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Abstract

We prove that the volume measure of the Brownian sphere is equal to a constant multiple of
the Hausdorff measure associated with the gauge function h(r) = r*loglog(1/r). This shows in
particular that the volume measure of the Brownian sphere is determined by its metric structure.

1 Introduction

This work is concerned with the Brownian sphere, also known as the Brownian map, which is a
random compact metric space providing a universal model of two-dimensional random geometry. The
Brownian sphere has been shown to be the scaling limit in the Gromov-Hausdorff sense of many
different classes of random planar maps such as triangulations or quadrangulations of the sphere (see
in particular [I, 4, B [7, 18, 23, 24, 25]). The first construction the Brownian sphere [22], [16] relied
on Brownian motion indexed by the Brownian tree, or equivalently on the Brownian snake driven
by a normalized Brownian excursion. In this construction, the Brownian sphere is constructed as
a quotient space of the interval [0, 1] and is naturally equipped with a volume measure defined as
the pushforward of Lebesgue measure on [0, 1] under the canonical projection. This volume measure
appears as the limit of (scaled) counting measures on vertices when the Brownian sphere is written as
the Gromov-Hausdorff-Prokhorov limit of large random planar maps (see [20, Theorem 7] for the case
of quadrangulations and [24, Theorem 1.2] for the more general case of bipartite planar maps with
a prescribed degree sequence). We mention that a very different approach to the Brownian sphere,
involving deep connections with Liouville quantum gravity has been developed by Miller and Sheffield
in a series of papers [26], 27, 28] 29]. More recently, Ding, Dubédat, Dunlap and Falconet [I1] have
studied Liouville first-passage percolation metrics associated with mollified versions of the Gaussian
free field and were able to prove the tightness of these renormalized metrics. Gwynne and Miller [14]
later proved the uniqueness of the limit, which is determined by the Gaussian free field and called the
Liouville quantum gravity metric. A particular case of this metric should correspond to a variant of
the Brownian sphere metric.

The Brownian sphere is known to be homeomorphic to the 2-sphere, but its Hausdorff dimension
is equal to 4 [16]. The original motivation of the present work was to determine an exact Hausdorff
measure function for the Brownian sphere. Our main result solves this problem, and also provides a
natural interpretation of the volume measure.

We denote the Brownian sphere by m.,, and write Vol for the volume measure on mq,. For any
gauge function h, we denote the associated Hausdorff measure by m”.

Theorem 1. For every r € (0,1/4), set h(r) = r*loglog(1/r). There exists a constant k > 0 such
that we have almost surely for every Borel subset A of myo,

m"(A) = Kk Vol(A).

It seems hopeless to compute the exact value of the constant x. One should be able to give upper
and lower bounds for x, but we have made no attempt in this direction.
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Theorem [I| shows that the volume measure Vol is completely determined by the metric on mq..
Although this result seemed plausible, it was not obvious from the construction of the Brownian sphere
in terms of Brownian motion indexed by the Brownian tree. We note that other models of random
geometry such as the Brownian plane and the Brownian disk have been investigated in recent papers
(see in particular [8, 9, [10} 20]) and also correspond to specific quantum surfaces, in the terminology of
[27, 28, 29] (see [28, Corollary 1.5]). It is not hard to verify that Theorem [1j can be extended to these
models, using the known connections between them and the Brownian sphere.

Let us briefly comment on the proof of Theorem As is often the case in the evaluation of
Hausdorff measures, a key ingredient consists in finding good estimates for the volume of balls. We
concentrate on balls centered at the distinguished point x, of the Brownian sphere, but the re-rooting
invariance property (see Proposition [4 below) ensures that similar estimates hold for balls centered at a
“typical point”, meaning a point chosen uniformly according to the volume measure. In the construction
of the Brownian sphere from the Brownian snake driven by a Brownian excursion, X, corresponds
to the point with minimal spatial position. Writing B(a,r) for the closed ball of radius r centered
at the point a of ms,, we are able to show that the p-th moment of Vol(B(x.,7)) is bounded above
by Cp! 74P where Cj is a constant (Proposition . This bound sharpens a weaker estimate derived
in [I7, Lemma 6.1]. The proof relies on a careful analysis based on a formula of [21I]. Interestingly,
estimates for the moments of the volume of balls are discussed in the more general setting of the
Liouville quantum gravity metric [I1], 14] in the recent work of Ang, Falconet and Sun [6].

From our estimates on moments of Vol(B(xy,r)) and the re-rooting invariance property, it is easy
to obtain the existence of a constant K7 such that

Jimm sup Vol(B(a,r))

< Kj,
r10 hiry =

for Vol-almost every a € mq,. Then classical comparison results for Hausdorff measures (see Lemma @
below) allow us to find another constant x1 > 0 such that m”(A) > k1 Vol(A) for every Borel subset A
of my, (Proposition . In order to get a corresponding upper bound for the Hausdorff measure, we
may again rely on the comparison results, but we need to verify that the h-Hausdorff measure of the
set of all points a € m, such that

lim sup Vol(B(a,r))
rl0 h(r)

is zero provided that the constant Ko is small enough (Proposition . This is the most delicate
technical part of the paper. We use a “spine decomposition” of the Brownian snake conditioned on
its minimal value: This spine decomposition provides enough independence between the volumes
Vol(B(x«,27%)) when k varies in N so that we can bound the probability that these volumes are
simultaneously small for all k& € {ko,ko + 1,...,n}, and we then rely on the re-rooting invariance
property.

Once we know that the A-Hausdorff measure is bounded above and below by a positive constant
times the volume measure, we need a kind of zero-one law argument to get that we have indeed
m" = k Vol for some constant . Here, the idea is to consider the canonical projection p from [0, 1]
onto my,, and the function ¢ — m”(p([0,])). From the bounds on m”", we know that this function
is absolutely continuous, and the point is to prove that its (almost everywhere defined) derivative is
equal to a constant. This will follow if we can verify that

< Ky

h _
i sup (P8 — &5+ <))
e—0 2e

is equal to a constant s, for Lebesgue almost every s € (0,1) (Lemma . To get this last property, it
is convenient to consider the free Brownian sphere, whose construction is based on the Brownian snake
driven by a Brownian excursion distributed according to the It6 measure. This makes it possible to
use the Bismut decomposition of the Brownian excursion at a time U chosen according to Lebesgue
measure on its duration interval. The technical part of the proof is to verify that the limsup in the



last display (with s replaced by U) is measurable with respect to an appropriate asymptotic o-field
containing only events of probability zero or one.

The paper is organized as follows. Section [2] contains a number of preliminaries. We recall the
construction of the Brownian sphere, and the spine decomposition of the Brownian snake conditioned
on its minimum. We also state the comparison lemma for Hausdorff measures that plays a central
role in our proofs. Section [3| proves our estimates on moments of the volume of balls centered at
X, from which it is relatively easy to derive the lower bound m"(A) > k1 Vol(A). The proof of the
corresponding upper bound is given in Section[d] Finally, the zero-one law argument needed to establish
our main result is presented in Section [5]

Acknowledgment. T thank two anonymous referees for several useful remarks on the first version of this
work.

2 Preliminaries

Our main goal in this section is to recall the construction of the Brownian sphere from the Brownian
snake excursion measure. We start with a brief discussion of snake trajectories.

2.1 Snake trajectories

By definition, a finite path w is a continuous mapping w : [0, (] — R, where the number ¢ = Cw) =0
is called the lifetime of w. We let VW denote the space of all finite paths, which is a Polish space when
equipped with the distance

dw (W, w') = [Cw) — S| + Sup [W(t A Cy) = W (A ()

The endpoint or tip of the path w is denoted by W = w(((y)). For x € R, we set W, = {w € W :
w(0) = z}. The trivial element of W, with zero lifetime is identified with the point = of R.

Definition 2. Let x € R. A snake trajectory with initial point x is a continuous mapping s — ws from
Ry into W, which satisfies the following two properties:

(i) We have wy = = and the number o(w) := sup{s > 0 : ws # x}, called the duration of the snake
trajectory w, is finite (by convention o(w) = 0 if ws = x for every s > 0).

(ii) (Snake property) For every 0 < s < s', we have ws(t) = wy(t) for every t € |0, I<Ill<n Cleon)]-
s<r<sg’

We will write S, for the set of all snake trajectories with initial point  and & = (J,cg S: for the
set of all snake trajectories. If w € S, it is convenient to write Wy(w) = ws and (s(w) = () for every
s > 0 (and we often omit w in the notation if there is no ambiguity). The set S is a Polish space for the
distance ds(w,w’) = |o(w) — o(W')| + sups>q dw(Ws(w), Ws(w')). A snake trajectory w is completely
determined by the knowledge of the lifetime function s — (,(w) and of the tip function s — Wi(w):
See [2, Proposition 8]. The range of w is defined by

R(w) = {Ws(w):0< s < o}

and we will also use the notation W, (w) := min R(w). We sometimes write w, instead of W, (w).

Let w € S be a snake trajectory and o = o(w). The lifetime function s — (s(w) codes a compact
R-tree, which will be denoted by 7, and called the genealogical iree of the snake trajectory. If ~ ()
denotes the equivalence relation on [0, o] defined by

/. . o , _ .
s ~() 8 if and only if (5(w) = (v (w) i ¢r(w),

the R-tree 7(,, is the quotient space [0, o]/~ (), which is equipped with the distance induced by

d(w) (37 S/) = Cs(w) + (s (w) -2 min Cr(w)

sA\s'<r<sVs’



(notice that d,)(s,s") = 0 if and only if s ~, §'). We write p(, : [0,0] — T, for the canonical
projection, and we root the tree 7, at p(,) (0) = P(w) (o). From the snake property, it is immediate
that Ws(w) = Wy (w) if p(,)(s) = p(s'), so that the mapping s — W(w) may be viewed as defined
on 7). We sometimes call W(w) the label of the “vertex” P(w)(8) of Ty

We finally introduce the re-rooting operation on snake trajectories (see [2, Section 2.2]). Let w € Sy
and 7 € [0,0(w)]. Then wll is the snake trajectory in Sp such that o(wl”)) = o(w) and for every

s € [0,0(w)],

CS(w[r]) = d(w) (Ta D 3)7
WS(W[T]) = WTGBS(W) - WT(“)?

where we use the notation r®s=r+sif r+s < o(w), and r & s =r + s — o(w) otherwise. These
prescriptions completely determine w(”). The genealogical tree ﬁw[ﬂ) may be identified to the tree
T(w) re-rooted at the vertex p(,)(r) [I2, Lemma 2.2] (in this identification, the point p(,m)(s) of T )
corresponds to the point p(r @ s) of T,)).

2.2 The Brownian snake excursion measure

Let z € R. The Brownian snake excursion measure N, is the o-finite measure on S, that satisfies the
following two properties: Under N,

(i) the distribution of the lifetime function ({s)s>0 is the Itd6 measure of positive excursions of linear
Brownian motion, normalized so that the density of o under N, is the function ¢ +— (2v/27t3)~!,

(ii) conditionally on ({s)s>0, the tip function (Ws)szo is a Gaussian process with mean z and
covariance function

K(s,s'):= min
sA\s'<r<sVs’

The measure N, can be interpreted as the excursion measure away from x for the Markov process in
W, called the (one-dimensional) Brownian snake. We refer to [15] for a detailed study of the Brownian

snake. For every ¢t > 0, we can also consider the conditional probability measure N = N.(-|o =1t).

In fact, N may be defined by the same properties (i) and (ii), just replacing the It6 measure in (i) by
the law of a positive Brownian excursion with duration ¢. We note that

ot
N, = / N®, 1
0 2vV2mt3 )

If s € [0, 1], N(()t) is invariant under the re-rooting operation w — wl® (see e.g. [2I, Theorem 2.3]).
For every y < x, we have

3

Na(Wi <y) =Na(y € R) = 2w —y)?

(2)

See e.g. [I5), Section VI.1] for a proof. Additionally, one can prove that N;(dw) a.e., or N (dw) a.e,
there is a unique s, € [0, 0] such that W, = W, (see [2I, Proposition 2.5]).

The following scaling property is often useful. For A > 0, for every w € S, we define O (w) € S, /5
by O, (w) = ', with

wi(t) := \Aws/,\z(t/)\) , fors>0and0<t< (= ACs /a2
Then it is a simple exercise to verify that the pushforward of N, under ©, is AN_ . Moreover, for

every t > 0, the pushforward of Ng(f) under ©) is Ni/:;;)



2.3 The Brownian sphere

Let us fix a snake trajectory w € Sy with duration ¢ = o(w). For every s,t € [0,0], we make the

convention that [s,t] = [s,0] U[0,t] if s > ¢ (and of course, if s < ¢, [s,?] is the usual interval). We
then set . .
Di,y(s,1) = Wi(w) + Wi(w) — Zmax( min W, (w), min W, (w )) (3)
re(s,t] rel(t,s]
and

( mf{ZD (ti—1,8; } (4)

where the infimum is over all choices of the integer p > 1 and of the reals so, to, s1,t1,. .., Sp, tp in [0, 0]
such that so = s, t, =t and p(,,) (i) = p(w)(ti) for every i € {0,1,...,p}. Obviously Dy, < Dy, (take
p=1,1ty=sand s; =1t).

Clearly, we have D( (s,t) > |W, — Wy| for every s,t € [0,0], and it follows that we have also
D (s,t) > |W, — Wy (recall that P(w)(8i) = Pw)(t;) implies Wy, = W,). Additionally, the following
simple fact will be useful in the proof of one of the subsequent technical lemmas. Suppose that
50,0, - - -, Sp, tp are as in formula (4). Then, using the bound D‘(’w)(s7 t) > |I7[\/'S — Wt\ and the triangle
inequality, one easily obtains that, for every j € {1,...,p},

ZDE’w) (ti1,85) > We(w) + Wi(w) — 2 max ( min  W,(w), min I//[\/T(w)) (5)

P r€tj—1,85] r€[sj5tj-1]

Remark. Let r € [0,0] be such that W, = W,. Then, for every t € [0,0], we have trivially
Dy, )( t) = W, — W, = Wy — W,., and, since we already know that D, )( t) > Dy (r,t) > W, — Wy,

we conclude that D, (r,t) = W, — W,.

The mapping (s,t) + D(,,)(s,t) defines a pseudo-distance on [0, 0], and we may consider the
associated equivalence relation

~ () t if and only if D, (s,t) = 0.

Then D, induces a distance on the quotient space [0,0]/ ~(w), and we write p(, for the canonical
projection from [0, o] onto [0, 0]/~ (..

The preceding considerations apply to a fixed snake trajectory w, but we now randomize w in order
to construct the Brownian sphere. To simplify notation, we usually write p, D and D° instead of p(,),

D and DE’M). Recall that s, is defined N(()l) a.e. as the unique element of [0, 1] such that WS* = W.,.

Definition 3. The standard Brownian sphere is defined under the probability measure N(()l)(dw) as the
random measure metric space My, = [0, 1]/%(@ equipped with the distance induced by D (for which
we keep the same notation D) and with the volume measure Vol which is the pushforward of Lebesgue
measure on [0,1] under the canonical projection p.

We could also have introduced the free Brownian sphere, which is defined in the same way replacing
N(()l) by No (and the interval [0, 1] by [0,0]). As a side remark, we note that the property s ~(,,) ¢
obviously implies s () t, and thus one may as well define my, as a quotient space of the tree 7,

under N( ) (this is the point of view of [1§] in particular).

In the present work, we will view the (standard) Brownian sphere as a pointed measure metric space,
with the distinguished point x, := p(s«). So the Brownian sphere is a random variable (mq,, D, Vol, x.)
with values in the space M*® of all isometry classes of pointed compact measure metric spaces, which
is equipped with the Gromov-Hausdorff-Prokhorov topology. We refer to [20, Section 2.1] for a brief
presentation of the Gromov-Hausdorff-Prokhorov topology on M?*.

Since I//I\/s* = Wi, the remark after shows that we have N(()l) a.s., for every t € [0, 1],

D(sy,t) = Wy — W, (6)



and consequently D(x,,a) = Wt — W, for any a = p(t) € ms,. This property will be crucial for our
applications.

We now observe that the distinguished point x, is not a special point of the Brownian sphere, in
the sense that it could be replaced by another point distributed according to the volume measure Vol,
without changing the distribution of the 4-tuple (mq, D, Vol, x.). We state a slightly more precise
result.

Proposition 4. Let t € [0,1]. Then (ms, D, Vol, p(t)) has the same distribution as (mu, D, Vol, x.).

Proof. The fact that the distribution of (m, D, Vol, p(¢)) does not depend on ¢ is an easy consequence
of the invariance of Ngl) under the re-rooting operation (replacing w by wltl gives a measure metric
space Moo (w!) which is the same as mq(w) modulo a measure-preserving isometry, but the point
P, (0) of meg (w) corresponds to the point P(w)(t) of muo(w)). The fact that this distribution is the
same as the distribution of (m., D, Vol, x,) follows from [I7, Theorem 8.1]. Note that [I7, Theorem
8.1] deals with metric spaces and not with measure metric spaces, and thus one needs a slight extension
of this result, which is however derived by the very same arguments as in [17], using the convergence
of rescaled quadrangulations to the Brownian sphere in the Gromov-Hausdorff-Prokhorov sense, as
stated in [20, Theorem 7]. O

2.4 Decomposing the Brownian snake at its minimum

As an important ingredient of our proofs, we will use the conditional distribution of the Brownian
snake under Ny given its minimum W,. This conditional distribution is described in [19] via a “spine
decomposition” involving a nine-dimensional Bessel process and two Poisson point measures on the
space of snake trajectories. We do not give details of this spine decomposition (see [L9]) but we present
the consequence that will be relevant to the present work.

The results of [19] allow us to make sense of the conditional distribution No(dw|W, = —x) for
every x > 0 (in such a way that it depends continuously on x). Via the obvious translation, we can
also make sense of N (dw | W, = 0) for every x > 0.

Proposition 5. Let © > 0. Almost surely under Ny (dw | W, = 0), we can define a random finite path
(Ut)o<t<r. and a point measure

N(dtdw') = 64, wp)(dE dw'),
i€l

on Ry x S, such that, for every nonnegative measurable function ¢ on R,

o(w)  __ o(wi)
/0 P(Wy(w))ds = 3 /0 (W (w;)) ds,

el
and furthermore the following properties hold under Ny (dw | W, = 0):

o U = (U)o<i<rL, is distributed as a nine-dimensional Bessel process started from 0 up to its last
passage time at level x;

e conditionally on U, N(dtdw') is a Poisson point measure on Ry x S with intensity

4 1{t§ng} dt Ny, (dw' N {W*(w') > 0}).

Remark. The finite path U is constructed as the time-reversal of the path W, and the point measure
N accounts for the subtrees branching off the ancestral line of p(,,)(s«) in the tree 7).

The occurence of the nine-dimensional Bessel process in the preceding spine decomposition is closely
related to an absolute continuity relation between the laws of Bessel processes, which we now recall
in the special case that will be of interest to us. Let « > 0, and suppose that, under the probability
measure [P, we are given two processes (B;)s>0 and (Rs)s>0 which are respectively a linear Brownian
motion started at x and a nine-dimensional Bessel process started at x. Then, for every ¢ > 0 and



for every nonnegative measurable function F' on the space C(]0,t],R) of all continuous functions from
[0,¢] into R, we have

E, [1{Bs>o,vse[o,t]} exp ( —6 /Ot %) F((BS)OSSSt)} =2'E, {354 F((Rs)OSsSt)]- (7)

See e.g. Exercise XI1.1.22 in [30].

2.5 Hausdorflf measures

Let F be a compact metric space, let § > 0 and let h be a continuous nondecreasing function from
[0,0] into R such that A(0) = 0 and h(r) > 0 for every r € (0,0]. If A is a subset of E, we denote the
diameter of A by diam(A). Then the Hausdorff measure m"(A) € [0, 00] is defined by

h(A) =i inf h(diam(03;)) |, 8
m"'(4) = lim (Ui>iEIIQCOVE<A); (diam(U;)) (8)

where Cov,(A) is the collection of all countable coverings of A by subsets of E with diameter smaller
than €. Note that the quantity inside the big parentheses in is a nonincreasing function of ¢, so
that the limit always exists in [0, co].

As a key ingredient of the proof of our main results, we will use certain comparison results for
Hausdorff measures, which we now recall for the reader’s convenience. The following statement can be
found in [I3, Lemma 2.1], and is a mild generalization of results proved by Rogers and Taylor [32] for
subsets of Euclidean space. If x € E and r > 0, we denote the closed ball of radius r centered at x by

B(z,r).

Lemma 6. Assume that the function h satisfies h(2r) < ch(r) for every r € (0,0/2], for some constant
c>1, and let p be a finite Borel measure on E. There exist two positive constants My and Ms, which
only depend on ¢, such that the following holds for every Borel subset A of E and every b > 0.

(i) If, for every x € A,

x,r
linrlisbup W <b,
then m/(A) > Mib~' u(A).
(ii) If, for every x € A,
e S 2

then m"(A) < Mab™t pu(A).

We conclude this section with a technical point concerning the measurability of functions defined
as the Hausdorfl measure of certain particular subsets of the Brownian sphere my,. In Section [5
below, especially in the proof of Lemma |19, we will consider quantities of the type m"(p([u,v])), where
0 < u < v, and it is not immediately obvious from the definition that these quantities are random
variables. This measurability question can be settled as follows. We consider a countable dense subset
D of mq, for instance the set of all p(r) for rational values of r, and the collection C of all closed balls
of rational radius centered at a point of D. A compactness argument shows that, in order to evaluate
the infima appearing in formula (8)) for m”(p([u,v])), we may restrict our attention to finite coverings
of p([u,v]) by subsets of m., which are finite unions of balls in C. In this way, we see that only
involves infima of countably many random variables, giving the desired measurability property.



3 Estimates for the volume of balls

Our main objective in this section is to prove that, for any Borel subset A of m.,, the Hausdorff
measure m’(A) with respect to the gauge function h introduced in Theorem [1|is bounded below by a
constant times Vol(A) (see Proposition [12] below). To this end, we will use part (i) of Lemmal6] and we
thus need to get precise bounds on the volume of balls in the Brownian sphere m,, which is defined
under the probability measure N(()l) = Ny(-|o = 1) introduced in Section Thanks to Proposition
it will be enough to consider balls at the distinguished point x,. For a € my, and r > 0, let B(a,r)
denote the closed ball of radius r centered at @ in m,,. Then property @ and the definition of the

volume measure give
1
Vol(B(xy, 7)) = /0 L ey ds. 9)
Much of this section is thus devoted to the proof of the following proposition.

Proposition 7. There exists a constant Cy such that, for every integer p > 1 and every € > 0,

N(()D((/Ol ds 1{W87W*§€})p) < CEpletr.

The proof of Proposition [7] depends on several intermediate results. Although we are primarily
interested in the probability measure Nél), it will be useful to derive first certain preliminary estimates
under the (o-finite) measures N,. In particular, Proposition |§| below provides key bounds under N,
which will also play an important role in the next section. Before stating and proving Proposition
@ we need to recall a formula of [2I] giving the expectation under Ny of certain functionals of the
Brownian snake. We first introduce the relevant notation. We follow closely [2I} Section 2.2].

Let
o0
U= J{1.2}"
n=0
where by convention {1,2}° = {@}. An element of U is a finite sequence u = u'...u" of elements
of {1,2}, and we write |u| = n for the length of this sequence (if u = @, |u| = 0). The mapping
7 : U\{D} — U is defined by m(u'...u") = u'...u""!. For every integer k > 1, 7% stands for the
k-th iterate of 7 (note that 7* is defined on {u € U : |u| > k}). If u = u'...u" € U, we will use the
obvious notation ul = u'...u"1 and u2 = u! ... u"2 for the two elements v of U such that 7(v) = w.
By definition, a binary (plane) tree is a finite subset 7 of ¢ which satisfies the following properties.

(i) o er.
(ii) If w € 7 and u # @, then 7(u) € 7.

(iii) For every u € 7, either ul € 7 and u2 € 7, or ul ¢ 7 and u2 ¢ 7. In the latter case we say that u
is a leaf of 7.

We denote the set of all binary trees by T°. Then a marked (binary) tree is a pair (7, (¢ )uer),
where 7 € T?, and £, € [0,00), for every u € 7. It will be convenient to view a marked tree as
the compact R-tree obtained by gluing line segments of length ¢,,, for every u € 7, according to the
genealogical structure prescribed by 7. To make this more precise, let 6 = (7, (€4 )uer) be a marked
tree, and introduce the vector space R” of all mappings from 7 into R, which is equipped with the
usual topology. Write (g,)yer for the canonical basis of R™. Then consider the mapping

Do : U{U} X [07£u] — RT?

ueT

defined by

Ju

po(u,l) = Z gﬂk(u)gwk(u) + Ley.
k=1



The R-tree § associated with 6 is the range of py (which is a connected union of line segments in R")
equipped with the distance dy such that dy(a,b) is the length of the unique (up to reparameterization)
continuous injective path from a to b in 6. We write Leby for Lebesgue measure on 0: Leby is obtained
as the sum over all u € 7 of the pushforward of Lebesgue measure on [0,¢,] under the mapping
¢ — pp(u,£). By definition, leaves of § are the points of the form py(u, £,) where u is a leaf of 7. On
the other hand, points of the form py(u, £,) where u € 7 is not a leaf are called nodes of . We write
L(#) for the set of all leaves of 6, and N () for the set of all nodes.

We next introduce Brownian motion indexed by 6. We fix 2 € R, and, under a probability measure
denoted by Qz, we consider a collection (£%),er of independent linear Brownian motions, which all
start from 0 except for £, which starts from z. We then define a continuous random process (V)
by setting

ach

|u]

7Tk u U
Voo(ut) = 9 € W (Crny) + €4(0),
k=1

for every u € 7 and £ € [0, £,].

It will also be convenient to assume that, under the probability measure Qz, in addition to the
collection (£“)yecr, we are given an independent Poisson point measure on 0 x Sy with intensity
4 Lebg(da) No(dw), and we denote this point measure by > ;¢ ; (4,

wj)*
Fix an integer p > 1. Let Tg stand for the set of all binary trees with p leaves, and let T, be the
corresponding set of marked trees. We define Lebesgue measure A, on T, by the formula

/T RYCOMUEDS [Tt F (7, t)uer).

TETH " UET

Finally, we write IC for the set of all compact subsets of R, which is equipped with the usual
Hausdorff metric. Recall our notation R(w) = {Ws(w) : 0 < s < o} for the range of w. The next
proposition is a special case of |21, Theorem 2.2] (see also the remark after this theorem).

Proposition 8. Let F' be a nonnegative measurable function on RP x IC, which is symmetric with
respect to the coordinates of RP. Then

NO</ dsy...,dsy F(W,..., ﬁ@,n))
0,017

= 2P~ 1p /Ap<d9) Q) [F<(Va)aeL(9)7 {Va:aef}u ( U Ve, + R(wj)))ﬂ'

Jj€J
Proposition [§]is a crucial ingredient in the proof of the following key estimate.

Proposition 9. There exist two positive constants C1 and Co such that, for every e,z > 0,

Crz?e’ (zve)™ < Nm<(/0 ds I{ngs}) l{W*>0}> < Coa?e® (zve)d,

and for every integer p > 2,

Cplate™ (zve) <N, ((/0 ds 1{Wsss})p 1{W*>0}> < Chplate ™ (zve)T

Proof. Let x > 0 and € > 0, and let p > 1 be an integer. We apply Proposition (8| with

o~

F((WSN e Wsp)’ R) - 1{O<I//I\/51§57---,0<I//‘>Sp§8} 1{RC(0’OO)}'



We get

m((/og dsl{ﬁ,sgg})pl{vvpo})

= 2p—1p!/Ap(d9) Q) K 11 1{o<va§a}> 11y, >0 vaed) €XP ( - 4/Leb0(da) Ny, (Wi < O))

a€L(0)

(10)

The appearance of the exponential term in the right-hand side of comes from the fact that

)

QZ [( U (Vaj + R(wj))) - (07 OO) ‘ (Va)a€§‘| = €xp ( - 4/Lebg(da) NVQ(W* < O))

jeJ

since 3¢ j 0(q; w,) 18 Poisson with intensity 4 Lebg(da) No(dw) and is independent of (V;),.5 under Ql.
Let us fix § = (7, (€y)uer) € Tp. Recalling formula (2)), the expectation under Q% in (10) is also
equal to

I;(G) = Qi l( H 1{O<Va§6}> 1{Va>O,VaE§} exp ( - 6/Leb9(da) (Va)_2>‘| . (11)

a€L(0)

At this stage, we use formula (7)) to get rid of the term exp(—6 [ Lebg(da) (V,)2) in I5(6). To this end,
we introduce a process (V),c5 which is (informally) obtained by running independent nine-dimensional
Bessel processes along the branches of 6. To be specific, under the same probability measure Qf: (for

every § € T)), we define processes (Eu(t))()gtggu, for every u € 7, inductively, by first requiring that Eg
is the (unique) solution of the stochastic integral equation

4
€7(s)

and then inductively, for every u € 7\{@}, £ solves

E)=a+e0+ [

ds, 0<t</{y

—r(u t
gty =¢" )(ew(u))+§“(t)+/0 ths)ds, 0<t<4,.

We then define (V,),.5 by the relation V,,,(, ¢) = &, for every u € 7 and £ € [0,4,]. Note that we have

now V, > 0 for every a € 0, Q¥ a.s.
We claim that the quantity I5(0) in is also equal to z* J£(6), where

JE(0) = QZK M e <va>4>< i <va>4)] (12)
aeL(0) aeN(0)

and we recall that N(6) is the set of all nodes of §. Let us verify our claim by induction on p. As
in Section we consider a linear Brownian motion (B;):>0 and a nine-dimensional Bessel process
(R¢)e>0 that both start at y under the probability measure P, for any y > 0. When p = 1, if a; denotes
the unique leaf of 8 and T = {4, we have

1:(0) = Q211 <) Ly, o0 vaeiy @0 (6 / Lebg(da) (Va) )]

T
=E, [1{BT§€} 1¢B,>0,vtefo,1]} €XP ( - 6/0 dt (Bt)_2)}
= =T4 E, [(RT)74 1{RT§5}:|

= QU Va1, o)

10



where we used in the third equality. This gives the case p = 1 of our claim. Then let p > 2 and
assume that our claim has been proved up to order p — 1. Let #; and 6 be the two marked subtrees
that are obtained by “breaking” € at its first node (more precisely, 6, and 6y are isometric to the
closures of the two connected components of 8\ pg({@} x [0, £5])) and write again T' = £y to simplify
notation. By construction, I2() is equal to

l {Be>0,vt€(0, T}}eXp 6/ Q [( H 1py, <5}) {Va>0, Vaegl}exp G/Lebg1 (da) (Vo)™ 2)}
aGL(91)
X QQB2T [( H 1{V <5}) {Va>0, Vaeﬁz} exp 6/L6b92 da) (V) 2)”
a€L(62)
T dt
= E; | 1{B,>0vte[0,1]} €XP 6/ Br)* Jg,.(61) x (BT)4JJ€BT(92)]

= 2 B (Rr)" T, (61) T, (62)].

using the induction hypothesis in the first equality and again in the second one. Our claim follows
since one immediately verifies that J£(0) = E,[(Rr)*Jg (01) J5, (62)].
For every binary tree 7 € TZ, let A be the measure on T, defined by

/ A FO) = [ ] dtu F (7. (C)aer ).

ueT

Note that A, = ZTeTb A and that #Tb is the Catalan number of order p — 1 so that #Tb \/471;31/2

as p — oo. Using these observations together with formulas ((10f . ., we see that the statement
of Proposition |§| follows from the next lemma. We write 79 = {@ } for the unique element of T¢.

Lemma 10. There exists a positive constant c¢i1 such that, for every e,z > 0,
ciedr 2 (zVve)? /ATO (d0) JE(0) < 22 (xVe)?, (13)
and, for every integer p > 2 and every T € Tg,
AP (zve)T /A (dB) JE(0) < el TP (z v e)7T. (14)
Proof. We first observe that
(e e}
/ A () JE(0) = / At By [1 (5, <cy R,
0 <

To evaluate this quantity, it is convenient to write (Z;);>o for a nine-dimensional Brownian motion that

starts from z under the probability measure pY ), for every z € RY. We write G(z,2') = co|z — 2/| 7 for
the Green function of Z, where ¢y = 77r —9/21(7/2). Also, for every z > 0, let z, denote a point of RY
such that |z,;| = z, and let X(dy) stand for the volume measure on the unit sphere S® of RY. Recall
that X(S?) = 27T9/2/F(9/2). Then, we have

/0 thx[1{RtS€}R;4]:Egi>[/o dtl{‘zﬂgg}\ztrﬂ

:/ dz|z| ™ G(zs, 2)
{lzl<e}

1>
:CO/ dpp4/ S(dy) |py — 22| "
0 S8

2 e B
Z;/ dpp* (z v p)~",
0

11



using the formula [ss X(dy) |py — 22|77 = B(S®) (z V p)~7, which easily follows from the fact that the
function z +— |z — 2,|~7 is harmonic on R%\{z,}. If ¢ < x, we use

€ 5

/ dpplez"=a"" c

0 )

and, if x < g,

1

T € ZL‘_2
/ dpptz™" + / dpp? ="+ (272 -¢c7?).
0 z ) 2

From these elementary calculations, we can pick an explicit constant ¢; > 0 such that
100¢1 €52~ 2(x v &) < / AT (d9) TE(0) < &5 w2 (x v )5, (15)

and a fortiori holds.
We then prove by induction on p that, for every integer p > 2 and every 7 € Tg,

100 2 P (2 v e)™T < / AD(dO) JE() < TPz v e)T. (16)

So fix an integer ¢ > 2, and assume that holds for p = 2,...,¢ — 1 (when ¢ = 2 we make no
assumption but we will rely on ) Let 7 € TZ, and write 71 and 79 for the two binary trees obtained
from 7 by removing the root. Then,

/ A (d6) JE(6) = /O Tt [R / AT (dBy) T, (6:) / A (d6) T, (62)]
< 2t /Ooo dtE, [(Rt v e)*w], (17)

where we applied either or the induction hypothesis to both 71 and 7o, using the trivial bound
(xVe) T <a72(xVe)® and noting that #L(71) + #L(m2) = #L(1) = q.
We then evaluate

/OOO dtE, [(Rt Y 5)*10} = /R9 dz (Jz| Ve) 1 Gz, 2) = % /OOO dpp®(pve) ™ (zvp) T,

using the same argument as in the proof of (15)). Then, if z > ¢, we have

s ~10 ol 70 a7, g 10 4 5, 10 -7
dpp®(pVe) " (xVp) =9¢ @ + (e x )X +8x < g¢ ¥ =3¢ (xve) ',
0

and, if x < ¢,

0 1 1 1
/ dpp®(pve) ™ (zvp) = 58710562 + 5(52 ) gE*S <eB=ecHazve) ™.
0

From the last three displays, we get that the right-hand side of is bounded above by

2 10
= x g?tia i ge_l(x Ve) T <tz ve)T,

and we have obtained the upper bound of for p = q.
To get the lower bound, we argue similarly. The upper bound is now replaced by

/ AD(d0) JE(0) > 100 I £2 14 /0 At Eq [RE (R v o)™,
using and the induction hypothesis. The same elementary calculations show that

o 4 4] _ 2 [ 1 14 VA —7
dtE; | Ry (R Ve) = dpp“(pVe) F(xVp) > e (zve) "
0 7 Jo 100

By combining the last two displays, we get the lower bound of for p = q. This completes the proof
of the lemma and of Proposition [9} O
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We now state a variant of the upper bounds in Proposition [9) where we condition on W, = 0,
instead of considering the event where W, > 0. This will be useful in our proof of Proposition [7] as we
will need to condition on the value of W,.

Proposition 11. For every integer p > 1, for every e,x > 0,

7 P
En = U | 4p
Ne(( [ ds1y,) [ W = 0) < (16C0)7ple™,
where Cy is the constant in Proposition[9.

Proof. From Proposition [5] it is immediate to verify that the mapping

v Nx((/og A1 57,y)' [ W2 =0)

is nondecreasing. Hence, without loss of generality, we may assume that = > . By Proposition [0 we
have

g p _
NHa((/o ds 1{%95}) 1{0<W*<€}> < CYp! (z+2)73(2e) .

On the other hand, the left-hand side of the last display is bounded below by
o p
Ngte / ds 1{VAVS—W* <a}) 1{0<W* <£})
z+s
_/ Ny e / d81{W5 W*<E}) ‘W—m—i—a—u)

_/ / Al ) [We=0)

Zg(f —(@+9) )N, /0 A1, y) | W2 = 0),

where we used to condition with respect to W, and in the last line we also applied the previously
mentioned monotonicity property. We have thus obtained that

Nx((/oa A3, ) [ We=0) < (g(f‘f2 —@4e)?)) X Ol (a+ o) F2e)
To complete the proof, just notice that

2ex + €2 2e
-2 _ 2= > . O
v (+e) 22(x+e)? ~ (x+¢)3

We can now prove Proposition [7] which was stated at the beginning of this section.

Proof of Proposition[] By formula ,

([ 4515, o) L) = [ s ([ 0515, o))

Furthermore, for every u > 0,

(u)((/ou ds 1{1;1\/3—W*§25}>p) upN / ds l{u—l/“Wug - 1/4W*<2u—1/45})p)

_ (1) P
= uP N, /0 ds 1{1;1\/3—W*§2u*1/46}> ),

since the pushforward of N(() " under the scaling operator ©,,-1/2 is N( ) (see the end of Section . It
follows that

NO((/OJ ds l{ﬁ/s—W*Qs})p 1{1<f’<2}) - /12 2\/(;7 “pN / dslg W*<2u—1/46}>p)

> 4\}% N(()l)«/o st o) ) (18)
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In order to prove Propositionm it is thus enough to bound the left-hand side of . By conditioning
with respect to W, using , we get

g P
Np / ds 1{W5 W*<E}) lico<oy 73/ —No /0 ds 1{VT/S—W*§5}) 1{1<0<2}‘W* = —a;).

When x > 1, we use Proposition [11|to bound

NO((/OU ds 1{VT/S—W*§8})p li<o<oy ‘ W, = —x) < No((/og ds 1{WS_W*SE})IJ ‘ W, = —a:)

= Nx((/oodsl{ﬁlsq})p ’ W, = O)
< (16C5)P pl ™. (19)

Suppose then that 0 < z < 1. By the Holder inequality,

o ( f] 4514, w.cn) rcocar [ W = o)

g 4p /4 3/4
< (o(( [ @51y, ) W= 0)) (o <o <2t = )

Using again Proposition we get the existence of a constant C'3 such that

1/4
o 4p 1/4
<N0((/0 ds 1@57%9}) ‘W* - —x)) < ((1602)41’ (4p)1516p) <CPple”.  (21)
On the other hand, we have

1
No(l<o<2|W,=—2)< ——=No(1—e 72| W, = —2),
1—e1/2
and by [10, Proposition 4.6],

x cosh(:c

No(1—e 72 | W, =—2)=1-— (Sinh(z))?

= 0(a)

as * — 0. Hence there exists a constant ¢’ such that, for every x € (0,1),

No(l1<o<2|W,=—2)<dzh (22)

Finally, using ,,,, we obtain that

NO / ds l{Ws W*<€}) 1{1<0.<2} < 3/ 1602) p|€4p +3/ 7C§p| 5413( / 4)3/4’
and the bound of Proposition |7| follows from ([18]). O

Recall that m, stands for the (standard) Brownian sphere defined under the probability measure

N(()l), and that Vol(-) denotes the volume measure on my,. Also recall that, for a € my, and r > 0,
B(a,r) denotes the closed ball of radius r centered at a in mq.

Proposition 12. For every r € (0,1/4], set h(r) = r*loglog(1/r). There exists a constant K1 such
that we have N(()l) a.s
Vol(B(a,r))

Vol(da) a.e., limsup —————= < K.
( ) ) r\l,(] h(?“)
Consequently, there exists a constant k1 > 0 such that we have N((]l) a.s. for every Borel subset A of

meyo,

m"(A) > k1 Vol(A).

14



Proof. The first assertion will follow from Proposition [4] if we can verify that, for some constant K7,

Jimn sup Vol(B (x4, 7))
rl0 h(r)

Let A € (0,1/Cp). By (9) and Proposition [7} we have for every r > 0,

< Ki, as. (23)

Vol(B(x4,7)

rd

1
N(())<exp ()\ )) < Koy,
where Ky is a finite constant depending on A. Hence, for every r > 0 and u > 0, we have by the
Markov inequality,

NS (Vol(B(x., 7)) > urt) < Ky exp(—Au).

Apply this bound with A\ = 1/(2Cp), r = 27 (for k € N) and u = 4Cplog k. The Borel-Cantelli lemma
then gives that a.s. for k large enough we have

Vol(B(xx,27%)) < 4Cy 27 log k,

and follows.

To get the second assertion, if A is a Borel subset of m,, we set

A :={ac A:limsupw < K
10 h(r)

so that Vol(A’) = Vol(A) (by the first assertion) and m”(A4’) < m"(A). Applying Lemma |§|(1) to A’
yields the desired result. O

4 The upper bound for the Hausdorff measure

Proposition [I2] provides a lower bound for the Hausdorff measure of a Borel subset A of m,. Our goal
in this section is to derive the (more delicate) upper bound. More precisely, we will prove the following
proposition.

Proposition 13. Let h be as in Proposition[14. There exists a constant Ko > 0 such that we have

N((]l) a.s.
mh aEmoozlimsupw<K2 =0.
rl0 h(r)

)

Consequently, there exists a constant k2 > 0 such that, N((]l a.s. for every Borel subset A of m,

m"(A) < kg Vol(A).

As in the case of Proposition [I2] the second part of the proposition almost immediately follows
from the first assertion. So the difficult part is to prove the first assertion, and, to this end, we will
rely on several lemmas. We need to control the Hausdorff measure of the set of all points a of my
such that the volumes of balls centered at a are unusually small. In a way similar to the previous
section, we start by considering balls centered at the distinguished point x,, for which we can use
formula @D The key estimate needed to handle these balls is Lemma which bounds the probability
that the volumes of the balls B(x,,27%) are small for all |m/2] <k < m. As in the previous section,
although Lemma [17]is stated under the probability measure N(()l), it is more convenient to start by
proving similar estimates under the measure N, (- | W, = 0), and this is the motivation for Lemmas
and Finally, in order to derive Proposition [I3] from Lemma [I7] we rely both on the re-rooting
invariance property (Proposition [4) and on a uniform modulus of continuity for the pseudo-distance
D(s,t). We start by stating and proving the latter estimate.

15



Lemma 14. N(()l)(dw) a.s., there exists a finite constant C(w) such that, for every distinct s,t € [0, 1],

= o 1 1/4
W, — W,| < C(w) (1+1og |t_s|) It — s[4,
and ]
_(1/4
D(s,t) < C(w) (1 + log T s|) |t —s|*/".

Proof. 1t is enough to prove the first bound of the lemma. Indeed,

o~

D(s,t) < D°(s,t) < Wy +W; =2  min W,
() < D) <Wer Wem2 | mip |, Wae
and the right-hand side can be written as [W; — W, | + |W, — Wu] for some u € [s A t, sV t].

In view of deriving the first bound, we start by considering the increments |W, —W/|, when (W},),>0
is a (one-dimensional) Brownian snake starting from 0 under the probability measure P (see e.g. [15]).
Writing 3, = () to simplify notation, this means in particular that the process (Bu)u>0 is a reflecting
Brownian motion on the half-line, and that, conditionally on (3,)y>0, (Wé)uzo is a centered Gaussian
process with continuous sample paths and covariance

E[WW; | (Bu)uzo] =  min

sAt<u<sVt

Fix s,t > 0 with s # ¢ and set
dg(s, t):=Bs+p—2 min By

sAt<u<sVt

Then, conditionally on (5,)u>0, W! — W/ is a centered Gaussian variable with variance dg(s,t), and
thus, for every A > 0,

B exp\, = T2) | (Bu)ua] = expCe das. 1)

Furthermore, we leave it as an exercise for the reader to check that dg(s,t) is stochastically dominated
by R|(t )S|, where ( &3))u20 stands for a three-dimensional Bessel process started from 0 (if 8 were a
linear Brownian motion, the celebrated Pitman theorem would show that the law of dg(s,t) is exactly

the law of R|(t) |) We thus get, for every A > 0,

Eexp\, - /)] = Blexp(s- da(s,0)] < E[exp(CoRE )] = E[exp(S ft - /2 RV,

by scaling. We take \ = [t — 3\*1/ 4 and use the Markov inequality to get for every o > 0,

P(W, = W/ > alt — 5|4 < e B[ exp (|t — s| VAW, -~ W)))| < e Blexp(R" /2)] = e,
where ¢ = [exp( / 2)] is a constant.

It follows from the last bound that, for every integer p > 1 and j € {1,2,...,2P}, we have
IP’(]W;Q,Z, - W(/j_l)z,p| > p2‘7’/4) <2ce P,

Summing over j = 1,...,2P and using the Borel-Cantelli lemma, we get that a.s. there exists an integer
po such that, for every p > pg and j € {1,2,...,2P}, we have

|WJ{2—P - W(/jfl)Z—P’ < p27P/"
By standard chaining arguments similar to the proof of the classical Kolmogorov lemma, we derive
from the latter bound that
s Wy - W)
s,t€0, 1] st (L+log(1/[t — s]))[t — s|1/4

Since Ny can be interpreted as the excursion measure away from 0 for the Brownian snake, the result
of the lemma follows from the last display. O

< oo, Pas.
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Lemma 15. There exist two positive constants ¢ and oy such that, for every e > 0 and x € [2¢, 3¢],
we have for every u > 0,

(o2
Nx(/o ds 1{1/?/39_:} > uet ‘ 0< W, < 5) > ce 0¥,

Proof. This is basically a consequence of Proposition [9] From this proposition we get, for every
€ [2¢, 3¢], for every integer p > 1,

4p—2 4p-2.
270 ple? " <N, ( / ds1p }) 1{O<W*<s}>< ~Cople™™

Then note that, for z € [2¢, 3¢, the quantity
Ny (0 < Wy <¢) = g((x —e) 2 —z7?)

is bounded above by 9272/8 and bounded below by 5¢72/24. Hence, we get the existence of (explicit)
constants ¢; and ¢ such that, for every € > 0 and z € [2¢, 3¢], we have for every integer p > 1,

_ _ o p ~
clcfplng<(a 4/0 dsl{mgs}) ‘0<W*§€> <& Oy pl.

This estimate on moments implies the tail estimate of the lemma, with constants ¢ and «g that only
depend on ¢, ¢, C1, Cy. To see this, set X, = ¢4 Jo ds 1{17[/533} and also write Py, resp. E(,), for
the probability measure N, (- | 0 < W, <€), resp. for the expectation under this probability measure.

Then an application of the Cauchy-Schwarz inequality gives for every integer p > 1 and every u > 0,
E(o)[X?] < wP + E o) [X2]? Py (X > w)'/?

and therefore N
(BalXt -w)" _ (@ —w)*
E[XZP]1/2 = &O5((2p))Y/?

Applying this bound with p = [4u/C;] leads to the desired estimate. O

]P)(E)(X > u)1/2

In the remaining part of this section, we use the notation

ag
VE = /0 ds 1{WS*W*SE}
for € > 0. Under the probability measure N[()l), V. is the volume of the ball of radius € centered at the
distinguished point x, of the Brownian sphere (cf. @D)
Recall the definition of the function A in Proposition

Lemma 16. There exist constants v > 0, K > 0 and 6 € (0,1) such that, for every x > 0 and every
integer n > 4 such that z > 2-"/2 one has

( ﬂ {(Vor <y h(27 }‘W—O><exp( K nd).
k=|n/2]

Proof. Let x > 0. We rely on the spine decomposition under N(-| W, = 0), which is given in
Proposition 5, To simplify notation, and only in this proof, we write IP for the probability measure
Ny (-|[Ws = 0). Let U = (Up)o<t<r, and N(dtdw') = 3,c; 64, ;) (dt dw’) be defined under P as in
Proposition |5} Then, for every € > 0, we have P a.s.,

wz)

Ve _Z/ {Ws i)<e}’

el
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Let ko be the smallest integer such that kg > 2 and 2750 < 2. Set Ly—r := sup{t € [0, L,] : Uy = 27%}
for every k > ko, and L) := L, — Ly_x—1. Then the processes U*) defined for k > ko by

k
Ut( ) = U(L2,k,1+t)/\L2,k7 t 2 0,

are independent, and furthermore the distribution of (2kU2( )Qk Jo<i<ozrp () does not depend on k. The
preceding facts are consequences of well-known properties of Bessel processes. It follows that the point
measures

Ni(dt dw') = > O(ti— Ly o) (dE )

i€l L2,k,1 Sti<L27k-

are independent when k varies in {ko, ko + 1,...}.

For every k > ko, let Ay denote the event where the point measure N} has an atom (¢,w) such that
w(0) € [2x 277 3 x 27¥] and W, (@) < 27%. On the event Ay, write (t(;),w()) for this atom (if there
are several possible choices, choose the one with the smallest value of ¢). By the last property stated in
Proposition [5, we know that, conditionally on U, N (dt dw’) is Poisson on [0, L(*)] x S with intensity

4dtN, g (dw' N {W, (") > 0}).

Uk

Hence, the probability of the complement of Ay is
L(k) N
P((Ak)c) =E|exp ( 4/ dt 1{U(k) 22—k 3x2-k]} X NUt(k) (0 < W, <27 ))]
—E M an x §((U(’“) —27h)72 - ) ?)
=E|exp U el2x2-k 3x2-k} ~ 9 \\Vt ¢

_ 2k kpr(k) _ kpr(k)
=E exp<—42 /0 dt 1{2kUt(k)€[273}} ((2 U ) (2 U ) ))]

and the change of variable t = 27 %%, (together with the fact that the distribution of (QkUélflkt)othsz(k)

does not depend on k) shows that the right-hand side of the last display does not depend on k. We set
n := P(A), which is a positive constant independent of k. We also observe that, under P(- | A;) and
conditionally on w)(0) =y € [2x 27%,3 x 27¥], w4 is distributed according to Ny(- | 0 < W, < 27F),
as a consequence of properties of Poisson measures.

Let n > 4 be an integer such that = > 271"/2 5o that kg < |n/2|. Since we have trivially, on the
event Ay,

- 0(w<k))d L
Voo 2 /0 S W, (way) <27 Fp

we get for every v > 0,

]P’( ﬁ {Vyr < fyh(zk)}> < IP( ﬁ (Ak N { /Oa(ww))ds 1{VT/5(w<k))§2—k} > ’)/]’L(Qk)})c>

k=|n/2] k=[n/2|
n a(w(k)y) Lk
- <1 p(aen { [ a1 oy > 1002 >})>,

thanks to the independence of the point measures Nj. Then, using the conditional distribution of W(k)s
we have for every k > kg,

p(aen{ [ 45100 oy > 102}

‘ <
= y€[2.21—I}€f,3_2—k] / ds 1{W <o-ry > V(2 ‘0 < W, <2~ )

>1n x ¢ exp(—ag vy loglog 2%)
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by Lemma Now fix v such that ag~y < 1. The right-hand side of the last display is bounded below
by & k=7 for some constant ¢ > 0. It follows that

P( N Vo < 7h(2k)}> < II (1 - k*am) < exp ( — Knlfaov)
k=|n/2| k=|n/2]
with some positive constant K. This completes the proof of the lemma. 0O

We can now use Lemma to derive the estimate that we need under N(()l).

Lemma 17. Let v, K and § be as in Lemma . There exists a constant K' such that, for every
integer n > 4,

I K
Né”( N Do < gh@"‘“)}) < K'exp(— 7 n').
k=|n/2]

Proof. To simplify notation, we write E,, , for the event

Ep. = (n] Voo <yh(27M)]}.

k=[n/2]
We have
No(E ﬂ{1<0<2})—/2 I NO(E,) (24)
OiTny 122 0T

We then use a scaling argument. Recall the definition of the scaling operators ©) at the end of Section

and the fact that ©y(w) is distributed according to N(())‘Q) if w is distributed according to N(()l). For
r > 0, write w(” = © /(W) to simplify notation. Then, for every ¢ > 0,

r 1
Vel = st oy =1 [0 G, ey = Vo).

It follows that, for 1 < r < 2,

NS (Eny) = Né”( fn] {Var < vh(2"“)}> = Né”( rn] Vo-1/agr < Zh(Q‘k)}>

k=|n/2] k=|n/2]

N[>

zNé”( N Vo<

h<2—k>})
k=|n/2)
1
= N(() )(En,'y/Q)a
using the simple fact V,1/19-x < Vo if 7 > 1. By substituting the latter bound in , we get

2 d
(1) r
Ny (Enﬂ/2) < (/1 PWo

It remains to bound No(E,, N {1l < o < 2}). Conditioning with respect to W, we have

) No(Bny {1 <o < 2)). (25)

~ q
No(Epo N {1l <0 <2}) = 3/ & No(Eny {1 < 0 < 2} | W = —a). (26)
0

For z > 2-1"/2] Lemma gives
No(Eny | Wy = —2) < exp(—Kn‘S),
and on the other hand, we have also by , for 0 <z <1,

No(l<o<2|W,=—z) <zt

19



From these estimates and ([26)), we get

1

1 , (2 5y A o4y 9T 5y [ dw
gNO(En;yﬂ{l <o<2})<c /0 zdzx + (exp(—Kn’) Az )ﬁ +exp(—Kn )/

9—Inl/2 1 3

K 1
—n(s) + = exp(—Kn(S),

</2—n /3/4 _
<c + ()" exp( 1 5

using the trivial bound exp(—Kn®) A daz* < (¢)3/* 23 exp(—4n?). The bound of the lemma now
follows from and the last display. O

Proof of Proposition We prove that the first assertion of Proposition [13| holds with Ky = /32,
where v is as in the preceding two lemmas. To this end, it is enough to verify that, for every integer
ng > 2, we have m"(B,,) = 0 a.s., where

Buo = {a € my : Vol(B(a,27%)) < % h(2™"), ¥k > no ).

Let us fix the positive integer ng > 2, and, for every n > ng, set

Brom = {a € my : Vol(B(a,27%)) < %h(2_’“), Vk € {no,no +1,...,n}}.

Recall the notation p for the canonical projection from [0, 1] onto my,. By Proposition {4} for every
integer p > 1 and every i € {1,...,2P},

N (b2 € By ) = N (s, € B,
Suppose that n > 2ng. Since Vol(B(x4,¢)) = Ve for every € > 0, Lemma [17] gives

~ K
N(()l) (X* € Bno’n) <K’ exp(—z n°).

Set I, :==1{i€{1,2,...,2P} : p(i27P) € By} We get

K
NG (#1%, ) < K27 exp(— 7 n').

no,n

Set K" = K/8. We apply the preceding bound with n = |p/8| (when p is large so that p/8 > 2ny,
which we assume from now on). It immediately follows that

— p
277 exp (K”(g)&) #IP e = 0, N as. (27)

p—oo
The point is now to observe that, if t € [(i — 1)27P,427P], for some i € {1,...,2P}, we have
B(p(1),27%) > B(p(i27),27"")
as soon as k is such that D(i27P,t) < 27%~1 which holds by Lemma [14] if
Clw) (1+1og2r) 277/t < 2771,

and in particular if & < |£|, provided p is large enough (depending on w). From the preceding

discussion we get that, for p large enough, if a € m is of the form a = p(¢) with ¢ € [(i —1)27P,4277],
the condition a € B,,, implies that for ng <k < L§J7
VOI(B(I)(ZQ_I’), Q—k—l)) < VOI(B(G,, 2—k)> < N h(2_k) < %h(Q_k—1)7

and therefore p(i27P) € B, 41,|p/s], 0 that i € Fﬁo+1,Lp/8J'
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Hence, for p large enough, the set B, is covered by at most #Fi o+1,1p/8]

p([(i — 1)277,i27P]), whose diameter is bounded above by C(w)(1 + log 27)277/* thanks to Lemma
By the very definition of Hausdorff measures, we get

sets of the form

m" (Byy) < lim in (#7411 % h(C@) (1 +log27)277/4) ) =0,

by . This completes the proof of the first assertion of the proposition.
To get the second assertion, let A be a Borel subset of m,, and set

A= aeA:limsupw > Koo,
r0 h(r)

so that m"(A’) = m"(A) (by the first assertion) and Vol(A’) < Vol(A). Applying Lemma @(ii) to A’
gives the desired result. O

5 Proof of the main result

In this section, we prove Theorem |1} We argue under the probability measure N(()l). We start with a
lemma.

Lemma 18. Ngl)(dw) almost surely, for every s € (0,1), we have

m" (p([0, s]) N p((s,1])) = Vol(p([0,s]) N p((s,1])) = 0. (28)

Proof. If s € (0,1), a point a of my, belongs to p([0, s]) N p((s, 1]) if and only if there exist r € [0, s]
and ' € (s,1] such that a = p(r) = p(r’), and in particular the equivalence class of r, or of 1/, for
~(w) is not a singleton. As a consequence of [16, Theorem 3.4], it is almost surely true that, for any
r € (0,1), the equivalence class of 7 for =, is not a singleton only if either p,)(r) is not a leaf of
the tree 7, (equivalently there exists r" € [0, 1]\{r} such that p,)(r) = p,)(r')), or if there exists
£ > 0 such that W, > W, for every u € [r, (r +¢) A 1], or for every u € [(r —e) V 0,7]. The set of
all r € [0,1] such that p,,)(r) is not a leaf of the tree 7, has Lebesgue measure 0. Similarly, for
every fixed r € (0,1) and € > 0, the property W, > W, for every u € [r,(r +¢) A 1], resp. for every
u € [(r—e)VO0,r]), holds with zero probability under N(()l), as an easy application of the properties of

the Brownian snake (we omit the details). We conclude that we have N(()l) a.s. for every s € (0,1),

1
/0 dr Liprep((o.shnp((s,))} = 05

or equivalently
Vol(p([0, s]) N p((s, 1])) = 0.
Proposition [13| then allows us to replace Vol by m” in the last display. O

We denote Lebesgue measure on [0,1] by Z(ds). Together with Propositions [12| and the
following lemma is the key ingredient of the proof of Theorem [T}

Lemma 19. There exists a constant k € [0, 00] such that we have N(()l)(dw) a.s., for £ almost every
s € (0,1),
h —
g PR =25+ )
e—0 2e

We postpone the proof of Lemma [I9] and complete the proof of Theorem [} From now on, we
fix w such that the conclusions of Propositions [12] and [13] and of Lemmas [1§ and [I9] hold. For every
Borel subset A of m,, we set u(A) = m"(A) to simplify notation. By [3I, Theorem 27], p is a
positive measure on the Borel o-field of m,, and Proposition [I3] entails that y is finite and absolutely
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continuous with respect to Vol. More precisely, Propositions [12| and [13| show that we can choose the
Radon-Nikodym derivative
_ dp
97 dvol
so that k1 < g < ko. To prove Theorem (1], it will be enough to verify that g = , Vol a.e., where k is
the constant in Lemma @ — note that this will automatically entail that k1 < k < Ka.
For every s € [0, 1], set ®(s) := u(p([0, s])). Then, we have a.s. for every s € [0, 1],

1 s
o(s)= [ gdVol= [ Lepgos 9pm)dr = [ g(p(r)dr
p([0,5]) 0 0

where the second equality is the definition of Vol, and the third one holds because

1 1
/S Lip(ryep((o,s)} dr < /0 Lip(ryep((o,s)np((s,1))} dr = Vol(p([0, s]) N p((s,1])) = 0

by (we assumed 0 < s < 1 in (28), but the cases s = 0 and s = 1 are trivial). From a classical
result about differentiability of absolutely continuous real functions, we infer that ® is a.e. differentiable,
and moreover, ®'(s) = g(p(s)), -Z(ds) a.e. Consequently, we have

o(p(s)) = lgiﬁ)l O(s + 8)28<I>(s —¢)

)

for £ almost every s € (0,1). However,

(s +¢) = (s —¢) = p(p([0,5 +¢])) — u(p([0,s —€])) = p(p(ls — &5 +€l)),

using Lemma |18 in the last equality.
Then it follows from the conclusion of Lemma [19| that we have a.s. g(p(s)) = k for .Z almost every
s € (0,1). Equivalently, fol 1{4(p(s))=r} ds = 1, which exactly means by the definition of Vol that

| Ligtar= Vol(da) = 1.
and thus g = k, Vol a.e., which was the desired result. This completes the proof of Theorem [I}

Proof of Lemma[19. In order to verify that the limsup in Lemma [I9]is constant, say for a fixed value
of s, one would like to argue that this limsup is measurable with respect to a trivial o-field containing
only events of probability zero or one. However, because of the rather involved construction of the
Brownian sphere, it is not so easy to find such a o-field, and we will proceed in a slightly different
manner. As in preceding proofs, it will be convenient to replace N(()l) by the excursion measure Ny, or
rather by a size-biased version of Ny. More precisely, we introduce the o-finite measure N§ defined on
So X R+ by
N(dw dr) = 14p<p<o(w)y No(dw) dr-

For (w,r) € Sp x R4, we use the notation U(w,r) = r. The construction of Section allows us to
associate a compact metric space my(w) = [0, 0(w)] /=,y with any w € Sp (and we keep the notation
P(w) for the canonical projection from [0, o(w)] onto mu.(w)). As previously we drop w in the notation.
By simple scaling arguments left to the reader, the proof of Lemma [19| reduces to finding a constant
k € [0, 00] such that

m"(p([U —&,U +¢J))

N§ a.e., limsup = K. (29)
e—0 2e

Note that using Nj and U in yields an asymptotic result valid for Lebesgue almost every r in
[0, 0] under Ny, which is what we need to get Lemma

To derive , we will rely on an appropriate zero-one law. By the Bismut decomposition theorem
of the Brownian excursion (see e.g. [30, Theorem XII.4.7]), the distribution of {7 under N is Lebesgue
measure on R, and conditionally on (iy = x > 0, the two processes (; := ((—s)vo and ¢ := {4s)r0
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are distributed as two independent linear Brownian motions started from x and stopped upon hitting
0. Let us also define, for every s > 0,

o~

V= W(Ufs)\/o - I//I\/U ) V= W(UJFS)/\U - WU’

S S

and set, for every y > 0,
T, =inf{s >0: (= (Cu—-y)V0}, 7,/ :=inf{s>0:¢ = (Cv—y)VO0}

Finally, let G, be the o-field generated by the two pairs

(Cé_gUavs,) ) ( g_CUJ/sH)

! //'
0<s<t) 0<s<7}

Fix x € (0,1) and write Ng** for the probability measure N§(- | x < (v < 1/x). We observe that the
tail o-field
Gor = () Gy

O<y<x

is NJ*-trivial, in the sense that it contains only events of N{X-probability zero or one. This is an
easy application of properties of the Brownian snake and we only sketch the argument. First we set
& =Wy ((Cu —t)V0)— Wy for 0 <t <, in such a way that (& )o<t<y is a linear Brownian motion
started from O under NB’X. Then, in a way very similar to [I5, Lemma V.5], we can construct a pair
(N',N) of point measures on Sy x [0, x|, which (under Nj*X) are independent Poisson measures on
Sp % [0, x] with intensity 2Ny(dw) d¢, and are also independent of £, in such a way that, for every
0 <y <X, Gy is the o-field generated by (& )o<i<y and the restrictions of N7 and N to Sy x [0, ]
(informally, while the process £ gives the variation of “labels” along the part of the ancestral line of
P(w)(U) between heights ¢y — x and (p in the tree 7, the point measures N’ and N’ correspond to
the subtrees branching off the left side and the right side of this part of the ancestral line of p(,)(U)).
The triviality of Go4 immediately follows from this description of the o-fields G,.

So to complete the proof of the lemma, we only need to verify that the limsup in is Go4-
measurable. To this end, we first introduce some notation. We argue under Ng™* and fix y € (0, x). We
note that we can uniquely define a snake trajectory w® e Sy with duration U(w(y)) = TZ’/ + 7’{] , by the
prescriptions

Gros—Cuty, f0<s<Ty,
Cs(w(y)) = 7/',;, ° . y/ "
S—Té_CU+y’ ifr, <s<m, +7),

and

T

/ ! : /
L { VTQ*S—VT{/ 1f0§s§ry,

Wi(w®) =
" " : / / 1
VS_T?;—V{/, 1f7'y§5§7'y+7y.

Note that V., =V, by the snake property. Informally, the snake trajectory w® codes the part of the
y y

snake trajectory w corresponding to the excursion of ((s)s>0 above level iy — y that straddles U. It is

immediate that w®) is Gy-measurable. With w(y), we associate the metric space mg%) = My (w(y)) via

the construction of Section and we write p*) for the canonical projection from [0, o(w®)] onto

mgé). We also let D) = D(w<y>) be the metric on mg%).

Claim. NB’X a.s., for every e > 0 small enough, the metric space p([U — ¢, U + ¢]) equipped with the
metric D is isometric to the space p(y)([T?’J —¢,7, +¢]) equipped with the metric DW),

Assuming that the claim holds, we can replace m”(p([U — ¢, U +¢])) by mh(p(y)([T?; —&,7, +¢l))

in and the fact that w® and TZ/J are both G, -measurable implies that the limsup in is also
Gy-measurable. Since this holds for every y € (0, x), the limsup is Gyp4-measurable and therefore is
equal to a constant a.s.

It remains to prove our claim. We first choose a (random) real z € (0,y) such that Wy (¢ —2) < Wy
(this is possible since we already noted that (Wy(¢y —t) — I//I\/U)ogtgy is a linear Brownian motion
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started from 0 under N{*X). Notice that Wy (¢y — 2) = I//I\/U_T; = WUJFT;/ by the snake property. Set
= %(WU — Wy (Cy — 2)) in such a way that

WU,T; = WU+7—;/ < WU — Q. (30)

Then we have
inf D(U,t) > «
t¢(U—7L,U+1Y)
as a consequence of the so-called cactus bound (see e.g. formula (4) in [9]), which implies that D(U, t) is
greater than or equal to Wy minus the minimum of labels along the geodesic segment between p(,,)(U)
and p((t) in the tree 7, (note that this geodesic segment contains p,,) (U — 77) = p,)(U + 77) if
t¢ (U—7.,U+7l)). It follows that, for € > 0 small enough, we have also

inf D(s,t) > a. (31)
s€[U—e,U+e]
tg(U—rL,U+7Y)

On the other hand, if ¢ is small, we have

sup D(s,t) < a2 (32)
s,te[U—e,U+e€]
which implies in particular P
sup  |Ws —Wy| < a/2. (33)
s€[U—e,U+e]

Suppose now that ¢ is small enough so that the bounds of the preceding displays hold. When
applying formula to evaluate D(s,t) for s,t € [U —€,U + €], we may restrict our attention to

choices of s;,t; that belong to [U — 7, U + 7./] (indeed, if for instance s; ¢ [U — 7., U + 7], we have
g_ D°(ti—1,8;) > D(s sj) > a by ., whereas D(s,t) < a/2 by (32))). Furthermore, if all reals
si,ti belong to [U — 7,U + 7], we may also assume that, for every j € {1,...,p}, the maximum

appearing in formula (3 . ) for D°(t;_ 1, $7) is minyefs,  ns; 05 1vs;) ! W,.. In fact, if this is not the case, this
maximum is Milyef;  vs; .t 1As,] Wu, which is smaller than WU — a by (30} ., and then and (| .

imply that S>F_, D°(t;_1, 8;) > a. Similar considerations apply to the evaluation of DW )( s,t): With
the same value of z, we obtain that, when s,¢ € [, —¢,7, +¢] and ¢ is small, the infimum in the analog

of formula () giving DW(s,t) can be restricted to s;,t; € [t — 72,7, + 7], and to the case where,

for every j, the maximum in formula (3)) for D(w(y))(tj 1,85) is equal to minyepr,  ns; e, 1 vs)] W (w®).
Finally, we also observe that, for every s,t € [U — 7,,U + 7,], the property p((s) = p(.)(t) holds if
and only if p(,u)) (1, + (s = U)) = pm) (1, + (¢t = U)).

It now follows from the preceding considerations that, for € small enough, for every s,t € [U—¢, U+e],
we have

D(s,t) = D(y)(TZ,J +(s=U), 7y + (t=0)).

Indeed, each term in the infimum appearing in formula for D(s,t) with a choice of s;,t; €
[U — 7.,U + 7], corresponds to an analogous term in the formula for D(y)(Té +(s=U), 7, +(t-U)),
with the choice s; = 7, + (s; — U),t; = 7, + (t; — U), and these two terms are immediately seen to be
equal. We conclude that the mapping s + 7, + (s — U) induces an isometry from p([U —¢,U + ¢€])

onto p(y)([T{/ —¢&,7, +¢]). This completes the proof of the claim and of Lemma O
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