Packing and Hausdorff Measures of Stable Trees

Thomas Duquesne

Abstract In this paper we discuss Hausdorff and packing measures of random
continuous trees called stable trees. Stable trees form a specific class of Lévy trees
(introduced by Le Gall and Le Jan in [33]) that contains Aldous’s continuum ran-
dom tree which corresponds to the Brownian case. We provide results for the whole
stable trees and for their level sets that are the sets of points situated at a given dis-
tance from the root. We first show that there is no exact packing measure for level
sets. We also prove that non-Brownian stable trees and their level sets have no exact
Hausdorff measure with regularly varying gauge function, which continues previous
results from [14].
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1 Introduction

Stable trees are particular instances of Lévy trees that form a class of random com-
pact metric spaces introduced by Le Gall and Le Jan in [33] as the genealogy of
Continuous State Branching Processes (CSBP for short). The class of stable trees
contains Aldous’ continuum random tree that corresponds to the Brownian case (see
[2,3]). Stable trees (and more generally Lévy trees) are the scaling limit of Galton-
Watson trees (see [12] Chapter 2 and [10]). Various geometric and distributional
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properties of Lévy trees (and of stable trees, consequently) have been studied in
[13] and in Weill [40]. An alternative construction of Lévy trees is discussed in [16].
Stable trees have been also studied in connection with fragmentation processes: see
Miermont [35, 36], Haas and Miermont [23], Goldschmidt and Haas [21] for the
stable cases and see Abraham and Delmas [1] for related models concerning more
general Lévy trees.

Fractal properties of stable trees have been discussed in [13] and [14]: Hausdorff
and packing dimensions of stable trees are computed in [ 13] and the exact Hausdorff
measure of Aldous’ continuum random tree is given in [14]. The same paper con-
tains partial results for the non-Brownian stable trees that suggest there is no exact
Hausdorff measure in these cases. In this paper we prove there is no exact pack-
ing measure for the level sets of stable trees (including the Brownian case) and we
also prove that there is no exact Hausdorff measure with regularly varying gauge
function for the non-Brownian stable trees and their level sets.

Before stating the main results of the paper, let us recall the definition of
stable CSBPs and the definition of stable trees that represent the genealogy of sta-
ble CSBPs. CSBPs are time- and space-continuous analogues of Galton-Watson
Markov chains. They have been introduced by Jirina [26] and Lamperti [30] as the
[0,0]-valued Feller processes that are absorbed in states {0} and {eo} and whose
kernel semi-group (p;(x,dy); x € [0,0], ¢ € [0,0)) enjoys the branching property:
pe(x,) x pr(¥,) = pr(x+x,-), for every x,x’ € [0,o0] and every ¢ € [0,c0). As
pointed out in Lamperti [30], CSBPs are time-changed spectrally positive Lévy pro-
cesses. Namely, let Y = (¥;,# > 0) be a Lévy process starting at 0 that is defined on
a probability space (Q,.%,P) and that has no positive jump. Let x € (0,). Set
A, =inf{s >0: [jdu/(Yy+x) >t} foranys>0,and T, = inf{s > 0: ¥, = —x},
with the convention that inf@ = c. Next set Z; = Xy, 7, if A; AT, is finite and set
Z; = o if not. Then, Z = (Z;,t > 0) is a CSBP with initial state x (see Helland [25]
for a proof in the conservative cases). Recall that the distribution of Y is character-
ized by its Laplace exponent y given by E[exp(—AY;)] = exp(ty(1)), t,A > 0 (see
Bertoin [5], Chapter 7). Consequently, the law of the CSBP Z is also characterised
by y and it is called its branching mechanism.

We shall restrict to y-stable CSBPs for which w(A) =AY, A > 0, where y € (1,2].
The case y = 2 shall be referred to as the Brownian case (and the correspond-
ing CSBP is the Feller diffusion) and the cases 1 < y < 2 shall be referred to as
the non-Brownian stable cases. Let Z be a y-stable CSBP defined on (Q,.7,P).
As a consequence of a result due to Silverstein [38], the kernel semigroup of
Z is characterised as follows: for any A,s,r > 0, one has E[exp(—21Z)|Z;s] =
exp(—Zu(t,A)), where u(z,A) is the unique nonnegative solution of du(r,1)/dt =
—u(t,A)? and u(0,A) = A. This ordinary differential equation can be explicitly
solved as follows.

u(t,x):((y—l)mmlﬁ) Y (1.1)
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It is easy to deduce from this formula that y-stable CSBPs get almost surely extinct
in finite time with probability one: P(3¢ > 0: Z, = 0) = 1. We refer to Bingham [6]
for more details on CSBPs.

Lévy trees have been introduced by Le Gall and Le Jan in [33] via a coding
function called the height process whose definition is recalled in Section 2.2. Let us
briefly recall the formalism discussed in [13] where Lévy trees are viewed as random
variables taking values in the space of all compact rooted R-trees. Informally, an
R-tree is a metric space (7, d) such that for any two points ¢ and ¢’ in .7 there is
a unique arc with endpoints ¢ and ¢’ and this arc is isometric to a compact interval
of the real line. A rooted R-tree is a R-tree with a distinguished point that we denote
by p and that we call the root. We say that two rooted R-trees are equivalent if there
is a root-preserving isometry that maps one onto the other. Instead of considering all
compact rooted R-trees, we introduce the set T of equivalence classes of compact
rooted R-trees. Evans, Pitman and Winter in [19] noticed that T equipped with the
Gromov-Hausdorff distance [22], is a Polish space (see Section 2.2 for more details).

With any stable exponent ¥ € (1,2] one can associate a sigma-finite measure O,
on T called the “law” of the y-stable tree. Although Oy is an infinite measure, one
can prove the following: Define I'(.7) = supgc 7 d(p, o) that is the toral height
of 7. Then, for any a € (0,0), one has

1

Oy(I'(7) >a)=((y=1)a) 7T.

Stable trees enjoy the so-called branching property, that obviously holds true for
Galton-Watson trees. More precisely, for every a > 0, under the probability measure
O,(-|I'(7) > a) and conditionally given the part of .7 below level a, the subtrees
above level a are distributed as the atoms of a Poisson point measure whose intensity
is a random multiple of @y, and the random factor is the total mass of the a-local
time measure that is defined below (see Section 2.2 for a precise definition). It is
important to mention that Weill in [40] proves that the branching property charac-
terizes Lévy trees, and therefore stable trees.

We now define @, by an approximation with Galton-Watson trees as follows. Let
& be a probability distribution on the set of nonnegative integers N. We first assume
that Y=o k& (k) = 1 and that & is in the domain of attraction of a y-stable distribu-
tion. More precisely, let ¥; be a random variable such that logE[exp(—AY;)] = 17,
for any A € [0,e0). Let (Ji,k > 0) be an i.i.d. sequence of r.v. with law . We as-
sume there exists an increasing sequence (ap,, p > 0) of positive integers such that
(ap)~'(J1 + -+~ +J, — p) converges in distribution to ;. Denote by 7 a Galton-
Watson tree with offspring distribution & that can be viewed as a random rooted
R-tree (7,8,p) by affecting length 1 to each edge. Thus, (7,+8,p) is the tree T
whose edges are rescaled by a factor 1/p and we simply denote it by % t. Then, for
any a € (0,0), the law of $T under P(-| 5I"'(1) > a) converges weakly in T to the
probability distribution ©(-|TI" () > a), when p goes to . This result is Theorem
4.1[13].

Let us introduce two important kinds of measures defined on y-stable trees. Let
(Z,d,p) be a y-stable tree. For every a > 0, we define the a-level set 7 (a) of &
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as the set of points that are at distance a from the root. Namely,
T(a):={ce T :dp,o)=a}. (1.2)

We then define the random measure ¢ on 7 (a) in the following way. For every
€ >0, write 7 (a) for the finite subset of .7 (a) consisting of those vertices that have
descendants at level a + €. Then, ©y-a.e. for every bounded continuous function f
on .7, we have

(.4) =lim (r-1e)™7 3, f(o). (13)

o€ T (a)

The measure ¢“ is a finite measure on .7 (a) that is called the a-local time measure
of 7. We refer to [13] Section 4.2 for the construction and the main properties of
the local time measures (¢¢,a > 0) (see also Section 2.2 for more details). Theorem
4.3 [13] ensures we can choose a modification of the local time measures (¢4,a > 0)
in such a way that a — (¢ is ©y-a.e. cadlag for the weak topology on the space of
finite measures on .7 .

We next define the mass measure m on the tree 7 by

m= /wdaé". (1.4)
JO

The topological support of m is .7. Note that the definitions of the local time mea-
sures and of the mass measure only involve the metric properties of 7.

Let us mention that y-stable trees enjoy the following scaling property: For any
¢ € (0,00), the “law” of (7 ,cd, p) under Oy is c!/~1) ©,. Then, it is easy to show
that for any a,c € (0,e0) the law of ¢'/~) (¢4/¢) under Oy is the law of (£*) under
/-1 @y (here, (£*) stands for the total mass of the b-local time measure). Sim-
ilarly, the law of ¢”/*~V (m) under @y is the law of (m) under ¢~V @,. Since
¢¢ and m are in some sense the most spread out measures on respectively .7 (a)
and .7, these scaling properties give a heuristic explanation for the following re-
sults that concern the fractal dimensions of stable trees (see [13] for a proof): For
any a € (0,%0), ©y-a.e.on {7 (a) # 0} the Hausdorff and the packing dimensions of
7 (a) are equal to 1/(y— 1) and ©,-a.e. the Hausdorff and the packing dimensions
of 7 are equal to y/(y—1).

In this paper we discuss finer results concerning possible exact Hausdorff and
packing measures for stable trees and their level sets. We first state a result concern-
ing the exact packing measure for level sets. To that end, let us briefly recall the
definition of packing measures. Packing measures have been introduced by Taylor
and Tricot in [39]. Though their construction is done in Euclidian spaces, it easily
extends to metric spaces and more specifically to y-stable trees. More precisely, for
any 0 € 7 and any r € [0,), let us denote by B(o,r) (resp. B(0,r)) the closed
(resp. open) ball of .7 with center ¢ and radius 7. Let A C .7 and € € (0,0). An
g-packing of A is a countable collection of pairwise disjoint closed balls B(x,,7,),
n > 0, such that x, € A and r, < &. We restrict our attention to packing mea-
sures associated with a regular gauge function in the following sense: A function
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g:(0,79) — (0,0) is a regular gauge function if it is continuous, non decreasing, if
limg; g = 0 and if there exists a constant C € (1,0) such that

Ac>1: gl2r)<Cg(r), re(0,r/2). (1.5)
Such a property shall be referred to as a C-doubling condition. We then set

Pr(A) = lglﬁ)l sup{

p zg(rn)’ (B(-xl’Hrn)?nZO) gipaCkingOfA} (16)

n>0

that is the g-packing pre-measure of A and we define the g-packing outer measure
of A as

yg(A)zinf{E,@;(En);Ac UE,,}. (1.7)
n=0 n>0

As in Euclidian spaces, &, is a Borel regular metric outer measure (see Section 2.1
for more details). The original definition of packing measures [39] makes use, as set
function, of the diameter of open ball packing instead of the radius of closed ball
packing. As pointed out by H. Haase [24], diameter-type packing measures may be
not Borel regular: H. Joyce [28] provides an explicit example where this problem
occurs. In our setting, we do not face such a problem and our results hold true for
diameter-type and radius-type packing measures as well thanks to specific properties
of compact real trees (see Section 2.1 for a brief discussion). The following theorem
shows that the level sets of stable trees have no exact packing measure, even in the
Brownian case.

Theorem 1.1. Let y € (1,2] and let us consider a y-stable tree (7 ,d,p) under its
excursion measure ©y. Let g : (0,1) — (0,00) be any function such that

limr~ 77 g(r) = 0. (1.8)

r—0

(i) If ¥p>1 [Zﬁg(Z’”)} "< oo, then for any a € (0,00), Oy-a.e. on {7 (a) # 0}
and for (*-almost all ¢, we have
t(B(o,2™"))

Moreover, if g is a regular gauge function, then P¢(.7 (a)) = 0, Oy-a.e.
(i) If Y1 {Z%g(Z*”)} "o oo, then for any a € (0,0), Oy-a.e. and for (*-almost
all o, we have
liminf w

=0. 1.10
@) .

Moreover, if g is a regular gauge function, then Z¢(.7 (a)) = oo, Oy-a.e. on the
event {7 (a) # 0}.



98 T. Duquesne

This result is not surprising, even in the Brownian case, for it has been proved in
[34] that super-Brownian motion with quadratic branching mechanism has no exact
packing measure in the super-critical dimension d > 3 and [34] provides a test that
is close in some sense to the test given in the previous theorem.

Remark 1.2. For any p > 1, define recursively the functions log, by log; = log and
log, | = log,olog. The previous theorem provides the following family of critical
gauge functions for packing measures of level sets of a y-stable tree: For any 8 € R
and any p > 1, set

L
rr-1

(log(1/r)...log,(1/r)7 (log,,, (1/r))0

If Y6 > 1, then for any a € (0,), one has &, ,(7 (a)) =0, Oy-a.e.andif y0 <1,
thenforany a € (0,), onehas &, , (7 (a)) =, Oy-a.e.onthe event {.7 (a) # 0}.

gp,e(r> =

Remark 1.3. Although the level sets of stable trees have no exact packing measure,
the whole y-stable tree has an exact packing measure as shown in the preprint [11].
More precisely, for any r € (0,1/e), we set
Y
rv-!

g(r) = 1

(loglog1/r) 7T
Then, there exists co € (0,00) such that &, = com, Oy-a.e.

Remark 1.4. Note that no other condition than (1.8) is imposed on g for the test on
the lower density of ¢¢ to hold true. A similar test holds true when the sequence
of radii (27",n > 0) is replaced by (sR™",n > 0), with s €]0,1[, and R > 1. As
pointed out by Berlinkov (Lemma 1 [4]), the result can rephrased under the form
of an integral test: indeed, if we assume that g : (0,1) — (0,0) is non-decreasing
and that it satisfies (1.8) and the doubling condition (1.5), then, Theorem 1.1 easily
implies the following integral test.

A If fo, g—(:Xdr < oo, then for any a € (0,00), Oy-a.e. on {J (a) # 0} and for
/%-almost all o, we have

liminf ————= = oo,
rl0 g(r)

(i) If fo, ‘%r)y dr = o, then for any a € (0,0), ©-a.e. for (“-almost all &, we have

=0.
10 g(r)

Let us briefly recall the definition of Hausdorff measures on a y-stable tree
(7,d). Let us fix a regular gauge function g. For any subset E C .7, we set
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diam(E) = sup, e d(x,y) that is the diameter of E. For any A C .7, the g-Hausdorff
measure of A is then given by

Hi(4) = lim 1nf{2g (diam(Ey)); dlam(En)<€andACUEn}. (1.11)

n>0 n>0

As in the Euclidian case, /7 is a metric and Borel regular outer measure on T.
In the Brownian case Theorem 1.3 in [14] asserts that there exists a constant ¢; €
(0,0) such that for any a € (0,0), ©;-a.e. we have 5, (- N T (a)) = ¢ £%, where
g1(r) = rloglog1/r. The non-Brownian stable cases are quite different as shown
by the following proposition that asserts that in these cases, there is no exact upper-
density for local time measures. Let us mention that the first point of the theorem is
proved in Proposition 5.2 [14].

Proposition 1.5. Let y € (1,2) and let (7 ,d,p) be a y-stable tree under its excur-
sion measure ©y. Let g : (0,1) — (0,00) be a function such that

limg(r)=0 and limr 77g(r) = oo. (1.12)

r—0 r—0

(i) (Prop. 5.2 [14]) If ¥, # < oo, then for any a € (0,%), Oy-a.e. for

{%-almost all ¢, we have

. t(B(c,27"))
limsup —=
erp g(2™)

=0. (1.13)

Moreover, if g is a regular gauge function, then 7;(.7 (a) ) = o, ©y-a.e. on the
event {7 (a ) 75 0}.

(ii) If Y1 (2 T = then for any a € (0,00), Oy-a.e. on the event {7 (a) # 0}
and for (*-almost all ¢, we have

/
limsup —————- = oo, (1.14)

Recall that a function g is regularly varying at 0 with exponent g iff for any
¢ €(0,), g(cr)/g(r) tend to ¢? when r goes to 0.

Theorem 1.6. Let y € (1,2) and let (7 ,d,p) be a y-stable tree under its excursion
measure ©y. Then the level sets of 7 have no exact Hausdorff measure with con-
tinuous regularly varying gauge function. More precisely, let g : (0,1) — (0,00) be
a regular gauge function that is regularly varying at 0.

— Either for any a € (0,0), we Oy-a.e. have 5;(.T (a)) = oo, on {7 (a) # 0},
— orforanya € (0,00), we Oy-a.e. have 73(7 (a)) = 0.
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Remark 1.7. Proposition 1.5 and Theorem 1.6 suggest that if

27/1
,g‘lg(f")V*1 o

then, J5(7 (a)) = 0, ©y-a.e. as conjectured in [14]. The best result in this direc-
tion is Theorem 1.5 in [14] that shows that (.7 (a)) = 0, Oy-a.e. if g is of the
following form:

g(r)= **'(log )L‘(loglog 25

with u < 0.

Remark 1.8. As in Remark 1.4, note that no other condition than (1.12) is imposed
on g for the test on the upper density of /¢ to hold true. A similar test holds true when
the sequence of radii (27",n > 0) is replaced by (sR™",n > 0), with s €]0, 1], and
R > 1. If we assume that g : (0,1) — (0,e0) is non-decreasing and that it satisfies
(1.12) and the doubling condition (1.5), then, Proposition 1.5 easily implies the
following integral test.

i) If [0+ —+ < oo, then for any a € (0,e0), ©p-a.e. for £*-almost all &, we have
(B
limsup M =0.
rl0 g(r)

(i) If [y, # = oo, then for any a € (0,%0), @y-a.e. on {7 (a) # 0} and for
£4-almost all o, we have
t4(B(o,r))

limsup ————= = oo.
rlo g(r)

Let us discuss now the Hausdorff properties of whole stable trees. In the
Brownian case, Theorem 1.1 in [14] asserts that there exists a constant ¢, € (0,00)
such that 6»-a.e. we have %, = com, where g(r) = r*loglog1/r. In the non-
Brownian stable cases, the situation is quite different as shown by the following
proposition that asserts that in these cases, the mass measure has no exact
upper-density. Let us mention that the first point of the theorem is proved in
Proposition 5.1 [14].

Proposition 1.9. Let y € (1,2) and let (7 ,d,p) be a y-stable tree under its excur-
sion measure ©y. Let g : (0,1) — (0,00) be a function such that

_r
limg(r)=0 and limr 7Tg(r)=-eo. (1.15)
r—0 r—0

(i) (Prop. 5.1 [14])If ¥,>1 ﬁ < oo, then Oy-a.e. for m-almost all o, we have

B(o,27 "
limsup —m( (0,27%)

=0. 1.16
e (110
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Moreover, if g is a regular gauge function, then 76 (7 ) = o, Oy-a.e.

(ii) If Z,,>1 2 7’; r = oo, then Oy-a.e. for m-almost all 6, we have
B(c,27"
fimsup mE27") _ (1.17)
n—eo g(2™)

The previous proposition is completed by the following result.

Theorem 1.10. Let y€ (1,2) andlet (7 ,d, p) be a y-stable tree under its excursion
measure Oy. Then J has no exact Hausdorff measure with continuous regularly
varying gauge function. More precisely, let g : (0,1) — (0,) be a regular gauge
function that is regularly varying at 0.

— Either () = oo, Oy-a.e.
- or (7)) =0, Oy-a.e.

Remark 1.11. Proposition 1.9 and Theorem 1.10 suggest that if

-

D e T e

nzlg

then, J3(.7) = 0, Oy-a.e. as conjectured in [14]. The best result in this direction
is Theorem 1.4 in [14] that show that /% (7) = 0, Oy-a.c. if g is of the following
form:

1
g(r)=r 7T(log~ )j(loglog Lye,
with u < 0.

Remark 1.12. As in Remarks 1.4 and 1.8, note that no other condition than (1.15)
is imposed on g for the test on the upper density of ¢“ to hold true. A similar test
holds true when the sequence of radii (27",n > 0) is replaced by (sR™",n > 0),
with s €]0,1[, and R > 1. If we assume that g : (0,1) — (0,0) is non-decreasing
and that it satisfies (1.15) and the doubling condition (1.5), then, Proposition 1.9
easily implies the following integral test.

(i) If fy, (r/g(r))?~"dr < e, then, ©,-a.e. for m-almost all &, we have

lim sup —m(B(O',r))

=0.
10 g(r)

(i) If fo (r/g(r))?~'dr = oo, then, ©y-a.c. for m-almost all o, we have

. m(B
limsup ————= =oo.
rl0 g(r)

The paper is organised as follows. In Section 2.1, we recall the basic comparison
results on Hausdorff and packing measures in metric spaces. In Section 2.2, we
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introduce the 7y-stable height processes and the y-stable trees, and we recall a key
decomposition of stable trees according the ancestral line of a randomly chosen
vertex that is used to prove the upper- and lower-density results for the local time
measures and the mass measure. In Section 2.3, we state various estimates that are
used in the proof sections. Section 3 is devoted to the proofs of the main results of
the paper.

2 Notation, Definitions and Preliminary Results

2.1 Hausdorff and Packing Measures on Metric Spaces

Though standard in Euclidian spaces (see Taylor and Tricot [39]), packing measures
are less usual in Polish spaces that is why we briefly recall few results in this section.
As already mentioned, we restrict our attention to continuous gauge functions that
satisfy a doubling condition: Let us fix C > 1. We denote by ¢ the set of such
regular gauge functions that satisfy a C-doubling condition and we set 4 = Jq~ 1 9c
that is the set of the gauge functions we shall consider. Let us mention that, instead
of regular gauge functions, some authors speak of blanketed Hausdorff functions
after Larman [31].

Let (.7,d) be an uncountable complete and separable metric space. Let us fix
8 € Yc. Recall from (1.7) the definition of the g-packing measure &, and from
(1.11) the definition of the g-Hausdorff measure .77;. We shall use the following
comparison results.

Lemma 2.1. (Taylor and Tricot [39], Edgar [17]). Let g € 4. Then, for any finite
Borel measure L on 7 and for any Borel subset A of 7, the following holds true.

(i) If liminf,_o & u (f)’r» < 1, forany 6 € A, then P4(A) > C2u(A).

(ii) If liminf, o £ u (U)r) > 1, for any o € A, then P4(A) < u(A).

(iii) If limsup, o L2200 <1, for any 6 € A, then HG(A) > C~'u(A).
(

(iv) If limsup,_ (g((:)r) > 1, for any © € A, then H3(A) < Cu(A).

UCJO:
=2

OQ

U:Jo«

Points (iif) and (iv) in Euclidian spaces are stated in Lemmas 2 and 3 in Rogers
and Taylor [37]. Points (i) and (if) in Euclidian spaces can be found in Theorem
5.4 in Taylor and Tricot [39]. We refer to Edgar [17] for a proof of Lemma 2.1 for
general metric spaces: For (i) and (ii), see Theorem 4.15 [17] in combination with
Proposition 4.24 [17]. For (iii) and (iv), see Theorem 5.9 [17].

Remark 2.2. As already mentioned, the original definition of packing measures [39]
uses the diameter of open ball packing instead of the radius of closed ball packing.
As pointed out by H. Haase [24], diameter-type packing measures may be not Borel
regular: H. Joyce [28] provides an explicit example where this problem occurs (see
also H. Joyce [27] and H. Joyce and D. Preiss [29]). Let us briefly explain why there
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is no such problem when dealing with stable trees and more generally with compact
real trees: we now assume that (.7 ,d) is a compact real tree with a distinguished
point p that is called the root. In real trees, any two points ¢ and ¢’ are joined by
a unique arc with endpoints ¢ and ¢’ and this arc is isometric to a compact interval
of the real line (see Definition 2.3). Let A C .7 and € € (0,). Let us say that an
€-open ball packing of A is a countable collection of pairwise disjoint open balls
B(0p, 1), n > 0, such that 6, € A and diam(B(0,,,r,)) < €. Let g be a regular gauge
function that satisfies a C-doubling condition. For any €, we set

%8) (A) = sup{ Y g(diam(B(0,,74)) )5 (B(Gu,7n))nz0, €-0p. ball pack. ofA}

n>0

Z:(A) =lim P (4) and %(A):inf{ﬁ%(En);AcUEn}.

€l0 n=>0 n>0

Following exactly the proof of Edgar Proposition 5.2 [17], one sees that % isa
metric outer measure. Let us now briefly explain why it is equivalent to the radius-
type measure using closed ball packing, as defined previously by (1.6) and (1.7).
Let us recall notation I'(.7) = sup{d(p,0); o € .7} that is the total height of .7.
Next, let 0 € .7 and r € (0,0). We denote the actual radius of the open ball B(c,r)
by R(B(o,r)) =sup{d(o,0’); 6’ € B(o,r)}. Note that

R(B(o,r))=r = r<diam(B(o,r)) <2r. (2.1
If there exists 6y € .7 such that d(0p, 0) > r, then R(B(0,r)) = r, since we can find

points on the unique geodesic joining o to oy that are at distance ' from o, for any
¥ <r.If R(B(o,r)) < r, we therefore see that I'(.7) < 2r. By (2.1), we then get

Vo e 7,¥0<r<3I(7), r<diam(B(c,r)<2r.

Using the continuity of g to control the difference between closed and open ball
packings, we finally get that

VAC T, Py(A)< Py(A) <CP(A).

Since &, is a Borel regular measure, so is f?z and it is clear that Theorem 1.1 holds
true for diameter-type packing measures.

2.2 Height Processes and Lévy Trees

In this section we recall (mostly from [12] and [13]) various results concerning
stable height processes and stable trees that are used in Sections 2.3 and in the proof
sections.
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The Height Process

We fix y € (1,2]. It is convenient to work on the canonical space D([0,0),R) of
cadlag paths equipped with the Skorohod distance and the corresponding Borel
sigma field. We denote by X = (X;,7 > 0) the canonical process and by PP the canon-
ical distribution of a y-stable and spectrally positive Lévy process with Laplace
exponent Y (1) = A7. Namely, Elexp(—AX;)] = exp(tA”), for any 4,7 > 0. Note
that X; is integrable and that E[X;] = 0, which easily implies that X oscillates when ¢
goes to infinity. P-a.s. the path X has infinite variation (for more details, see Bertoin
[5] Chapters VII and VIII ).

In the more general context of spectrally positive Lévy processes, it has
been proved in Le Gall and Le Jan [33] and in [12] Chapter 1 that there exists
a continuous process H = (H;,t > 0) such that for any ¢ > 0, the following limit
holds in P-probability.

1
H; := lim —
e—0 &

rt

/O Vs ox,<prer ds, (2.2)
where I} stands for infy<,<; X,. The process H = (H;,t > 0) is called the y-stable
height process. As we see below, H provides a way to explore the genealogy of a
Y-stable CSBP. We refer to Le Gall and Le Jan [33] for a careful explanation of (2.2)
in the discrete setting.

For any ¢ € (0,e0), it is easy to prove that (c~!/7X,;,# > 0) has the same law as X
and we easily derive from (2.2) that, under P, one has

—1 aw
(¢ 7 Hoyt >0) "2 (H,,1 > 0), 2.3)

Excursions of the Height Process

In the Brownian case y = 2, X is distributed as a Brownian motion and (2.2) easily
implies that H is proportional to X — I, which is distributed as a reflected Brownian
motion. In more general cases, H is neither a Markov process nor a martingale.
However it is possible to develop an excursion theory for H as follows. Recall that
X has infinite variation sample paths. Basic results on fluctuation theory (see [5]
Chapter VI.1 and VIL.1) entail that X — I is a strong Markov process in [0,e) and
that O is regular for (0, o) and recurrent with respect to this Markov process. More-
over, —/ is a local time at 0 for X — I (see Theorem VIL1 [5]). Denote by N, the
corresponding excursion measure of X — I above 0 and denote by (a;,b;), j € .7,
the excursion intervals of X — I above 0 and by X/ = X(aﬁ.) Nbj Lo, j € Z, the cor-
responding excursions. Then, the point measure 3. ;c » 5(, oy XJ) is a Poisson point
measure on [0,o0) X ([0, <), R) with intensity dx® Ny(dX ). Now, observe that (2.2)
implies that the value of H; only depends of the excursion of X — I straddling ¢ and
that Ujes (aj,b;) = {t > 0 : H; > 0}. This allows to define H under N, (see the
comments in Section 3.2 [12] for more details). We use the slightly abusive notation
Ny(dH) for the “distribution” of H under the excursion measure N, of X —I above 0.
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For any j € .%, we set H/ = H(y, )5, Then the H's are the excursions of H
above 0, and the point measure

Y & ) (2.4)

V=24

is distributed under P as Poisson point measure on [0,e0) x ([0, ), R) with inten-
sity dx @ Ny(dH).

Set § :=inf{r > 0: X, = 0} that is the total duration of X under Ny. Since X
does not drift to e, the lifetime { is finite Ny-a.e. Moreover, Ny-a.e. Hy = HC =0
and H; > 0 for any ¢ € (0,{). We easily deduce from (2.3) the following scaling
property for H under Ny: For any ¢ € (0,c0) and for any measurable function F :
D([0,0),R) — [0,e0), one has

CINy(F(c™7 Heot > 0)) = Ny(F(Hi 1> 0)). 2.5)

Local Times of the Height Process

We recall here from [12] Chapter 1 Section 1.3 the following result: There exists
a jointly measurable process (L¢,a,s > 0) such that P-a.s. for any a > 0, s — L§ is
continuous and non-decreasing and such that

Vt,a>0, limE [ sup

£-0 0<s<t

/ drl{a<H <a+e} T ] =0. (2.6)

The process (L{,s > 0) is called the a-local time of H. Recall that I stands for the
infimum process of X. Then, the following properties of local-times of H hold true:
First observe that LY = —1I;, t > 0. Second, the support of the random Stieltjes
measure dL¢ is contained in the closed set {r > 0 : H, = a}. Moreover, a general
version of the Ray- Knight theorem for H asserts the following: For any x > 0, set
T, = inf{t > 0 : X, = —x}. Then, the process (L} ; a > 0) is distributed as a
Y-stable CSBP wzth mmal state x. We refer to Le Gall and Le Jan [33] Theorem 4.2
or to [12] Theorem 1.4.1 for a proof of this general version of Ray-Knight Theorem.
The CSBP (Lf, ; a > 0) admits a cadlag modification that is denoted in the same
way to simplify notation. An easy argument deduced from the approximation (2.6)
entails that [j L} db = I 1{5,<qydt. This remark combined with an elementary
formula on CSBPs (whose proof can be found in Le Gall [32]) entails that

T
E[exp(—uﬁi—l/o Vpapdt )| =exp (= k(A1) adu=0, @7)

where &, (A4, 1) is the unique solution of the following differential equation

K,
da

The function k plays an important role and we shall turn back to it further.

Ko(A,u)=A and A, u)=A—1,(A, )", a,A,u>0. (2.8)
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It is possible to define the local times of H under the excursion measure Ny as
follows. For any b > 0, let us set v(b) = Ny(supiejoq) H; > b). The continuity of H
and the Poisson decomposition (2.4) obviously imply that v(b) < e, for any b > 0.
It is moreover clear that v is non-increasing and lim..v = 0. For every a € (0,c0),
we then define a continuous increasing process (L.t € [0,{]), such that for every
b € (0,0) and for any 7 > 0, one has

) =0. (2.9)

See [12] Section 1.3 for more details. The process (L?,¢ € [0,{]) is the a-local time
of the height process. Note that Ny-a.e. the support of the Stieltjes measure dL? is
contained in {¢ : H, = a}.

Recall notation (a i,b j), j € &, for the excursion intervals of H above 0 and set
{i =bj—a; that is the the total duration of the excursion H’. One easily deduces

from (2.9) that uL§, + 24 fo* 1jp,<aydt = XLy, — L)+ 2y Lo

the sum on the right hand side is taken over the set indices j € .# such that —1I, ; <x.
Therefore, (2.4) entails that

| Ly
;lg(l)Ny <l{supH>b} sup E/o drly,_¢cp<q) — LS

0<s<tAg

dt, where

_ra_y %
Ny<1—e HLE=A I{Hr<ﬂ}"’) =i,(A, 1), aA,u,>0. (2.10)

We refer to [12] Chapter 1 for more details. By taking A = 0 in the previous display,
we get Ny(1 —exp(—uL})) = u(a, ), where u is given by (1.1). This easily entails

Ya>0, Ny(L{)=1. 2.11)

Let us also mention from [12] the following formula

1

Va>0, v(a)=Ny(supH, >a) =Ny (L #0) = ((y-1)a) 7. 2.12)

Lévy Trees

We first define R-trees (or real trees) that are metric spaces that generalise
graph-trees.

Definition 2.3. Let (T, 8) be a metric space. It is a real tree iff the following holds
true for any 61,0, € T.

(a) There is a unique isometry f5, o, from [0, 8(01,02)] into T such that fg, 5, (0) =
o1 and fo, 6, (6(01,02)) = 02. We denote by [0, 02] the geodesic joining o)
to 02. Namely, [01,02] := fo,,6,(0,6(01,02)]).

(b) If j is a continuous injective map from [0, 1] into T, such that j(0) = o7 and
j(1) = 02, then we have j([0,1]) = [o1,02].

A rooted R-tree is an R-tree (7, §) with a distinguished point r called the root. O
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Among metric spaces, R-trees are characterized by the so-called four points
inequality that is expressed as follows. Let (T, §) be a connected metric space. Then,
(T,0) is a R-tree iff for any 07, 0,,03,04 € T, we have

5(0’1,0’2)+5(0’3,0’4) < (3(0’1,0’3)+5(0’2,0’4)) V (5(0’1,0’4)+5(62,0'3)). (2.13)

We refer to Evans [18] or to Dress, Moulton and Terhalle [9] for a detailed ac-
count on this property. The set of all compact rooted R-trees can be equipped with
the pointed Gromov-Hausdorff distance in the following way. Let (T7,0;,r;) and
(T»,02,11) be two compact pointed metric spaces. They can be compared one with
each other thanks to the pointed Gromov-Hausdorff distance defined by

du(T1,T2) = inf Su(ji(T1),j2(T2)) V8 (ji(r1).j2(r2)).

Here the infimum is taken over all (ji,j2,(E,0)), where (E,§) is a metric space,
where j; : T} — E and j, : T, — E are isometrical embeddings and where Oy stands
for the usual Hausdorff metric on compact subsets of (E,8). Obviously dgu (71, T3)
only depends on the isometry classes of 71 and 7, that map r; to rp. In [22], Gromov
proves that dgg is a metric on the set of the equivalence classes of pointed compact
metric spaces that makes it a complete and separable metric space. Let us denote
by T, the set of all equivalence classes of rooted compact real-trees. Evans, Pitman
and Winter observed in [19] that T is dgg-closed. Therefore, (T,dgg) is a complete
separable metric space (see Theorem 2 of [19]).

Let us briefly recall how R-trees can be obtained via continuous functions. We
consider a continuous function % : [0,0) — R such that there exists a € [0,0) such
that 4 is constant on [a, ). We denote by {, the least of such real numbers a and
we view (), as the lifetime of A. Such a continuous function is said to be a coding
Sfunction. To avoid trivialities, we also assume that / is not constant. Then, for every
s,t >0, we set

bu(s,t) = inf h(r) and dy(s,t) = h(s)+h(t) — 2by(s,1). (2.14)

re[sat,svi

Clearly dj(s,t) = dy(t,s). It is easy to check that dj satisfies the four points
inequality, which implies that d; is a pseudo-metric. We then introduce the
equivalence relation s ~, t iff dj,(s,¢) = 0 (or equivalently iff k(s) = h(t) = bp(s,t))
and we denote by T}, the quotient set [0, {,]/ ~. Standard arguments imply that dj,
induces a metric on 7}, that is also denoted by dj, to simplify notation. We denote by
pn - 0,84 — T, the canonical projection. Since 4 is continuous, py, is a continuous
function from [0, ;] equipped with the usual metric onto (7j,,d),). This implies
that (7}, d;,) is a compact and connected metric space that satisfies the four points
inequality. It is therefore a compact R-tree. Next observe that for any #y,#; € [0, §;]
such that h(ty) = h(¢;) = mink, we have p;,(to) = px(t1); so it makes sense to define
the root of (7j,,dy,) by pn = pn(to). We shall refer to the rooted compact R-tree
(T, dn, pn) as to the tree coded by h.
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We next define the y-stable tree as the tree coded by the y-stable height process
(H;,0 <t < {) under the excursion measure Ny and to simplify notation we set

(THvdepH) = (97d7p)

We also set p = pp : [0, ] — 7. Note that p = p(0). Since H; =0 and since H; > 0,
forany r € (0,§), { is the only time ¢ € [0, {] distinct from O such that p(7) = p.

Let us denote by .7 the root-preserving isometry class of (.7,d, p). It is proved
in [13] that . is measurable in (T,dgu). We then define O, as the “distribution” of
7 under Ny.

Remark 2.4. We have stated the main results of the paper under @, because it is
more natural and because @, has an intrinsic characterization as shown by Weill
in [40]. However, each time we make explicit computations with stable trees, we
have to work with random isometry classes of compact real trees, which causes
technical problems (mostly measurability problems). To avoid these unnecessary
complications during the intermediate steps of the proofs, we prefer to work with
the specific compact rooted real tree (7 ,d, p) coded by the y-stable height process
H under Ny rather than to work directly under ©y. So, we prove the results of the
paper for (.7,d, p) under Ny, which easily implies the same results under ©,. O

The Local Time Measures and the Mass Measure on y-Stable Trees

As above mentioned, we now work with the y-stable tree (7 ,d,p) coded by H
under the excursion measure Ny. A certain number of definitions and ideas can be
extended from graph-trees to real trees such as the degree of a vertex. Namely,
for any 0 € 7, we denote by n(o) the (possibly infinite) number of connected
components of the open set .7 \{c}. We say that n(c) is the degree of . Let ¢ be
a vertex distinct from the root. If n(o) = 1, then we say that o is a leaf of .7; if
n(o) =2, then we say that o is a simple point; if n(c) > 3, then we say that o is
a branching point of . If n(0) = e, we then speak of ¢ as an infinite branching
point. We denote by Lf(.7) the set leaves of .7, we denote by Br(.7) the set of
branching points of 7 and we denote by Sk(.7) = T \Lf(.7) the skeleton of 7.
Note that the closure of the skeleton is the whole tree Sk(.7) = .7. Let us mention
that H is not constant on every non-empty open subinterval of [0,{], Ny-a.e. This
easily entails the following characterisation of leaves in terms of the height process:
Forany 7 € (0,§),

p(t)eLf(T) < Ve>0, inf Hy, and inf Hy < H;. (2.15)

set—e] s€(t,r+e]

Let us now define the mass measure and the local time measures on .7 : The mass
measure m is the measure induced by the Lebesgue measure ¢ on [0,{] via p.
Namely, for any Borel set A of .7, we have m(A) = ¢(p~'(A)). We can prove that
the mass measure is diffuse and its topological support is clearly .7". Moreover m is
supported by the set of leaves:

m(Sk(.7)) =0. (2.16)
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For any a € (0,e0), the a-local time measure £* is the measure induced by dL? via p.
Namely,

¢
(e0.) = [ L3 (pls).

for any positive measurable application f on 7. Let us mention that the topological
support of £7 is included in the a-level set 7 (a) = {o € .7 : d(p,0) = a} and note
from the definition that the total mass (¢¢) of £ is L{. Moreover, observe that 7 (a)
is not empty iff supH > a. Then, (2.12) can be rewritten as follows.

1

Va>0, v(a)=Ny(T(a)#0)=N,(t*#0)=((y—1)a) 7. (2.17)

As already mentioned, the a-local time measure /¢ can be defined in a purely metric
way by (1.3) and there exists a modification of local time measures (¢*,a > 0) such
that a — (¢ is Ny-a.e. cadlag for the weak topology on the space of finite measures
on .7 . Except in the Brownian case, a — £“ is not continuous and Theorem 4.7 [13]
asserts that there is a one-to-one correspondence between the times of discontinuity
of a — £%, the infinite branching points of .7 and the jumps of the excursion X of
the underlying y-stable Lévy process. More precisely, a is a time-discontinuity of
a — ¢° iff there exists a (unique) infinite branching point ¢, € .7 (a) such that ¢4~ =
04 4+ Ay06,. Moreover, a point ¢ € 7 is an infinite branching point iff there exists
t € [0,¢] such that p(r) = o and AX; > 0; if furthermore o = 0y, then A, = AX,.
Now, observe that if o € .7 (a) is an atom of ¢¢, the definition (1.3) of ¢“ entails that
o is an infinite branching point and that a is a time-discontinuity of a — ¢¢. Thus,
0 = 0,. Recall that the Ray-Knight theorem for H asserts that a — (£¢) is distributed
as a CSBP (under its excursion measure), which has no fixed time-discontinuity.
This (roughly) explains the following.

Va>0, Ny-ae. (“isdiffuse. (2.18)

‘We refer to [13] for more details.

The Branching Property for H

We now describe the distribution of excursions of the height process above level
b (or equivalently of the corresponding stable tree above level b). Let us fix b €
(0,00), and denote by (g4,d"?), j € %, the connected components of the open set
{t >0:H, > b}. For any j € .9, denote by H’/ the corresponding excursion of H
that defined by Hy” = Higr ypar = b5 20.

This decomposition is interpreted in terms of the tree as follows. Recall that
B(p,b) stands for the closed ball with center p and radius b. Observe that the con-
nected components of the open set .7 \B(p,b) are the subtrees 7 := p((g",d")),
Jj € 7. The closure 7 of 7" is simply {6?}U.7"°, where 67 = p(g") = p(d?),
that is the points on the b-level set .7 (b) at which .7, is grafted. Observe that the
rooted compact R-tree (.7},d, 0}) is isometric to the tree coded by H/.
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‘We then define ﬁs" = HT!?, where for every s > 0, we have set

"t
rf:inf{tzo:/ ds1y,<py > s}
A <

The process H? = (H? s > 0) is the height process below b and the rooted compact
R-tree (B(p,b),d,p) is isometric to the tree coded by H”. Let %, be the sigma-
field generated by H” augmented by the Ny-negligible sets. From the approximation
(2.9), it follows that LZ is measurable with respect to ¢,. We next use the following
notation

Ny = Ny(-|supH > b) (2.19)

that is a probability measure and we define the following point measure on [0, ) x
D([0,0),R):
My = 2 S(Lbb HPY- (2.20)

jesn, &
The branching property at level b then asserts that under N. ® conditionally given
9y, M) is distributed as a Poisson point measure with intensity 1[0 LZ](x)dx@

Ny(dH). We refer to Proposition 1.3.1 in [12] or to the proof of Proposition 4.2.3
[12]. Let us mention that it is possible to rewrite intrinsically the branching property
under ©y: we refer to Theorem 4.2 [13] for more details.

Spinal Decomposition at a Random Time

We recall another decomposition of the height process (and therefore of the corre-
sponding tree) that is proved in [12] Chapter 2 and in [13] under a more explicit
form (see also [15] for further applications). This decomposition is used in a crucial
way in the proof of the upper- and lower-density results for the local times measures
and the mass measure. Let us introduce an auxiliary probability space (2,.%#,P)
that is assumed to be rich enough to carry the various independent random variables
we shall need.

Let (Uy,t > 0) be a subordinator defined on (2,.%,P) with initial value Uy = 0
and with Laplace exponent /(1) = yA7~!, 1 > 0. Let

NE=Y 6(,;,,1*]) (2.21)

jes

be a random point measure on [0,e0) x ([0, ), R) defined on (£2,.%,P) such that
a regular version of the law of .4 conditionally given U is that of a Poisson point
measure with intensity dU, ® Ny(dH ). Here dU, stands for the (random) Stieltjes
measure associated with the non-decreasing path r — U,. For any a € (0,), we
also set
M= () 8y vi)- (2.22)
jes*
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We next consider the y-height process H under its excursion measure Ny. For any
t>0,weset H := (H(—y), s > 0) (here, (-)+ stands for the positive part function)
and H' := (H(145)r¢>5 > 0). We also define the random point measure 47 on [0, ) x
D([0,),R) by
N=NH)+NH):= Y, 8t ety (2.23)
JES

where for any continuous function % : [0,00) — [0,e0) with compact support, the
point measure .4 (h) is defined as follows: Set h(t) = infj, i and denote by
(gi,d;), i € F(h) the excursion intervals of & — h away from O that are the con-
nected component of the open set {t > 0 : h(¢) — h(t) > 0}. For any i € .# (h), set
hi(s) = ((h—h)((gi +5) Ad;), s > 0). We then define .# (k) as the point measure
on [0,00) x ID([0,%0),R) given by

Z‘Sgw

€7 (h)

Lemma 3.4 in [13] asserts the following. For any a and for any nonnegative measur-
able function F on the set of positive measures on [0,0) x D([0,0),R) (equipped
with the topology of vague convergence), one has

Ny ( /0 gdL,“ F(J{)) =E[F(/,)]. (2.24)

We shall refer to this identity as to the spinal decomposition of H at a random time.

Let us briefly interpret this decomposition in terms of the y-stable tree .7 coded
by H. Choose t € (0,§) and set 6 = p(r) € 7. Then the geodesic [p, o] is in-
terpreted as the ancestral line of o. Let us denote by .7, j € ¢, the connected
components of the open set .7\ [p, 6] and denote by .7; the closure of .7;. Then,
there exists a point o; € [p, o] such that .7; = {o; } U.7°. Recall notation (r},H*"/),
Jj € _#: from (2.23). The specific coding of .7 by H entails that for any j € ¢ there
exists a unique j' € _# such that d(p,0;) = ri., and such that the rooted compact
R-tree (.7} ,d,0;) is isometric to the tree coded by H*"/

We now compute m(B(p(t),r)) in terms of .4; as follows. First, recall from
(2.14) the definition of b(s,t) and d(s,t). Note that if Hy = b(s,7) with s # ¢, then

p(s) € SK(7) by (2.15). Let us fix a radius r in (0, H;). Then, (2.16) entails

m(B(p(t), / Lia(ss) <r}ds_/ 140 Hy—b(s,) <r—Hi+b(s.)}-

The definition of (.4 (H"),.# (H")) entails

_ 4
m(B(p(t),r)) = z [Hi—r,H;| (’i) {H;t'jierHrrt-}ds’ (2.25)
JES JO J
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where Cjt stands for the lifetime of the path H*/. For any a € (0,) and for any
r € [0,a], we next set

*k C*
Mi(@) = %, Yaora(r}) |7 Lppicygyy @S, (2.26)
jEf* J

where {7 stands for the lifetime of the path / *J. Then, (M (a),r € [0,d]) is a cadlag
increasing process defined on (£2,.%#,P). The spinal decomposition (2.24) implies
that for any a € (0, <) and for any bounded measurable F : ID([0,a],R) — R, we have

M (./f"L?F(<m<3<p<f>ar>>>,qo,a])) =E[F((M; (@)rca)].

Since the a-local time measure is the image measure of dL by the canonical pro-
jection p, we get

Ny (/}W(dc)F<(m(B(‘”)))re[o,a]>> =E[F((M}(@)repa)]- (227

This identity is used in the proof of Proposition 1.9.

Let us discuss a similar formula for the a-local time measure: Let ¢ € [0, {] be
such that H; = a. Namely p(t) € 7 (a). We fix r € (0,2a). Then observe that for any
s € [0, ] such that H; = a, we have d(s,t) < riff b(s,t) > a — (r/2). We then get

5“(5(17(0#)):éa({P(I)}HZ} (rf,)L, i), (228
JE St

ll*rf- .
where L, ’ (¢, j) stands for the local time at level a — r/; of the excursion H*"/. Next,
J

for any a > 0 and any r € (0,2a), we set

Li@= Y las.q() Ly ds, (2.29)
jes*

where, ng 7 stands for the local time at level a — r; of the excursion H *J,
J

Now (2.18) entails that £“({p(r)}) = 0, Ny-a.e. and (2.28) combined with the
spinal decomposition (2.24) implies that for any a € (0,°) and for any bounded
measurable F : D([0,a],R) — R, we have

Ny (/yea(do)F<(ea(g(g,r)))rema])) =E[F((Li(a)cp2q)] - (2:30)

This identity is used to prove Theorem 1.1 and Proposition 1.5.
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2.3 Estimates

Let us fix a > 0. Recall the definition of the a-local time measure ¢ (whose total
mass (¢9) is equal to L} ¢) and recall that

L

Ny(1—e M) = Ny (1= M) = u(a, ) = ((}/—l)a—i—ml—l)ﬂ . @31

Next recall from (2.19) the definition of N;,“). We easily deduce from (2.12) and
(2.31) that

—1DaA?! N7y
N —A{))=1- (}/—) . 2.32
Y (exp( < >)) (1+(y_1)aky,1 ( )
Consequently,
o T (e @ (aw) ()
7T(¢%) under Ny” "=" ({') under Ny’. (2.33)
Lemma 2.5. Forany v € (1,2], we have
N(l)(<€ > < ) xy—l
1)< X) ~eor e
7 U (=121 (y)
Proof. From (2.32), we get
A—(r—1)
(1)
Ny (exp(=A{61))) ~i—w U
The desired result is then a direct consequence of a Tauberian theorem due to Feller:
see [20] Chapter XIII 5 (see also [8] Theorem 1.7.1°, p. 38). O

Recall the notation .#"* and the definition of L} (a) from (2.29). For any 0 < r' <
r <2a, we set

Anp(@)= ¥ Ly o) Ly (2.34)
jEI* J
Observe that
VO</ <r<2a, Lj(a)=Ay,(a)+L;(a). (2.35)

Lemma 2.6. Let (ry,n > 0) be a sequence such that 0 < rpy1 < r, < 2a and
lim, r, = 0. Then, the random variables (A, ,(a),n > 0) are independent and

=Y Aiinla). (2.36)

n>0
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Proof. First, note that (2.36) is a direct consequence of the definitions of A, ,.(a) and
of L} (a). Let us prove the independence property. Recall that conditionally given U,
4* is a Poisson point process with intensity dU; ® Ny(dH ). Elementary properties
of Poisson point processes and the definition of the A,,, ,,(a)s entail that the ran-
dom variables (A, r,(a),n > 0) are independent conditionally given U. Moreover,
the conditional distribution of A, ,, ,,(a) given U only involves the increments of
U on [ry41,rs), which easily implies the desired result since U is a subordinator. O

Remark 2.7. The previous lemma and (2.35) imply that for any 0 < 7 < r < 2a, one
has L7 (a) > Ay ,(a) and that A,s ,(a) is independent of L}, (a). Observe also that the
process r — L (a) has independent increments.

Lemma 2.8. Forany 0 <7 <r < 2a, we have

LAY 4 1) 71

—_ 2.37
LAY 141 237

E[exp(—A A, (a))] = (

Consequently, we get

r P Aa) ) A ().

Proof. First observe that the second point is an immediate consequence of the first
one. Recall that conditionally given U, 4" is distributed as a Poisson point process
with intensity dU; ® Ny. Therefore,

E [exp ( — lAr/J(a)) |U] =exp ( — /[afr/;,lauftr’]yg)(l _e M )>

Recall that u(a —1,1) = Ny (1 — M ), where u is given by (1.1) and recall that
U is a subordinator with Laplace exponent A — yAY~!. Thus,

a—r'/2
Elexp(— A4y, (@)] =ep (=7 | ula—r,0)7 ar).

which entails the desired result thanks to a simple change of variable. O

Taking # = 0 in the previous lemma entails the following.

Lemma 2.9. For any a € (0,0) and for any r € [0,2a], we have

E[exp(—AL;(a))] = (1+ 7’;_1,%771) e

Y
I

Then, r~'/("=VL*(a) has the same law as L}(1).
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To simplify notation, we set

Z,=Li(1) and Z,:=A,,. (2.38)

3.1

Proposition 2.10. We have the following estimates.

e (i) Forye (1,2), we have

Y
xlglbloxy IP(Z)/ > X) 2)}51010)CY 1P(Z/ > x) m

e (ii) For any y € (1,2] we get

Y

271

lim x "P(Zy <x) = 7
1

ot (y—1)7

r(i+y

Proof. First assume that y € (1,2). When A goes to 0, we have
E [e*“v} —1-2A7"40(A7") and E [e*“’v} — 1= 127 oA,

A Tauberian theorem due to Bingham and Doney [7] (see also [8] Theorem 8.1.6,
p. 333) implies (7). Let us prove (ii). We have v € (1,2]. When A goes to e, we get

lim A'E [e*?LZV} = —( 27T

A—soo

Then, (ii) is a consequence of a Tauberian theorem due to Feller ([20] Chapter XIII,
5; see also [8] Theorem 1.7.1°, p. 38). O

Recall the definition of M (a) from (2.26). For any 0 < /' < r < a, we set

*

* CJ
Qr’,r(a) = z l[afr,afr')(rj)/o I{H:jgr7a+r}f}' (2.39)

jesH
Arguing as in Lemma 2.6, we prove the following independence property.

Lemma 2.11. Let (r,,n > 0) be a sequence such that 0 < rpy1 < r, < a and
lim, r, = 0. Then, the random variables (Q,, ., r,(a),n > 0) are independent.

Remark 2.12. Note that the increments of r € [0,a] — M (a) are not independent.
However, for any 0 < ¥ < r < a, we have

*

* C/
Mr(a) ( Qr’r + 2 1a r a] /0 1{,/ a+r <Hsj<r a+r*}’

jes*
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which first implies that M} (a) > Q. .(a). Moreover, we easily see that O, ,(a) is
independent of M’ (a).

Recall the definition of x,(A, 1) and recall it satisfies (2.8).

Lemma 2.13. For any a € (0,) and for any r € [0,a], we have

E[exp(—20y,(a))] = 1 — =207

: (2.40)

Then,

law)

(r= 1) 710 (a) "2 M (1).

Proof. Recall that conditionally given U, .4"* is distributed as a Poisson point pro-
cess with intensity dU; ® Ny. Thus,

E [exp (- 20,,(@) [U] =exp (- / dU; K, 414(2,0) ).

la—ra—r'
Since U is a subordinator with Laplace exponent A — yA?~!, we get
1 a—r' r—r
E[e *2@] = exp (—y K,,HI(A,O)V’ldt) — exp (— ¥ / KS(A,O)Hds).
Jo

Ja—r

Set y = k5(A,0). Then, (2.8) entails

r—t' - K (00) yy7-1
v [ w0 s = oy =logh ~log (A~ k4 (2.0)7).

which entails the first point of the lemma. Now observe that the scaling property
(2.3) combined with (2.10) entails that for any a,A > 0, and any ¢ > 0, one has

1

v
Ka(A,0) =c7 T q(c 7 TA,0),

which easily implies the second point of the lemma. O

Take ¥ = 0 in the previous lemma to get the following lemma.

Lemma 2.14. For any a € (0,) and for any r € [0,a], we have

 K(A,0)7

E[exp(—AM;(a))] =1 1

Then, r~Y/-Y) M} (a) has the same law as M;(1).

To simplify notation, let us set Yy := M (1).
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Proposition 2.15. For any y € (1,2), we have

1
; r—1 >y = -
}glolox P(Y, > x) oy

Proof. Recall (2.10), recall that [ 1ig,<qyds = [¢' L} db and recall that N(L}) = 1,
for any b € (0,0) (see (2.11)). Thus,

Ka(A,0)

¢ a
. _ _ b _
%%T—N(/O 1<) _/0 N(LY)db=a.  (241)

Take a =1 in (2.41) and use Lemma 2.14 to get
E [e*”v} —1-A" oA Y

when A goes to 0. Since 0 < y— 1 < 1, a Tauberian theorem due to Bingham and
Doney [7] entails the desired result (see also [8] Theorem 8.1.6, p. 333). O

3 Proofs of the Main Results

3.1 Proof of Theorem 1.1

Let us fix a € (0,00) and let g : (0,1) — (0,0) be such that limg r—/(-Vg(r) = 0.
To simplify notation we set i(r) = r=1/=Dg(r). Lemma 2.9 and Proposition 2.10
(ii) imply that for all sufficiently large n,

P(L5 (@) < g(27™) =P(Z S h(2 ™) ~p b2, (1)

where K, is the limit on the right member of Proposition 2.10 (ii). We first prove
Theorem 1.1 (i). So we assume

N h(27")Y < oo (3.2)

n>1

Borel-Cantelli and (3.1) imply P(liminf, ... L} ,(a)/g(27") > 1) = 1. This easily
entails P(liminf, ... L] ,(a)/g(27") = ) = 1, since (3.2) is also satisfied by K- i
for arbitrarily large K. Then, (2.30) implies

Ny (/yéa(do)l{liminf,, €"(B(G,2”))/g(2”)<oo}> =0,

which entails (1.9) in Theorem 1.1 (i).
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Lemma 3.1. We assume that g is a regular gauge function that satisfies (3.2) and
we set

E={c€J(a): liIrILiOan“( (0,r))/g(r) <1}.
Then, Ny-a.e. Z4(E) < ({).

Proof. Let us fix b € (0,a). Recall that (g7,d?), j € ., stand for the connected
components of the open set {t > 0: H, > b} and recall that H>J is the corresponding
excursion of H above b corresponding to (g7,d?). We set 7" = p([gh,d?]) and
o} = p(g}) = p(d}). As already mentioned (.7}”,d, 6} ) is isometric to the tree coded

by H"/ . The total height of .7 is then I"(.7}") = sups=0 H,”. For any 11 > 0, we set
Doy ={T} i€ T(T)>n}.

Note that )y is a finite set. Observe that ((.7}") = L, — L, is the local time at
J J

level a — b of H%/, or equivalently the total mass of the local time measure at level
a— b of .7". Then, the branching property entails for any x > 0,

N (3 1y

Te(j)b‘afb

%) =LE Ny(LE ™" <xisupH >a—b),

Recall that L{ " = (¢4=P). Then, (2.12) and the scaling property (2.33) imply

NY(LZ*}’ <x;supH >a—b) = ((y—l)(a—b))fﬁNy)( (o < (a—b)fﬁx).

Recall that Ny-a.e. LC = () =0, on {supH < b}. Thus, (2.11) and (2.12) entail

3 s <x}) ((=1)(a—b)) FINY ((£") < (a—b) 7Tx). (3.3)

Tejb a—b
For any n € N such that 27" < a, we next set

V,= Z g(2-2*”)1{@1(”3(2.27")}.

TG.@aiz—n,zfn

We apply (3.3) withb =a—2""and n =27", and we use Lemma 2.5 to get

1

TTh(2-27") < Kjh(2-27")Y,

1 n_

N(V) = (y— 1) 7127 Tg(2- 2 "N ((¢') <27

where K{, is a positive constant that only depends on y. Therefore, (3.2) entails

Ny -ae. lim Y V,=0. (3.4)

n—o0 Pon
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Let € € (0,a/2). We assume that 7 (a) # 0. Let (B(Gp,rm); m > 1) be any
e-closed packing of E. Namely, the closed balls B(0y,, ) are pairwise disjoint,
On € EC J(a) and r,, < g, for any m > 1. Let us fix m > 1. There exists n
(that depends on m) such that 27" < r,, < 2-27". Now observe that .7 (a) is the
union of the sets 7N .7 (a) where T ranges in %, ,-n-1,-n-1. Consequently, there
exists 7" € Z,_5-n-15-n-1 such that 6, € T* N 7 (a). Denote by ¢, the low-
est point in 7*. Namely ¢* is the point of 7" that is the closest to the root and
0" € I (a—2""""). Itis easy to prove that for any o € T*N .7 (a), we have

d(6,0,) <d(0,6")+d(0,0%)=2-27""1=2"<r,,.

Thus T* N7 (a) C Z(a) N B(Gw,rm). Thus, £4(T*) < £*(B(Om,rm)). Since this
holds true for any m > 1, we get

Y 8rm) e Bonrm)<at) < 2, Va- (3.5)

m=1 n27"<g

Now observe that

> (rm)paB(opmm)zg(m)} < 2 LY (B(Omyrm)) < (£9).

m=>1 m>1

This inequality combined with (3.5) implies

2 8(rm) <UD+ D Vi

m>1 n2 n<g

Since, this holds true for any e-closed packing (B(Gy,,7);m > 1) of E, (3.4) en-
tails 7, (E) < (£%), Ny-a.e. where & stands for the g-packing pre-measure, which
completes the proof of the lemma since &, (E) < &;(E), by definition of &,. O

Lemma 2.1 (if) implies that Z2,(.7 (a)\E) < (¢¢). This inequality combined with
Lemma 3.1 entails Ny-a.e. Z¢(7 (a)) = P4(E) + P¢(T (a)\E) < 2(£). This
proves that for any regular gauge function g that satisfies (3.2), we Ny-a.e. have
Pe(T (a)) < 2(¢%). Thus, for any constant K > 0, we have Pg,(T (a)) <
2(¢%). Now observe that Pg,.(T (a)) = KP,(T (a)), which easily implies
P(T (a)) =0, Ny-a.e. This completes the proof of Theorem 1.1 (i).

Let us prove Theorem 1.1 (if). We now assume

Y h(27")Y = (3.6)

n>1

Foranyn>1,setS,=¢ +...+¢,, where g, = I{L’;,n(a) < g(2-n)}- Estimates (3.1)
implies that

E[S)] ~ne Kyg h (2*’) v (3.7)
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Next observe that

E[S;] =E[S)]+2 Y E[gsg].

1<k<I<n

Fix 1 <k <[/ <n.Asnoted in Remark 2.7, Ay 5« (a) < L;k (a). Thus,
{L;1(a) (27} N {L}1(a) < 527"}
C{Ayis1(a) <g27IN{Lii(a) < g(27)}

Remark 2.7 also asserts that L_;(a) is independent of A, ,-«(a). Thus,

Elge) < P(Az,,,z,k (@) < g(27) ) Elg]
<p( 27T Ay 1y i(a) < h(27H) )E[z]. (3.8)

We give an upper bound of the last probability thanks to the Laplace transform of
k
27" TAy-15-k(a) that is explicitly given in (2.37) in Lemma 2.8:

Y

D=1k g v=1 4 1\ 7T

E[exp(—lvalAzfz,sz(a))] = ( 2 ) ! + >
TAY7 +1

—(l—k a
(27(sz)+ 1—27(h )v—l
IAr-141

BV _o—(=k) | L
27 (2 a k)+<;12y1+1)y l)’

IN

by an elementary convex inequality. Set C; =21/(-1) (2/(y— 1))7(r-1). The previous
inequality easily entails the following

E[exp(—227 T Ay 54(a))] <Gy (2 Fr=H) +7ﬂ) .

We now use the Markov inequality to get

k

P ( 27T Ay 1y (@) < h(27H) ) < ¢E [exp (=27 T Ay 154(a) /h(2*k))}

< eCy (2 710

+h(27%)7). (3.9)
Now, (3.1) implies that there exists C, € (0,0) that only depends on y and 4 such
that h(27%)7 < C,E[g], for any k > 1. Thus, (3.8) and (3.9) imply there exists C3 €
(0,00) (that only depends on & and ) such that

Y

Elece]) < (2771 VE[g] + ElelEle])
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which easily implies

E[s7] < (1 + L,) E[S,] + C3. (E[S4])*.
1—-2 71
By (3.7) and (3.6),we get
. E [5]]
lim sup 5 < C3
e (E[Sy])

and Kochen-Stone’s Lemma implies P(X,21 &, = o) > 1/C3 > 0. As observed in
Remark 2.7, r — L}(a) has independent increments. Thus, Kolmogorov’s 0-1 law
applies and we get P(3,>1 &, = o) = 1. This entails P(liminf, L, (a)/g(27") <
1) = 1. Observe that (3.6) is also satisfied by c - & for arbitrarily small ¢ > 0. This
easily implies P(liminf, L}, (a)/g(27") = 0) = 1 and (2.30) entails

Ny (/yéa(do')l{umnfn zﬂ(B(c,zn))/g(zn)>0}) =0.

This proves (1.10) in Theorem 1.1 (if). Furthermore, if g is a regular gauge function,
then, (1.10) and Lemma 2.1 (i) entail that Ny-a.e. (7 (a) ) = e, on { T (a) # 0},
which completes the proof of Theorem 1.1. ad

3.2 Proof of Proposition 1.5

Fix a > 0 and let g be as in Proposition 1.5. Namely g : (0,1) — (0,) is such that
limgy r= /(=D g(r) = eo. To simplify notation we set h(r) = r~1/(r-Dg(r). Although
Proposition 1.5 (i) is already proved in [14] we provide a brief proof of it: We
assume that

S h2 ) < e, (3.10)

n>1

The scaling property stated in Lemma 2.9 and Proposition 2.10 (i) imply that

P(Ly-.(a) > g(27") = P(Zy > h(27")) ~nce Wy_y)h(zf")*%l).

Borel-Cantelli entails P(limsup, ... L}, (a)/g(27") < 1). Since (3.10) is satisfied

by ¢ h for arbitrarily small ¢ > 0, we easily get P(limsup, ..L}_,(a)/g(27") =
0) = 1 and (2.30) entails

Ny (/yéa(do-)l{limsupn[“(B(G,Z"))/g(2")>0}> =0.
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This proves (1.13) in Proposition 1.5 (i). Furthermore, if g is a regular gauge
function, then, (1.13) and Lemma 2.1 (iii) entail that Ny-a.e.. /(7 (a)) = oo, on
{Z (a) # 0}, which completes the proof of Proposition 1.5 (i).

Let us prove (1.14) in Proposition 1.5 (ii). We now assume

S a2 )0 = e, (3.11)

n>1

Foranyn > 1, set &, =114 a) > g(2—n)}- The scaling property in Lemma 2.8

y—n—1 2n (

and Proposition 2.10 (i) imply

- Y ey
Ele,] ~n oo 4F(2_y)h(2 ) .

Therefore Y~ E[g,] = . The independence property stated in Lemma 2.6 shows
that the g,’s are independent. The converse of Borel-Cantelli implies P(Y.>1 €, =
o) = 1. As noticed in Remark 2.7, we have g, <1 (L, (a)2g(2 ) Consequently,

P(limsup, ...L; ,(a)/g(27") > 1) = 1. Since (3.11) is satisfies by K - & for arbitrar-
ily large K, we easﬂy get P(limsup,, .. L} ,(a)/g(27") = o) = 1 and (2.30) entails

Ny ( / (o) imsup, ea<B<o,2">>/g<z"><w}> =0

which proves (1.14) in Proposition 1.5 (if). O

3.3 Proof of Proposition 1.9

Let g be as in Proposition 1.9. Namely limg. 7=/-1 g(r) = eo. To simplify notation
we set h(r) = r-v/(r-Y g(r). Although Proposition 1.9 (i) is already proved in [14]
we provide a brief proof of it. We assume that

> 2" <o, (3.12)

n>1

Let us fix a > 0. The scaling property stated in Lemma 2.14 and Proposition 2.15
(i) imply that

h(zfn)f(yfl)
re-vy

Borel-Cantelli implies P(limsup, M;_,(a)/g(27") <1)=1. Since (3 12) is satisfied
by c¢-h for arbitrarily small ¢ > 0, we easily get P(limsup, ..M} ,(a)/g(27") =
0) = 1. By (2.27), for any a > 0, we get

P(M;-,(a) > (27") = P(¥y = h(2 ™)) ~o e
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Ny ( / F(do >1{nmsup,,m<B<mz">>/g<2">>0}> =0.

Since m = f;” ¢%, this entails (1.16) in Proposition 1.9. Furthermore, if g is a regular
gauge function, then, (1.16) and Lemma 2.1 (iii) imply that 7 (.7 ) = oo, Ny-a.e.,
which completes the proof of Proposition 1.9 (i).

Let us prove (1.17) in Proposition 1.9 (ii). We assume

S h2 )0 = e, (3.13)

n>1

For any n > 1, we set g, = 1{Q27n71 s ala) = g2 M)} The scaling property stated in

Lemma 2.13 and Proposition 2.15 (i) entail

S 27p(2~m)~(r=1)
Elg,| =P(Y, >27Th(27")) ~pyoo ———

[gﬂ] ( Y = ( )) n F(2—)/)
Thus, Y.>1 E[e,] = . The independence property of Lemma 2.11 (i) implies
that the g,’s are independent. Thus, P(3.>1 &, = «) = 1, by the converse of
Borel-Cantelli. Then, Remark 2.12 entails g, < I{M;—n (a)=g(2~")}> for any n > 1.

Thus, P(limsup, ... M;_,(a)/g(27") > 1) = 1. Since (3.13) is satisfied by K-h
for arbitrarily large K, we easily get P(limsup, .. M;_,(a)/g(27") = o) = 1. By
(2.27), for any a > 0, we get

Ny ( / f’(do)l{umsupnmw(ca">)/g(2"><w}> =0

Since m = [;”¢¢, this entails (1.17) in Proposition 1.9.

3.4 Proof of Theorems 1.6 and 1.10

We fix v € (1,2) and we consider the y-stable tree (.7,d,p) coded by the height
process (H;,t > 0) under its excursion measure Ny. Recall that p stands for the
canonical projection from [0, ] onto .7 = [0,{]/ ~. Recall that p = p(0) stands
for the root of .7. We extend p on [0,) by setting p(¢) = p, for any r > {. Let
0 < s <randset 7, = p([s,t]), equipped with the distance d on 7. We set p;;, =
p(ro) where ro € [s,t] is such that Hy, = inf,¢[;, H,. Observe that (Z5;,d, ps;) is
a compact rooted real tree that is isometric to the compact real tree coded by the
process H*' := (H(s ;7 > 0).

Let g : (0,1) — (0,o) be a regular gauge function. We denote by .7 the
g-Hausdorff measure on (.7,d). Recall that .7 is compact and note that any sub-
set of .7 is contained in a closed ball with the same diameter. In the definition of
j‘fg,(%,,), we may restrict our attention to finite coverings with closed balls with
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center of the form p(r), with r € QN [s,?] and with rational radius. This entails that
;(Ts;) is a measurable function of H*. Similarly, forany a > 0, 3 (7 (a)N Ty,)
is a measurable function of H*.

Let us fix a > 0. Recall the definition of A that is the height process below a and
recall that 4, is the sigma-field generated by H* augmented with the Ny-negligible
sets. We denote by ¢, the sigma-field generated by (Js<. ¥, It is easy to observe
that Ny-a.e. H“ is the limit in D([0,0),R) of H” when b goes to a. Then, ¥, = %,.
Next observe that the rooted real tree coded by H¢ is isometric to B(p,a) = {c € 7 :
d(p,o) <a}. Thus, #;(B(p,a)) and 7#;(.7 (a)) are ,-measurable [0,co]-valued
random variables.

Proof of Theorem 1.6

Let g(r) = ris(r) where ¢ is nonnegative and where s is slowly varying at 0. Recall
that we furthermore assume that g is a regular gauge function. Recall that Ny-a.e. on
{7 (a) # 0}, the Hausdorff dimension of .7 (a) is 1/(y—1). Thus,if ¢ > 1/(y—1),
then 7%, (.7 (a)) =0, Ny-a.e. and if g < 1/(y— 1), then J5(.7 (a) ) = o, Ny-a.e. on
{7 (a) # 0}. We then restrict our attention to the case g =1/(y—1).

The general idea of the proof of Theorem 1.6 is the following: if for a cer-
tain a € (0,00), we have Ny(0 < J% (.7 (a)) < o) > 0, then we first prove that
0 < (T (a)) < oo, Ny-a.e. on {7 (a) # 0}. We next observe that 5 (-N T (a))
behaves like ¢ with respect to the scaling property and the branching property and
we prove it entails that % (- N .7 (a)) = col?, where ¢y € (0,0). Finally, we get a
contradiction thanks to the test stated in Proposition 1.5.

The proof is in several steps. We first discuss how a — #3(7 (a)) € [0,
behaves with respect to the branching property. We agree on the convention
exp(—eo) = 0. Then, for any a,A € (0,e0), it makes sense to set

i(a, ) = Ny(1 — e *77@)),
Recall from (2.12) the definition of v(a) and observe that ii(a,A) < v(a) < . Let
us fix b € (0,a). Recall that (g%,d?), j € %, stands for the connected components
of the open set {r > 0 : H, > b} and recall that for any j € .#,, we denote by
H".j the corresponding excursion of H above b. We also set .7" = p([g},d}]) and
o} = p(g?). Then, the subtree (.7}",d,07) is isometric to the rooted compact real
tree coded by the excursion H>J. For any n > 1, we set L, = Yjcq, n A H5( T}
(a—Db)), where " (a—b):={c € .F:d(c?,0) =a—Db}.Note that 7" (a —b) is
the (a — b)-level set of .7”. Since 75 (7" (a— b)) is a measurable function of H?J,
the branching property (2.20) applies and for any A € (0,), we N;,b) -a.s. get

_gbg (4
N’)(/b) (efan %) — Lyitn(a—b,1)

)

where ii,(a —b,A) = Ny(1 —exp(=An A (T (a—Db)))). By monotone conver-
gence, we get limyii,(a — b,A) = ii(a — b,A). Then, observe that lim, 7 L, =
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(7 (a)). Thus, the conditional dominated convergence theorem implies that for
any A € (0,c0), we Ny -a.s. have

NP (e AT @) |g) = o ~hemlabh), (3.14)

Since L’E =0, Ny-a.e. on {supH < b}, this entails

i(a,h) = Ny(1— e %"y Z (b d(a—b,1)). (3.15)

Note that Theorem 1.6 is implied by the two following claims.

(Claim 1) If there exists ag € (0,e0) such that Ny(#5(.7 (ap) ) = o) > 0, then for
any a € (0,00), Ny-a.e. 7#4(7 (a)) = e, on {7 (a) # 0}.
(Claim 2) For any a € (0,00), Ny(0 < 54 (.7 (a)) < o) =0.

We first prove (Claim 1). To that end, observe that ii(b,0+) = limy_yi(b,A) =
Ny (A (T (b)) = oo) for any b € (0,e0). Then, (3.15) entails

i(a,04) =u(a—b,ia(b,0+)), a>b>0. (3.16)

Let us now recall the scaling property of .7: Let ¢ € (0,00). The “law” of (.7, cd, p)
under Ny is the “law” of (.7,d,p) under c¢!/(~)N,. We next denote by 7 .; the
g-Hausdorff measure on (7 ,cd,p) and we set g.(r) = g(cr), for any r € (0,1).
Then, for any b > 0, we easily get

Hea({0 € T 2 cd(p,0) =b}) = H;, ({0 € T :d(p,0) = b/c))
= 1A (T (b)),

since g is regularly varying at O with exponent 1/(y— 1). The scaling property for
7 implies that the law of ¢/~ % (7 (b/c)) under Ny is the same as the law
of (7 (b)) under c¢'/*-VN,. Thus ii(b,0+) = b~'/-1i(1,04), for any b > 0.
If there exists ap > 0 such that Ny(J% (.7 (ag)) = o) > 0, then i(1,04+) > 0,
lim,_ ii(b,0+) = co. Recall that

v(a) = Ny(supH > a) = Ny(L? > 0) =Ny(T(a) #0)= hm u(a w,

where u is given by (1.1). Then, (3.16) and the previous arguments easily im-
ply that for any a € (0,), ii(a,0+) = limp_gu(a — b,i(b,0+)) = v(a). Namely,
Ny(#(T (@) = ) = Ny(T (a) #0). Since { (7 (a)) = =} € {T(a) # 0}, i
implies that Ny-a.e. (7 (a)) = oo, on {7 (a) # 0}, which proves the first claim.
To prove (Claim 2), we argue by contradiction and we suppose that there exists
agp € (0,00) such that
Ny(0 < (T (ag) ) < o) > 0. (3.17)
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The previous arguments show that i(b,0+) = Ny (€ (.7 (b)) = o) = 0, for any
b € (0,00). The scaling property discussed above entails

1

i(b,A) = FTi(bjc,cPTA), bA,c>0. (3.18)
We first claim that for any a € (0, ),
Ny(H(T (a)) >0) = Ny(supH > a) = v(a). (3.19)

Indeed, observe that ¥(b) := lim; ... T i(b,A) = Ny(H (T (b)) > 0). Then, (3.18)
implies ¥(b) = b="/(r-17(1). Assumption (3.17) entails that 0 < i(ag,A) < ¥(ap).
Thus, we get #(1) > 0, which implies lim, .o #(b) = eo. Thanks to (3.15), we get
¥(a) = u(a—b,7(b)) and ¥(a) = lims—o u(a — b,%(b) ) = v(a), which is (3.19).

Recall that for any fixed A € (0,00), b — u(b,A) is decreasing. Then, (3.15)
implies that ii(a,A) < i(b,A), for any a > b > 0, and for any A > 0. Thus, it
makes sense to set ¢(A) = limyjo T @(b,A) € (0,0]. Then (3.15) entails ii(a,A) =
u(a,¢(A)), for any a,A > 0, with the convention: u(a,e) = v(a). Since we have
Ny (4 (T (a)) = o) =0, (3.19) and the definition of i imply ii(a,A) < v(a). Con-
sequently, (A1) € (0,e0), for any A > 0. Next, observe that u satisfies the same
scaling property (3.18) as . Therefore, c!/-D @ (A) = ¢(c/r-DA), for any ¢, A > 0.
Namely, ¢(A) = coA, where ¢ := ¢ (1) € (0,0) and we have proved that

(b, ) =u(b,colr), A,b>0. (3.20)
We next prove that for any a > b > 0, and for any A > 0,

NS —as. NP (e P47 | gy = N (e 40 | ). (3.21)

Proof of (3.21). By the branching property, we easily get Ny’ ({MOL% |%) =

—LLu(a—b,coh
¢ Lela=bco >.Theref0re,

N (e M7 @) | ) = NY (e PO |4,

7L’2v(afb)

Then, we get N;,b) (L7 (a))=0y %) = N;,b) (I{LE:O} |4,) = e , by letting A

g0 to 0. Thus, N;,b) -a.s.
.y a —AcoLé
Ny (Loansore 47| %) = Ny (Lpgaope ™% [ %)

By (2.12) and (3.19), we have 1{L‘5>0} = 1{%@(9(a))>0} = 1{supH>a}’ Ny-a.e. Thus,

N;,b) -a.s. we get

M (1 antrmate 57 [ ) =N (1apir-ape” ).
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Recall that NJ(,") =Ny(-N{supH>b})/v(b) and note that {supH >a} C {supH >b}.
Thus, for any positive ¥),-measurable random variable Y, we get

NY(l{supH>a}eil%(9(a))Y) = Ny(l{supH>a}ei)LC0L2Y)a

which easily entails (3.21). ad

Recall that L} and 7%;(7 (a)) are %,-measurable and recall that &, = %,. By
letting b go to a in (3.21), we get 74 (.7 (a)) = coLt, NJ(,“) -a.s. which easily entails
H(T (a)) = coL, Ny-a.e. Recall that £4( (a) ) = L. Thus, we have proved:

Vae (0,00), Ny-ae. (T (a))=col'(T(a)). (3.22)
We now prove the following.
Ny-ae. JG(-NT(a))=col”. (3.23)

Proof of (3.23). Let a > b > 0. The branching property and (3.22) easily imply
that Ny-a.e. for any j € .%,, we have 7% (.7 (a— b)) = cot*(7"(a —b)). For any
0 € (a) and any r > 0, we set B,(0,r) = {0’ € T (a) :d(c,0") < r}. Note that
B,(0,r) is the closed ball in (7 (a),d) with radius r and center ©.

Let us fix 0 € 7 (a) and let us denote by & the unique point in [p, o] such that
d(0,6) = a—b. Observe that B,(0,2(a — b)) is the union of the .7 (a — b) such
that 67 = 6. Since the .7} (a — b)s are pairwise disjoints, we get

Va>b>0, Ny-ae Vo € T (a), #(Ba(0,2(a—b))) = col*(Ba(G,2(a—D))).

Consequently, there exists a Borel subset A C D([0,0), R) whose complementary
set is Ny-negligible and such that on A, one has #; (B, (0, 7)) = col®(Ba(0,r)) < oo,
for any 6 € J (a) and any r € Q., which easily entails (3.23). O

We have proved that (3.17) implies that there exists ¢ € (0,e) such that (3.23)
holds true. Let us furthermore assume that

27}1

Then, Proposition 1.5 (i) implies that J% (7 (a)) = o, Ny-a.e. on {7 (a) # 0},
which contradict (3.23) since N, (¢*(7 (a )) o) = 0. Consequently (3.24) fails
and Proposition 1.5 (ii) entails that é“( ) =4(7 (a)), where E is a Borel subset of
Z (a) such that limsup, ¢“(B(0,27"))/g(2™") = e for any o € E. By the compar-
ison lemma for Hausdorff measures (Lemma 2.1 (iv)), we get JZ;(E) = 0, which
contradicts (3.23). This implies that (3.17) is false, which proves (Claim 2). This
completes the proof of Theorem 1.6. O
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Proof of Theorem 1.10

Let g(r) = ris(r) where ¢ is nonnegative and s is slowly varying at 0. Recall that
we furthermore assume that g is a regular gauge function. Recall that Ny-a.e. the
Hausdorff dimension of .7 is y/(y—1). Thus, if ¢ > y/(y— 1), then 5% (.7) =0,
Ny-a.e.andif ¢ <7y/(y—1),then 75 (.7 ) = co, Ny-a.e. We next restrict our attention
to the case g = y/(y—1).

The general idea of the proof of Theorem 1.10 is the following: if Ny(0 <
H(T) < o) > 0, then we first prove that 0 < (7)) < oo, Ny-a.e. We next ob-
serve that .77 behaves like m with respect to the scaling property and the branching
property and we prove it entails that ./, = com, where co € (0,°0). Finally, we get
a contradiction thanks to the test stated in Proposition 1.9.

We first need to state two preliminary results. We agree on the convention
exp(—eo) = 0 and for any a,A > 0 and any p > 0, we set

¢ HABP D)LY (o o]

Ral. 1) = Ny(1 -
Letus fix b € (0,a). Recall that (g7,d?), j € .#, stands for the connected components
of the open set {r > 0: H; > b} and recall that for any j € .%,, we denote by H%J
the corresponding excursion of H above b. We also set .7” = p([g?,d’]) and o} =
p(gh). Then, the subtree (.7,”,d,o7) is isometric to the rooted compact real tree
coded by the excursion H»/. We set 7" (- <a—b) ={c € F" :d(0),0) <a—b}
that is the closed ball of (.7, d, 67) with center 67 and radius a — b. For any integer
n>1,forany A € (0,e0) and for any y € [0,e0), we then set

Ky = A(nAH(B(p,0)) + A Y, Ligppvisymyn A (T} (- <a=b))

j€Fy

‘HJ z l{supraj>l/n} Lz;b(J)

i€,

Here L‘gb (j) stands for the local time of H/* at level a — b. Since H is contin-

uous, the sum only contains a finite number of non-zero terms. Recall that since
(TP (- < a—b)) is a measurable function of H»/, the branching property (2.20)
implies that for any A € (0,00),

)

NY -ae. NP (| %) _ AN (B(p b)) ~LER", (2o)

)
where

K" —A-nAS(B(p,a—b))—uLs ™"
Kégb(}t’“):NY[I{supH>1/n}(l—e NH(B(p,a—b))—uLy )].

Monotone convergence implies limy, .. ", (A, 1) = &.—»(A, ). Then note that
Ny-a.e.
lim K, = A.7;(B(p,a)) + uLf.

n—oo
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The conditional dominated convergence theorem implies that for any A € (0,00),
any [ € [0,o0) and any a@ > b > 0, we N;,b) -a.s. have

( A H(Blp.a))— L
Ny (Lonbpapy<=ye 0T TER )

~AA(B(p b)) ~LYRyp(A.p) '

= L0t B(p b)) <} (3.25)

Arguing as in the proof of (3.18), the scaling property of .7 and the fact that g is
regularly varying at O with exponent y/(y— 1) imply that for any ¢ € (0,c0), the
joint law of ¢7/(-1 7% (B(p,b/c)) and c‘/W*‘)LZ/”under Ny is the same as the joint
law of 7 (B(p,b)) and L, under ¢/~ N,. This easily entails

1 Y 1
—1

f(b(l?u):cfﬁ],/c(cf?t,cﬁu) , b,A,c,u>0. (3.26)

Now observe that Theorem 1.10 is implied by the two following claims.
(Claim 1) If Ny(J(.7) < o) > 0, then Ny(;(.T ) = o) = 0.
(Claim 2) Ny (0 < 7#5(T) <o) =0.
We first prove (Claim 1). Let us suppose that Ny(J% (7 ) < o) > 0. Then, there
exists ag > by > 0 such that Ny(#;(B(p,ag) < =; supH > bg) > 0. Next, observe
that the left member in (3.25) with a = ag and b = by is strictly positive, which
entails that K,,_p,(4,0) < eo, for any A € (0,00), since we N;,b) -a.s. have L} > 0.
Therefore, we have

Ny(%(é(p,ao—bo))zm)gIz},ofbo(l,())<°°, l6(0700)'
The scaling property easily entails that
Ny(H(B(p,D)) = 2) = b~/ UNy (A (B(p, 1)) = o).

Since b — Ny(H#;(B(p,b)) = o) is obviously non-decreasing and finite at
b=ag—bo, we get Ny(7(B(p,b)) = ) =0 for any b > 0. Consequently,
Ny((T) = o0) =0, since .7 is bounded. This completes the proof of the first
claim.

We now prove (Claim 2). We argue by contradiction, so we suppose that

Ny(0 < H5(T ) <o0) >0. (3.27)

First, observe that (Claim 1) entails that N (7 (B(p,a)) = e°) = 0 for any a > 0.
Since .7 is bounded, we get

Ny-ae. Hy(T) <eoe. (3.28)

Then observe that for any b € (0,c0) the left member in (3.25) is strictly positive
for any A > 0. This entails K.—»(A,0) < e for any a > b > 0, A > 0, since we
NJ(,") -a.s. have L’g > (, as already mentionned. More simply, we have proved
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K4(1,0) <oo, a,A €(0,00).
Let u > 0. Observe that
0 < Ka(A, 1) — Ka(2,0) < UNy(L}) = p. (3.29)

This implies that K, (A, 1) < . Moreover (3.27) implies that &,(A, ) > 0. Thus,
we have proved that

Ka(A, 1) € (0,00), a,A >0, u>0.

Since Ny(L} # 0) = Ny(supH > b), (3.25) easily entails

Ra(A ) = Ny (1 — ¢ AREPOI LRy _ g3 & (o). (330)

We next prove that for any A € (0,00), there exists ¢(1) € (0,e0), such that for
any a > 0, we have

Ra(A,0) = Ny(1 — e 4 7lBP0)) — /N —AM(B P””L’g) db.  (3.31)

Proof of (3.31). We first set U(A,a) = Ny(e”l%(é(p*“))lfé), for any a,A € (0,0).
Observe that (3.25), (3.28) and (3.29) imply for any a > b > 0, and any py € (0,)
Ny (e A EPa)L(1 - M) |,

— e*l%(l?(mb)) LYRqp(A, 0)%(1 _e*le(’?afb(l#)*ffafb(?hO)))

< oMt (l?(pb))Llél( p(A, 1) — Kup(A,0))

S ei : /8( (p7b>)L§ .
Observe that the following limit is non-decreasing: limy o 1 ﬁ(l —e# L%) = L.
Conditional monotone convergence entails
N;(/b ( —AHy(B(p.a))fa {%) l%(B(P-,b))LZ'

We integrate this inequality with respect to N},”). Since {L% >0} C {LZ > 0}, we
easily get forany a > b > 0, and any A € (0,00),

U(h,a) = Ny(e MEEPLL) < Ny (e M4EEPOLE) —U(1,b).  (332)
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Next, let b,h € (0,°c) and note that 5% (B(p,b+h)) — #;(B(p,b)) =0, on the
event {.7 (b) = 0}. Since Ny (.7 (b) # 0) = Ny(supH > b), (3.25) and an elementary
inequality entail

~AA(B(p.b)) _ A A Bp.b+h ~AAy(B(p.b —LER(2.0)
Ny(e 2(B(p:b)) _ ,—AH(B(p, ))) :Ny(e 2(B(p, ))(l—e 3 ))
S i{'h(A’?O)
(here we use the fact Ny (L ) = 1 in the last inequality). This implies
. |na|—1

(A,0)+nki (2, 0)/0 " Gu(b,A)db+ Ry(a, ), (3.33)

Ka(4,0) = &

:\—

where we have set

g [nb]/n
Gn(b,A) = (K’l/n(l 0)) ( —A(B(p, Wﬂ/n))(l_e L, Kl/n(ﬂ‘ao)))

_glnal/n ¢
Ra(a, 1) = Ny (e Aol (1 Rl (2 0y

)

where | -] stands for the integer-part function, where [-| = |- | + 1 and where {an} =
na — | na| stands for the fractional part of na.

Observe that Ny-a.e. we have limy,_,o 5% (B(p,h)) = 74 ({p}) = 0, since any
Hausdorff measure is diffuse. Dominated convergence entails that limy, .o K
(4,0) =0, forany 4 € (0,<°). Consequently, lim, & /,(4,0) = 0. Moreover, we get

Rala, ) < Ry (A,0) Ny (L£") = Ryan) (4,0) —— 0.

n—oo

Next, observe that

Gu(b, 1) < Ny(e 2B b1 /m) pvliny — (5, 1201y

By (3.32), we get Gn(b,A) < U(A,b). By (3.28), #; is a finite measure. Then,
b — #;(B(p,b)) is right continuous. Recall that we work with a right-continuous
modification of b — L’g. Therefore, Fatou’s Lemma implies

U(A,b) = Ny(e *7aBP b)) < liminf G, (b, 2),
Thus, we get
imGy (b, A) = U(A,b) = Ny (e 27 BOPILL).

By dominated convergence, we get

Lnaj 1

lim/ Gu(b, A)db = /N RIBOINLL) a,
nJo
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This limit combined with (3.33) implies lim,n&1(A4,0) = ¢(A) € (0,c), which
implies (3.31). ’ O

Next observe that (3.31) implies (d&,/da)(A,0) = ¢(1)d(K,/du)(A,0) and by
the scaling property (3.26) we easily get

O(A) =coA, with cp:=¢(1) € (0,00). (3.34)
We next prove that for any b € (0,),
Ny-ae. H(B(p,b))=com(B(p,b)). (3.35)
Proof of (3.35). We first prove this result for » = 1. To that end, we set
Dy(A) = 1—e *4BPD) g, (1)

where S, (1) stands for

z o pk/n)( _ *L/Kl/n(lo))

1<k<n

We want to prove that lim, Ny(D,(1)?) = 0. To that end, observe that

A= Vi,

0<k<n

where we have set

Mm% (4,0
Vi=e Aot (B pk/n))(fg Ki/n(A.0) 77L<)2”g (k/n)) ), 1<k<n,
Vo =1—e *(Bp.1/m)

with C(k/n) = B(p,“1))\B(p,%). Let 1 <k < n— 1. Observe that 7 (k/n) = 0,
Ny-a.e.on {supH < k/n} Thus, Vk =0, Ny-a.e.on {supH < k/n}. This easily im-
plies that

VO<k<n, |V Sz'l{supH>k/n}-
Since Ny(supH > k/n) =v(k/n) < oo, we have Ny(|ViV|) < oo, forany 0 <k <{<n

and Ny(V?) < oo, for any 1 < k < n. Next observe that V§ < Vp. Thus Ny(V§) <
Ny(Vo) = K1/4(24,0) < co. These estimates justify the following:

Ny(Dp(A)?) =2 Y Ny(ViVo)+ Y Ny(V2), (3.36)

0<k<(<n 0<k<n
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We first fix 0 < k < ¢ < n. Observe that V; is Nj(f/ " _integrable and (3.25) im-
plies N;,N " (Vy|%,n) = 0. Moreover, Vi is %y 1).-measurable. Therefore, it is
%, /,-measurable. Since Ny (.7 ({/n) # 0) = Ny(supH > {/n) = v({/n), we get

Ny (ViVe) = v(5) N (Vive) = v(5) NS (VeNy" (Ve | %) ) = 0.

We next fix 1 <k < n. An easy argument combined with (3.25) entails that for any
1 <k < n, we have

k/n . k/n .
N (V2 |G ) = & P B oI (1 FanP0) _ 21 Rija(A0)y

Note that A +— &,(A,0) is clearly concave. Thus, 2k /,(4,0) — K;,(24,0) is non-
negative, which implies

Ny (V21 Gsn) < (281 (A,0) = Ry (22,0) )LY"

This entails Ny (VZ) < 2K /,(A,0) — & /,(24,0), since Ny(Lk/”) = 1. We also check
that Ny(Vo) = 2K ,(4,0) — K1 /,(24,0). These bounds combined with (3.36) imply

Ny(Dn(A)?) < 20K ,(2,0) — n&y 1,(22,0) .

When n goes to oo, the right member of the previous inequality tends to 2¢ (1) —
¢(21) that is null since ¢ is linear. Thus,

VYA € (0,0), lil?lNy(Dn(iL)z) =0.

Fatou’s lemma then entails liminf,, |D,(A)| = 0 Ny-a.e. Now observe that

plo/nl/ng
G (1—ee ) gy,

Su(h) = Lok, (4, 0)// AP el L

L
n

Since lim, nk;,(4,0) = ¢(4) = coA, we easily get
Ny-ae. th,,(/'L = COA/ —A A (B(p, b))L}é db.
This implies that for any A € (0,0), Ny-a.e.
1 — e A (B(p:1) *col/ B(p.b) L’gdb

Divide this equation by A and let A go to 0, to get 7% (B(p,1)) = co [01 Ly db. Now
recall that m = [;” ¢®db, which implies (3.35) when b = 1.
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By the scaling property, the joint law of %% (B(p,b)) and m(B(p,b)) under Ny
is the same as the joint law of b/(r-V) % (B (p 1)) and b7/-Um(B(p,1)) under
b~'/-)N,, which easily implies (3.35) for any b € (0,00). O

We next prove the following
Ny-ae. J=com. (3.37)

Proof of (3.37). Recall that (g9,d?), j € Z,, stands for the excursion intervals of
H above a and that H«/ stands for the excursion corresponding to (g4,d¢). Recall
that we have set .7, = p([g9,d}]) and 6¢ = p(g%) so that the subtree (.7*,d, 5} ) is
isometric to the rooted compact real tree coded by the excursion H«/. For any b > 0,
recall the notation .7,(- < b) = {0 € F : d(0},0) < b)} that is the closed ball in
(7,d,of) with center of and radius b. Since J;(.7;*(- < b)) is a measurable
function of H«J, the branching property (2.20) and (3.35) imply for any a,b > 0,

Va,b >0, Ny-ae.Vje I, H(T(-<b))=com(T(-<b)). (3.38)

Recall that m(Sk(.7")) = 0, Ny-a.e. (here Sk(.7") stands for the skeleton of .7). This
result, combined with (3.38), shows that there exists a Borel set A C D(]0,),R)
whose complementary set is Ny-negligible and such that m(Sk(.7)) = 0 and

Va,be Qi Vi€ Iy, HHTH-<b))=com(T(-<b)) (3.39)

on A. We now work deterministically on A. Note that for any a € Q, any j € .7,
and any b € (0,0), we have

Za(_ < b) — m Za(. < b/)

b eQy b >b

Since m and .7%; are finite measures, (3.39) holds for any b € [0, ).

Let 0 be a pointin .7 that is not a leaf. Then .7\ {c} has at least one connected
component that does not contain the root p. Let us denote such a component by .7°.
To ease the discussion, we call such a subset of .7 an open upper subtree. Then, for
any b € (0,0), we denote by .7°(< b) the set of 6 € 7 such that d(c,0") < b. Itis
easy to prove that .7 (- < b) is the union of a non-decreasing sequence of subtrees of
the form 7 (- < b'), with a € Q... This entails (7 °(- <b)) = com(J°(- <b)).

We next fix 6 € .7 and r > 0. We denote by .7°, j € _# the connected compo-
nents of 7 \[p,c]. Forany j € ¢, denote by 6; the unique point of [p, &] such that
{0;} U7y is the closure of .7°. Note that .7} is a connected component of .7\ {c;}
that does not contains the root. Namely, .7, is an open upper subtree. Moreover,
observe that

B(o,n\lp,o]l =\J{7’(- <r—d(c,05)): je€ _7:0<d(o,05)<r}.
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This implies 7% (B(o,r)\[p,c]) = com(B(o,r)\[p,c]). Now note that [p, ] is
isometric to a compact interval of the line. Thus, the Hausdorff dimension of [p, o]
is 1 (or O if it reduces to {p}). Therefore, 7% ([p,c]) = 0, since g is regularly
varying at 0 with exponent y/(y— 1) > 1. Next observe that [p, 5[C Sk(.7). Con-
sequently, we get m([p,o]) = 0. We thus have proved that on A, % and com are
finite Borel measures on 7 that agree on the set of all closed balls of .7. This
clearly implies (3.37). O

We have proved that (3.27) implies J#;, = com Ny-a.e. We now argue as in the
proof of Theorem 1.6 to get a contradiction thanks to the test stated in Proposition
1.9. This proves that (3.27) is wrong, which entails (Claim 2). As already mentioned,
it completes the proof of Theorem 1.10. ad
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