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1 Introduction

Self-similar fragmentation processes describe the evolution of an object that falls apart, so that
different fragments keep on collapsing independently with a rate that depends on their sizes
to a certain power, called the index of the self-similar fragmentation. A genealogy is naturally
associated with such fragmentation processes, by saying that the common ancestor of two
fragments is the block that included these fragments for the last time, before a dislocation had
definitely separated them. With an appropriate coding of the fragments, one guesses that there
should be a natural way to define a genealogy tree, rooted at the initial fragment, associated
with any such fragmentation. It would be natural to put a metric on this tree, e.g. by letting the
distance from a fragment to the root of the tree be the time at which the fragment disappears.

Conversely, it turns out that trees have played a key role in models involving self-similar
fragmentations, notably, Aldous and Pitman [3] have introduced a way to log the so-called
Brownian Continuum Random Tree (CRT) [2] that is related to the standard additive coales-
cent. Bertoin [7] has shown that a fragmentation that is somehow dual to the Aldous-Pitman
fragmentation can be obtained as follows. Let 7p be the Brownian CRT, which is considered
as an “infinite tree with edge-lengths” (formal definitions are given below). Let 7,', 7.2, ...
be the distinct tree components of the forest obtained by removing all the vertices of 7 that
are at distance less than t from the root, and arranged by decreasing order of “size”. Then
the sequence Fp(t) of these sizes defines as ¢ varies a self-similar fragmentation. A moment
of thought points out that the notion of genealogy defined above precisely coincides with the
tree we have fragmented in this way, since a split occurs precisely at branchpoints of the tree.
Fragmentations of CRT’s that are different from the Brownian one and that follow the same
kind of construction have been studied in [23].

The goal of this paper is to show that any self-similar fragmentation process with negative
index can be obtained by a similar construction as above, for a certain instance of CRT. We
are interested in negative indices, because in most interesting cases when the self-similarity
index is non-negative, all fragments have an “infinite lifetime”, meaning that the pieces of the
fragmentation remain macroscopic at all times. In this case, the family tree defined above will
be unbounded and without endpoints, hence looking completely different from the Brownian
CRT. By contrast, as soon as the self-similarity index is negative, a loss of mass occurs, that
makes the fragments disappear in finite time (see [8]). In this case, the metric family tree will
be a bounded object, and in fact, a CRT. To state our results, we first give a rigorous definition
of the involved objects. Call

S:{s:(sl,sz,...):512522...20;25i§1},

i>1
and endow it with the topology of pointwise convergence.
Definition 1. A Markovian S-valued process (F(t),t > 0) starting at (1,0,...) is a ranked
self-similar fragmentation with index o € R if it is continuous in probability and satisfies the
following fragmentation property. For every t,t' > 0, given F(t) = (x1,2,...), F(t +1t) has

the same law as the decreasing rearrangement of the sequences v, FM (x8t)), 2o F P (25t), . . .,
where the FY s are independent copies of F.
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By a result of Bertoin [7] and Berestycki [4], the laws of such fragmentation processes are
characterized by a 3-tuple (a, ¢, v), where « is the index, ¢ > 0 is an “erosion” constant, and v
is a o-finite measure on S that integrates s — 1 —s; such that v({(1,0,0...)}) = 0. Informally,
¢ measures the rate at which fragments melt continuously (a phenomenon we will not be much
interested in here), while v measures instantaneous breaks of fragments: a piece with size x
breaks into fragments with masses xs at rate z*v(ds). Notice that some mass can be lost within
a sudden break: this happens as soon as (). s; < 1) # 0, but we will not be interested in this
phenomenon here either. The loss of mass phenomenon stated above is completely different
from erosion or sudden loss of mass: it is due to the fact that small fragments tend to decay
faster when o < 0.

On the other hand, let us define the notion of CRT. An R-tree (with the terminology of
Dress and Terhalle [13]; it is called a continuum tree set in Aldous [2]) is a complete metric
space (T, d), whose elements are called vertices, which satisfies the following two properties:

e For v,w € T, there exists a unique geodesic [[v, w]] going from v to w, i.e. there exists a
unique isomorphism ¢, ,, : [0, d(v, w)] — T with ¢, ,,(0) = v and ¢, ., (d(v,w)) = w, and
its image is called [[v, w]].

e For any v,w € T, the only non-self-intersecting path going from v to w is [[v,w]], i.e.
for any continuous injective function s — vg from [0, 1] to 7" with vy = v and v; = w,
{vs 15 €[0,1]} = [[v,w]].

We will furthermore consider R-trees that are rooted, that is, one vertex is distinguished
as being the root, and we call it @. A leaf is a vertex which does not belong to [[&, w[[:=
0o.w([0,d(2,w))) for any vertex w. Call L(T) the set of leaves of T, and S(T") =T\ L(T) its
skeleton. An R -tree is leaf-dense if T is the closure of £(T"). We also call height of a vertex v
the quantity ht(v) = d(@,v). Last, for T an R-tree and a > 0, we let a ® T be the R-tree in
which all distances are multiplied by a.

Definition 2. A continuum tree is a pair (T, u) where T is an R-tree and p is a probability
measure on T, called the mass measure, which is non-atomic and satisfies u(L(T)) = 1 and
such that for every non-leaf vertex w, p{v € T : [[@,v]] N [[@,w]] = [[&,w]]} > 0. The set
of vertices just defined is called the fringe subtree rooted at w. A CRT is a random variable
wi— (T'(w), u(w)) on a probability space (2, F, P) whose values are continuum trees.

Notice that the definition of a continuum tree implies that the R-tree T satisfies certain
extra properties, for example, its set of leaves must be uncountable and have no isolated point.
Also, the definition of a CRT is a little inaccurate as we did not endow the space of R-trees
with a o-field. This problem is in fact circumvented by the fact that CRTs are in fact entirely
described by the sequence of their marginals, that is, of the subtrees spanned by the root and k
leaves chosen with law p given i, and these subtrees, which are interpreted as finite trees with
edge-lengths, are random variables (see Sect. 2.2). The reader should keep in mind that by the
“law” of a CRT we mean the sequence of these marginals. Another point of view is taken in
[15], where the space of R-trees is endowed with a metric.

For (T, i) a continuum tree, and for every ¢ > 0, let T (t), T5(t), ... be the tree components
of {v € T : ht(v) > t}, ranked by decreasing order of y-mass. A continuum random tree (7', i)
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is said to be self-similar with index o < 0 if for every ¢ > 0, conditionally on (u(T;(t)),7 > 1),
(Ty(t),i > 1) has the same law as (u(T3(t))™® ® T®,i > 1) where the T(’s are independent
copies of T.

Our first result is

Theorem 1. Let F' be a ranked self-similar fragmentation process with characteristic 3-tuple
(a,c,v), with a < 0. Suppose also that F' is not constant, that ¢ =0 and v()_,s; < 1) = 0.
Then there exists an a-self-similar CRT (T, up) such that, writing F'(t) for the decreasing
sequence of masses of connected components of the open set {v € T : ht(v) > t}, the process
(F'(t),t > 0) has the same law as F. The tree T is leaf-dense if and only if v has infinite total
mass.

The next statement is a kind of converse to this theorem.

Proposition 1. Let (T, p) be a self-similar CRT with index o < 0. Then the process F(t) =
((u(Zi(t),i > 1),t > 0) is a ranked self-similar fragmentation with index o, it has no erosion
and its dislocation measure v satisfies v()_,s; < 1) = 0. Moreover, Tr and T have the same
law.

These results are proved in Sect. 2. There probably exists some notion of continuum random
tree extending the former which would include fragmentations with erosion or with sudden loss
of mass, but we do not pursue this here.

The next result, to be proved in Sect. 3, deals with the Hausdorff dimension of the set of
leaves of the CRT 7p.

Theorem 2. Let F' be a ranked self-similar fragmentation with characteristics (o, ¢, v) satisfy-
ing the hypotheses of Theorem 1. Writing dimy for Hausdorff dimension, one has

dimy (L(7F)) = ﬁ a.s. (1)

as soon as [, (s7' —1) v(ds) < oo.

Some comments about this formula. First, notice that under the extra integrability assump-
tion on v, the dimension of the whole tree is dimy(7r) = (1/|c|) V 1 because the skeleton S(7r)
has dimension 1 as a countable union of segments. The value —1 is therefore critical for «,
since the above formula shows that the dimension of 77 as to be 1 as soon as o < —1. It was
shown in a previous work by Bertoin [8] that when o < —1, for every fixed ¢ the number of
fragments at time t is a.s. finite, so that —1 is indeed the threshold under which fragments decay
extremely fast. One should then picture the CRT 7 as a “dead tree” looking like a handful of
thin sticks connected to each other, while when || < 1 the tree looks more like a dense “bush”.
Last, the integrability assumption in the theorem seems to be reasonably mild; its heuristic
meaning is that when a fragmentation occurs, the largest resulting fragment is not too small.
In particular, it is always satisfied in the case of fragmentations for which v(sy;1 > 0) = 0,
since then s; > 1/N for v-a.c. s. Yet, we point out that when [ (s7' — 1) v(ds) = oo, one
anyway obtains the following bounds for the Hausdorff dimension of £(7F):

£ < dimp (L(T7)) < — as.

[ ~ laf
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e 0 = sup {p <1: /S (s;7 — 1) v(ds) < oo} : (2)

We do not know whether the condition [¢(s7' — 1)v(ds) < oo is necessary for (1), as we are
not aware of any self-similar fragmentation with index « such that the associated CRT has
leaf-dimension strictly less than 1/|«].

It is worth noting that these results allow as a special case to compute the Hausdorff dimen-
sion of the so-called stable trees of Duquesne and Le Gall [14], which were used to construct
fragmentations in the manner of Theorem 1 in [23]. The dimension of the stable tree (as well
as finer results of Hausdorff measures on more general Lévy trees) has been obtained indepen-
dently in [15]. The stable tree is a CRT whose law depends on parameter 5 € (1,2], and it
satisfies the required self-similarity property of Proposition 1 with index 1/8 — 1. We check
that the associated dislocation measure satisfies the integrability condition of Theorem 2 in
Sect. 3.5, so that

Corollary 1. Fiz 5 € (1,2]. The (3-stable tree has Hausdorff dimension 3/(5 —1).

An interesting process associated with a given continuum tree (7', i) is the so-called cumula-
tive height profile Wr(h) = p{v € T : ht(v) < h}, which is non-decreasing and bounded by 1 on
R, . It may happen that the Stieltjes measure dWy(h) is absolutely continuous with respect to
Lebesgue measure, in which case its density (Wr(h),h > 0) is called the height profile, or width
process of the tree. In our setting, for any fragmentation F' satisfying the hypotheses of Theo-
rem 1, the cumulative height profile has the following interpretation: one has (Wx,(h), h > 0)
has the same law as (Mg(h),h > 0), where Mp(h) =1—> .., Fi(h) is the total mass lost by
the fragmentation at time h. Detailed conditions for existence (or non-existence) of the width
profile dMpg(h)/dh have been given in [19]. It was also proved there that under some mild
assumptions dimy (dMp) > 1 A A/ |a| a.s., where A is a v-dependent parameter introduced in
(10) below, and

The upper bound we obtain for dimy (£(7F)) allows us to complete this result:

Corollary 2. Let F' be a ranked self-similar fragmentation with same hypotheses as in Theorem
1. Then dimy (dMp) < 1A 1/ e a.s.

Notice that this result re-implies the fact from [19] that the height profile does not exist as
soon as || > 1.

The last motivation of this paper (Sect. 4) is about relations between CRTs and their so-
called encoding height processes. The fragmentation F'g of [7], as well as the fragmentations from
23], were defined out of certain random functions (H,, 0 < s < 1). Let us describe briefly the
construction of Fg. Let B be the standard Brownian excursion with duration 1, and consider
the open set {s € [0,1] : 2B > t}. Write F(t) for the decreasing sequence of the lengths of
its interval components. Then F' has the same law as the fragmentation Fj; defined out of the
Brownian CRT in the same way as in Theorem 1. This is immediate from the description of Le
Gall [22] and Aldous [2] of the Brownian tree as being encoded in the Brownian excursion. To
be concise, define a pseudo-metric on [0, 1] by letting d(s, ') = 2B 4 2B — 4 infyeps,o B,
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with the convention that [s,s'] = [¢,s] if s < s. We can define a true metric space by taking
the quotient with respect to the equivalence relation s = s’ <= d(s,s') = 0. Call (7p,d)
this metric space. Write pup for the measure induced on 7 by Lebesgue measure on [0, 1].
Then (7p, 1) is the Brownian CRT, and the equality in law of the fragmentations Fip and Fj
follows immediately from the definition of the mass measure. Our next result generalizes this
construction.

Theorem 3. Let F' be a ranked self-similar fragmentation with same hypotheses as in Theorem
1, and suppose v has infinite total mass. Then there exists a continuous random function
(Hp(s),0 < s <1), called the height function, such that Hp(0) = Hp(1), Hr(s) > 0 for every
s € (0,1), and such that F' has the same law as the fragmentation F' defined by: F'(t) is the
decreasing rearrangement of the lengths of the interval components of the open set Ir(t) = {s €
(0,1): Hp(s) > t}.

An interesting point in this construction is also that it shows that a large class of self-similar
fragmentation with negative index has a natural interval representation, given by (Ir(t),t > 0).
Bertoin [7, Lemma 6] had already constructed such an interval representation, I} say, but ours is
different qualitatively. We will see in the sequel that our representation is intuitively obtained
by putting the intervals obtained from the dislocation of a largest interval in exchangeable
random order, while Bertoin’s method is to put these same intervals from left to right by size-
biased random order. In particular, For example, Bertoin’s interval fragmentation I} cannot
be written in the form I5.(t) = {s € (0,1) : H(s) > t} for any continuous process H.

In parallel to the computation of the Hausdorff dimension of the CRTs built above, we are
able to estimate Holder coefficients for the height processes of these CRTs. Our result is

Theorem 4. Suppose v(S) = oo, and set

Wow 1= sup {b >0: li{g:cby(sl <l-2z)= oo} ,
Vyp 1= inf{b>0:liﬂ)1xbl/(81 < 1—x):0}.

Then the height process Hp is a.s. Holder-continuous of order ~ for every v < thow A |,
and, provided that fs(Sl_1 — Dr(ds) < oo, a.s. not Hélder-continuous of order y for every
¥ > Vup A .

Again we point out that one actually obtains an upper bound for the maximal Holder
coefficient even when [¢(s;' — 1)v(ds) = oo : with g defined by (2), a.s. Hp cannot be
Hoélder-continuous of order v for any v > ¥, A |a]/ 0.

Note that iy, Uyp depend only on the characteristics of the fragmentation process, and more
precisely, on the behavior of v when s; is close to 1. By contrast, our Hausdorff dimension
result for the tree depended on a hypothesis on the behavior of » when s; is near 0. Remark
also that ¥, may be strictly smaller than 1. Therefore, the Hausdorff dimension of 7p is in
general not equal to the inverse of the maximal Holder coefficient of the height process, as one
could have expected. However, this turns out to be true in the case of the stable tree, as will
be checked in Section 4.4:
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Corollary 3. The height process of the stable tree with index 3 € (1,2] is a.s. Hélder-continuous
of any order v <1 —1/8, but a.s. not of order v >1—1/4.

When [ = 2, this just states that the Brownian excursion is Hélder-continuous of any order
< 1/2, a result that is well-known for Brownian motion and which readily transfers to the
normalized Brownian excursion (e.g. by rescaling the first excursion of Brownian motion whose
duration is greater than 1). The general result had been obtained in [14] by completely different
methods.

Last, we mention that most of our results extend to a more general class of fragmenta-
tions in which a fragment with mass z splits to give fragments with masses zs, s € S, at
rate ¢(x)r(ds) for some non-negative continuous function ¢ on (0,1] (see [18] for a rigorous
definition). The proofs of the above theorems easily adapt to give the following results: when
liminf, .o 7% (z) > 0 for some b < 0, the fragmentation can be encoded as above into a CRT
and, provided that v is infinite, into a height function. The set of leaves of the CRT then has a
Hausdorff dimension smaller than 1/ |b| and the height function is y-Holder continuous for every
¥ < Yiow A [b . If moreover limsup,_, 2% (z) < oo for some a < 0 and [ (s7' — 1) v(ds) < oo,
the Hausdorff dimension is larger than 1/ |a| and the height function cannot have a Holder
coefficient v > Jgup A |al.

Building the CRT 7 associated with a ranked fragmentation F' will be done by determining
its “marginals”, i.e. the subtrees spanned by a finite but arbitrary number of randomly chosen
leaves. To this purpose, it will be useful to use partition-valued fragmentations, which we first
define, as well as a certain family of trees with edge-lengths.

2.1 Exchangeable partitions and partition-valued self-similar frag-
mentations

Let Py be the set of (unordered) partitions of N = {1,2,...} and [n] = {1,2,...,n}. For
i,j € N, we write i ~ j if i and j are in the same block of 7. We adopt the following

ordering convention: for m € P, we let (7, 7o, ...) be the blocks of 7, so that m; is the block
containing ¢ provided that i is the smallest integer of the block and m; = & otherwise. We
let O = {{1},{2},...} be the partition of N into singletons. If B C N and m € Py we let
7N B (or 7|p) be the restriction of 7 to B, i.e. the partition of B whose collection of blocks is
{miNB,i >1}. If 7 € Py, and B € 7 is a block of 7, we let
Bl = 1 HEOLD
n—0o0 n

be the asymptotic frequency of the block B, whenever it exists. A random variable m with values
in P, is called exchangeable if its law is invariant under the natural action of permutations of
N on P,. By a theorem of Kingman [20, 1], all the blocks of such random partitions admit
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asymptotic frequencies a.s. For m whose blocks have asymptotic frequencies, we let |7| € S
be the decreasing sequence of these frequencies. Kingman’s theorem more precisely says that
the law of any exchangeable random partition 7 is a (random) “paintbox process”, a term we
now explain. Take s € S (the paintbox) and consider a sequence Uy, Us, ... of i.i.d. variables
in NU {0} (the colors) with P(U; = j) = s; for j > 1 and P(U; = 0) =1 — ), sg. Define
a partition m on N by saying that ¢ # j are in the same block if and only if U; = U; # 0
(i.e. ¢ and j have the same color, where 0 is considered as colorless). Call ps(dm) its law, the
s-paintboxr law. Kingman’s theorem says that the law of any random partition is a mixing of
paintboxes, i.e. it has the form [__¢ m(ds)ps(dm) for some probability measure m on S. A useful
consequence is that the block of an exchangeable partition 7 containing 1, or some prescribed
integer 1, is a size-biased pick from the blocks of m, i.e. the probability it equals a non-singleton
block 7; conditionally on (|7;|,j > 1) equals |7;|. Similarly,

Lemma 1. Let m be an exchangeable random partition which is a.s. different from the trivial
partition Q, and B an infinite subset of N. For any i € N, let

i=inf{j >i:j€ B and {j} ¢ 7},

then i < oo a.s. and the block & of contammgz 1S a size-biased pick among the non-singleton
blocks of w, i.e. if we denote these by w7, ...,

P =m) (1wl 5 = 1) = |mhl/ > I,
J

For any sequence of partitions (7,4 > 1), define 7 = Nis1 7 by

T @ .
k~j <= k'~j Vi>1.

Lemma 2. Let (79 i > 1) be a sequence of independent exchangeable partitions and set m :=
Niz1 7. Then, a.s. for every j € N,

;| = H ‘Wl(cl()i,j)

i>1

where (k(i,j),j > 1) is defined so that w; = (5, 7T,(;()w)

Proof. First notice that k(i,7) < j for all # > 1 a.s. This is clear when 7; # @, since j € 7;
and then j € 7rk, ” . When 7; = @, j € 7, for some m < j and then m and j belong to the

same block of 7() for all 4 > 1. Thus k(i,j) < m < j. Using then the paintbox construction

of exchangeable partitions explained above and the independence of the 7(’s, we see that the

r.v. [[sg (men 3 M 2 J+ 1, are iid conditionally on (|7r](:()i »l»@ = 1) with a mean equal to
= k(ird) ’

[T ‘71'](:(17].)’. The law of large numbers therefore gives

[T [0 = tim = 30 T fesgy, ) 2

. k(w)
i>1 J+H1<m<n i>1
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On the other hand, the random variables [] (mem;y, M > J + 1, are i.id.

i>1 {mEﬂ,(ci(;j)} -
conditionally on |7;| with mean |r;| and then the limit above converges a.s. to |7;|, again by

the law of large numbers. U

We now turn our attention to partition-valued fragmentations.

Definition 3. Let (II(t),t > 0) be a Markovian Pe-valued process with 11(0) = {N, @, @, ...}
that is continuous in probability and exchangeable as a process (meaning that the law of 11 is
invariant under the action of permutations). Call it a partition-valued self-similar fragmen-
tation with index o € R if moreover 11(t) admits asymptotic frequencies for all t, a.s., if the
process (|IL(t)[,t > 0) is continuous in probability, and if the following fragmentation property is
satisfied. Fort,t' >0, given I(t) = (my, 7o, . . ) the sequence I1(t +t') has the same law as the
partition with blocks w1, NIIW (|7 [*t"), 7o NTTE) (73| t), . . ., where (1T i > 1) are independent
copies of 1.

Bertoin [7] has shown that any such fragmentation is also characterized by the same 3-tuple
(e, ¢, v) as above, meaning that the laws of partition-valued and ranked self-similar fragmenta-
tions are in a one-to-one correspondence. In fact, for every («, ¢, v), one can construct a version
of the partition-valued fragmentation II with parameters (a,c,v), and then (|II(¢)|,¢ > 0)
is the ranked fragmentation with parameters (a,c,v). Let us build this version now. It is
done following [6, 7] by a Poissonian construction. Recall the notation ps(dr), and define
Ky (dm) fs v(ds)ps(dm). Let # be the counting measure on N and let (A, k;) be a Py x N-
Valued Poisson point process with intensity #, ® #. We may construct a process (II°(¢),¢ > 0)
by letting I1°(0) be the trivial partition (N, &, @,...), and saying that I1° jumps only at times
t when an atom (A, k;) occurs. When this is the case, IIY jumps from the state I1°(t—) to the
following partition I1°(¢): replace the block IT) (t—) by II} (t—) N A, and leave the other blocks
unchanged. Such a construction can be made rigorous by considering restrictions of partitions
to the first n integers and by a consistency argument. Then I1° has the law of the fragmentation
with parameters (0,0, v).

Out of this “homogeneous” fragmentation, we construct the (a, 0, v)-fragmentation by intro-
ducing a time-change. Call \;(¢) the asymptotic frequency of the block of TI°(¢) that contains
1, and write

Ti(t) = inf {u >0 /0 () odr > t} | (3)

Last, for every t > 0 we let II(¢) be the random partition such that 7, j are in the same block of
I1(¢) if and only if they are in the same block of II°(T;(t)), or equivalently of I1°(7}(¢)). Then
(IL(t),t > 0) is the wanted version. Let (G(t),t > 0) be the natural filtration generated by
IT completed up to P-null sets. According to [7], the fragmentation property holds actually
for G-stopping times and we shall refer to it as the strong fragmentation property. In the
homogeneous case, we will rather call G° the natural filtration.

When a < 0, the loss of mass in the ranked fragmentations shows up at the level of partitions
by the fact that a positive fraction of the blocks of II(¢) are singletons for some ¢ > 0. This
last property of self-similar fragmentations with negative index allows us to build a collection
of trees with edge-lengths.
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2.2 Trees with edge-lengths

A tree is a finite connected graph with no cycles. It is rooted when a particular vertex (the root)
is distinguished from the others, in this case the edges are by convention oriented, pointing from
the root, and we define the out-degree of a vertex v as being the number of edges that point
outward from v. A leaf in a rooted tree is a vertex with out-degree 0. For k > 1, let T}, be the
set of rooted trees with exactly k labeled leaves (the names of the labels may change according
to what we see fit), the other vertices (except the root) begin unlabeled , and such that the
root is the only vertex that has out-degree 1. If t € T, we let E(t) be the set of its edges.

A tree with edge-lengths is a pair ¥ = (t,e) for t € |J,o, Ty and e = (e;,i € E(t)) €
(R, \ {0})P®. Call t the skeleton of ¥. Such a tree is naturally equipped with a distance
d(v,w) on the set of its vertices, by adding the lengths of edges that appear in the unique path
connecting v and w in the skeleton (which we still denote by [[v, w]]). The height of a vertex is
its distance to the root. We let Ty, be the set of trees with edge-lengths whose skeleton is in T.
For ¢ € Ty, let €001 be the length of the unique edge connected to the root, and for e < €90t
write ¢ — e for the tree with edge-lengths that has same skeleton and same edge-lengths as 9,
but for the edge pointing outward from the root which is assigned length e,,o; — €.

We also define an operation MERGE as follows. Let n > 2 and take v, 75, ..., 9, respectively
in Ty, Thy,- .., Tk, with leaves (L},1 < i < k), (L31 < @ < ko), (L1 < i < k)
respectively. Let also e > 0. The tree with edge-lengths MERGE((V1,...,0,);e) € Ty y, is
defined by merging together the roots of ¥y,...,7, into a single vertex e, and by drawing a
new edge root — e with length e.

Last, for ¥ € T}, and ¢ vertices vy, ..., v;, define the subtree spanned by the root and vy, .. ., v;
as follows. For every p # ¢, let b(v,, v,) be the branchpoint of v, and v,, that is, the highest
point in the tree that belongs to [[root,v,]] N [[root, v,]]. The spanned tree is the tree with
edge-lengths whose vertices are the root, the vertices vy, ..., v; and the branchpoints b(v,, v,),
1 < p # q < i, and whose edge-lengths are given by the respective distances between this subset
of vertices of the original tree.

2.3 Building the CRT

Now for B C N finite, define R(B), a random variable with values in Typ, whose leaf-labels
are of the form L; for i € N | as follows. Let D; = inf{t > 0 : {i} € II(¢)} be the first time
when {i} “disappears”, i.e. is isolated in a singleton of II(¢). For B a finite subset of N with at
least two elements, let Dp = inf{t > 0 : #(BNII(t)) # 1} be the first time when the restriction
of II(t) to B is non-trivial, i.e. has more than one block. By convention, Dy;; = D;. For every
i > 1, define R({i}) as a single edge root — L;, and assign this edge the length D;. For B with
#B > 2, let By,...,B; be the non-empty blocks of BNII(Dpg), arranged in increasing order of
least element, and define a tree R(B) recursively by

R(B) = MERGE((R(B:) — Dp, ..., R(B;) — Dg); Dg).

Last, define R(k) = R([k]). Notice that by definition of the distance, the distance between L;
and L; in R(k) for any k > 1V j equals D; + D; — 2Dy ;.
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We now state the key lemma that allows us to describe the CRT out of the family (R(k), k >
1) which is the candidate for the marginals of 7r. By Aldous [2], it suffices to check two
properties, called consistency and leaf-tightness. Notice that in [2], only binary trees (in which
branchpoint have out-degree 2) are considered, but as noticed therein, this translates to our
setting with minor changes.

Lemma 3. (i) The family (R(k),k > 1) is consistent in the sense that for every k and j <k,
R(j) has the same law as the subtree of R(k) spanned by the root and j distinct leaves LY, ..., L
taken uniformly at random from the leaves Ly, ..., Ly of R(k), independently of R(k).

(ii) The family (R(k),k > 1) is leaf-tight, that is, with the above notations,

. k rky P
Join, d{Lg, Lj) = 0.
Proof. The consistency property is an immediate consequence of the fact that the process 11

is exchangeable. Taking j leaves uniformly out of the & ones of R(k) is just the same as if we
had chosen exactly the leaves Ly, Lo, ..., L;, which give rise to the tree R(j), and this is (i).

For (ii), first notice that we may suppose by exchangeability that L¥ = L;. The only
point is then to show that the minimal distance of this leaf to the leaves Lo,..., L; tends to
0 in probability as k — oo. Fix n > 0 and for ¢ > 0 write ¢! = inf{t > 0 : |[II;(¢)| < €},
where II;(¢) is the block of TI(t) containing 1. Then ¢! is a stopping time with respect to
the natural filtration (F;,¢ > 0) associated with IT and ¢! T D; as € | 0. By the strong
Markov property and exchangeability, one has that if K(¢) = inf{k > 1: k € TI;(¢t!)}, then
P(Dy + Dg(y) — 2tL < 1) = E[Pnu: (D1 + Dg() < n)] where Py is the law of the fragmen-
tation IT started at 7 (the law of II under P, is the same as that of the family of partitions
({blocks of 7 NIIW(|my|*t), w5 NP (|ma|*¢), ...}, ¢ > 0) where the II)’s i > 1, are indepen-
dent copies of IT under Py g o..}). By the self-similar fragmentation property and exchange-
ability this is greater than P(D; + Dy < £“n), which in turn is greater than P(27 < &%)
where 7 is the first time where II(¢) becomes the partition into singletons, which by [8] is finite
a.s. This last probability thus goes to 1 as ¢ | 0. Taking ¢ = ¢(n) | 0 quickly enough as
n — oo and applying the Borel-Cantelli lemma, we a.s. obtain a sequence K (¢(n)) such that
d(Ll, LK(n)) < D{+ DK(e(n)) — Qts(n) < 1. Hence the result. Ul

For a rooted R-tree T" and k vertices vy, ..., v, we define exactly as for marked trees the

subtree spanned by the root and vy, ..., vk, as an element of Ty. A consequence of [2, Theorem
3] is then:

Lemma 4. There exists a CRT (711, un) such that if Zy, ..., Zy is a sample of k leaves picked
independently according to un conditionally on pr, the subtree of Trr spanned by the root and
Z1y..., 2y has the same law as R(k).

In the sequel, sequences like (71, Zs, . ..) will be called ezchangeable sequences with directing
measure .

Proof of Theorem 1. We have to check that the tree 7y of the preceding lemma gives
rise to a fragmentation process with the same law as F' = |II|. By construction, we have that
for every t > 0 the partition II(¢) is such that ¢ and j are in the same block of II(¢) if and
only if L; and L; are in the same connected component of {v € 7y : ht(v) > t}. Hence, the
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law of large numbers implies that if F’(¢) is the decreasing sequence of the p-masses of these
connected components, then F’(t) = F(t) a.s. for every t. Hence, F’ is a version of F', so we
can set 7p = 7y;. That 7 is a-self-similar is an immediate consequence of the fragmentation
and self-similar properties of F.

We now turn to the last statement of Theorem 1. With the notation of Lemma 4 we will
show that the path [[@, Z;]] is almost-surely in the closure of the set of leaves of 7 if and only if
v(S) = co. Then it must hold by exchangeability that so do the paths [[@, Z;]] for every i > 1,
and this is sufficient because the definition of the CRTs implies that S(7r) = (,+,[[9, Zi[], see
2, Lemma 6] (the fact that 7p is a.s. compact will be proved below). To this end, it suffices
to show that for any a € (0,1), the point aZ; of [[&, Z1]] that is at a proportion a from & (the
point g 7 (ad(2, Z1)) with the above notations) can be approached closely by leaves, that is,
for n > 0 there exists j > 1 such that d(aZ,Z;) < n. It thus suffices to check that for any
>0

P(E|2 < j <k: |D{17j} — (J,D1| < ¢ and Dj — D{lyj} < 5) kjm 17 (4)

with the above notations derived from II (this is a slight variation of [2, (iii) a). Theorem 15]).

Suppose that v(S) = oo. Then for every rational r > 0 such that |[II;(r)] # 0 and for
every ¢ > 0, the block containing 1 undergoes a fragmentation in the time-interval (r,r 4+ §/2).
This is obvious from the Poisson construction of the self-similar fragmentation II given above,
because v is an infinite measure so there is an infinite number of atoms of (A, k;) with &, = 1
in any time-interval with positive length. Therefore, there exists an infinite number of elements
of II;(r) that are isolated in singletons of II(r + §), e.g. because of Lemma 5 below which
asserts that only a finite number of the blocks of II(r 4 §/2) “survive” at time 7+ 0, i.e. is not
completely reduced to singletons. Thus, an infinite number of elements of I1;(r) correspond to
leaves of some R (k) for k large enough. By taking r close to aD; we thus have the result.

On the other hand, if v(S) < oo, it follows from the Poisson construction that the state
(1,0,...) is a holding state, so the first fragmentation occurs at a positive time, so the root
cannot be approached by leaves. U

Remark. We have seen that we may actually build simultaneously the trees (R(k),k > 1)
on the same probability space as a measurable functional of the process (II(¢),¢ > 0). This
yields, by redoing the “special construction” of Aldous [2], a stick-breaking construction of the
tree 7, by now considering the trees R (k) as R-trees obtained as finite unions of segments
rather than trees with edge-lengths (one can check that it is possible to switch between the two
notions). The mass measure is then defined as the limit of the empirical measure on the leaves
Ly,...,L,. The special CRT thus constructed is a subset of ¢! in [2], but we consider it as
universal, i.e. up to isomorphism. The tree R(k + 1) is then obtained from R(k) by branching
a new segment with length Dy, — maxpcu) o Dpugk+1}, and T can be reinterpreted as the
completion of the metric space |J,~,; R(k). On the other hand, call Ly, Lo,... as before the
leaves of | J,~, R(k), Li, being the leaf corresponding to the k-th branch. One of the subtleties
of the special construction of [2] is that Ly, Lo, ... is not itself an exchangeable sample with
the mass measure as directing law. However, considering such a sample Z;, Zs, ..., we may
construct a random partition I1'(¢) for every ¢ by letting i ~™'®) j if and only if Z; and Zj are in
the same connected component of the forest {v € 7p : ht(v) > t}. Then easily II'(¢) is again a
partition-valued self-similar fragmentation, and in fact |II'(¢)| = F(t) a.s. for every ¢ so II’ has
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same law as IT (II" can be interpreted as a “relabeling” of the blocks of IT). As a conclusion, up
to this relabeling, we may and will assimilate 7z as the completion of the increasing union of
the trees R(k), while Ly, Lo, ... will be considered as an exchangeable sequence with directing
law pip.

Proof of Proposition 1. The fact that the process F' defined out of a CRT (7, 1) with the
stated properties is a S-valued self-similar fragmentation with index « is straightforward and
left to the reader. The treatment of the erosion and sudden loss of mass is a little more subtle.
Let Zy, Zs, ... be an exchangeable sample directed by the measure p, and for every ¢ > 0 define
a random partition II(¢) by saying that ¢ and j are in the same block of II(¢) if Z; and Z; fall
in the same tree component of {v € 7 : ht(v) > t}. By the arguments above, II defines a
self-similar partition-valued fragmentation such that |II(¢)| = F'(¢) a.s. for every ¢. Notice that
if we show that the erosion coefficient ¢ = 0 and that no sudden loss of mass occur, it will
immediately follow that 7 has the same law as 7p.

Now suppose that v(>_,s; < 1) # 0. Then (e.g. by the Poisson construction of fragmenta-
tions described above) there exist a.s. two distinct integers ¢ and j and a time D such that i
and j are in the same block of II(D—) but {i} € II(D) and {j} € II(D). This implies that
Z; = Zj, so j has a.s. an atom and (7, i) cannot be a CRT. On the other hand, suppose that
the erosion coefficient ¢ > 0. Again from the Poisson construction, we see that there a.s. exists
a time D such that {1} ¢ II(D—) but {1} € II(D), and nevertheless II(D) N II;(D—) is not
the trivial partition Q. Taking j in a non-trivial block of this last partition and denoting its
death time by D', we obtain that the distance from Z; to Z; is D" — D, while the height of
Zy is D and that of Z; is D’. This implies that Z; is a.s. not in the set of leaves of 7, again
contradicting the definition of a CRT. U

3 Hausdorff dimension of 75

Let (M,d) be a compact metric space. For &€ C M, the Hausdorff dimension of £ is the real
number

dimy (&) :==inf{y > 0: m,(€) =0} =sup{y > 0:m, () = oo}, (5)
where
my (&) := S;ig inf Z A(E;), (6)

the infimum being taken over all collections (E;,i > 1) of subsets of £ with diameter A(E;) < ¢,
whose union covers £. This dimension is meant to measure the “fractal size” of the considered
set. For background on this subject, we mention [16] (in the case M = R", but the generalization
to general metric spaces of the results we will need is straightforward).

The goal of this Section is to prove Theorem 2 and more generally that

0 . 1
— <d L(Tr)) < — a.s.
’a’ = lmH( ( F)) = ’Oé| a.s

where ¢ is the v-dependent parameter defined by (2). The proof is divided in the two usual
upper and lower bound parts. In Section 3.1, we first prove that 7 is indeed compact and that
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dimy (L(7F)) < 1/|a| a.s., which is true without any extra integrability assumption on v. We
then show that this upper bound yields dimy (dMp) < 1 A1/ |a a.s. (Corollary 2). Sections
3.2 to 3.4 are devoted to the lower bound dimy (£(ZF)) > o/ |a| a.s. This is obtained by using
appropriate subtrees of 7z (we will see that the most naive way to apply Frostman’s energy
method with the mass measure pp fails in general). That Theorem 2 applies to stable trees is
proved in Sect. 3.5.

3.1 Upper bound

We begin by stating the expected

Lemma 5. The tree Tr is a.s. compact.

Proof. For ¢t > 0 and ¢ > 0, denote by N the number of blocks of II(¢) not reduced to
singletons that are not entirely reduced to dust at time ¢ + . We first prove that Ny is a.s.
finite. Let (II;(¢),7 > 1) be the blocks of I1(¢), and (|II;(¢)|,7 > 1), their respective asymptotic
frequencies. For integers ¢ such that |II;(¢)| > 0, that is I1;(t) # @ and I1;(¢) is not reduced to
a singleton, let 7, := inf {s > ¢ : II;(¢) N II(s) = O} be the first time at which the block II;(¢)
is entirely reduced to dust. Applying the fragmentation property at time ¢, we may write 7;
as 7; = t + |IL;(8)|'™' % where 7; is a r.v. independent of G (t) that has same distribution as
7 = inf{t > 0 : II(¢t) = O}, the first time at which the fragmentation is entirely reduced to
dust. Now, fix ¢ > 0. The number of blocks of II(¢) that are not entirely reduced to dust at
time t 4+ ¢, which could be a priori infinite, is then given by

Ni= D> [mwlvas}
2:|I1;(¢)|>0

From Proposition 15 in [18], we know that there exist two constants Cy,Cy such that P(r >
t) < Cre~ ! for all t > 0. Consequently, for all § > 0,

BN 1G] < € 3 ercwlmor 7)

< CE)e Y MmO,

where C(8) = sup,ep+ {Ci2°e "} < oo. Since Y, |IL;(¢)] < 1 as, this shows by taking
d =1/|a| that Nf < oo a.s.

Let us now construct a covering of supp (u) with balls of radius 5. Recall that we may
suppose that the tree 7 is constructed together with an exchangeable leaf sample (L1, Lo, .. .)
directed by pp. For each | € NU{0}, we introduce the set

Bf = {keN:{k} ¢ (), {k} € TI((l + 1) &)},

some of which may be empty when v(S) < oo, since the tree is not leaf-dense. For [ > 1, the
number of blocks of the partition B NII(({ —1)e) of Bj is less than or equal to Nj_,,. and
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so is a.s. finite. Since the fragmentation is entirely reduced to dust at time 7 < oo a.s., IV is
equal to zero for [ > 7/ and then, defining

[7/¢]

ZNla

we have N, < 0o a.s. ([7/e] denotes here the largest integer smaller than 7/¢). Now, consider a
finite random sequence of pairwise distinct integers o(1), ..., 0 (V) such that for each 1 <[ <
[7/¢] and each non-empty block of Bf NII((I —1)¢), there is a 0(i),1 < ¢ < N, in this block.
Then each leaf L; belongs then to a ball of center L,;, for an integer 1 < ¢ < N, and of
radius 4e. Indeed fix 7 > 1. It is clear that the sequence (B})1enu (o) forms a partition of N.
Thus, there exists a unique block B} containing j and in this block we consider the integer o(7)
that belongs to the same block as j in the partition Bf N H(((l — 1) 0)e). By definition (see
Section 2.3), the distance between the leaves L; and Ly ;) is d(L;, L)) = Dj+ Dy — 2Dy 0(:)} -
By construction, j and (i) belong to the same block of I(((1 — 1) \/ 0)e) and both die before
(I + 1)e. In other words, max(D;, Dyg;)) < (I 4 1) e and Dyj o) > ((I = 1) vV 0) &, which implies
that d(L;, L,@)) < 4e. Therefore, we have covered the set of leaves {L;,j > 1} by at most N
balls of radius 4e. Since the sequence (L;),., is dense in supp (u), this induces by taking balls
with radius 5e instead of 4¢ a covering of supp (u) by N. balls of radius 5¢. This holds for all
e > 0 so supp (u) is a.s. compact. The compactness of 7 follows. O

Let us now prove the upper bound for dimy(L(Zr)). The difficulty for finding a “good”
covering of the set £(7F) is that as soon as v is infinite, this set is dense in 7, and thus
one cannot hope to find its dimension by the plain box-counting method, because the skeleton
S(7r) has a.s. Hausdorff dimension 1 as a countable union of segments. However, we stress
that the covering with balls of radius 5e¢ of the previous lemma is a good covering of the whole
tree, because the box-counting method leads to the right bound dim #(7r) < (1/|a|) V 1, and
this is sufficient when |a| < 1. When |a| > 1 though, we may lose the details of the structure
of L(Tr). We will thus try to find a sharp “cutset” for the tree, motivated by the computation
of the dimension of leaves of discrete infinite trees.

Proof of Theorem 2: upper bound. For every i € N and ¢ > 0 let IL;)(¢) be the block of
I1(¢) containing ¢ and for € > 0 let

=inf{t >0: |H(i)(t)’ <e}.

Define a partition IT° by i ~™ j if and only if I;)(£5) = II;;)(¢5). One easily checks that this
random partition is exchangeable, moreover it has a.s. no singleton. Indeed, notice that for any
i, I1(;)(¢5) is the block of II(¢;) that contains 7, and this block cannot be a singleton because the
process (|I1;(t)|,¢ > 0) reaches 0 continuously. Therefore, II®) admits asymptotic frequencies
a.s., and these frequencies sum to 1. Then let
TG) = sup inf{t > 5 : |l (t)| = 0} — &5
JEI 3 (t5)
be the time after t when the fragment containing i vanishes entirely (notice that T = TG)
whenever i ~° j). We also let b5 be the unique vertex of [, L;]] at distance 5 from the root,

notice that again b = b5 whenever i~
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We claim that
Tr) € | B, 75)
ieN
where B(v,r) is the closed ball centered at v with radius r in 7p. Indeed, for L € L(7F), let
by be the vertex of [[@, L]] with minimal height such that ur(7,,) < e, where 7, is the fringe
subtree of 7p rooted at by. Since by, € S(7r), pr(7Zp,) > 0 and there exist infinitely many
i's with L; € T,,. But then, it is immediate that for any such ¢, t; = ht(by) = ht(bf). Since
(Li,i > 1) is dense in £(7F), and since for every j with L; € 7y one has d(b5, L;) < 7(, by
definition, it follows that L € B(b3, 7Gy)- Therefore, (B (05, 77):i = 1) is a covering of £(’T F)-

The next claim is that this covering is fine as € | 0, namely

sup 7y — 0 a.s.
€N @ el0

Indeed, if it were not the case, we would find n > 0 and i,,n > 0, such that T(lii Q)n > n and

L;, —wv for some v € 7. Now, since MF(TI/Q") < 27" it follows that we may find a vertex

b € [[@,v]] at distance at least /4 from v, such that pr(7y) = 0, and this does not happen a.s.

d(blrf 2n, L;,) > n/2 for every n. Since T is compact, we may extract a subsequence such that

To conclude, let 77 = 76 (11, (t5)=11, ()} (we just choose one ¢ representing each class of T1°
above). By the self-similarity property applied at the (G(t),t > 0)-stopping time ¢, 77 has the

same law as |IL;(#5)[l*/7, where 7 has same law as inf{t > 0 : |TI(t)| = (0,0,...)} and is taken
independent of |[TT;(¢5)|. Therefore,

Sl | =

i>1

E 1/\ocl — E[r 1/\@4] < 0. (8)

E | ()]

1>1

The fact that E[r'/1]] is finite comes from the fact that 7 has exponential moments. Because
our covering is a fine covering as ¢ | 0, it finally follows that (with the above notations)

m1/|a|(£(Tp)) < lilgl“i)nf Z (Tia)1/|oc\ a.s.,
which is a.s. finite by (8) and Fatou’s Lemma. 0

Proof of Corollary 2. By Theorem 1, the measure dMp has same law as dW .., the Stieltjes
measure associated with the cumulative height profile W, (t) = pr {v € Tr : ht(v) < t},t > 0.
To bound from above the Hausdorff dimension of dWW 7, note that

AT 7, (¢ (£ (Tr))) = / (e ir(dv) = 1
Tr

since pp(L(Tr))
dimy (ht(L (7F)))

easily leads to

1. By definition of dimy (dWg;,), it is thus sufficient to show that
1/ |a| a.s. To do so, remark that ht is Lipschitz and that this property

IA

dimy (ht(L (7F))) < dimy (£(7F)) -

The conclusion hence follows from the majoration dimy (£ (7F))) < 1/|a| proved above. [
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3.2 A first lower bound

Recall that Frostman’s energy method to prove that dimy(€) > 7 where £ is a subset of a metric

space (M,d) is to find a nonzero positive measure 7(dz) on & such that [, [, % < 0.

A naive approach for finding a lower bound of the Hausdorff dimension of 7 is thus to apply
this method by taking n = pup and € = L(7F). The result states as follows.

Lemma 6. For any fragmentation process I satisfying the hypotheses of Theorem 1, one has

i £7)) = 2o (148,

|

;= —1in : - s p(ds) > —
pi= f{q /S<1 > ) (ds) > }e[o,u, 9)
A—sup{a<1/
s

Proof. By Lemma 4 (recall that (71, un) = (7, ur) by Theorem 1) we have

por( dx uF dy) a.s. { 1 }
S ol (E—

|, LF i | F ]

and by definition, d(Lq, Ly) = Dy + Doy — 2D{172}. Applying the strong fragmentation property
at the stopping time Dy, 5y, we can rewrite Dy and D, as

where

and

“s;v(ds) < } € [0,1]. (10)

1<e<y

so that

Dy = Dggy + A‘lal(D{Lz})li Dy = Dpigy + )\|2a‘(D{1,2})52

where A\ (Dy12)) (resp. Ao(Dyi,23)) is the asymptotic frequency of the block containing 1 (resp.

2) at time Dy 9y and Dy and D, are independent with the same law as D; and independent of
g (D{Lg}) . Therefore,

d(Ly, Ls) = AN (Dg1.9y) D1 + Ay (Dy1.9y) Ds,

and

FE |:d(T1LQ)'Y:| <2F [A?V(D{lg});/\l(D{l,g}) > )\Q(D{Lz})} E [Dl—’q ] (11)

By [19, Lemma 2] the first expectation in the right-hand side of inequality (11) is finite as soon
as |a| v < A, while by [18, Sect. 4.2.1] the second expectation is finite as soon as v < 1+p/|al.

That dimH(E(TF)) > ((A/|04\) (1+p/lal)) follows. O
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Let us now make a comment about this bound. For dislocation measures such that v(sy41 >
0) = 0 for some N > 1, the constant A equals 1 since for all a < 1,

AZsi_“sjy(ds) < /S(N - 1) Z s;v(ds) < (N —1) / (1 —sy)v(ds) < oco.

i<j 2<j<N S

In such cases, if moreover p = 1, the “naive” lower bound of Lemma 6 is thus equal to 1/|a].
A typical setting in which this holds is when v(S) < oo and v(sy41 > 0) = 0 and therefore, for
such dislocation measures the “naive” lower bound is also the best possible.

3.3 A subtree of 7r and a reduced fragmentation

In the general case, in order to improve this lower bound, we will thus try to transform the
problem on F' into a problem on an auxiliary fragmentation that satisfies the hypotheses above.
The idea is as follows: fix an integer N and 0 < ¢ < 1. Consider the subtree 7o ° C Tp
constructed from 77 by keeping, at each branchpoint, the N largest fringe subtrees rooted
at this branchpoint (that is the subtrees with the largest masses) and discarding the others
in order to yield a tree in which branchpoints have out-degree at most N. Also, we remove
the accumulation of fragmentation times by discarding all the fringe subtrees rooted at the
branchpoints but the largest one, as soon as the proportion of its mass compared to the others
is larger than 1 — . Then there exists a probability 2 such that (T2, uy°) is a CRT, to
which we will apply the energy method.

Let us make the definition precise. Define £ C L(7F) to be the set of leaves L such that
for every branchpoint b € [[@, L]], L € F° with F° defined by
]:lf]:;ve =T, U...ULY if up(T,')/pr (Ui21 7?) <l-e¢ (12)
F, o =1 if up(7,)')/ e (Ui21 7;)2) >1—¢ '

where 7;', 7,2 ... are the connected components of the fringe subtree of 7 rooted at b, from
whom b has been removed (the connected components of {v € T : ht(v) > b}) and ranked in
decreasing order of pp-mass. Then let TP{V “ C Tr be the subtree of 7 spanned by the root
and the leaves of £LV*, i.e.

T ={veTp:3L e LN ve (o, L]}

The set TP{V ° C Tr is plainly connected and closed in 7, thus an R-tree.

Now let us try to give a sense to “taking at random a leaf in T;V’a”. In the case of Tp, it was
easy because, from the partition-valued fragmentation II, it sufficed to look at the fragment
containing 1 (or some prescribed integer). Here, it is not difficult to show (as we will see
later) that the corresponding leaf L; a.s. never belongs to ’TFN “ when the dislocation measure
v charges the set {s; > 1—¢} U{sy+1 > 0}. Therefore, we will have to use several random
leaves of Ty. For any leaf L € £(Tx) \ £(T;2°) let b(L) be the highest vertex v of [[@, L]] such
that v € 72°. Call it the branchpoint of L and T,"°.

Now take at random a leaf Z; of 7 with law pp conditionally on g, and define recursively
a sequence (Z,,n > 1) with values in 75 as follows. Let Z, ;1 be independent of Zy,...,Z,
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conditionally on (7, ur,b(Z,)), and take it with conditional law
P(Zuir € T, e, b(Z0)) = pe(- 0 Fyls ) e (Foys )

Lemma 7. Almost surely, the sequence (Z,,n > 1) converges to a random leaf Z™* € E(T},{V’E).
If u° denotes the conditional law of ZV< given (Tp, up), then (T2, un®) is a CRT, provided
e 1s small enough.

To prove this and for later use we first reconnect this discussion to partition-valued frag-
mentations. Recall from Sect. 2.1 the construction of the homogeneous fragmentation I1° with
characteristics (0,0,7) out of a P x N-valued Poisson point process ((As, k), t > 0) with
intensity x, ® #. For any partition © € P, that admits asymptotic frequencies whose ranked
sequence is s, write 7ril for the block of 7 with asymptotic frequency s; (with some convention
for ties, e.g. taking the order of least element). We define a function GRINDY* : P, — Py
that reduces the smallest blocks of the partition to singletons as follows. If 7 does not admit
asymptotic frequencies, let GRIND™#(7) = 7, else let
W%, ...,W]l\,,singletons> ifsg<1—c¢

o, Singletons> if s >1—¢.

GRIND™V#(7r) =
Now for each ¢ > 0 write A)° = GRINDY<(A,), so (A}, k;),t > 0) is a Po x N-valued Poisson
point process with intensity measure x,~.: ® #, where V¢ is the image of v by the function

(81,0, SN,0,...) if 53 <1—¢
SGSH{ (51,0,..) if sy > 1 — e,

From this Poisson point process we construct first a version 11V of the (0, 0,V ’E) fragmen-
tation, as explained in Section 2.1. For every time ¢ > 0, the partition I1%"V(¢) is finer than
I1°(¢) and the blocks of T1%"¢(¢) non-reduced to singleton are blocks of I1°(¢). Next, using the
time change (3), we construct from II%"< a version of the (a, 0,V ’8) fragmentation, that we
denote by IIV=.

Note that for dislocation measures v such that vV (3" s; < 1) = 0, Theorem 2 is already
proved, by the previous subsection. For the rest of this subsection and next subsection, we
shall thus focus on dislocation measures v such that vV (3~ s; < 1) > 0. In that case, in T1%"
(unlike for 1) each integer i is eventually isolated in a singleton a.s. within a sudden break
and this is why a pgp-sampled leaf on 7r cannot be in TFN’E, in other words, ur and ug’s are
a.s. singular. Recall that we may build 7z together with an exchangeable up-sample of leaves
Ly, Ly, ... on the same probability space as II (or I1°). We are going to use a sub-family of
(L1, Lo, .. .) to build a sequence with the same law as (Z,,n > 1) built above. Let ¢; = 1 and

ing1 = inf{i > iy : Li,,, € Fyi )
It is easy to see that (L;,,n > 1) has the same law as (Z,,n > 1). From this, we build a

decreasing family of blocks B%N<(¢) € T1°(t), t > 0, by letting B®™<(¢) be the unique block of
1°(¢) that contains all but a finite number of elements of {iy,is,...}.
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Here is a useful alternative description of B%M<(t). Let D™ be the death time of i for the
fragmentation I1%"< that is

DYNMe = inf{t > 0: {i} € ION=(¢)}.

By exchangeability the D"™®’s are identically distributed and DY = inf{t > 0 : k, =
1and {1} € A"} so it has an exponential law with parameter Jo(1 =3, s;)v™=(ds). Then
notice that B%Y<(¢) is the block admitting 4, as least element when D?;N’a <t< D?ﬁf.
Indeed, by construction we have

It = inf{i € BO’N’E(D&N’E_) . {Z} ¢ H07N,E(D/?71N,E)}'

Moreover, the asymptotic frequency A" (t) of B%N<(t) exists for every ¢ and equals the fip-
mass of the tree component of {v € 7p : ht(v) > t} containing L;, for D?T’LN’E <t < DYNE

tn+1
Notice that at time D?;N’g, either one non-singleton block coming from BV ’a(D?T’LN’E—), or
up to N non-singleton blocks may appear; by Lemma 1, B%V ’E(D?;N’E) is then obtained by
taking at random one of these blocks with probability proportional to its size.

Proof of Lemma 7. For t > 0 let A\>V<(t) = |[B®V<(t)| and

TON<(t) == inf {u >0: /0 ’ (ASNE(r)) " dr > t} (13)

and write BN<(t) := BONe(TONE(t)), for TON4(t) < oo and BN<(t) = @ otherwise, so for
all t > 0, BV<(t) € TIV4(t). Let also D, := T%N<(D"™*) be the death time of 4, in the
fragmentation TIV<. Tt is easy to see that b, = b(L;, ) is the branchpoint of the paths [[&, L;, ]|
and [[@, L,,,,]], so the path [[&,b,]] has length Dﬁ’e. The “edges” [[bn,bn11]], n € N, have
respective lengths D;Zfl — Dﬁ’a, n € N. Since the sequence of death times (D;Z’e,n > 1) is
increasing and bounded by 7 (the first time at which II is entirely reduced to singletons), the
sequence (b,,n > 1) is Cauchy, so it converges by completeness of 7r. Now it is easy to show
that D?;LN’E — 00 as n — 00 a.s., 50 AVE(1) — 0 as t — oo a.s. (see also the next lemma).
Therefore, the fragmentation property implies d(L;, ,b,) — 0 a.s. so L;, is also Cauchy, with
the same limit, and the limit has to be a leaf which we denote LY* (of course it has same
distribution as the Z™¢ of the lemma’s statement). The fact that L™ € 7, FN’a a.s. is obtained
by checking (12), which is true since it is verified for each branchpoint b € [[&,b,]] for every
n > 1 by construction.

We now sketch the proof that (TFN’E, //;’5) is indeed a CRT, leaving details to the reader.
We need to show non-atomicity of ,ug’s, but it is clear that when performing the recursive
construction of ZV¢ twice with independent variables, (Z,,n > 1) and (Z/,n > 1) say, there
exists a.s. some n such that Z,, and Z/ end up in two different fringe subtrees rooted at some
of the branchpoints b, provided that ¢ is small enough so that v(1 —s; > €) # 0 (see also
below the explicit construction of two independently ug’g—sampled leaves). On the other hand,
all of the subtrees of 7r rooted at the branchpoints of TFN’E have positive pp-mass, so they will
end up being visited by the intermediate leaves used to construct a ,ug’g—i.i.d. sample, so the
condition X ({v € T, : [[@,v]] N [[@, w]] = [[@,w]]}) > 0 for every w € S(T*) is satisfied.
O
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It will also be useful to sample two leaves (lev’s,LéV ) that are independent with same
distribution p° conditionally on ppy* out of the exchangeable family Ly, Ly, .... A natural
way to do this is to use the family (L, Ls, Ls, . ..) to sample the first leaf in the same way as
above, and to use the family (Ls, Ly, ...) to sample the other one. That is, let j{ = 1,5? = 2
and define recursively (jl,j2, n > 1) by letting

"L

jrlerl zlnf{] - 2N—|—1,] >]11 . L E‘}['N,s )}
jag =inf{j €2N,j>jt, :L;€ flj{;z !

It is easy to check that (L;1,n > 1) and (L;2,n > 1) are two independent sequences distributed
as (Z1,Zs,...) of Lemma 7. Therefore, these sequences a.s. converge to limits Liv < Lév “ and
these are independent with law p° conditionally on pn°. We let Dy = ht(Ly ), k = 1,2.

Similarly as above, for every ¢ > 0 we let BY"™(t), k = 1,2 (resp. By (t)) be the block of
T1°(t) (vesp. TI(t)) that contains all but the first few elements of {j¥, 7% ...}, and we call X" (t)
(resp. Ap°(t)) its asymptotic frequency. Last, let DY 5 =inf{t >0: BY )N BYNE(t) = o}
(and define similarly Dy 91). Notice that for ¢ < Df{’ljz}, we have BY™V<(t) = BY™4(t), and by

construction the two least elements of the blocks (2N+1)NBY"*(¢) and (2N)NBY"™*(t) are of the
form jy, jz, for some n,m. On the other hand, for ¢ > DY, ,,, we have BN (yn BYNe(t) = @,

and again the least elements of (2N + 1) N BY""*(¢) and (2N) N BY™¢(t) are of the form j., 52,
for some n,m. In any case, we let j1(¢) = 51 52(t) = j2 for these n,m.

3.4 Lower bound

8

Since pp" is a measure on L(7r), we want to show that for every a < p, the integral

fTNs fTNs M is a.s. finite for suitable N and €. So consider a < p, and note

xy a/|a\
that
/ / “(da)up=(dy) | _ > 1
TNe Jre d(z, y)/ll d(Lf”s,LéV’e)a/lM

where d(LN<€ LNe) D, + D, — 2Dy 53, with notations above. The fragmentation property at
the stopping time Dy 9y leads to

Dk’ = D{l,Q} + A2V78(D{172})|a|15k, k‘ = 1’ 2’

where 51,52 are independent with the same distribution as D, the height of the leaf LY+
constructed above, and independent of G(Dyy9}). Therefore, the distance d(LYS LY#) can be
rewritten as

e . la] ~ _ | ~
d(LY", L)) = (Aiv’ (D{l,z})> Dy + (Aév’ (D{L?})) D,

and
E [d(Liv’E, L)~ "“] <2F [(Aiv’e(@{l,z})>a A (D) > Ag’E(D{l,z})} E[D~/l].
Therefore, that dimy (L(ZF)) > o/ || is directly implied by the following Lemmas 8 and 10.
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Lemma 8. The quantity E[D~7] is finite for every 0 <~ < o/ |a].

The proof uses the following technical lemma. Recall that AV<(t) = |[BY=(t)].

Lemma 9. One can write AV = exp (—gp(_)) , where & (tacitly depending on N, €) is a subor-
dinator with Laplace exponent

S; s1<l—e¢
<I>§(Q)=/S((1—s [a>1- g}+z (1 — s7) —tn=toe) >u(ds), q>0, (14)

51'+ +'SN

and p s the time-change
p(t) = inf {u >0: / exp(a,)dr > t} , t>0.
0

Proof. Recall the construction of the process B¢ from II°, which itself was constructed
from a Poisson process (A, k;,t > 0). From the definition of B%"(t), we have

BN = () AN

0<s<t

where the sets AN are defined as follows. For each s > 0, let i(s) be the least element of the
block B%N<(s—) (so that BOYN<(s—) = H?(s)( —=)), so (i(s),s > 0) is an (F(s—),s > 0)-adapted
jump-hold process, and the process {A; : ks = i(s),s > 0} is a Poisson point process with
intensity #,. Then for each s such that k, = i(s), AY< consists in a certain block of A,, and

precisely, AN is the block of A, containing
inf {i € B"N*(s—) : {i} ¢ AN},

the least element of B%"¢(s—) which is not isolated in a singleton of AM¢ (such an integer
must be of the form i, for some n by definition). Now B%"<(s—) is F(s—)-measurable, hence
independent of A,. By Lemma 1, AN# is thus a size-biased pick among the non-void blocks of
AN<and by definition of the function GRINDY<, the process (JAN=|,s > 0) is a [0, 1]-valued
Poisson point process with intensity w(s) characterized by

N s,
f(s)w(ds) = /s< (si>1-e)f (1) + {51<1—a};f(3i)m> v(ds),

0.1]

for every positive measurable function f. Then |B"V¢(t)| = [[y<.<; |AY*] a.s. for every ¢ > 0.
To see this, denote for every k > 1 by Aﬁ’f’k,Ag’E’k,... the atoms AM¢ s < ¢, such that
|ANe| e [1—k~11—(k+1)7!). Complete this a.s. finite sequence of partitions by partitions 1
and call ™ their intersection, i.e. '™ := M., (AY<*). By Lemma 2, |F | s [1is |AN6]€|
where ny, is the index of the block (1,5, AM% i1 the partition T'®). These partitions T*), k > 1,
b s

are exchangeable and clearly independent. Applying again Lemma 2 gives |[),, F;k
N,k .
[Lis1 1151 1A,

|, which is exactly the equality mentioned above. The exponential formula
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for Poisson processes then shows that (§;,¢ > 0) = (—log(A\*Y(¢)),¢ > 0) is a subordinator
with Laplace exponent ®¢. The result is now obtained by noticing that (3) rewrites A\ (¢) =
NONE(p(t)) in our setting. O

Proof of Lemma 8. By the previous lemma, D = inf{t > 0 : ANV(¢) = 0}, which equals
fooo exp(ag;)dt by the definition of p. According to Theorem 25.17 in [25], if for some positive
~ the quantity

N
- — Si S; S151—¢
(I)f(_/Y) = /S <(1 -5 ’y) {s1>1—¢} + E (1 - S; 7) ;1 :_0} {—F;i\[ ! ) V(dS)
i—1

is finite, then Elexp(v§;)] < oo for all ¢ > 0 and it equals exp(—t®¢(—7)). Notice that ®¢(—v) >
—oo for 7 < ¢ < 1. Indeed for such +’s, [g (s;” — 1) {51>1_5}V(ds) < 0o by definition and

N
/ (s - s) = s < N / sy (),
S i1 S1 + ...+ SN

which is finite by the definition of ¢ and since v integrates (1 — s;). This implies in particular
that & has finite expectation for every ¢, and it follows by [11] that E[D~!] < co. Then,
following the proof of Proposition 2 in [9] and using again that ®¢(—v) > —oo for v < p,

( / Ooexp(a&)dt)_k_ll _ ool ( /Oooexp(aﬁt)dt>_k

for every integer k < o/|a|. Hence, using induction, E[(f;~ exp(a&))~*7!] is finite for k =
lo/]a|] if o/|a| ¢ N and for k = p/|a| — 1 otherwise. In both cases, we see that E[D™] < oo
for every v < o/|al. d

E

Lemma 10. For any a < g, there exists N, e such that
E |:(>‘11V’E<D{172})> A (D) > Aé\[’a(p{l,z})} < 00

The ingredient for proving Lemma 10 is the following lemma, which uses the notations
around the construction of the leaves (L1, Ly%).

Lemma 11. With the convention log(0) = —oo, the process
o(t) = —log ‘B?’N’E(t) N BS’N’E(t)‘ . t>0

is a killed subordinator (its death time is ’D?LQ}) with Laplace exponent

d,(q) = &V + /

S

N 2
SZ s1 —c
T et LG LD
=1

(s1+ ...+ sn)

where the killing rate k= .= [(37, . Zsjﬁu(ds) € (0,00) . Moreover, the pair

(177,157°) = exp(a(D?m}—))(AO Na(D{l 21)s Ay Na(D{l 21))
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is independent of U(D?LZ}—) with law characterized by

1 197 {s1<1l—e Si © 1S4
B )] = e [ X oSttt g

2
S \<iZieN (s1+ ...+ sn)

for any positive measurable function f.

Proof. We again use the Poisson construction of I1° out of (A, k¢, t > 0) and follow closely
the proof of Lemma 9. For every ¢t > 0 we have

Bty =[] AF , k=12,

0<s<t

where AF is defined as follows. Let J*(s),k = 1,2 be the integers such that By™(s—) =
Hgk(s)(s—), so {A, : ks = J*(s),s > 0}, k = 1,2 are two Poisson processes with same intensity
Ky, which are equal for s in the interval [0, D?M})' Then for s with k, = J*(s), let A* be the
block of A, containing j*(s). If BY*(s—) = BY"*(s—) notice that j!(s), j2(s) are the two
least integers of (2N + 1) N BYV¢(s—) and (2N) N BY™(s—) respectively that are not isolated
as singletons of AM< so Al = A? if these two integers fall in the same block of A<, Hence
by a variation of Lemma 1, (JAL N AZ%|,s > 0) is a Poisson process whose intensity is the image
measure of £, v.:(T {1~23) by the map 7 — |7/, and killed at an independent exponential time
(namely D?m}) with parameter k,n.:(1 » 2) (here 1 ~ 2 means that 1 and 2 are in the same

block of 7). This implies (15).

The time D({)l oy I8 the first time when the two considered integers fall into two distinct blocks

of AN Tt is then easy by the Poissonian construction and the paintbox representation to check
that these blocks have asymptotic frequencies (11, [5°°) which are independent of U(D?l 23— )
and have the claimed law.

Proof of Lemma 10. First notice, from the fact that self-similar fragmentations are time-
changed homogeneous fragmentations, that

€ ,€ d N ,€ 5 ,€
(M5 (Dpa2y), A5 (DPay)) = (ATYE(DYay), A™(DYay))-

Thus, with the notations of Lemma 11,

E {(Af’a(D{Lz}D

= F [exp(ao’(D?LQ}—))} FE |:<liv7€>_ ;li\f’g > lév75:| .

;)\iv’e(p{l,z}) > )\év’e(p{lz})]

First, define for every a > 0 ®,(—a) by replacing ¢ by —a in (15) and then remark that
®,(—a) > —oo when a < p. Indeed, [¢(s7" —1) (s;51-3¥(ds) is then finite and, since

—a 2—a
Zlgig]\/ 5? < (Z1§i§N Si) (2—a=>1),




which, by assumption, is integrable with respect to v. Then, consider a subordinator o
with Laplace transform ®, — k"¢ and independent of D?LQ}’ such that ¢ = & on (O,D?LQ}).
As in the proof of Lemma 8, we use Theorem 25.17 of [25], which gives E [exp(ac(t))] =
exp (=t (®y(—a) — k™)) for all ¢ > 0. Hence, by independence of & and D?M}’

E[exp(aa(D?m}—))] = E[exp(a&(DgLQ}))]

- kN’g/ exp(—tk™<) exp (—t(P,(—a) — k™)) dt,
0

which is finite if and only if ®,(—a) > 0. Recall that ®,(—a) is equal to

/S (1=57) (us1-av(ds) + / ( D osisit Y (sf—s?—a))( =y (ds). (16)

1<i£j<N 1<i<N S1+ ...+ SN)
Since
2 2—a 2 2—a
Y o osisit Y (ST =) s > s
1<i#j<N 1<i<N 1<i<N 1<i<N

the integrand in the second term converges to (1 — 3,577 %) {s,<1-c} as N — oo and is domi-
nated by (1 + 81_“) {s1<1—¢}- S0, by dominated convergence, the second term of (16) converges
to [(1 =3, 577%) (si<1-epv(ds) as N — oco. This last integral converges to a strictly posi-
tive quantity as € | 0, and since [ (1 —s7%) (s51-av(ds) — 0 as ¢ — 0, ®,(—a) is strictly
positive for N and 1/e large enough. Hence E[exp(aa(D({)m}—))] < oo for N and 1/e large
enough.

On the other hand, Lemma 11 implies that the finiteness of E[(I}°)~® {liv,leév,s}] is equivalent

to that of [¢>7 iy s}_asjﬁy(ds). But this integral is finite for all integers N and
every 0 < e < 1, since >\, iy si %s; < N?s77% and v integrates s;® (5,<i_c). Hence the

result. O

3.5 Dimension of the stable tree

This section is devoted to the proof of Corollary 1. Recall from [23] that the fragmentation
F_ associated with the (-stable tree has index 1/ — 1 (where 8 € (1,2]). In the case § = 2,
the tree is the Brownian CRT and the fragmentation is binary (it is the fragmentation Fg of
the Introduction), so that the integrability assumption of Theorem 2 is satisfied and then the
dimension is 2. So suppose < 2. The main result of [23] is that the dislocation measure
v_(ds) of F_ has the form

v_(ds) = C(B)E [Tl; A?O’” € ds]
1

for some constant C'(3), where (T, > 0) is a stable subordinator with index 1/8 and AT}y =
(A1, Ay, .. .) is the decreasing rearrangement of the sequence of jumps of T" accomplished within
the time-interval [0, 1] (so that >, A; = T1). By Theorem 2, to prove Corollary 1 it thus suffices
to check that E[T(71/A; — 1)] is finite. The problem is that computations involving jumps of
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subordinators are often quite involved; they are sometimes eased by using size-biased picked
jumps, whose laws are more tractable. However, one can check that if A, is a size-biased picked
jump among (A, Ay, ...), the quantity E[T}(T;/A. — 1)] is infinite, therefore we really have to
study the joint law of (77, A;). This has been done in Perman [24], but we will re-explain all
the details we need here.

Recall that the process (T, > 0) can be put in the Lévy-Ito form T, = > . ., A(y),

where (A(y),y > 0) is a Poisson point process with intensity cu™'~'/%du (the Lévy measure
of T') for some constant ¢ > 0. Therefore, the law of the largest jump of T" before time 1 is
characterized by

P(Ay<v)=P < sup A(y) < v) = exp (—cﬁv’l/ﬁ) v >0,

0<y<1

and by the restr1ct10n pro%)erty of Poisson processes, conditionally on A; = v one can write
T =v+ T( , where ( m > 0) is a subordinator with Lévy measure cu~ -1/8 {o<u<v}du.

The Laplace transform of T is given by the Lévy-Khintchine formula
v Vel —e M)
Elexp(=AT™)] = exp (—x/o Wdu) Ax >0,

in particular, 7" admits moments of all order (by differentiating in A) and v='7(") has the
same law as Tv(f)l /s (by changing variables). We then obtain

T(AI) T(Al)_
A1 L
( + A1> A,

- i T( v\ 7
= K1/ dv v~ VBB’ (1—|— —) -
R, v v

— Kl/ dy v~ VBe P’ -(1 —i—Tﬁ)l/ﬁ) Tﬁ)l/ﬁ]
R+ -

E[T(Ty /A —1)] = E

where Ky = K(f) > 0. Since Tl(l) has a moment of orders 1 and 2, the expectation in the
integrand is dominated by some Kov~ "% 4+ K3v~2/%_ It is then easy to see that the integrand
is integrable both near 0 and oo since 3 < 2. Hence [ (51_1 — 1) v_(ds) < o0

4 The height function

We now turn to the proof of the results related to the height function, starting with Theorem
3. The height function we are going to build will in fact satisfy more than stated there: we will
show that under the hypotheses of Theorem 3, there exists a process Hp that encodes 7r in
the sense given in the introduction, that is, 7 is isometric to the quotient ((0,1),d)/ =, where
d(u,v) = Hp(u) + Hp(v) — 2infsepy Hr(s) and u = v <= d(u,v) = 0. Once we have proved
this, the result is obvious since I (t)/ = is the set of vertices of 7 that are above level t.
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4.1 Construction of the height function

Recall from [2] that to encode a CRT, defined as a projective limit of consistent random R—trees
(R(k),k > 1), in a continuous height process, one first needs to enrich the structure of the R-
trees with consistent orders on each set of children of some node. The sons of a given node of
R (k) are thus labelled as first, second, etc... This induces a planar representation of the tree.
This representation also induces a total order on the vertices of R(k), which we call <y, by the
rule v < w if either v is an ancestor of w, or the branchpoint b(v,w) of v and w is such that the
edge leading toward v is earlier than the edge leading toward w (for the ordering on children
of b(v,w)). In turn, the knowledge of R(k), <y, or even of R(k) and the restriction of < to
the leaves Ly, ..., Ly of R(k), allows us to recover the planar structure of R(k). The family
of planar trees (R(k), <,k > 1) is said to be consistent if furthermore for every 1 < j < k
the planar tree (R(j), <;) has the same law as the planar subtree of (R(k), <)) spanned by j
leaves L1, ..., L¥ taken independently uniformly at random among the leaves of R(k).

We build such a consistent family out of the consistent family of unordered trees (R(k), k >
1) as follows. Starting from the tree R(1), which we endow with the trivial order on its only
leaf, we build recursively the total order on R(k + 1) from the order < on R(k), so that the
restriction of <y to the leaves Ly, ..., Ly of R(k) equals <. Given R(k+ 1), <k, let b(Lg+1)
be the father of L;.;. We distinguish two cases:

1. if b(Lg41) is a vertex of R(k), which has r children ¢, ¢y, ..., ¢, in R(k), choose J uni-
formly in {1,2,...,r + 1} and let ¢;_1 =<g4+1 Lgy1 =<ky1 ¢J, that is, turn Lg,; into the
j-th son of b(Ly1) in R(k + 1) with probability 1/(r + 1) (here ¢q (resp. ¢,41) is the
predecessor (resp. successor) of ¢; (resp. ¢,) for <; we simply ignore them if they do not
exist)

2. else, b(Lg,1) must have a unique son s besides Ly, ;. Let s’ be the predecessor of s for
=<k and s” its successor (if any), and we let s’ <11 Lgy1 =11 s with probability 1/2 and
S =pa1 L1 Spy1 8”7 with probability 1/2.

It is easy to see that this procedure uniquely determines the law of the total order <4, on
R(k+1) given R(k+1), =, and hence the law of (R(k), <k, k > 1) (the important thing being
that the order is total).

Lemma 12. The family of planar trees (R(k), <, k > 1) is consistent. Moreover, given R(k),
the law of < can be obtained as follows: for each vertex v of R(k), endow the (possibly empty)
set {c1(v),...,c;(v)} of children of v in uniform random order, this independently over different
vertices.

Proof. The second statement is obvious by induction. The first statement follows, since we
already know that the family of unordered trees (R(k),k > 1) is consistent. O

As a consequence, there exists a.s. a unique total order < on the set of leaves {L1, Ly...}
such that the restriction =<|j==%. One can check that this order extends to a total order on
the set L(7F) : if L, L' are distinct leaves, we say that L < L’ if and only if there exist two
sequences Lyx) = Ly, k > 1, the first one decreasing and converging to L and the second
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increasing and converging to L’. In turn, this extends to a total order (which we still call <) on
the whole tree 7p. Theorem 3 is now a direct application of [2, Theorem 15 (iii)], the only thing
to check being the conditions a) and b) therein (since we already know that 7x is compact).
Precisely, condition (iii) a) rewritten to fit our setting spells:

klim P32 <j<k:|Dpj—aDi| <6 and D; — Dgjy <6 and L; = Ly) = 1.

This is thus a slight modification of (4), and the proof goes similarly, the difference being that
we need to keep track of the order on the leaves. Precisely, consider again some rational r < aD;
close to aDy, so that |II;(r)| # 0. The proof of (4) shows that within the time-interval [r, r 4 ¢],
infinitely many integers of I1;(r) have been isolated into singletons. Now, by definition of <,
the probability that any of these integers j satisfies L; <; Ly is 1/2. Therefore, infinitely many
integers of II;(r) give birth to a leaf L; that satisfy the required conditions, a.s. The proof of
2, Condition (iii) b)] is exactly similar, hence proving Theorem 3.

It is worth recalling the detailed construction of the process Hp, which is taken from the
proof of [2, Theorem 15] with a slight modification (we use the leaves L; rather than a new
sample Z;,i > 1, but one checks that the proof remains valid). Given the continuum ordered
tree (Tp, pr, =<, (L;,1 > 1)),

U — lim #{j<n:L; 5Lz’}7
n—oo n
a limit that exists a.s. Then the family (U;,7 > 1) is distributed as a sequence of independent
sequence of uniformly distributed random variables on (0, 1), and since =< is a total order, one
has U; < U; if and only if L; < L;. Next, define Hp(U;) to be the height of L; in 7, and
extend it by continuity on [0, 1] (which is a.s. possible according to [2, Theorem 15]) to obtain
Hp. In fact, one can define H r(U;) = L; and extend it by continuity on 7, in which case H o

is an isometry between 7z and ((0,1),d)/ = that maps (the equivalence class of) U; to L; for
1 > 1, and which preserves order.

Writing Ip(t) = {s € (0,1) : Hp(s) > t}, and |Ip(t)| for the decreasing sequence of the
lengths of the interval components of Ir(t), we know from the above that (|Ix(t)|,¢ > 0) has
the same law as F'. More precisely,

Lemma 13. The processes (|Ip(t)],t > 0) and (F(t),t > 0) are equal.

Proof.  Let IT'(t) be the partition of N such that i ~"® j if and only if U; and U; fall
in the same interval component of Ir(t). The isometry H r allows us to assimilate L; to U,
then the interval component of Ir(t) containing U; corresponds to the tree component of {v €
Tr : ht(v) > t} containing L;, therefore U; falls in this interval if and only if i ~"® j and
II'(t) = II(t). By the law of large numbers and the fact that (U;,j > 1) is distributed as a
uniform i.i.d. sample, it follows that the length of the interval equals the asymptotic frequency
of the block of II(t) containing i, a.s. for every ¢. One inverts the assertions “a.s.” and “for
every t” by a simple monotony argument, showing that if (U;,7 > 1) is a uniform i.i.d. sample,
then a.s. for every sub-interval (a,b) of (0, 1), the asymptotic frequency lim,, oo n '#{i < n :
U; € (a,b)} = b— a (use distribution functions). O

We will also need the following result, which is slightly more accurate than just saying, as
in the introduction, that (Ip(t),t > 0) is an “interval representation” of F:
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Lemma 14. The process (Ip(t),t > 0) is a self-similar interval fragmentation, meaning that
it is nested (Ip(t') C Ip(t) for every 0 < t < t'), continuous in probability, and for every
t,t' >0, given Ip(t) = U;s, Ii where I; are pairwise disjoint intervals, Ip(t +t') has the same
law as Uizlgi(ll(f)(t’ﬂi]a)), where the Il(f),i > 1 are independent copies of Ip, and g; is the
orientation-preserving affine function that maps (0,1) to I;.

Here, the “continuity in probability” is with respect to the Hausdorff metric D on compact
subsets of [0, 1], and it just means that P(D(I%(t,), [5(t)) > €) — 0 as n — oo for any sequence
t, — t and € > 0 (here A =[0,1] \ A).

Proof. The fact that Ip(t) is nested is trivial. Now recall that the different interval compo-
nents of Ip(t) encode the tree components of {v € Tp : ht(v) > t}, call them 7,(t), Z2(t), .. ..
We already know that these trees are rescaled independent copies of 7, that is, they have
the same law as pp(7Z;(t))™* ® T®W i > 1, where 7@, i > 1 are independent copies of 7p.
So let T4 = up(T;(t))* ® T;(t). Now, the orders induced by < on the different 7)’s have
the same law as = and are independent, because they only depend on the L;’s that fall in
each of them. Therefore, the trees (7@, u®, <®)) are independent copies of (7, pir, <), where
pOC) = pr((pr(Tit) ™ @ ) N Tit) /nr(Zi(t) and <O is the order on 7@ induced by the
restriction of < to 7;(t). It follows by our previous considerations that their respective height
processes H¥ are independent copies of Hp, and it is easy to check that given Ip(t) = Ui i
(where I; is the interval corresponding to 7;(t)), the excursions of Hp above t are precisely the
processes u(7Z;(t))"*H® = |I|=*H®. The self-similar fragmentation property follows at once,
as the fact that Ir is Markov. Thanks to these properties, we may just check the continuity in
probability at time 0, and it is trivial because Hp is a.s. continuous and positive on (0,1). O

It appears that besides these elementary properties, the process Hp is quite hard to study.
In order to move one step further, we will try to give a “Poissonian construction” of Hp, in the
same way as we used properties of the Poisson process construction of I1° to study 7z. To begin
with, we move “back to the homogeneous case” by time-changing. For every x € (0,1), let I,.(t)
be the interval component of Ir(t) containing x, and |I,(¢)| be its length (= 0 if I.(t) = ).
Then set

T, '(z) = inf {u >0: / |1, (r)|*dr > t} ,
0

and let I%(t) be the open set constituted of the union of the intervals (T} *(z)),z € (0,1)
(it suffices in fact to take the union of the Iy, (T, (U;)),i > 1). From [7] and Lemma 14,
(I%(t),t > 0) is a self-similar homogeneous interval fragmentation.

4.2 A Poissonian construction

Recall that the process (II(¢),¢ > 0) is constructed out of a homogeneous fragmentation
(I19(¢),t > 0), which has been appropriately time-changed, and where (I1°(¢),¢ > 0) has it-
self been constructed out of a Poisson point process (A, ki, t > 0) with intensity x, ® #.
Further, we mark this Poisson process by considering, for each jump time ¢ of this Poisson
process, a sequence (U;(t),i > 1) of i.i.d. random variables that are uniform on (0, 1), so that
these sequences are independent over different such t’s. We are going to use the marks to build
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an order on the non-void blocks of I1°. It is convenient first to formalize what we precisely call
an order on a set A: it is a subset O of A x A satisfying:

1. (i,i) € O for everyi € A
2. (i,j) € O and (j,i) € O imply i = j
3. (i,j) € O and (j,k) € O imply (i, k) € O.

If B C A, the restriction to B of the order O is O3 = O N (B x B). We now construct a
process (O(t),t > 0), with values in the set of orders of N, as follows. Let O(0) = {(i,1),7 € N}
be the trivial order, and let n € N. Let 0 < t; < ty < ... < tg be the times of occurrence of
jumps of the Poisson process (A¢, k¢, t > 0) such that both k; < n and (A¢)p (the restriction
of A; to [n]) is non-trivial. Let O™(0) = O(0), and define a process O™(t) to be constant on
the time-intervals [t;_1,¢;) (where to = 0), where inductively, given O"(t;_1) = O"(t;—), O"(t;)
is defined as follows. Let J,(t;) = {j € Hgti (ti—) : j < nand II)(t;) # @} so that k, € J,(t;)
as soon as IT}, (t;i—) # @. Let then

o"t)=0"t-)u |J {U.k}U U {(,k)} U U {(k, 5)}-
Jk€Jn (t:): J:(Gkt; )EO|[n) (8 =) Gi(kt;:3) €Oy (ti—)
Uj (t:)<Up(t:) keJn(t;) keJn(ts)
In words, we order each set of new blocks in random order in accordance with the variables
Un(ti),1 < m < n, and these new blocks have the same relative position with other blocks as
had their father, namely the block II} (t;—).

It is easy to see that the orders thus defined are consistent as n varies, i.e. (O"(t)))p) =
O"(t) for every n,t, and it easily follows that there exists a unique process (O(t),t > 0) such
that Oy (t) = O"(t) for every n,t (for existence, take the union over n € N, and unicity
is trivial). The process O thus obtained allows us to build an interval-valued version of the
fragmentation I1°(¢), namely, for every ¢ > 0 and j > 0 let

;(t) = > ImMOL Y IR
k#j:(k.j)€O(t) k:(k.5)€O(t)
(n{;)tice thagt ID(t) = @ if T)(t) = 'Q). Write 1°(t) = Uj=1 I3 (1), .and notice that the length
[ I5(t)] of I}(t) equals the asymptotic frequency of ITj(t) for every j > 1, > 0.

Proposition 2. The processes (I%(t),t > 0) and (I°(t),t > 0) have the same law.

As a consequence, we have obtained a construction of an object with the same law as %
with the help of a marked Poisson process in P, and this is the one we are going to work with.

Proof. Let I%(i,t) be the interval component of I%(¢) containing U; if i is the least j such
that U; falls in this component, and Ij(i,t) = @& otherwise. Let Or(t) = {(i,7),i € N} U
{(4,k) : I2(j,t) is located to the left of I%(k,¢) and both are nonempty}. Since the lengths of
the interval components of I% and I° are the same, the only thing we need to check is that the
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processes O and Of have the same law. But then, for j # k, (j, k) € Op(t) means that the
branchpoint b(L;, L) of L; and Ly has height less than ¢, and the subtree rooted at b(L;, Ly,)
containing L; has been placed before that containing Lj. Using Lemma 12, we see that given
Tr, L1, Lo, ..., the subtrees rooted at any branchpoint b of 7 are placed in exchangeable random
order independently over branchpoints. Precisely, letting 7> be the subtree containing the leaf
with least label, 7.” the subtree different from 7 containing the leaf with least label, and so
on, the first subtrees 7,°,..., 7, are placed in any of the k! possible linear orders, consistently
as k varies. Therefore (see e.g. [2, Lemma 10]), there exist independent uniform(0, 1) random
variables U?, UY, ... independent over b’s such that 7.* is on the “left” of ’]}b (for the order Op)
if and only if U} < U?. This is exactly how we defined the order O(t). O

Remark. As the reader may have noticed, this construction of an interval-valued fragmen-
tation has in fact little to do with pure manipulation of intervals, and it is actually almost
entirely performed in the world of partitions. We stress that it is in fact quite hard to con-
struct directly such an interval fragmentation out of the plain idea: “start from the interval
(0,1), take a Poisson process (s(t), ks, t > 0) with intensity v(ds) ® #, and at a jump time
of the Poisson process turn the ki-th interval component Iy, (t—) of I(t—) (for some labeling
convention) into the open subset of Ij,(t—) whose components sizes are |Iy, (t—)|s;(t),i > 1,
and placed in exchangeable order”. Using partitions helps much more than plainly giving a
natural “labeling convention” for the intervals. In the same vein, we refer to the work of Gnedin
[17], which shows that exchangeable interval (composition) structures are in fact equivalent to
“exchangeable partitions+order on blocks”.

For every x € (0,1), write I2(¢) for the interval component of I%(¢) containing z, and notice
that I0(t—) = Nsre I%(s) is well-defined as a decreasing intersection. For ¢ > 0 such that
I0(t) # I2(t—), let s%(t) be the sequence |I%(t) N I2(t—)|/|I2(t—)|, where |I%(t) N I0(t—)| is the
decreasing sequence of lengths of the interval components of I%(¢) N I9(¢t—). The useful result
on the Poissonian construction is given in the following

Lemma 15. The process (s*(t),t > 0) is a Poisson point process with intensity v(ds), and more
precisely, the order of the interval components of I%(t) N I2(t—) is exchangeable: there exists
a sequence of i.i.d. uniform random wvariables (UF(t),i > 1), independent of (G°(t—),s"(t))
such that the interval with length s (t)|I0(t—)]| is located on the left of the interval with length
sT(O)|I)(t=)| if and only if U (t) < UF(t).

Proof. Leti(t,z) =inf{i € N: U; € I%(t)}. Then i(¢,z) is an increasing jump-hold process in
N. If now I2(t) # I%(t—), it means that there has been a jump of the Poisson process Ay, k; at
time ¢, so that k; = i(¢, ), and then s*(t) is equal to the decreasing sequence |A;| of asymptotic
frequencies of A, therefore s*(t) = |A;| when k;, = i(t—,x), and since i(t—, x) is progressive,
its jump times are stopping times so the process (s%(t),t > 0) is in turn a Poisson process with
intensity v(ds). Moreover, by Proposition 2 and the construction of I°, each time an interval
splits, the corresponding blocks are put in exchangeable order, which gives the second half of
the lemma. 0
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4.3 Proof of Theorem 4
4.3.1 Holder-continuity of Hp

We prove here that the height process is a.s. Hélder-continuous of order «y for every v < ¢, Al
The proof will proceed in three steps.

First step: Reduction to the behavior of Hy near 0. By a theorem of Garsia, Rodemich
and Rumsey (see e.g. [12]), the finiteness of fo L H (@) He )" ®dady leads to the (M>—

lz—y["" n+no
Holder-continuity of Hp, so that when the previous integral is finite for every n, the height
process Hp is Holder-continuous of order § for every 6 < v, whatever is ng. To prove Theorem
4 it is thus sufficient to show that for every v < ¥y A || there exists a ng(«y) such that

IHF Hp(y)" ™" L
dxdy| < oo for every positive integer n.

—y|™

Now take Vi, V4 uniform independent on (0, 1), independently of Hp. The expectation above

|Hp(Vi)—Hp (Va)|" 00
then becomes E [ TASA .

Consider next Ir the interval fragmentation constructed from Hp (see Section 4.1). By
Lemma 14, Hp(V}) and Hp(V2) may be rewritten as

Hp(Vi) = Dy + ALO“(D{LQ})D“ 1=1,2,
where Dy 9y is the first time at which V; and V5 belong to different intervals of I and 151, 52
have the same law as Hp(V;) and are independent of H (D 2y), where H(t),t > 0 is the natural
completed filtration associated with Ir. The r.v. 51 and 152 can actually be described more
precisely. Say that at time Dy, 0y, Vi belongs to an interval (al,al + Al(D{l,g})) and V5 to
(aQ, a9 + )\Q(D{LQ})) . Then there exist two iid processes independent of H(Dy; 23) and with the

same law as Hp, let us denote them H}l) and Hg), such that D; = H(i) ( Z/D;f‘g})> i =1,2.

Since V; € (ai,ai + Ai(D{LQ})), the random variables V; = (Vi —ay) A\, (D{l 0y) are iid, with
the uniform law on (0, 1) and independent of H}l), Hl(f) and H (D 2y). And when Vi > V5,

Vi—Va > )\1(D{1,2})‘71 + A2(Dy1,23) (1 — ‘72>

since ay is then larger than as + )\Q(D{LQ}). This gives

|D1 . D2|n+no(’7) -|D1 _ D2|n+n0(7)
E = 2F Vi> Vs
[ (o 5\l 5) e
</\1 (D{1,2})D1 + /\2 (D{l,g})Dg)
< 2K P ~ n
<>\1(D{1,2})V1 + )\Q(D{I,Q}) (1 - V2)>

and this last expectation is bounded from above by

H;i-i-no () (Vl )
v

H;ﬁ-no(v) (V1)

E
M AR

gn+no(v) g |:()\1(D{172})) ("+n0(’y))\a|—’m} <E

) |
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The expectation involving A; is bounded by 1 since v < |a|. And since V] is independent of
Hp, the two expectations in the parenthesis are equal (reversing the order < and performing

the construction of Hp gives a process with the same law and shows that Hp(z) law g r(l—x)
for every x € (0,1)) and finite as soon as

sup E [Hp(z)" 0] 277" < cc. (17)
z€(0,1)

The rest of the proof thus consists of finding an integer ny(7y) such that (17) holds for every n.
To do so, we will have to observe the interval fragmentation [z at nice stopping times depending
on x, say Tgﬂ), and then use the strong fragmentation property at time TS, This gives

Hi(2) = T + (ST0) “ H(P(TY) (18)
where Sx(Tgﬂ)) is the length of the interval containing z at time T, Px(Tgﬁ)) the relative

posit(i(gn of x in that interval and Hp a process with the same law as Hp and independent of
H(T").

Second step: Choice and properties of T{. Let us first introduce some notation in order
to prove the forthcoming Lemma 16. Recall that we have called I% the homogeneous interval
fragmentation related to Ir by the time changes T} '(z) introduced in Section 4.1. In this
homogeneous fragmentation, let

I%(t) = (ax(t),b.(t)) be the interval containing x at time ¢
S%(t) the length of this interval
PY(t) = (z — a,(t))/S2(t) the relative position of = in I,(t).

Similarly, we define P%(t—) to be the relative position of x in the interval I°(¢t—), which is
well-defined as an intersection of nested intervals. S9(¢—) is the size of this interval. We will
need the following inequalities in the sequel:

P)(t) <x/Sp(t)  Pt—) <x/S)(t-).

Next recall the Poisson point process construction of the interval fragmentation I%, and the
Poisson point process (s*(t)),s, of Lemma 15. Set

o(t) ;= —1In (H sf(t)) t>0,

with the convention s{(t) = 1 when ¢ is not a time of occurrence of the point process. By
Lemma 15, the process o is a subordinator with intensity measure v(—Ins; € z), which is
infinite. Consider then T the first time at which x is not in the largest sub-interval of I?
when I splits, that is

T :=inf {t : SY(t) < exp(—0o(t))}.

By definition, the size of the interval containing z at time ¢t < T is given by SY(t) =
exp(—o(t)). We will need to consider the first time at which this size is smaller than a, for a in
(0,1), and so we introduce

T7 :=inf{t : exp(—o(t)) < a}.
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Note that PY(t) < xexp(o(t)) when t < T and that PY(T*—) < zexp(o (T —)).

Finally, to obtain a nice T as required in the preceding step, we stop the homogeneous

fragmentation at time
TN NTE

for some € to be determined (and depending on ) and then take for T the self-similar

(1) — T—l

counterpart of this stopping time, that is T, TexitATo, (x). More precisely, we have

Lemma 16. For every v < Uiow A ||, there exists a family of random stopping times T;(g), x €
(0,1), and an integer N(v) such that

(i) for every n >0, 3Cy(n) : E [(’H‘&”)n} < Ciy(n)z™ VY ze(0,1),

(i) 3C5 such that E [(Sx(’]l‘g)))n} < Coz for every x in (0,1) and n > N (7).

Proof. Fix v < Yjow A o] and then e < 1 such that /(1 —¢) < U1ow. The times Tz € 0,1),
are constructed from this ¢ by
TS = Tppienys, (@),

and it may be clear that these times are stopping times with respect to H. A first remark is
that the function z € (0,1) — SI(TQ(CW)) is bounded from above by 1 and that x € (0,1) T
is bounded from above by 7, the first time at which the fragmentation is entirely reduced
to dust, that is, in others words, the supremum of Hp on [0,1]. Since 7 has moments of
all orders, it is thus sufficient to prove statements (i) and (ii) for € (0,zo) for some well
chosen 7y > 0. Another remark, using the definition of 7,7 *(z), is that T < Tet A T,
and Sx(’]I‘;(g)) = SV (T ATZ), so that we just have to prove (i) and (ii) by replacing in the
statement TS by T A T% and S, (TS) by S° (TS ATZ).

We shall thus work with the homogeneous fragmentation. When 70 splits to give smaller
intervals, we divide these sub-intervals into three groups: the largest sub-interval, the group
of sub-intervals on its left and the group of sub-intervals on its right. With the notations of
Lemma 15, the lengths of the intervals belonging to the group on the left are the s¥(#)S%(t—)
with i such that U7 (¢) < U7 (t) and similarly, the lengths of the intervals on the right are the
s7(t)S2(t—) with 4 such that UZF(t) > Uf(t). An important point is that when 7 < T%, then
at time 7 the point z belongs to the group of sub-intervals on the left resulting from the
fragmentation of I9(7%"—). Indeed, when T < T% then exp(—c(T&")) > 2° > x, which
becomes s7(T) exp(—o(T*—)) > x. Then using that P2(T™*—) < zexp(o(T™—)), we
obtain s¥(Te) > PY(T*—) and thus that = does not belong to the group on the right at time
Tt (x belongs to the group on the right at a time ¢ if and only if Pm0 (t—) > Zi:Uf(t)SUf 0 St (1))
Hence x belongs to the union of intervals on the left at time 7 when T < T2%. In other
words,

exit __ . x 0/p_ exit o
T2 = inf {t ; Zi:Uf(t)<Uf(t) si(t) > P (t )} when T, < T7..

The key-point, consequence of Lemma 15, is that the process <Zi,U¢(t) <U(t) Si (t)) is a
i >0

90



marked Poisson point process with an intensity measure on [0, 1] given by

j(du) = /5 p(s, du)v(ds), u € [0,1],

where for a fixed s in S, p(s, du) is the law of ) _,.;; _; si, the U;’s being uniform and independent
random variables. We refer to Kingman [21] for details on marked Poisson point processes.
Observing then that for any a in (0,1/2) and for a fixed s in S

- {1-s1>2a} < {Zi:U,L-<U1 5i>a} T {Zi:U.L->U1 5i>a}’

we obtain that _, 59, < 2P (Zi:Ui<U1 s; > a) and then the following inequality

v(sy <1—2a).

DO | —

p((a,1]) =

This, recalling the definition of ¥, and that /(1 — €) < Vi, leads to the existence of a
positive xy and a positive constant C' such that

p((z'2,1]) >C (m_(l_a))W(l_E) = Cz™7 forall zin (0, ). (19)

Proof of (i). We again have to introduce a hitting time, that is the first time at which the
Poisson point process (Zi:W(tKU%(t) st(t),t > O) belongs to (z'7¢,1) :

3 . T 1—¢
H,i- := inf {t : Zi:Uf(t)<Uf(t) si(t) > x } :

By the theory of Poisson point processes, this time has an exponential law with param-
eter p((z'75,1]). Hence, given inequality (19), it is sufficient to show that T A T% <
H,i-- to obtain (i) for z in (0,2z¢) and then (i) (we recall that it is already known that

SUD,eipo 1) & " E [(Tg&v)y} is finite). On the one hand, since P%(t) < xexp(o(t)) when ¢ <
Texit

PY(Hyi—) < wexp(o(Hy--—)) < zexp(o(Hy--)) when Hyie < T,
On the other hand, H,1-- < T2 yields

vexp(o(Hy-2)) < ' < Zi-U“”(H U )sf(Hxl_s),
i ™€ 1 ™€

and combining these two remarks, we get that Hyi-- < T A T% implies

P)(Hyp-e=) <> §T(Hyi-c).

wUP (Hy1— )<UT (Hy1-¢)

Yet this is not possible, because this last relation on H,1-- means that, at time H,1--, x is not in
the largest sub-interval resulting from the splitting of I%(H,1--—), which implies H,1-- > T
and this does not match with Hyi-- < T A T7%. Hence T AT < H,i-- and (i) is proved.
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Proof of (ii). Take N(v) > ~v/eV 1. When T% < T using the definition of 7% and the right
continuity of o, we have .
Sa(TP AN TY) < exp(—o(T7)) < af

and consequently (S9(T% A T;’E))N(A/) < z7. Thus it just remains to show that

E [(SQDC(T;Xit N T;))N(’Y) {T‘?Xit<T{’E} < 7 for x < Zo-.

When T < T, we know - as explained at the beginning of the proof - that = belongs at time

T to the group of sub-intervals on the left resulting from the fragmentation of I9(7*t—)
and hence that SO(T ATZ)NO) < s#(T) for some i such that UZ(TS) < UF(T). More
roughly,

0 (rpexi N i
Sm (T;XIt A T;:‘—') (7) {T£Xit<Tg€} S Zi:U?E (Texit) <UT (Texit) Sf (T;XIt) {T§X1t<TgE}‘

To evaluate the expectation of this random sum, recall from the proof of (i) that T2 < H,i-.
when 7% < T9% and remark that either 7% < H_1-. and then

T (pexity o~ o l—e o~ Y . <1—
Zi:U}(T;xitKUf(Tgxit) ST <zt <2’ (y<Vw(l—e)<1—¢)

or T®" = H,1-. and then

x exit x
s: (T = E ST (H-¢).
Zi:Uf(T;X“)<U{”(T§Xit) () wUP(H, 12 )<UF(H 1-<) i (Hore)

There we conclude with the following inequality

E i H fSE |:ZZU»L<U1 Sz {qu;Ui<U1 Si>x175} V(ds)
Zi:Uf(le—eKUf(Hml_E) s;{(Hp-<)| = (12 1])

< C_lﬁ/s(l —s1)v(ds), = € (0,x).

OJ

Third step: Proof of (17). Fix v < )y A || and take TS and N(v) as introduced in
Lemma 16. Let then ng(y) be an integer larger than N(v)/|a|. According to the first step,
Theorem 4 is proved if (17) holds for this n¢(y) and every integer n > 1. To show this, it is
obviously sufficient to prove that for all integers n > 1 and m > 0, there exists a finite constant
C(n,m) such that

E [Hp(z)™ 0] < C(n,m)2™ Va € (0,1).

This can be proved by induction: for n = 1 and every m > 0, using (18), we have

E [HF(x)m+1+no(’Y)} < gm+1+no(y)
% (E |:<T§C’Y)>m+1+no(7):| B {(Sx('ﬂ';(g))) ot (m+1+n0 (7)) ?m+1+n0(7)} )
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where 7 is the maximum of Hp on (0,1). Recall that this maximum is independent of Sm(T?))
and has moments of all orders. Since moreover || (m + 1+ ng(y)) > N(vy), we can apply
Lemma 16 to deduce the existence of a constant C'(1,m) such that

E [Hp(x)mHJr”O(”)} < C(1,m)z” for zin (0,1).
Now suppose that for some fixed n and every m > 0,

E [Hp(z)™ 0] < C(n,m)2™ Va € (0,1).
Then,

E | (Hp (PTO))" 0 30 (100)]

A
2
E
3
+
=
=9
=
S
e
3

since PJ;(TQ)) < x/Sx(Tg’)). Next, by (18),

m4n+1+no(7y)
E [Hp(x>m+n+1+no(7)] < gmintltno(y) {(Tg)) oY

la] (m4n+14n0(7))—yn
) ",

+2m+n+1+n0(7)0(n’ m + 1)E |:<Sx (T;’Y))

Since v < ||, the exponent || (m +n + 1+ ng(y)) —yn > N(7), and hence Lemma 16 applies
to give, together with the previous inequality, the existence of a finite constant C'(n + 1,m)
such that

E [Hp(z)™m 0] < C(n + 1,m)27" )
for every « in (0, 1) . This holds for every m and hence the induction, formula (17) and Theorem
4 are proved.

4.3.2 Maximal Holder exponent of the height process

The aim of this subsection is to prove that a.s. Hp cannot be Holder-continuous of order ~ for
any v > Yup A |a|/0.

We first prove that Hp cannot be Holder-continuous with an exponent v larger than ¥,,.
To see this, consider the interval fragmentation I and let U be a r.v. independent of [r and
with the uniform law on (0,1). By Corollary 2 in [7], there is a subordinator (6(¢),t > 0) with
no drift and a Lévy measure given by

o0

me(dx) = e * Zy(—log s; € dx),x € (0,00),

=1

such that the length of the interval component of Ir containing U at time ¢ is equal to
exp(—0(py(t))), t > 0, pp being the time-change

po(t) = int {u >0 /0 exp (ab(r)) dr > t} >0,
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Denoting by Leb the Lebesgue measure on (0,1), we then have that
Leb{z € (0,1) : Hp(x) >t} > exp(—0(ps(t))). (20)
On the other hand, recall that Hp is anyway a.s. continuous and introduce for every ¢ > 0
xy = inf{x: Hp(z) =t},

so that © < z; = Hp(z) < t. Hence x; <Leb{z € (0,1) : Hp(z) < t} and this yields, together
with (20),
z <1 —exp(—0(py(t)) a.s. for every ¢t > 0.

Now suppose that Hp is a.s. Holder-continuous of order v. The previous inequality then gives
t=Hp(z) < Cxf < C(0(po(1)))’ (21)

so that it is sufficient to study the behavior of 0(py(t)) as ¢ — 0 to obtain an upper bound for
7. It is easily seen that py(t) ~ t as t | 0, so we just have to focus on the behavior of 6(t) as
t — 0. By [5, Theorem I11.4.9], for every § > 1, lim,_o (A(¢)/¢°) = 0 as soon as fol 7o (10)dt < oo,
where T5(t°) =[5 mo(dx). To see when this quantity is integrable near 0, remark first that

1
To(u) = Tg(1) —i—/ e “v(—logs; € dr) when u < 1,

(since s; < 1/2 for i > 2) and second that

1
/ e “v(—logs) € dr) <wv(s; <e ™).

Hence,
1 1
/ 7o(t0)dt < Tg(1) +/ v(sy < e )t
0 0

and by the definition of 0, this integral is finite as soon as 1/§ > ¥,,. Thus lim,_q (6(¢)/t°) =0
for every 6 < 1/4,, and this implies, recalling (21), that 76 < 1 for every § < 1/4,,. Which
gives 7 < Vyp.

It remains to prove that Hp cannot be Hdélder-continuous with an exponent vy larger than
|a| /o. This is actually a consequence of the results we have on the minoration of dim (7).
Indeed, recall the definition of the function Hp : (0,1) — Tp introduced Section 4.1 and in
particular that for 0 < x <y <1

d<ﬁp(x),ﬁp(y)> = Hp(z) + He(y) — 2 inf Hp(2),

2€[zy]

which shows that the v-Holder continuity of Hp implies that of Hp. It is now well known that,
since Hp : (0,1) — Tp, the y-Hélder continuity of Hp leads to dimy(7x) < dimy((0,1))/y =
1/~. Hence Hp cannot be Holder-continuous with an order v > 1/ dimy (7). Recall then that
dim 4 (7F) > o/ |a|. Hence Hp cannot be Hélder-continuous with an order v > |« /o.
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4.4 Height process of the stable tree

To prove Corollary 3, we will check that v_(1 — s; > x) ~ C2'/#~! for some C > 0 as z | 0,
where v_ is the dislocation measure of the fragmentation F_ associated with the stable ()
tree. In view of Theorem 4 this is sufficient, since the index of self-similarity is 1/3 — 1 and
s (sl_1 — 1) v(ds) < oo, as proved in Sect. 3.5. Recalling the definition of v_ in Sect. 3.5 and
the notations therein, we want to prove

E |:T1 {17A1/T1>z}:| ~ Oxl/ﬁ_l as T l 0

Using the above notations, the quantity on the left can be rewritten as

(A1) _ —1(A1)
E {(A1 +177Y) {Tl(Al)/(A1+T1(A1))>CE}:| =F {Al(l +ATTTY) {AfleA1)>m(1—fB)1}} .

Recalling the law of A; and the fact that v_lT has same law as T(_)1 /5, this is

> -1/p —cBu1/8 (1)
C/o dvov™ /e E [(1+T ) {Tlfl_)l/ﬁ>x(1_x)l}:| -

By [25, Proposition 28.3], since 7" and T share the same Lévy measure on a neighborhood

of 0, T, U( ) admits a continuous density q( )( ),z > 0 for every v > 0. We thus can rewrite the
preceding quantity as

 dv _ a1 [ e oodw B
B 1) — AW _cw (1)
e e e ie=es [ aue [ e )

by Fubini’s theorem and the change of variables w = v=%/#. The behav1or of this as x | 0 is the
same as that of cﬁJ( ) where J(z) = [ duj(u), and where j(u) = [;° dww e~ Cﬁwq( )(w).

Write J(x) = fo uw)du for z > 0, and consider the StleltJeS-Laplace transform j of J
evaluated at A>0:

T\ = /000 e M J(u)du = A7 /000(1 — e ) j(u)du

— < dw —cpw - —Au
= )\1/0 3¢ ﬂ/o duglV (u)(1 — e™™)

_ )\—1 /OO d_uﬁje—cﬁw(l . e—wCD(l)()\))
o W

where as above @M ()\) = cfol u 1 7VP(1 — e )du. Integrating by parts yields

N /\71 o0 d 1
IO = 7 | e+ e — )

I'2-p)
6—1
Changing variables in the definition of @El), we easily obtain that @1 (\) ~ CAY# as A\ — oo for
some C' > 0, so finally we obtain that J(\) ~ CA™"/# as A\ — oo for some other C' > 0. Since

= (08 + 20N = (e8))
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J is non-decreasing, Feller’s version of Karamata’s Tauberian theorem [10, Theorem 1.7.1’]
gives J(x) ~ Cx'/# as x | 0, and since .J is monotone, the monotone convergence theorem [10,
Theorem 1.7.2b] gives J(z) ~ 8~1CzY/?~! as z | 0, as wanted.

Acknowledgement

Many thanks to the referee for a very careful reading of this paper.

References

[1] D. J. ALpous, Exchangeability and related topics, in Ecole d’été de probabilités de Saint-
Flour, XIII—1983, vol. 1117 of Lecture Notes in Math., Springer, Berlin, 1985, pp. 1-198.

[2] ——, The continuum random tree. 111, Ann. Probab., 21 (1993), pp. 248-289.

[3] D. J. ALpOUS AND J. PITMAN, The standard additive coalescent, Ann. Probab., 26
(1998), pp. 1703-1726.

[4] J. BERESTYCKI, Ranked fragmentations, ESAIM Probab. Statist., 6 (2002), pp. 157-175
(electronic). Available via http://www.emath.fr/ps/.

[5] J. BERTOIN, Lévy processes, Cambridge University Press, Cambridge, 1996.

[6] ——, Homogeneous fragmentation processes, Probab. Theory Relat. Fields, 121 (2001),
pp- 301-318.

[7] ——, Self-similar fragmentations, Ann. Inst. Henri Poincare Probab. Stat., 38 (2002),
pp. 319-340.

[8] ——, The asymptotic behavior of fragmentation processes, J. Eur. Math. Soc. JEMS, 5
(2003), pp. 395-416.

[9] J. BERTOIN AND M. YOR, On the entire moments of self-similar Markov processes and

exponential functionals of Lévy processes, Ann. Fac. Sci. Toulouse VI. Ser. Math., 11 (2002),
no. 1, pp. 33-45.

[10] N. H. BincguAM, C. M. GOLDIE, AND J. L. TEUGELS, Regular variation, vol. 27 of En-
cyclopedia of Mathematics and its Applications, Cambridge University Press, Cambridge,
1989.

[11] P. CArRMONA, F. PETIT, AND M. YOR, On the distribution and asymptotic results for
exponential functionals of Lévy processes, in Exponential functionals and principal values

related to Brownian motion, Bibl. Rev. Mat. Iberoamericana, Rev. Mat. Iberoamericana,
Madrid, 1997, pp. 73-130.

[12] C. DELLACHERIE, B. MAISONNEUVE, AND P. A. MEYER, Probabilités et Potentiel,
Processus de Markov (fin), Compléments de Calcul Stochastique, Herrmann , Paris, 1992.

[13] A. W. M. DRESS AND W. F. TERHALLE, The real tree, Adv. Math., 120 (1996), pp. 283~
301.

96



[14]

T. DUQUESNE AND J.-F. LE GALL, Random trees, Lévy processes and spatial branching
processes, Astérisque, 281 (2002), pp. vi+147.

[15] ——, Probabilistic and fractal aspects of Lévy trees, in preparation (2003).

[16]

[17]

K. J. FALCONER, The geometry of fractal sets, vol. 85 of Cambridge Tracts in Mathemat-
ics, Cambridge University Press, Cambridge, 1986.

A. V. GNEDIN, The representation of composition structures, Ann. Probab., 25 (1997),
pp- 1437-1450.

(18] B. HAAS, Loss of mass in deterministic and random fragmentations, Stoch. Proc. App.,
106 (2003), pp. 245-277.

[19] ——, Regularity of formation of dust in self-similar fragmentations, Ann. Inst. Henri
Poincare Probab. Stat. (2004). To appear.

[20] J. F. C. KINGMAN, The representation of partition structures, J. London Math. Soc. (2),
18 (1978), pp. 374-380.

[21] ——, Poisson processes, vol. 3 of Oxford Studies in Probability, The Clarendon Press
Oxford University Press, New York, 1993. Oxford Science Publications.

22] J.-F. LE GALL, The uniform random tree in a Brownian excursion, Probab. Theory Relat.
Fields, 96 (1993), pp. 369-383.

23] G. MIERMONT, Self-similar fragmentations derived from the stable tree I: splitting at
heights, Probab. Theory Relat. Fields, 127 (2003), pp. 423-454.

[24] M. PERMAN, Order statistics for jumps of normalised subordinators, Stochastic Process.
Appl., 46 (1993), pp. 267-281.

[25] K.-1. SATO, Lévy processes and infinitely divisible distributions, vol. 68 of Cambridge

Studies in Advanced Mathematics, Cambridge University Press, Cambridge, 19909.

97



