, for x > xg, we use the fact that the joint distribution of (&, ¢) is exp(—z +
Y)1o<y<; fe(y) dy dz, to obtain that

E[log(F¢ (6))|'7°1¢ = x]
e

Je

fi(x) /0 Oey|10g(Fc ()’))|1+8f§ (y)dy

= e oeE ) e ay

=

145 €Y
oz o) £ [ ey
- e fe (XO)E

= Fr e [Jlog(F (€))]' ™|z = xo] + |log(F, (x0))|' .
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The integral of this upper bound with respect to g, (dx) on (xg, 00) is finite, by
Lemma A.7. O

We now prove some almost sure limits for the biased chain.

LEMMA A.11. Asn — oo, the following limits hold almost surely:

[ .
— Zlog Yblas) - u, - Z log(ijlas) - u,
o (Ll S——

. 1 :
— log(YE‘,fS) — 0, —log(Z%®) — 0,
n n
1 ,
L log(F (2%, (rPi)) 0.

PROOF. Suppose that (Xj)r>0 is any positive Harris chain possessing an in-
variant distribution. Then Theorem 17.0.1 of Meyn and Tweedie [23] gives the
following law of large numbers: for any function g such that E[|g(X{*)|] < oo,

- Z g(X;) — E[g(X5™)]
j 1
almost surely, as n — 00, irrespective of the distribution of Xg. Moreover, it fol-
lows straightforwardly from this that n~' g(X,) — 0 almost surely, as n — oo.

Now note that (Z,Eias, Y,?ias) k>1 is a realization of the Markov chain (Zy, Yi)i>1
with initial state (Z1, Y1) having the distribution specified (for suitable test func-
tions ¢) by

1
E[¢(Z1, Y] = m E[log(Y{@)e (23, Y4)].

Since E[log(Y;")] = u < oo, we get that a.s.
1 n b'
- Zl log(YJ- 1) —

Observe next that (th,i“, Y blas) k>0 is a realization of the (backward) Markov chain
(Z_k, Y_i)k>0 with initial distribution for (Zy, Yy) specified (for suitable test func-
tions ¢) by

1
E[¢(Zo, Yo)] = " E[log (YY) (Z52, Y54Y)].

The chain (Z_, Y_i)k>0 is also a positive Harris chain possessing the same in-
variant distribution as (Zx, Yx)r>1. Hence,
1 2 o 1 .
-y log(Y"™) — n and  —log(Y2) =0
. n
j=—n+1
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almost surely, as before. By Lemma A.8, E[|log(Z;"™")|] < oo and, by the § =0
case of Lemma A.10, E[|log(F; (Z§*(Y;")*))|] < oo, and so we also have the
almost sure convergences

1 - 1 o o
- log(Z%*) >0 and —[log(F, (Z25, (r25%)] = 0. O
Finally, we show that E[J]/_, (Y *)*] decays exponentially in n.

LEMMA A.12. Forany x > 0, we have

1 n
lim sup — logE|:H (Yism)a:| <0.

n—oo N ;
i=1

In order to prove Lemma A.12, we use a renewal process derived from the
biased Markov chain (Z,?ias),,ez. We therefore begin with a result about general
renewal processes.

Suppose that (N (n)),>0 is a delayed renewal process. Write 7¢ for the delay
and 11, 13, ... for the subsequent arrival times, so that tz4; — 7% are i.i.d. random
variables for k > 0, independent of 7o, and N(n) = #{k > 1: 1 < n}. We will
say that a random variable X has exponential tails if there exists r > 1 such that
E[rX] < 0.

LEMMA A.13. Suppose that tg and t1 — 19 both have exponential tails. Then
forany s € (0, 1),

1
limsup — log E[s¥™] < 0.
n—oo n
PROOF. The proof is elementary, and so we sketch it. Let x = E[7; — 19] be
the mean of the standard inter-arrival distribution and take & > 0. Then
E[sN(")] <P(N(n) < (X_l —&)n)+ s

—e)n

<P(r, =n)+s% 7O,

where k, = [(x !

then implies that

— ¢)n]. But a simple application of the Gértner—Ellis theorem

P(t, = n) < P(tg, = knx /(1 = x£))
is exponentially small in n. The result follows. [
Suppose now that we mark the kth inter-arrival interval with some probability

which depends, in general, on its length 7 — t%_1, but independently for different
inter-arrival intervals. Let I; be the indicator that the kth inter-arrival interval is
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marked, so that I, I», ... are independent Bernoulli random variables such that Iy
depends on 7;,i > 0 only through 7% — t%—1. Let

(A.4) M) =#k>1:7 <n, I, = 1}.

(M (n))n>0 is again a delayed renewal process.

LEMMA A.14. Suppose that tg and t1 — 19 have exponential tails and that
q =P =1) > 0. Then the delay and inter-arrival distributions of (M (n)),>0
have exponential tails. Hence, for any s € (0, 1),

1
limsup — log E[s¥™] < 0.

n—oo N

PROOF. The case ¢ = 1 follows immediately from Lemma A.13, and so we
henceforth assume that ¢ < 1. Let 01, 03, ...,6 and G be mutually independent
random variables, independent of tg. Let oy, 02, ... have common distribution
given by P(o1 =i) =P(71 — 9 =i|l1 =0),i > 1. Let 6 have distribution P(¢ =
i)=P(ry —t9=1i|l; =1),i > 1. Finally, let G be such that P(G =i) = ¢q(1 — q)i
for i > 0. Then the delay has the same distribution as

G
70 + Z oi+0
i=1

and the inter-arrival intervals have the same distribution as
G
Z o +0.
i=1

By Lemma A.13, it will be sufficient to prove that Z,-Gzl o; and & are random
variables with exponential tails. For r > 0,

E T1—7
E[r1] = E[r? |1, = 0] < o]
l—gq
and, similarly,
- E[7T1—%
E[-%] = E[ro |1 = 1] < ),

By assumption, there exists r > 1 such that E[r"~™] < 0o. Hence, there exists
r > 1 such that E[r°!'] < oo and E[r°] < 0o0. Moreover,

E[rZiG:lai] — rq )
1= (1 —g)E[r7]

Now E[r°] — 1 asr | 1, and so we can find r > 1 sufficiently small that E[r°'] <
(1-— q)_l. Hence, for such a value of r,

E[rZ219] < oo.
The result follows. [
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Recall from Lemma 3.8 the Foster—Lyapunov criterion for the Markov chain
(Zk)k=0: there exist a function V : (0, 00) — [1, 00), a small set C and constants
B €(0,1) and b > 0 such that

E[V(ZD)|Zo=x] < (1 =BV (x) + blixec).

Since C is small, there exist p € (0, 1) and a probability measure fic [which is a
version of the measure pc given explicitly at (3.9) normalized to have total mass 1]
such that

P(x,B)=P(Z1 € B|Zp € x) = pjic(B)

for all x € C and any B any Borel subset of (0, 0c0). Consider now constructing
the process (Zx)r>o via the standard split chain construction: whenever Z; € C,
we flip a coin with probability p € (0, 1). If the coin comes up heads, we sample
Zi+1 from the measure fic. Otherwise, sample Z;1 from the probability measure
(P(Zy,-)—pic(-))/(0—p).If Z; ¢ C, we simply sample Zy from P(Zy, -). If
Zi € C and the coin comes up heads, we say that there is a regeneration at time k.
(In particular, a regeneration can only occur at k if Z; € C.) Let

19 = inf{i > O:there is a regeneration at i}
and for k > 0,
Tx4+1 = inf{i > 7 : there is a regeneration at i }.

Then 19 and {tx4+1 — tx:k > 0} are all independent, and {tx+; — T :k > 0} are
identically distributed. Hence, N (n) :=#{k > 1: 1 <n} is a delayed renewal pro-
cess.

The following lemma is a standard consequence of geometric ergodicity; see,
for example, equation (22) of Roberts and Rosenthal [27] for the precise formula-
tion given here.

LEMMA A.15. There exists 6 > 1 such that

[e.e]
/ E[67]Zo = x]7sa(dx) < 00 and E[07 7] < oo,
0

Hence, if the chain is begun in stationarity, (N (n)),>0 is a delayed renewal
process such that both delay and inter-arrival distributions have exponential tails.

PROOF OF LEMMA A.12. Let f: (0, 00)> — (0, 1) be defined by
fx,y)=E[Y{|Zo=x,Z1 =y].

Using the fact that (Z,),>0 acts a driving chain for (Z,, ¥,),>0, we have that
Y1, Y, ..., Y, are conditionally independent given Zy, Zi, ..., Z, and, for 1 <
i <n, the distribution of Y; depends only on the values of Z;_; and Z;. Hence, for
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all x >0,

E[ﬁ e

i=1

Zo :x:| = E[H f(Zi—1, Z)

i=1

Z()=x:|

E[ﬁ(Yﬁtﬁ)a} . E[ﬁ p, z?”)].

i=1 i=1

and, therefore,

The function f takes values in (0, 1) and is continuous, so for any compact set K C
(0, 00)? we can find a constant y € (0, 1) such that f(x,y) <y on K. Take K =
K1 x K>, where K1, K> € (0, 0o) are compact and have strictly positive Lebesgue
measure. Let N(n) =#{1 <i <n:(Z8", Z8 € K}. Then

o o] <25

i=1

We will bound N (n) below by the number of renewals between which there is a
visit to K, that is,

M) =#k>1:1 <n,(Z", Z]"™) € K for some 14— + 1 <i < 7¢}.

This clearly has the effect of independently marking the renewal intervals, as
at (A.4). Note that since P(x, B) > 0 for any x € (0,00) and any Borel set
B C (0, 00) of positive Lebesgue measure, there is positive probability of visit-
ing K between any two renewals. The result then follows from Lemmas A.14
and A.15. O
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