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Abstract. We study fine properties of the so-called stable trees, which are the
scaling limits of critical Galton-Watson trees conditioned to be large. In particular
we derive the exact Hausdorff measure function for Aldous’ continuum random tree
and for its level sets. It follows that both the uniform measure on the tree and the
local time measure on a level set coincide with certain Hausdorff measures. Slightly
less precise results are obtained for the Hausdorff measure of general stable trees.

1. Introduction

The purpose of the present work is to study the Hausdorff measure properties of
the continuous random trees called stable trees. Roughly speaking, stable trees are
the continuous random trees that arise as scaling limits of Galton-Watson trees with
critical offspring distribution, which are conditioned to be large in some sense. In
the most important case where the offspring distribution also has a finite variance,
this leads to Aldous’ continuum random tree (the CRT, see Aldous (1991, 1993))
and variants of the CRT. Alternatively, stable trees can be viewed as describing
the genealogical structure of continuous-state branching processes with a stable
branching mechanism of the type ¥(u) = u® for 1 < o < 2. Thus they also encode
the genealogy of superprocesses with stable branching mechanism, which have been
studied by many authors. The case o = 2 yields the so-called quadratic branching
mechanism, corresponding to finite variance superprocesses.

Stable trees are particular instances of the more general Lévy trees studied
in Duquesne and Le Gall (2005). In the formalism of this paper, Lévy trees are
random variables taking values in the space of all (compact) rooted R-trees. In-
formally an R-tree is a metric space (7, d) such that for any two points o and o’
in 7 there is a unique arc with endpoints ¢ and ¢’ and furthermore this arc is
isometric to a compact interval of the real line. A rooted R-tree is an R-tree with a
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distinguished vertex p called the root. We write H(7) for the height of 7, that is
the maximal distance from the root to a vertex in 7. Two rooted R-trees are called
equivalent if there is a root-preserving isometry that maps one onto the other. It
was noted in Evans et al. (2006) that the set T of equivalence classes of compact
rooted R-trees, equipped with the Gromov-Hausdorff distance (Gromov, 1999), is
a Polish space.

It is shown in Duquesne and Le Gall (2005) that with every critical or subcritical
branching mechanism function ¥ such that the corresponding branching process
dies out a.s. one can associate a o-finite measure © on T which is called the “law”
of the Lévy tree with branching mechanism 1. Although © is an infinite measure,
the quantity

v(e) =O(H(T) >¢)

is finite for every € > 0 and is determined by the equation fvo(i) Y(u)"tdu = e. Lévy
trees enjoy the important “branching property”, which is analogous to a classical
result for Galton-Watson trees: For every a > 0, under the probability measure
O(- | H(T) > a) and conditionally given the part of the tree below level a, the
subtrees above that level are distributed as the atoms of a Poisson point measure
whose intensity is a random multiple of © (the random factor is the total mass of
the local time measure at level a that will be discussed below). It has recently been
shown by Weill (2006) that this branching property characterizes Lévy trees.

When ¢(u) = u® for some a € (1,2] we write ©, = © and call ©, the law of the
stable tree with index «. In addition to the branching property, stable trees possess
the following scaling property. For every r > 0 and every tree 7 € T, denote by 7
the “same” tree 7 with metric d replaced by rd. Then, for every r > 0, the law of
r7T under ©,(d7) is reTo,.

An explicit construction of ©, may be given through the coding of real trees
from the height process studied in Le Gall and Le Jan (1998) and Duquesne and Le
Gall (2002) (see also Theorem 2.1 of Duquesne and Le Gall (2005) for the coding of
real trees). This construction is especially simple in the case o = 2, since the height
process is then just a Brownian excursion, and this approach essentially reduces to
Aldous’ construction of the CRT from the normalized Brownian excursion (Corol-
lary 22 in Aldous (1993)). Alternatively, we may use the following approximation
by discrete trees. Let m be a probability distribution on {0,1,...}. Assume that 7
has mean 1 and is in the domain of attraction of a stable distribution with index «,
in the sense that there exists an increasing sequence (@, )n=1,2,... of positive integers
such that, if &, &, ... are i.i.d. with distribution 7, (a,)"1(&1 + - + &, —n) con-
verges in distribution to a stable distribution with index . Let ¢ > 0 be a constant
and for every n > 1 let 6,, be a Galton-Watson tree with offspring distribution 7
conditioned to have height greater than cn. Notice that 6, can be viewed as a
random R-tree by assigning length 1 to each edge. Then the distribution of n=16,
converges as n — oo to the probability measure ©,(- | H(T) > ¢). This result
follows from a special case of Proposition 2.5.2 in Duquesne and Le Gall (2002).
See also Aldous (1993) and Duquesne (2003) for related statements.

Before stating our main results, we still need to introduce important random
measures associated with stable trees. For every a > 0, we can define ©,(d7) a.e.
a finite measure ¢% on the level set T (a) := {0 € T : d(p,0) = a}, which is in a
sense uniformly spread over that level set: For every € > 0, write 7¢(a) for the finite
subset of 7 (a) consisting of those vertices which have descendants at level a + ¢,
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then for every bounded continuous function ¢ on 7,
1
o) =lim—— 3 (o).
clo v(e) ae%:(a)

We refer to Section 4.2 of Duquesne and Le Gall (2005) for the construction and
main properties of these “local time” measures. The uniform measure m = m )
on the tree 7 is then defined by

mz/ da 0. (1.1)
0

We start with the case a = 2 where we can identify the exact Hausdorff measure
function for the tree 7 and its level sets. The notation h — m stands for the
Hausdorff measure associated with the function h.

Theorem 1.1. For every r € (0,e1), set
1
h(r) = r*loglog —.
r
There exists a positive constant Cy such that ©2 a.e., for every Borel subset A of
7,
h—m(A) = Com(A).

According to this theorem, the measure m coincides with a certain Hausdorff
measure on 7. This justifies the fact that m is called the uniform measure on the
tree.

The law ©%" of the CRT is informally defined by ©§" = ©,(d7 | m(T) = 1).
More precisely, the CRT is coded by a Brownian excursion conditioned to have
duration 1 (in the sense explained below in Section 3), whereas ©3 is the law of the
tree coded by a Brownian excursion under the It6 measure. Since the excursion

normalized to have duration 1 and the It6 measure are related by simple scaling

transformations, the following corollary is an immediate consequence of Theorem
1.1.

Corollary 1.2. Theorem 1.1 remains valid, with the same constant Cy, if Oz is
replaced by the law @gl) of the CRT.

Let us now discuss level sets. The next theorem shows that the local time
measure £* coincides with a certain Hausdorff measure on the level set 7 (a).

Theorem 1.3. For every r € (0,e™1), set
h(r) = rloglog %
There exists a positive constant 60 such that for every a > 0, one has O2 a.e. for
every Borel subset A of T (a),
h—m(A) = Co l°(A).

When 1 < a < 2, we are unable to identify an exact Hausdorff measure function
for the tree, but we still get rather precise information.

Theorem 1.4. Suppose that 1 < o < 2. For every u € R and r € (0,e™1), set
a 1 1
hy(r) = ra=T1 (log —)ﬁ (loglog —)*.
r r
Then,
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(i) hu —m(T) =0 if u> 1=, O a.e.
(ii) hy —m(T)=014ifu <0, O a.e

The preceding results were announced, in a less precise form, in Theorem 5.9
of Duquesne and Le Gall (2005). Finally, we also have an analogue of Theorem 1.3
in the stable case.

Theorem 1.5. Suppose that 1 < a < 2 and let a > 0. For every u € R and
r € (0,e71), set
= 1 1,1 1
hy(r) = re=1 (log =) =7 (loglog —)*.
r r
Then,

(i) ZLH —m(T(a)) =00 if u> =15, O a.e. on {H(T) > a}.

(ii) hy —m(T(a)) =0 ifu <0, B4 a.e

Let us briefly comment on the relation between these theorems and earlier results.
The Hausdorff dimension of stable trees was computed independently in Duquesne
and Le Gall (2005) and in Haas and Miermont (2004). It is remarkable that the
exact Hausdorff measure function of the tree under ©2 (or of the CRT) is the same
as the one for a transient Brownian path, which was derived by Ciesielski and Taylor
(1962) following earlier work of Lévy. As we will see, some results from the latter
paper play a role in the proof of Theorem 1.1. The preceding theorems are also
reminiscent of the very precise results about the Hausdorff measure of the support
and range of super-Brownian motion, which have been obtained by Perkins and his
co-authors (see Perkins (1988), Dawson et al. (1989), Le Gall and Perkins (1995) and
references therein). This should not come as a surprise since superprocesses with a
stable branching mechanism are easily constructed by combining the genealogical
structure of stable trees with independent spatial motions (see e.g. Proposition 6.1
in Duquesne and Le Gall (2005)).

The paper is organized as follows. Section 2 gives the basic comparison results
for Hausdorff measures that are used in the proofs. Section 3 contains the proof of
Theorems 1.1 and 1.3. Here we rely on the coding of trees by Brownian excursions,
which has been exploited in other contexts, and in particular in the Brownian snake
approach to superprocesses which can be found in Le Gall (1999). Section 4 gives
a few preliminary results about stable trees, which are used in Section 5 to prove
Theorems 1.4 and 1.5. In contrast with Section 3, we rely on general properties of
Lévy trees that have been derived in Duquesne and Le Gall (2005), and in particular
on the subtree decomposition along the ancestral line of a typical vertex (Theorem
4.2 below). Section 5 also formulates conjectures for the exact Hausdorff measure
of stable trees and their level sets.

2. Comparison results for Hausdorff measures

In this section, we give a comparison result for Hausdorff measures that will be
used in the proofs below. For subsets of Euclidean space, this result can be found
as Lemmas 2 and 3 of Rogers and Taylor (1961) (see also Theorem 1.4 in Perkins
(1988) for a more precise formulation). For the reader’s convenience, and also
because the arguments of Rogers and Taylor (1961) do not extend immediately to
the general setting which is considered here, we provide a short proof below.
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We consider a compact metric space E. For every x € E and r > 0, we denote
by B(z,r) the open ball centered at x with radius r. If ¢ > 1 is fixed, we let H,
be the set of all monotone increasing continuous functions ¢ : [0, 00) — [0, 00) such
that ¢g(0) = 0 and ¢(2r) < cg(r) for every r > 0. As in the introduction, g — m
stands for the Hausdorff measure associated with g. For any subset A of E,

—m(A) = lim( inf diam(U; ) 2.1

o= mld) =ty ) E, > o(din(0) (21)

where V,(A) is the collection of all countable coverings of A by subsets of E with
diameter less than ¢, and diam(U) denotes the diameter of U.

Lemma 2.1. Let ¢ > 0. There exist two positive constants My and My that depend
only on c, such that the following holds for every function g € H.. Let p be a finite
Borel measure on E and let A be a Borel subset of E.

(i) If
lim sup M <1, foreveryxz e A,
n—oo  9(277)
then,
g —m(A) = My pu(A).
(i) If
lim sup M > 1, foreveryxz € A,
then,

g —m(A) < M p(A).

Proof: (i) For every integer n > 1, set
A, i={x € A: u(B(x,27%)) <2g9(27%) for every k > n}.

By assumption, A = lim T A, and so u(A) = lim T u(A,). Now fix n > 1 and
consider a countable covering (U;);er of A, by sets of positive diameter strictly
less than 27". For every i € I, denote by §; > 0 the diameter of U; and pick
x; € U;N A,. Let k; > n be the unique integer such that 271 < §; < 27k,
Then, for every i € I, we have

U;NA,C B(l‘l,él) C B(l‘i, 2_]%).
Recalling the definition of A, it follows that
D g(6) =ty g2 )Y (B, 27F) > (20) 7 u(An)
el el el

since the balls B(z;,27%) cover A,,. From the definition of Hausdorff measure we
now get g — m(A) > g — m(A,) > (2¢)7*u(Ay) and the desired result follows by
letting n T oco.

(ii) From the general theory of Hausdorff measures (cf Corollary 2, p.99, Rogers
(1970)), we know that

g—m(A) =sup{g—m(K): K C A, K compact}.

Hence we may assume in the proof that A is compact.
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Then let € > 0. By assumption, for every x € A, we may find r, € (0,£/8) such
that

p(B(x,72)) =

By compactness, we may then find z1,...,z

9(r2).
€ A, such that

S ol

AC LHJ B(xiyrs;)

=1

and we may assume that ry, > 7y, > -+ > r, . We can then construct a finite
subset 1 =my < mg <--- <my of {1,2,...,n} in such a way that if y; = x,,, we
have

¢
AcC U B(yj,4ry;)
j=1
and the balls B(y;,ry;) and B(y;.,ry,,) are disjoint if j # j'. In fact we start
with m; = 1, and we proceed by induction. Suppose that we have constructed
mp < mg < -+ < my_1 in such a way that

mp—1 p—1
U B < | Blys. 4ry,).
i=1 j=1

and the balls B(y;,ry,), 1 <j <p — 1 are disjoint. If

p—1

AcC U B(yj,4ry;)

i=1
then the construction is complete. Otherwise we let & > m,_; be the first integer
such that B(xy,rs,) is not contained in the union of the balls B(y;,4r,,) for j <
p — 1, and we put m, = k. Plainly, B(y,,7y,) N B(yg,ry,) = @ if 1 < g <
p — 1, because otherwise this would contradict the fact that the ball B(yy,r,,) =
B(xy, 7y, ) contains a point that does not belong to B(yq,4ry,). This completes the
construction by induction.

Now the balls B(y;,4r,,) provide a covering of A by sets of diameter less than
€, and
‘

‘ ¢
D 9(Bry,) <> glry,) <28 u(Blys,ry,)) < 2¢° p(Ae),
j=1 j=1 j=1
where A. stands for the e-neighborhood of A. Let € go to 0 to get the desired

result. O

3. The Brownian tree

In this section, we prove Theorem 1.1 and Theorem 1.3. We will make an exten-
sive use of the coding by Brownian excursions. Denote by n(de) the It6 measure of
positive excursions of linear Brownian motion normalized so that n(supe > ¢) =
e~ ! and by ¢ = ((e) the duration of excursion e. For every s,t € [0,(], we set

de(s,t) = e(s) +e(t) — 2me(s,t),
where

melort) =, Bk, o0
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We define an equivalence relation on [0, (] by setting s ~ ¢ if d.(s,t) = 0. Then
the quotient set 7. := [0,(]/ ~ equipped with the metric d. is a random real
tree (Duquesne and Le Gall (2005) Theorem 2.1), whose root is by convention the
equivalence class of 0, and the distribution of 7. under n(de) is ©5. Furthermore,
up to an unimportant multiplicative factor 2 which we will ignore, the uniform
measure m on 7 is just the image of Lebesgue measure on [0, ¢] under the canonical
projection from [0, ¢] onto [0,(]/ ~, and similarly the local time measure £* is the
image of the usual Brownian local time measure at level a. Therefore in proving
Theorem 1.1 and Theorem 1.3, we may and will deal with the tree 7, under n(de).

Proof of Theorem 1.1: We first establish the existence of two positive constants c;
and cg such that, n(de) a.e. for every Borel subset A of 7,

c1m(A) < h—m(A) < c; m(A). (3.1)

Lower bound. By abuse of notation we will often identify an element s of [0, (]
with its equivalence class in 7, = [0,¢]/ ~. We first prove that, n(de) a.e., for
m-almost all s € 7., one has

lim sup m({t € T : de(s,t) < €}) < (3.2)
e—0 h(g)
for some finite constant C1.

To prove (3.2), we need a simple decomposition lemma for the Brownian ex-
cursion. Assume that, on a certain probability space, we are given two processes
(B, t > 0) and (B;,t > 0) and for every a > 0 a probability measure II, such that
B and B’ are under II, two independent Brownian motions started at a. Also set

T=inf{t>0:B,=0}, T =inf{t>0: B, =0}

and write C(Ry,R) for the space of all continuous functions from R into R.

Lemma 3.1. For every nonnegative measurable function F on C(R4,R)?,

¢
[ nide) [ asPi(els + D)o (el = D2)iz0)

=2 /OO da Il [F((Biar)e>0, (Biag )i>0)]-
0

This is basically Bismut’s decomposition of the Brownian excursion. See Lemma
1in Le Gall (1993) for a simple proof (notice that our normalization of 1t6’s measure
differs by a factor 2 from the one in Le Gall, 1993).

Note that by the definition of the distance d., and the preceding identification
of m,

m({t € T, : d.(s,t) <e}) = / dt 1ie(s)re(t)—2me(s,t)<e}
0

¢
+/ At Le(s)e(t)—2me (s,t)<e)}-

S

From Lemma 3.1, we see that our claim (3.2) will follow if we can prove that for
every a > 0,

Cdtligrp, + [ dtligrp
limsup fO {a+By—2I;<e} fO {a+B]

—2I/<e}
L < (Cy, I, a.s. 3.3
e—0 h(&—) =1 ( )
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where
I; = inf By It’ = infBg.
s<t s<t

By translation invariance, it is enough to consider the case ¢ = 0 in (3.3). A
famous theorem of Pitman states that the process R; := By — 2I; is under Il a
three-dimensional Bessel process started at 0, that is, it has the same distribution
as the modulus of a three-dimensional Brownian motion started from the origin.
From estimates due to Ciesielski and Taylor (1962), there exists a finite constant
(5 such that

. [ dt g, <o)
lim su AU L
S0 )
From this and the analogous statement for R} := Bj — 21}, we deduce (3.3), which

completes the proof of (3.2). The lower bound in (3.1) then follows from Lemma
2.1 (i).

= Cg, HO a.s.

Upper bound. From Lemma 2.1 (ii), the upper bound in (3.1) will follow if we
can prove the existence of a constant K7 > 0 such that, n(de) a.e.,

. m({t € Tc : d.(s,t) <¢e})
h—m({s €7, :limsu
({ 0 Sup e
For every integer n > 0, set £, = 27". We will prove the existence of a constant

K> such that, for every integer ng > 0, n(de) a.e.,

h—m{seTe:e(s)>27", m{t € T : de(s,t) < ep}) < Koh(gp),Vp > no}) = 0.

(3.5)
Clearly, (3.4) follows from (3.5). To prove (3.5), we will need to introduce suitable
coverings of the sets

EN ={seT.:27" <e(s) < N,m({t € T. : de(s,t) < &,}) < Kah(ep),Vp > no},

<Ki})=0. (34

where N is a positive integer. For every n > 0, consider the sequence of stopping
times defined inductively as follows

Ty =0, T{" =inf{s > 0:e(s) =27 "}, Ty, = inf{s > T;" : |e(s) —e(T}")| = 27"},

where inf @ = oo by convention. The sequence (2"e(T}')1l{rr<oc}, kb > 0) is dis-
tributed under n(de | T{* < c0) as a positive excursion of simple random walk. In
particular, for every integer j > 1,

n( 3 Lir o etrpymgpny ) = 20(T}' < 00) =2, (36)
k=0

Let s € F,Jl\g and n > ng + 2. There exists a unique integer k£ > 0 such that
s € [T7, T} ;). From our definitions, we have then

do(T},s) <3-27"
As a consequence, for every p € {ng,no+1,...,n — 2}, we have
{teT.:de(s,t) <ep} D{t € T : d (T}, t) < ep/4}.
It follows that

ENc | [mT, (3.7)
k€lny,n
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where

Ingm = {k>0:T0 <00, 27" < e(T}*) < N

¢
and / dt 1{d (Tn t)<ep/4} < KQ (Ep) Vp S {no, e, — 2}}
Iy

To bound the cardinality #1,,,, of the set I,,, ,, we use the strong Markov property
under the excursion measure to write, for every k > 1,

nk € In,n) = n(l{T,y<oo,2*”0 <e(T})<N}

T
X He(ng) |:/O dt 1{ (Tn)+Br—21t<€p/4} < KQ (Ep) Vp S {TL(), e, = 2}:|)

Using again Pitman’s theorem recalled above, we have for every a > 27",
T
1, {/ At 1 (as B, —21,<c, 2y < Kah(ep), Vp € {no,...,n — 2}}
0

:HO[/O dt1p,<c, ) < Kah(sy), Vpe{no,...,n—2}],

where R is under Il a three-dimensional Bessel process started at 0. It follows from
Theorem 1.2 in Le Gall (1985) that, provided ng is large enough, we can choose Ko
sufficiently small so that the last probability is bounded above by

exp(—c(n — n0)1/2),
for some positive constant c. Hence,
n(k € Iy.n) < exp(—c(n —no)Y?)n(T < oo, 27 < e(T]) < N)
and by summing over k, and using (3.6)
N (#Lng.n) < exp(—c(n — ng)/?) N 2241,
In particular, by Fatou’s lemma,

liminf 272" exp(c(n — no)1/2) H#lngn < 00

n—oo

n(de) a.e. Now recall (3.7) and note that the diameter (with respect to the distance
de) of each interval [T}", T}, ] is bounded above by 427". Our claim (3.5) then
follows from the definition of Hausdorff measures. This completes the proof of (3.1).

Theorem 1.1 can be deduced from the bounds (3.1) and an appropriate zero-one
law. This is similar to the argument used in Section 7 of Le Gall and Perkins (1995),
but there are some differences.

Let us write p. for the canonical projection from [0,(] onto 7. = [0,(]/ ~.
We first observe that, for every 0 < s < ¢t < (, the quantity h — m(p.([s,t]))
is a mesurable function of e. To see this, note that in the definition (2.1) of
h — m(pe([s,t])), we may restrict our attention to finite coverings with balls (use
compactness and the fact that any subset of a real tree is contained in a closed ball
with the same diameter). Moreover, it is enough to consider balls with rational
diameter, and with a center of the form p.(r) for some rational number r € [0, (].
The desired measurability property then follows easily.

We then define a finite measure v on [0, ] by setting, for every t € [0, (],

v([0,t]) = h — m(pe ([0, t]))-
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Plainly, the mapping ¢ — h — m(p.([0,¢])) is continuous and so v is nonatomic.
Then we have also, for every 0 < s <t < (,

V([S7t]) =h-— m(pe([&t])).

Indeed, this is a consequence of the following observation: If 0 <u < v < s <t <,
the set pe([u, v]) N pe([s,t]) is contained in the ancestral line of p.(s), and so we
must have

h —m(pe([u, v]) Npe([s, 1])) = 0.
Since m is obtained as the image of Lebesgue measure under p., it is easy to verify

that m(pe([s,t])) =t —s for every 0 < s <t < ¢, n(de) a.e. From the bounds (3.1),
we get n(de) a.e. for every 0 < s <t < (,

ca(t—s) <v(s,t]) <cat—s).

Hence the measure v is absolutely continuous with respect to Lebesgue measure
on [0,(], and by a standard differentiation theorem its density is equal almost
everywhere to

dv _ . vt—ette) . h—mpe(i—eitd))

dt o e—0 2¢ e—0 2¢
It is easy to see that the quantity h — m(p.([t — €,t + €])) is a measurable function
of the path (e(t + u) — e(t), —e < u < €). Hence we can use Lemma 3.1, together
with translation invariance and the standard 0 — 1 law for Brownian motion, to get
that the last limit in (3.8) must be equal to a constant Cy € [0, o0], dt a.e., n(de)
a.e. Obviously, Cy € [c1, ¢2] and in particular 0 < Cy < o00.

We have thus h — m(A4) = Com(A) for every subset of the tree of the form
pe([s,t]), or for any finite union of such sets. However, every open subset U of
the tree is the increasing limit of a sequence of such unions (note that p2}(U) is
a countable union of open intervals). Hence h — m(A) = Com(A) for every open
subset A of 7., which is enough to complete the proof. O

(3.8)

Proof of Theorem 1.3: We now turn to the Hausdorff measure of level sets of 7.
Recall that

Te(a) ={s€T.:dc(0,5) =a} = {s € T. : e(s) = a}.

We also denote by (£%,s > 0) the (Brownian) local time process of e at level
a. Then the measure £*(ds) associated with the increasing function s — £% can be
interpreted as a measure on 7. (a) and indeed coincides with the one discussed in the
introduction (up to a multiplicative factor 2 which is irrelevant for our purposes).
Moreover, for every nonnegative measurable function F' on C(R,R)?,

¢
/ n(de) / (9(ds) F((e(s + 1))iz0, (¢((s — £)4))i0)
— 9L [F((Binr)izo. (Bing)iso). (3.9)

This formula is easily derived from Lemma 3.1 and the usual approximations of
Brownian local time.

As in the proof of Theorem 1.1, we first establish the existence of two positive
constants ¢; and ¢3 such that, n(de) a.e. for every Borel subset A of 7 (a),

G109 (A) < h —m(A) < & 1%(A). (3.10)
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Lower bound. Similarly as in the proof of the lower bound in (3.1), it is enough
to show that there exists a constant Cf such that, n(de) a.e., for £*-almost all
s € T.(a),

lim sup e({t e ’Te(alz de(s,t) <e})
e—0 h(e)
If0<e<aands,teT.(a), we have de(s,t) < e if and only if m.(s,t) > a — /2.
From this observation and (3.9), we see that (3.11) will follow if we can verify that,
for every a > 0, I, a.s.,

<. (3.11)

(B) +Lg, (B')
Loe 2 <, (3.12)

e—0 h(e)
where (L{(B),t > 0) is the local time process of B at level a, and T,_. = inf{¢ :
B, = a — ¢}, with a similar notation for L¢(B’) and T, _..

It is well known that the distribution of L. _(B) under Il, is exponential with
mean 2¢. Therefore an application of the Borel-Cantelli lemma immediately shows
that, for ,, = 27",

Lg _ (B)
limsup —=— <2, I, a.s.
o h(en)

It readily follows that (3.12) holds with C] = 8.

Upper bound. This is similar to the proof of the upper bound in (3.1). It is
enough to show that there is a constant K1, not depending on a, such that, n(de)
a.e.,

7 @ : € b S
h —m({s € T.(a) : limsup rt e Te(al de(5,1) < €}) <K{})=0.  (3.13)
e—0 h(E‘)
This requires finding good coverings for the sets
Gy = {s€T(a): °({t € T.(a) : de(s,t) < &,}) < K'h(sp), Vp > no},

where K’ is a positive constant. Fix a > 0 and ng > 1 such that 27" < a. To
cover Gy, introduce the stopping times defined for every n > ng,

Ty =inf{s:e(s) =a}, T =inf{s > Tj : |e(s) —a] = 27"}
and by induction,
Ty, =inf{s > T3 s e(s) = a} , Tgy =inf{s > Ty} : |e(s) —a| =27"}.

It is easy to verify that

n(z 1{%@0}) < Cly2™, (3.14)
k=0

where the constant C',) only depends on a.
In a way very similar to the proof of Theorem 1.1, we have

Gno © | 1135 T, (3.15)
k€Jng,n
where
¢ -
Jno,n = {k : Tan < 00, dé? 1{de(T2nk)t)§Ep/4} < K/h(Ep), Vp S {no, cee,n — 2}}

n
T2 k
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By the strong Markov property at time 74,

n(k € Jny.n) = n(TQ"k < oo, Wa[LY, < K'hey),¥p € {no,..,n - 2}]).

/

Now note that the variables L, s —L% . e P E {no,...,n—2} are independent
under II,. Moreover, conditionally on the event that it is strictly positive, which
has probability 1/2, the variable Li}aﬂp/s - Li}aiep/m is exponentially distributed
with mean ¢,/4. It follows that
l'Ia[L“T(kEP/8 < K'h(gp),Vp € {ng,...,n —2}]
<TII, [Lf}aiep/g — Li}aiep/m < K'h(gp),Vp € {no,...,n—2}]
n—2 1
= H (1- 3 exp(—4K'loglog 2P)).
p=no

If K’ < 1/8, the latter quantity is bounded above by exp(—c(n—mng)*/?) for n large.
Therefore we get for all n sufficiently large,

n(k € Jny.n) < exp(—c(n —no)?) n(T3, < o).
By combining this with (3.14), and using Fatou’s lemma, we arrive at

lim inf 27" exp(c(n — ng)/2) #Jpym < 00, (3.16)

n—oo
n(de) a.e. Since by construction the d.-diameter of each interval [T3, T3, ] is

bounded above by 427", (3.16) and (3.15) lead to h — m(Gy,) = 0. The estimate
(3.13) now follows for a suitable choice of K1, and this completes the proof of the
bounds (3.10).

The end of the proof is now similar to the final part of the proof of Theorem 1.1.
We introduce the random measure v on [0, ¢] defined by

7([0,1]) = h = m(p([0,4]) N T (a)).

The bounds (3.10) imply that 7(dt) is absolutely continuous with respect to £*(dt),
and that its density is bounded below and above by ¢; and ¢ respectively. A
zero-one law argument, now relying on (3.9), shows that this density is equal to a
constant Co, £*(dt) a.e., n(de) a.e. Moreover this constant does not depend on a.
We leave details to the reader. 0

4. Preliminaries about stable trees

In this section we collect the basic facts about stable trees that will be needed
in the proof of Theorem 1.4 and Theorem 1.5. We refer to Duquesne and Le Gall
(2005) for additional details.

We fix o € (1,2). As in the introduction above, we write ©, for the distribution
of the stable tree with index «. In the terminology of Duquesne and Le Gall
(2005), this corresponds to the measure O associated with the branching mechanism
function ¥ (u) = u®. Note that ©, is a o-finite measure on the space T of (rooted)
R-trees, which puts no mass on the trivial tree consisting only of the root.

In the same way as in the previous section, O, can be defined and studied in
terms of its coding function. However, the role of the Brownian excursion in the
case a = 2 is now played by the stable height process, which is a less tractable
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probabilistic object. For this reason, rather than using the coding function as we
did in the case @ = 2, we will state here the key properties of the stable tree that
are relevant to our study, and that can be found in Duquesne and Le Gall (2005).

We already mentioned the scaling invariance property of ©,: For every r > 0,
the distribution of the scaled tree r7 under O is FaeT O,. We can also express the
local times El(lm’) and uniform measure m(,7) of the scaled tree r7 in terms of the
local times E‘(’T) and uniform measure m(z) of the tree 7. Precisely, considering
only the total masses of these random measures, we have O, a.e.,

_1 a/r o
<€((I’I"T)’ 1> =re-t <€(']/’)7 1> s <m(7‘T)7 1> =ro-t <m(T)a 1> (41)

This can be checked from the approximation of local time recalled in the introduc-
tion above.

Informally, the tree 7 under ©, describes the genealogy of descendants of a
single individual in a continuous-state branching process with branching mechanism
Y(u) = u® The total mass (£% 1) then corresponds to the population at time
(or level) a. To make this more precise, we can state the following “Ray-Knight
property” of local times. Let > 0 and let

>0

il
be a Poisson point measure on T with intensity x®,. The real-valued process
(Xt)tZO defined by

Xe=» (tlr)1) ift>0,

il
XQ =X
is a continuous-state branching process with branching mechanism ¥(u) = u®,

started at Xo = . This means that (X;);>0 is a Feller Markov process on Ry and
that the Laplace transform of its semigroup is determined as follows: For every
A>0,

Elexp(—M\X}) | Xo = x] = exp(—z ui(N)),

where (u(X))i>0 is determined from the integral equation

w(\) + /0 Cdsu ()" = A,

so that
1

ur(A\) = (N7 + (@ — 1)t) T, (4.2)
Note that we have also
ur(N) = O (1 — exp —A{£4, 1))

from the exponential formula for Poisson measures. Using the Markov property
of X, one easily derives similar integral equations for finite-dimensional marginal
distributions of (X;);>0: See e.g. Section II.3 of Le Gall (1999) where the more
general setting of superprocesses is considered. We will need the following particular
case: For every v, A > 0, the function

ve(y, A) = @a(l — exp ( —’y/ot ds (£5,1) — N, 1>))
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solves the integral equation

¢
vy + / ds (vs)® =yt + A
0
Recall that 7 (r) denotes the level set of 7 at level r, and H(7) stands for the
height of 7. We also use the notation 7<, for the set {o € T : d(p,0) < r}.

Lemma 4.1. There exist two positive constants c, and Cy such that, for every
b>0,

a—1

Oa(m(Te1) < b, H(T) 2 1) < Co exp(—cab™ 7).

Proof: With the preceding notation, set
t

00) = (2.0 = 0 (1= exp (=7 [ as(e'1)).

so that v{ = v?(7) solves the integral equation

t
v) —I—/ ds (vV))* = ~t.
0

It follows, that, for every t > 0, v?(v) € [0,7/®) is determined by

v () d
/ A, (4.3)
0

Ty
Similarly, if v2°(y) = lim T ve(7y, A) as A T oo, we have

t
v°(7) = Oa (1 — lyp—oy exp ( - 7/ ds (¢°, 1)))
0
and v§° () € (v'/*,00) is determined from the equation

e d
/ Yy
o () Y T

Simple analytic arguments show that

W (y) =41 - eme ),

where .
Jim = (7) = at.
Similarly,
v () =AM (1 + e M),
where

lim 751 ¢y(v) = at.

Yoo

Now observe that
1
O (Lo 20 exp (- 7/ ds (¢°,1))) = 07*(7) = o (1) =AM/ D) 4 ),
0
Furthermore, by construction, m(7<;) = fol ds (¢5,1) and {¢* #0} = {H(T) > 1},
O, a.e. (cf Theorem 4.2 in Duquesne and Le Gall, 2005). We get
i 108 Ou(liu(T)>1y exp(—ym(7<1)))

1—1
’Y‘}OO ’Y (o3
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Hence, there exist positive constants ¢ and ¢’ such that, for every v > 0,

Ou(Lim(1)>1) exp(—ym(T<1))) < ¢ exp(—c'y' 7).

The estimate of the lemma now follows by writing
Ou(m(Tc1) b, H(T) 2 1) < € Ou(Lpmz1y exp(—b~'m(T<))).

O

An important role in the next section will be played by a subtree decomposition
along the ancestral line of a randomly chosen vertex. For the reader’s convenience,
we now recall this result.

We first introduce the relevant notation. Let 7 € T and ¢ € 7. Denote by
[[p, o] the line segment from the root p to o, that is the ancestral line of o. If
0,0’ € T, the notation o A¢’ stands for the most recent common ancestor to o and
o’ (equivalently, [[p, o]|N[[p, o’] = [p, oAc’])). Denote by 7W-°, j € J the connected
components of the open set 7\[[p, o], and note that for every j € J, 0, ;=0 AT
does not depend on the choice of 7 € 7. Furthermore, 7 := 72 U {o;} is
a (compact rooted) R-tree with root ;. The trees T, j € J can be interpreted
as the subtrees of 7T originating from the segment [[p, o]]. We put

Mo =3 Sa(p.0).700):
jeJ
thus defining a point measure on [0, 00) x T.

Theorem 4.2. For every a > 0 and every nonnegative measurable function ® on
0,00) x T,

a a—1
O. /f“ do) exp —(M,, @) | = exp —a/ dt (Oun(1 —exp —P(t, - .
(] ¢(do) o (Mo, @) =exp ((—a |t (On ®))) )
This is the case ¢¥(u) = u® in Theorem 4.5 of Duquesne and Le Gall (2005).

5. The Hausdorff measure of the stable tree

In this section we prove Theorem 1.4 and Theorem 1.5. We keep the notation
and assumptions of the preceding section.
Proof of Theorem 1.4: Part (i) is an immediate consequence of the following propo-
sition.
Proposition 5.1. Suppose that h : [0,00) — [0,00) is a monotone increasing
function that can be written in the form h(r) = rﬁg(r) where g s monotone
decreasing in a neighborhood of the origin. Then the condition

i g2~ < (5.1)

implies that h — m(7T) = 00, O, a.c.
Conjecture. If (5.1) fails, then h —m(7) =0, ©, a.e.

Proof: Let a > 0. If 0 € T and € > 0, denote by B(o,¢) the closed ball of radius e
centered at 0. Then Theorem 4.2 implies that, for every A > 0 and € € (0, al,

a

@a(/fa(da) exp —Am(B(o, 5))) = exp ( - a/ Do na(t) ! dt), (5.2)

a—e
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where for ¢ € [a — ¢, al,
Denalt) = Oa (1= exp—Am(B(p,e — (a —1)))).

Details of the derivation of (5.2) can be found on p. 593-594 of Duquesne and Le
Gall (2005), where a similar formula is derived in greater generality.
In agreement with the notation of the preceding section, we put

v2(\) = O4(1 — exp —Am(B(p,7))) = Ou(l — exp —Am(7<,)).

Then, (5.2) can be rewritten in the form

@a(/é“(da) exp —)\m(B(a,e))) —exp(—oz/os dmg(x)a*l). (5.3)

Recall that v2()) is determined from equation (4.3). From this equation one
immediately derives the following scaling property: For every € > 0,

W0 (\) = e~ 7T (7T N). (5.4)

Hence,
€ 1 o
/drv?()\)o‘flz/ drvl(em=1\)* L
0 0

If we substitute this identity into (5.3) and replace A\ by £”a 1), we arrive at

GQ(/K“(dJ) exp(—Xe~a-1m(B(o, 5)))) = exp ( - 04/01 drvg()\)o‘_l). (5.5)

The local time measure £ satisfies O, ((¢%,1)) = 1 (take A = 0 in (5.5)). Thus,
O,(dT)¢*(do) defines a probability measure on the set of “pointed R-trees”, that
is pairs consisting of an R-tree 7 and a distinguished point o € 7 (in addition to
the root). Denote by y the law of e~ Tm(B(0,€)) under the probability measure
0,(dT)¢*(do). By (5.5), this law does not depend on the choice of € and a, provided
that 0 < € < a. Furthermore, the Laplace transform of p is given by

/,u(dz) e = exp ( - a/ol dr vg(x)afl).

By monotone convergence,

() 1 —exp(—Am(B(p,r)))
=0 X )

a B 5 =
— 0. (m(B(p.1) =
and
1 1 1
)\17”’/ drvd(N)*t — drro=t = —.
0 A0 Jo o
It follows that

/,u(dz) e =121 oA
as A — 0. However, for y > 0,
pllg.oe)) < (1= e ) [utdn) (1= e = =) (1= [ utdn)e ).

Consequently, the preceding estimate for [ u(dz)e™® yields the existence of a
constant C' such that, for every y > 0,

p([y, 00)) < Cy~o7 b, (5.6)



The Hausdorff measure of stable trees 409

Let h and g be as in the statement of the proposition, and let N be an integer
such that 2% < a. Then, using (5.6),

Z ®a(/€“(da) l{m(B(Ug*n))Zh(Q*”)}) = Z n([g(27"), 00))
n=N n=N
B
n=N

by our assumption (5.1). Hence,

Z Lim(B(o,2-m)>h(2-m)} <00, {%(do) ae., O, ae.
n=N
and so (B(0,2-"))
. m(B(o,27"
llﬁsotip W <1,
Since this holds for every a > 0, we can replace £*(do) a.e. by m(do) a.e. in the
last display. By Lemma 2.1 (i), this implies

h—m(T)>0, O, ae.

¢¢(do) a.e., Oy a.e.

Finally, we may find a function iNL(r) = ra-1g(r), such that h and § satisfy the
same assumptions as h and g, and g(r)/g(r) — 0 asr — 0. We have h—m/(7) > 0
which implies h — m(7) = co. This completes the proof of Proposition 5.1. O

We now turn to the proof of part (ii) of Theorem 1.4. We thus fix u < 0, and we
aim at proving that h, —m(7) =0, O, a.e. We also fix 6 € (0,1/2) and an integer
ng > 1 such that 27" < §. The main step of the proof is to control the Hausdorff
measure h, — m(By,) of the “bad set”

B, ={0 €7 :26 <d(p,0) <(26)" and m(B(c,2™")) < h,(27™), Vn > ng}.
Let p > ng + 3 be an integer. For every integer k£ > 1 denote by (’Tjk’p)lngNk,p

the subtrees of 7 above level k277 with height greater than 277 (cf Section 4.2
in Duquesne and Le Gall (2005)). Also set

T} ={o € T} 1 d(p,0) € k277, (k+2)277)}.
To simplify notation, we put
Iy ={(k,j) : k> 1,1 <j < Nip}.

Suppose that ’]Ngk’p N By, # @ for some (k,j) € I,, and let o¢ € ’ZN;k’p N By,. Then,
for every o € ’Zék’p,

B(0,27™) C B(00,2™ " +427F) C B(og,27 ")
provided that n < p — 2. Since g € B,,,, we have, for every ¢ € ’ZN}k’p,

m(B(0,27")) < hy (27", for every n € {ng +1,n0+2,...,p —2}.

Thus if we set
Enoﬂp:{ae’ftégd(p,a) 0~
and m(B(0,27™)) < hy(27"Y), Vn € {no +1,n0 +2,...,p — 2}},

we see that the condition f}k’p N By, # @ implies f;k’p C Buyp-

< 51
<
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It follows that, for every real b > 0,

#{(k.j) € I, : T 0 By, # @}
oo Nk,p

<#{(kj)el, k< and m(T) <0} + 613 /~ m(do)l; (o)
,Tjk,p ng.p

k=1 j=1

<H#{(k.j) €I, : k <2767 and m(TP) < b} +2b~" /m(da) 15, (o). (5.7

In the last bound we used the fact that, for every o € T, there are at most two
pairs (k, j) € I, such that o € 'Z}k’p.
We will apply the bound (5.7) with

b=1b, =277 (logp) ",

where £ > —%5 is arbitrary. We use different arguments to bound the two terms in
the right-hand side of (5.7). To bound the first term, we apply Lemma 4.1. From
this lemma and the scaling properties of the stable tree recalled in the preceding
section, we have, for every b > 0 and r > 0,

1

0. (m(TST) <b, HT) > r) < Cor™ 7T exp(—car b5, (5.8)

On the other hand, the branching property of the stable tree (cf Theorem 4.2
in Duquesne and Le Gall (2005)) guarantees that for every k& > 1, under O,(- |
H(T) > k277) and conditionally given (¢¥2"" 1), the trees 77, ... ,T]\]?;Cpp are dis-

tributed as the atoms of a Poisson point measure with intensity (¥2°",1) ©4(- N
{H(T) >277}). Recalling that ©,((£*2"" 1)) = 1, we get

@a(#{(k, j) e, k<2767 and m(THP) < bp})

[5-12%]
= @a(#{j :1< j < Nip and m(TFP) < bp})
k=1

[6~12P]
= Y Ou(m(Tess ) < by, H(T) > 277)
k=1

<61220,(m(T<y-») < by, H(T) >277)

< Co 61 2P55T exp(—ca2 Py © )

using (5.8) in the last bound. Recalling our choice of by, we deduce from this bound
that

3 ha(277) @a(#{(k7j) €1,:k <206 and m(T}7) < b,,}) < .
p=no+3

It follows that

lim hy(277) #{(k,j) € I, : k < 276" and m(T"?) < b} =0, O4 ae. (5.9)
pHOO
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We now turn to the second term in the right-hand side of (5.7). From the
definition of By, , and the identity m = [ da ¢, we have

oA / m(do) 15, (o))

571
= @a(/g da/ga(do)1{m(B(a,2*"))§hu(2*"+1) ,vne{n0+1,...,p—2})-
For every n > ng + 1, set
Clo,27") ={0' €T :27"? <d(oAd’,0) <27 " L and 0 < d(oAd’,0’) <271}

Clearly, C(0,27") C B(0,27™) and so

@a( / m(do) 1 gnoyp(a))
671
S/(S da Ga(/ﬁa(dﬂ) 1imco,2-7))<ha(2-7+1) , ¥ne{no+L,..., p72})'

Let us fix a € [§,07!]. Tt follows from Theorem 4.2 that under the probability
measure O, (d7)¢%(do), the random variables

m(C(0,27")), n=ng+1,n0+2,...

are independent, and furthermore the law of m(C(c,27™)) is determined by

0 ( [ £(de) exp(-m(C(o:2)) = exp(-a2 " s ()7,

where v?()\) is as previously. From the scaling property (5.4), we see that the law

v of
2"a>1 m(C(o,27"))

under ©,(d7)¢*(do) does not depend on a nor on n (this is indeed true provided
2-n=1 < @, which holds here since 27771 < 27m0~1 < § < ). Furthermore, the
Laplace transform of v is

/V(d:c) e = exp ( - %v?m()\)a*l).

Since A‘lv?/z()\) 11/2as A |0, we get

/l/(dx) e M =1- %2_0‘ ATl po(aeh)

as A | 0. From a standard Tauberian theorem, it follows that there exists a constant
co > 0 such that, for every y > 1,

[e3%

v(ly,0)) = coy' ™"
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Using this bound together with the previously mentioned independence, we get

ST (- = he, o)
n=nop+1
p—2

I1 (1 - 002*"%“(2*"“)1*&)

n=no+1

IN

p—2

= H (1 —¢027%((n — 1)log2) ! (log(n — 1) + loglog 2)(1—a)u)
n=no+1

< exp ( —Co ((10g(p _ 2))1+(1—o<)u — (log n0)1+(17a)u))7

where ¢ is a positive constant and the last bound follows from simple analytic
estimates.
By integrating with respect to a, we arrive at

o (/m(d(’) 1§n0,p(o’)) <st exp(—EO ((10g(p—2))1+(170‘)"_(]0gn0)1+(1*0¢)u))'

Notice that 1 + (1 — o)u > 1 since v < 0 and o > 1. It then follows from the
preceding bound that

S hu(277)b," 0. /mda pa))<oo
p=no+3
and thus
lim hy( 2pb1/mda (0) =0, O, ae. (5.10)
p—0o0 no,p
By (5.7), (5.9) and (5.10), we have
lim hy,(277)#{(k,j) € I : TP N By, # 2} =0, O, ac.
p—00

Since the sets i}k’p N By, provide a covering of By, by sets with diameter less than
427P the definition of Hausdorff measure gives
hy —m(Bn,) =0, O, a.e.
By passing to the limit ng 1 co and § | 0, we obtain
B(o,27"
hy — m({a eT: 1imsupw < 1}) =0, O, a.e.

On the other hand, Lemma 2.1 (ii) yields

B(o,27"
hy — m({o eT: limsup% > 1}) <Mom(T) <o, O, ae.
We conclude that h, —m(7) < oo and since this holds for every u < 0, we must
indeed have h,, —m(7T) =0, O, a.e. O

Proof of Theorem 1.5: Many arguments here are similar to the preceding proof,
and we will only sketch details. Without loss of generality we may take a = 1. Part
(i) is a consequence of the following proposition.
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Proposition 5.2. Suppose that h : [0,00) — [0,00) is a monotone increasing

function that can be written in the form E(T) = rﬁﬁ(r) where ¢ is monotone
decreasing in a neighborhood of the origin. Then the condition

d g < oo (5.11)
n=1

implies that h —m(T (1)) = 0o, Oy a.c. on {H(T) > 1}.
Conjecture. If (5.11) fails, then h — m(7 (1)) = 0, O, a.e.

Proof: Using Theorem 4.2 in the same way as in the derivation of (5.3), we have
for e € (0,1] and A > 0,

e/2
@a(/ﬁl(da) exp —M(B(o, 6))) = exp —a/ dru.(\)*1,
0
where u,(A) = O(1 —exp —A({", 1)) is given by (4.2). Straightforward calculations

now give
— D eley —a%

®a(/£1(do—) exp ML (B(o, e))) = (1 + %) "
Hence the law i of e~ =1/} (B(o,¢)) under ©,(dT )¢ (do) does not depend on
e € (0,1] and as in the proof of Proposition 5.1, there is a constant C' such that,
for every y > 0, B

Ay 00)) < Cy~@7b.
If h is as in the statement of the proposition, it follows that
t'(B(0,27"))

limsup —=————22 <1, ((do) a.e., O, a..
w B2
The end of the proof is now similar to that of Proposition 5.1. O

Let us now turn to the proof of (ii). The outline is again similar to the proof of
Theorem 1.4 (ii) but there are a few minor differences. We fix u < 0 and an integer
ng > 1. The “bad set” is now defined by

By, = {0 € T(1) : £*(B(0,27™)) < hy(27") for every n > ng}.

If p > ng + 2 is an integer, we denote by ’Z}p, 1 < j £ N, the subtrees of 7 above
level 1 — 277 that intersect 7 (1). Arguing as in the proof of Theorem 1.4, we can
check that if 7V N By, # @, then T N T (1) C By, , where

Buop = {0 €T(1): L1(B(0,27™)) < hu(27"*1) for every n € {ng+1,...,p— 1}}.
It follows that, for every b > 0,

U SNy TN By £} S #U <N AT <bh 47 [ Bl ()
(5.12)

K -2

We apply this estimate with b = b, = 2" Tp~*, where K > ala—1)
To bound the first term in the right-hand side of (5.12), we use (4.2) to get for
every A > 0 and r > 0,

(a — 1)r+/\17“)ﬁ'

Oalexp =M 1) [ {£7,1) > 0) = 1= (=
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It follows that there is a constant C, such that, for every r > 0 and b > 0,
O, (0 < (I7,1) < b) < Cor™ a1 7L,
Using the branching property as in the proof of Theorem 1.4, we get
Oa(#{j < Ny : 1N(T) <bp}) = ©a(0 < (77, 1) <by) < Co 2577 p 07D,
and from the choice of k, we have

lim Ay (277) #{j < Np : ((TF) < b} =0, O, ace. (5.13)
p—00

In order to bound the second term in the right-hand side of (5.12), we set for
every o € T(1) and every integer n > 1,

Clo,27™) ={c' €eT(1):1-2"""' <d(p,oAo’)<1—-2"""2%}

in such a way that C(0,27™) C B(0,27 ™). It easily follows from Theorem 4.2 that

the random variables ¢1(C(c,27™)), n > 1 are independent under the probability
measure O, (d7)¢*(do). Furthermore, simple calculations give for every A > 0,

@a(/fl(do) exp—)\ﬁl(a(aﬂ_"))) = exp ( —a/
2
B (/\1*" + (a— 1)2*"*1)—ﬁ
O\ e (a—1)2- 2
Hence the law 7 of 25°T/1(C(0,2™™)) under ©,(d7T)¢*(do) does not depend on

n. From the preceding Laplace transform, we also get the existence of a constant
¢o > 0 such that, for every y > 1,

27n71

dr uT()\)O‘_l)

—n—2

[e3%

W[y, 0)) > Gy~

Using this lower bound and the previously mentioned independence, the same cal-
culations as in the proof of Theorem 1.4 lead to

Oa (/ﬁl(do) 15.,., (0)) < exp ( — ((log(p — 1)) — (log n0)1+(1’°‘)“))7

where ¢, is a positive constant. Since 1 + (1 — o)u > 1, it easily follows that

plijgo ha(277)by / (H(do) 1 By, (@) =0, B4 ac. (5.14)
Thanks to (5.12), (5.13) and (5.14), the remaining part of the proof is now similar
to the end of the proof of Theorem 1.4. O
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