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ABSTRACT. We develop an excursion theory for Brownian motion indexed by the Brownian tree, which
in many respects is analogous to the classical Itd theory for linear Brownian motion. Each excursion
is associated with a connected component of the complement of the zero set of the tree-indexed
Brownian motion. Each such connected component is itself a continuous tree, and we introduce a
quantity measuring the length of its boundary. The collection of boundary lengths coincides with the
collection of jumps of a continuous-state branching process with branching mechanism 1 (u) = 1/8/3 u?/2.
Furthermore, conditionally on the boundary lengths, the different excursions are independent, and we
determine their conditional distribution in terms of an excursion measure My which is the analog of the
1t6 measure of Brownian excursions. We provide various descriptions of the excursion measure My, and
we also determine several explicit distributions, such as the joint distribution of the boundary length
and the mass of an excursion under M. We use the Brownian snake as a convenient tool for defining
and analysing the excursions of our tree-indexed Brownian motion.

1. INTRODUCTION

The concept of Brownian motion indexed by a Brownian tree has appeared in various settings in
the last 25 years. The Brownian tree of interest here is the so-called CRT (Brownian Continuum
Random Tree) introduced by Aldous [I}, 2], or more conveniently a scaled version of the CRT with
a random “total mass”. The CRT is a universal model for a continuous random tree, in the sense
that it appears as the scaling limit of many different classes of discrete random trees (see in particular
[2, 14] 37]), and of other discrete random structures (see the recent papers [8, 35]). At least informally,
the meaning of Brownian motion indexed by the Brownian tree should be clear: Labels, also called
spatial positions, are assigned to the vertices of the tree, in such a way that the root has label 0
and labels evolve like linear Brownian motion when moving away from the root along a geodesic
segment of the tree, and of course the increments of the labels along disjoint segments are independent.
Combining the branching structure of the CRT with Brownian displacements led Aldous to introduce
the Integrated Super-Brownian Excursion or ISE [3], which is closely related with the canonical
measures of super-Brownian motion. On the other hand, the desire to get a better understanding of
the historical paths of superprocesses motivated the definition of the so-called Brownian snake [19],
which is a Markov process taking values in the space of all finite paths. Roughly speaking, the value of
the Brownian snake at time s is the path recording the spatial positions along the ancestral line of
the vertex visited at the same time s in the contour exploration of the Brownian tree. One may view
the Brownian snake as a convenient representation of Brownian motion indexed by the Brownian tree,
avoiding the technical difficulty of dealing with a random process indexed by a random set.

The preceding concepts have found many applications. The Brownian snake has proved a powerful
tool in the study of sample path properties of super-Brownian motion and of its connections with
semilinear partial differential equations |20} 21]. ISE, and more generally Brownian motion indexed by
the Brownian tree and its variants, also appear in the scaling limits of various models of statistical
mechanics above the critical dimension, including lattice trees [12], percolation [I6] or oriented
percolation [I7]. More recently, scaling limits of large random planar maps have been described by the
so-called Brownian map [23] [31], which is constructed as a quotient space of the CRT for an equivalence
relation defined in terms of Brownian labels assigned to the vertices of the CRT.

Our main goal in this work is to show that a very satisfactory excursion theory can be developed
for Brownian motion indexed by the Brownian tree, or equivalently for the Brownian snake, which in
many aspects resembles the classical excursion theory for linear Brownian motion due to Itd [18]. We
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also expect the associated excursion measure to be an interesting probabilistic object, which hopefully
will have significant applications in related fields.

Let us give an informal description of the main results of our study. The underlying Brownian
tree that we consider is denoted by 7¢, for the tree coded by a Brownian excursion ((s)s>o under
the classical It6 excursion measure (see Section for more details about this coding, and note that
the It6 excursion measure is a o-finite measure). The tree 7; may be viewed as a scaled version of
the CRT, for which ({s)s>0 would be a Brownian excursion with duration 1. This tree is rooted at a
particular vertex p. We write V,, for the Brownian label assigned to the vertex u of T¢. As explained
above the collection (V},)ue7; should be interpreted as Brownian motion indexed by 7¢, starting from 0
at the root p. Similarly as in the case of linear Brownian motion, we may then consider the connected
components of the open set

{ue TV, 0},

which we denote by (C;)ier. Of course these connected components are not intervals as in the classical
case, but they are connected subsets of the tree 7¢, and thus subtrees of this tree. One then considers,
for each component C;, the restriction (V,,)uec, of the labels to C;, and this restriction again yields a
random process indexed by a continuous random tree, which we call the excursion F;. Our main results
completely determine the “law” of the collection (E;);c; (we speak about the law of this collection
though we are working under an infinite measure). A first important ingredient of this description is an
infinite excursion measure My, which plays a similar role as the [t6 excursion measure in the classical
setting, in the sense that My describes the distribution of a typical excursion E; (this is a little informal
as M is an infinite measure). We can then completely describe the law of the collection (F;);cr using
the measure M and an independence property analogous to the classical setting. For this description,
we first need to introduce a quantity Z;, called the exit measure of F;, that measures the size of the
boundary of C;: Note that in the classical setting the boundary of an excursion interval just consists of
two points, but here of course the boundary of C; is much more complicated. Furthermore, one can
define, for every z > 0, a conditional probability measure My(- | Z = z) which corresponds to the law
of an excursion conditioned to have boundary size z (this is somehow the analog of the Itd6 measure
conditioned to have a fixed duration in the classical setting). Finally, we introduce a “local time exit
process” (X;)s>0 such that, for every ¢t > 0, A; measures the quantity of vertices u of the tree 7 with
label 0 and such that the total accumulated local time at 0 of the label process along the geodesic
segment between p and u is equal to ¢. The distribution of (X})¢~0 is known explicitly and can be
interpreted as an excursion measure for the continuous-state branching process with stable branching
mechanism ¢(\) = \/8/3A%2. With all these ingredients at hand, we can complete our description
of the distribution of the collection of excursions: Excursions E; are in one-to-one correspondence
with jumps of the local time exit process (X;);>0, in such a way that, for every ¢ € I, the boundary
length Z; of E; is equal to the size z; of the corresponding jump, and furthermore, conditionally on
the process (X;);>0, the excursions Ej, i € I are independent, and, for every fixed j, E; is distributed
according to My(- | Z = z;). There is a striking analogy with the classical setting (see e.g. [36, Chapter
XII]), where excursions of linear Brownian excursion are in one-to-one correspondence with jumps of
the inverse local time process, and the distribution of an excursion corresponding to a jump of size £ is
the Itd6 measure conditioned to have duration equal to £.

The preceding discussion is somewhat informal, in particular because we did not give a mathematically
precise definition of the excursions F;. It would be possible to view these excursions as random elements
of the space of all “spatial trees” in the terminology of [I3] (compact R-trees 7 equipped with a
continuous mapping ¢ : 7 — R) but for technical reasons we prefer to use the Brownian snake approach.
We now describe this approach in order to give a more precise formulation of our results. Let W stand
for the set of all finite real paths. Here a finite real path is just a continuous function w : [0, (] — R,
where ¢ = ((y) > 0 depends on w and is called the lifetime of w, and, for every w € W, we write
W = w(((w)) for the endpoint of w. The topology on W is induced by a distance whose definition
is recalled at the beginning of Section The Brownian snake is the continuous Markov process
(Ws)s>0 with values in VW whose distribution is characterized as follows:

(i) The lifetime process ({(w,))s>0 is a reflected Brownian motion on Ry.
(ii) Conditionally on ({(w,))s>0, (Ws)s>0 is time-inhomogeneous Markov, with transition kernels
specified as follows: for 0 < s < ¢/,
o Wy (t) = W(t) for every 0 <t < m(s,s’) := min{{,): s <r <s'};
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e conditionally on Wy, (Wy(m(s,s') +1),0 <t < {w,) —m(s,s’)) is a linear Brownian
motion started from Ws(m(s,s’)), on the time interval [0, () — m(s, s')].

We will write (s = ((w,) to simplify notation. Informally, the value Wy of the Brownian snake at time
s is a random path with lifetime (s evolving like reflected Brownian motion on R,. When (s decreases,
the path is erased from its tip, and when (s increases, the path is extended by adding “little pieces” of
Brownian paths at its tip.

For the sake of simplicity in this introduction, we may and will assume that (W;)s>¢ is the canonical
process on the space C(R4, W) of all continuous mappings from Ry into W. Later, it will be more
convenient to defined this process on an adequate canonical space of “snake trajectories”, see Section
2.2 below.

The trivial path with initial point 0 and zero lifetime is a regular recurrent point for the process
(Ws)s>0, and thus we can introduce the associated excursion measure Np, which is called the Brownian
snake excursion measure (from 0). This is a o-finite measure on the space C'(R4,)V) — as mentioned
earlier, we will later view Ny as a measure on the smaller space of snake trajectories. The measure
Np can be described via properties analogous to (i) and (ii), with the difference that in (i) the law of
reflecting Brownian motion is replaced by the It6 measure of positive excursions of linear Brownian
motion. In particular, under Ny, the tree 7; coded by ({)s>0 has the distribution prescribed in the
informal discussion at the beginning of this introduction — this distribution is a o-finite measure on
the space of trees. Recall that the coding of 7¢ involves a canonical projection p¢ : [0, 0] — T¢, where
o =sup{s > 0: (s > 0} (see [27, Section 3.2] or Section [2.1| below). Notice that the definition of o, as
well as the definition of the tree 7¢, are relevant under Ng. Then, the Brownian labels (Vu)ueTg are

generated by taking V,, = W, where s € [0,0] is any instant such that pc(s) = u. Furthermore, the
whole path Wy records the values of labels along the geodesic segment from the root p to u, and we
sometimes say that Wy is the historical path of w.

From now on, we use the Brownian snake construction and argue under the excursion measure Nj.
This construction allows us to give a convenient representation for the excursions (E;);c; discussed
above. We observe that, Ny a.e., the connected components (C;)ier of {u € T¢ : V,, # 0} are in
one-to-one correspondence with the (countable) collection (u;);er of all vertices of T¢ such that

(a) Vi = 0;
(b) u has a strict descendant v such that labels along the geodesic segment from u to v do not
vanish except at u.

The correspondence is made explicit by saying that C; consists of all strict descendants v of u; such
that property (b) holds, with u = u; (it is not hard to verify that, Ny a.e., no branching point of 7; can
satisfy property (b), and we discard the event of zero Ny-measure where this might happen). Then, for
every i € I, there are exactly two times 0 < a; < b; < o such that p¢(a;) = pe(b;) = u;. The paths W,
for s € [a;, b;] are the historical paths of the descendants of w;. This leads us to define, for every s > 0,

a random finite path Ws(ui), with lifetime Cﬁui) = ((a;+s)Ab; — Ga;» DY setting
Ws(UZ)(t) = W(ai—&—s)/\bi(cai + t) , 0<t< Cfgul)

If0 < s < bj—a;, , the path W) starts from 0 (note that S(“i)(o) = Wiasts)n0: (Cai) = Wa; (Car) = Vi),

and then stays positive during some time interval (0,7), n > 0. Of course if s =0 or s > b; — a;, S(ui)

is just the trivial path with initial point O.

The endpoints WS(UZ) of the paths Ws(ui) correspond to the labels of all descendants of u; in 7¢.
In fact, we are only interested in those descendants of u; that belong to C;, and for this reason we
introduce the following time change

Wi = wi)

where, for every s > 0,

m > s},

ui) .— inf{r > :/Tdtl w w
mf{r =0 bl ) oy

with the notation 7§ (w) := inf{t > 0 : w(t) = 0} for w € W. The effect of this time change is to

eliminate the paths Ws(ui) that return to 0 and survive for a positive amount of time after the return
time.
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Then, for every i € I, the collection ( j s(ul)) s>0, which we view as a random element of the space
C(R4, W), provides a mathematically precise representation of the excursion E; — in fact the tree C;
(or rather its closure in 7¢) is just the tree coded by the lifetime process (fs(u‘)) s>0 of (Ws(ul)) s>0, and
the labels on C; correspond in this identification to the endpoints of the paths Ws(ui).

In order to state our first theorem, we need one more piece of notation. For every ¢ € I, we let ¢; be
the total local time at O of the historical path W, of u;.

Theorem 1. There exists a o-finite measure My on C(R, W) such that, for any nonnegative mea-
surable function ® on Ry x C(Ry, W), we have

~ %)
NO<Z<I>(&, W(“i))> = / d¢ M, (cb(e, .)).
i€l 0

The reason for considering a function depending on local times should be clear from the formula of
the theorem: if ®(¢,w) does not depend on ¢, the right-hand side will be either 0 or co. We may write
Mj in the form

1 * NS
My = §(NO + Np)

where Nj is supported on positive excursions and NS is the image of Nj under w +— —w. Then, for
every 6 > 0, Njj gives a finite mass to “excursions” w that hit , and more precisely,

Ni({w : sup{Ws(w) : s > 0} > 8) = 63

where ¢ is an explicit constant (see Lemma .

In a way similar to the classical setting, one can give various representations of the measure Nf. For
e > 0, let N; be the Brownian snake excursion measure from e (this is just the image of Ny under the
shift w — £ + w). Consider under N the time-changed process W obtained by removing those paths
W that hit 0 and then survive for a positive amount of time (this is analogous to the time change we
used above to define W) from W (%)), Then Nj may be obtained as the limit when ¢ — 0 of £~
times the law of W under N,. See Theorem [23| and Corollary [26] for precise statements. This result is
analogous to the classical result saying that the It6 measure of positive excursions is the limit (in a
suitable sense) of (2¢)~! times the law of linear Brownian motion started from ¢ and stopped upon
hitting 0.

Similarly, one can give a description of N{j analogous to the well-known Bismut decomposition for
the It6 measure [36, Theorem XII.4.7]. Under N, pick a vertex of the tree coded by ({s)s>0 according
to the volume measure on this tree, re-root the tree at that vertex and shift all labels so that the label
of the new root is again 0. This construction yields a new measure on C' (R4, W), which turns out to
be the same (up to a simple density) as the measure obtained by picking x < 0 according to Lebesgue
measure on (—oo,0) and then, under the measure Ny restricted to the event where one of the paths
Wy hits —z, removing all paths Wy that go below level z. See Theorem [2§ below for a more precise
statement.

We now introduce exit measures under M.

Proposition 2. One can choose a sequence (ay)n>1 of positive reals converging to 0 so that, My a.e.,
the limit

[e.0]
* . 1: -2 .
Z '—nlbnéoo‘n/o o<t <oy 48

exists and defines a positive random variable. Furthermore, this limit does not depend on the choice of
the sequence (o )n>1.

Remark. At this point, a comment about our terminology is in order. Frequently in this article, we will
argue on o-finite measure spaces, and measurable functions defined on these spaces will still be called
“random variables”, as in the preceding proposition. Similarly we will speak about the “law” or the
“distribution” of these random variables, though these laws will be infinite (not necessarily o-finite)
measures.

Theorem [1| and Proposition |2| allow us to make sense of the quantity Z(’]"(W(“i)), for every i € I.
Informally, Z; (W(“i)) counts the number of paths W (%) that return to 0, and thus measures the size of
the boundary of C;. On the other hand, the quantity o (W (%)) corresponds to the volume of ;. Quite
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remarkably, one can obtain an explicit formula for the joint distribution of the pair (Z, o) under Mj.
This distribution has density
V3

Fers) = L2552 exp (—2>

with respect to Lebesgue measure on Ry x Ry (Proposition .

Using scaling arguments, one can then canonically define, for every z > 0, the conditional probability
measure M(- | Zg = z), which will play an important role in our description of the distribution of the
collection (W(“i))ie 7. Before stating our theorem identifying this distribution, we need a last ingredient.
For every s > 0 and t € [0, (5], write LY(Wj) for the local time at level 0 and at time ¢ of the path W,
(this makes sense under the measure Ny). We observe that, under the measure Ny, the process

W = (st LO(WS)) = (WS(t)7Lg(WS))0§t§CS

can be viewed as the Brownian snake (under its excursion measure from (0,0)) associated with a
spatial motion which is now the pair consisting of a linear Brownian motion and its local time at 0
(the Brownian snake associated with a Markov process is defined by properties analogous to (i) and (ii)
above, with the only difference that in (ii) linear Brownian motion is replaced by the Markov process
in consideration). See [21], and notice that the spatial motion used to define the Brownian snake needs
to satisfy certain continuity properties which hold in the present situation. Following [21, Chapter V],
we can then define, for every r > 0, the exit measure of W from the open set O, = R x [0,r), and we
denote this exit measure by &) — to be precise the exit measure is a measure on 90,., but here it is
easily seen to be concentrated on the singleton {0} x {r}, and X, denotes its total mass. Informally,
X, measures the quantity of paths Wy whose endpoint is 0 and which have accumulated a total local
time at 0 equal to r.

One can explicitly determine the “law” of the exit measure process (X;),>o under Ny, using on one
hand Lévy’s famous theorem relating the law of the local time process of a linear Brownian motion B
to that of the supremum process of B, and on the other hand known results about exit measures from
intervals. This process is Markovian, with the transition mechanism of the continuous-state branching
process with stable branching mechanism ¥ (\) = 1/8/3 A3/2. In particular the process (X,),~o has a
cadlag modification, which we consider from now on.

Recall that, for every ¢ € I, ¢; denotes the local time at 0 of the historical path of u;.

Proposition 3. The numbers ¢;, i € I are exactly the jump times of the process (X, )r>o. Furthermore,
for every i € I, the size ZS(W(“Z’)) of the boundary of C; is equal to the jump AX,,.

We can now state the main result of this introduction.

Theorem 4. Under Ny, conditionally on the local time exit process (X;)r>0, the excursions (W(“i))iej
are independent and, for every j € I, the conditional distribution of W) is My(- | 75 = AXy,).

In the classical theory, the collection of excursions of linear Brownian motion is described in terms
of a Poisson point process. Such a representation is also possible here and the relevant Poisson point
process is linked with the Poisson process of jumps of the Lévy process that corresponds to the
continuous-state branching process X via Lamperti’s transformation. We refrained from explaining
this representation in this introduction because the formulation is somewhat more intricate than in the
classical case (see however Proposition and requires to add extra randomness to get a complete
construction of the Poisson point process.

Let us make a few remarks. First, although we stated our main results under the infinite measure Ny,
one can give equivalent statements in the more familiar setting of probability measures, for instance by
conditioning Ny on specific events with finite mass (such as the event where at least one of the paths
W has accumulated a total local time at 0 greater than 4, for some fixed § > 0) or by dealing with a
Poisson measure with intensity Ny — such Poisson measures are in fact needed when one studies the
connections between the Brownian snake and superprocesses. The second remark is that we could have
considered excursions away from a # 0 instead of the particular case a = 0. There is a minor difference,
due to the special connected component of {u € T¢ : V,, # a} that contains the root. The study of the
connected components other than the special one can be reduced to the case ¢ = 0 by an application
of the so-called special Markov property (see Section . As a last and important remark, most of
the following proofs and statements deal with excursions “above the minimum” (see Section [3| for the
definition) and not with the excursions away from 0 that we considered in this introduction. However
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the results about excursions away from 0 can then be derived using the already mentioned theorem of
Lévy, and we explain this derivation in detail in Section [8| The reason for considering first excursions
above the minimum comes from the fact that certain technical details become significantly simpler. In
particular, the local time exit process is replaced by the more familiar process of exit measures from
intervals.

An important motivation for the present work comes from the construction of the Brownian map as
a quotient space of the CRT for an equivalence relation defined in terms of Brownian motion indexed
by the CRT (see e.g. [23, Section 2.5]). The recent paper [9] discusses the infinite volume version of the
Brownian map called the Brownian plane. In a way similar to the Brownian map, the Brownian plane
is obtained as a quotient space of an infinite Brownian tree equipped with nonnegative Brownian labels,
in such a way that these labels correspond to distances from the root in the Brownian plane. The
main goal of [9] is to study the process of hulls, where, for every r > 0, the hull of radius r is obtained
by filling in the bounded holes in the ball of radius r centered at the root vertex of the Brownian
plane. It turns out (see formula (16) of [9]) that discontinuities of the process of hulls correspond to
excursions above the minimum for the process of labels, which is a tree-indexed Brownian motion
under a special conditioning. Such a discontinuity appears when the hull of radius r “swallows” a
connected component of the complement of the ball of radius 7, and this connected component consists
of (the equivalence classes of) the vertices belonging to the associated excursion above the minimum at
level r. This relation explains why several formulas and calculations below are reminiscent of those in
[9]. In particular the conditional distribution of the mass o of an excursion given the boundary length
Z§ (see Proposition appears in [9, Theorem 1.3], as well as in the companion paper [10], where this
distribution is interpreted as the limiting law of the number of faces of a Boltzmann triangulation with
a boundary of fixed size tending to infinity.

In the same direction, there are close relations between the present article and the recent work of
Miller and Sheffield [32], 33| [34] aiming at proving the equivalence of the Brownian map and Liouville
quantum gravity with parameter v = 1/8/3. In particular, the paper [32] uses what we call Brownian
snake excursions above the minimum to define the notion of a Brownian disk, corresponding to bubbles
appearing in the exploration of the Brownian map: See the definition of /‘BISK in Proposition 4.4, and
its proof, in [32]. A key idea of [32] is the fact that one can use such Brownian disks to reconstruct
the Brownian map by filling in the holes of the so-called “Lévy net”, which itself corresponds to the
union of the boundaries of hulls centered at the root (to be precise, the definition of hulls here requires
that there is a marked vertex in addition to the root of the Brownian map). Interestingly, Bettinelli
and Miermont [4] have developed a different method, based on an approximation by large planar
maps with a boundary, to define the notion of a Brownian disk. The forthcoming paper [26] uses the
excursion measure Njj introduced in the present work to unify these different approaches and derive
new properties of Brownian disks.

An obvious question is whether the excursion theory developed here can be extended to more general
tree-indexed processes. As a first remark, many of our arguments rely on the special Markov property
(Proposition [13| below), which has been stated and proved rigorously only for processes indexed by the
Brownian tree. It is likely that some version of the special Markov property holds for processes indexed
by Lévy trees [13], B8], which are random R-trees characterized by a branching property analogous to
the one that holds for discrete Galton-Watson trees, but this has not been proven yet. One may then
ask whether Brownian motion can be replaced by another Markov process indexed by the Brownian
tree. The recent paper [25] shows that the special Markov property still holds provided the underlying
Markov process satisfies certain strong continuity assumptions. These assumptions are satisfied by a
“nice” diffusion process on the real line, and one may expect that analogs of our results will then hold
in that more general setting. Proving this would however require a different approach, since we can no
longer use the Lévy theorem mentioned above.

The present paper is organized as follows. Section [2] below presents a number of preliminary
observations. In contrast with the previous lines where we consider the canonical space C(R4, W), we
have chosen to define the measure Ny on a smaller canonical space, the space of “snake trajectories”
(see Section [2.2]). The reason for this choice is that several transformations, such as the re-rooting
operation, or the truncation operation allowing us to eliminate paths W hitting a certain level, are
more conveniently defined and analysed on this smaller space. Snake trajectories are in one-to-one
correspondence with tree-like paths (also defined in Section via a homeomorphism theorem of
Marckert and Mokkadem [29], and this bijection is useful to simplify certain convergence arguments.
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Section [2.4] gives a precise statement of the special Markov property which later plays an important
role.

Sectionprovides a construction of the measure N§j, by proving the analog of Theorem [1{for excursions
above the minimum. As a by-product, this proof also yields the above-mentioned approximation of
N{ in terms of the Brownian snake under N, truncated at level 0. Section [4] gives our analog of the
Bismut decomposition theorem for the measure Nj. The proof is based on a re-rooting invariance
property of the Brownian snake which can be found in [28]. Then Section [5| describes an almost sure
version of the approximation of Section [3] which is useful in further developments.

Section [6] contains the definition of the exit measure Z§ under N§, and the derivation of the joint
distribution of the pair (Z§, o). As an important technical ingredient of the proof of our main results,
we also verify that the approximation of the measure Njj by a truncated Brownian snake under N, can
be stated jointly with the convergence of the corresponding exit measures (Proposition . Section
contains the proof of the results analogous to Proposition [3] and Theorem [4] in the slightly different
setting of excursions above the minimum. In a way very similar to the classical theory, we introduce an
auxiliary Poisson point process with intensity dt ® Nj(dw), such that all excursions above the minimum
can be recovered from the atoms of this process — but as mentioned earlier the construction of this
Poisson point process is somewhat more delicate than in the classical case. Finally, Section [8| explains
how the results of the present introduction can be derived from those concerning excursions above the
minimum.

Warning. As already mentioned, we define the Brownian snake below on a smaller canonical space
than C' (R4, W), namely on the space S of all snake trajectories introduced in Definition @ In particular,
(Ws)s>0 will be the canonical process on S, and Ny and Njj will be viewed as o-finite measures on S
rather than on C'(R4,)V). The notation used below is therefore slightly different from the one in the
Introduction, but this should create no confusion.

Main notation.

e 7, tree coded by a function h (Section 2.1)
e < genealogical order on 7¢ (Section 2.1)
e p;, canonical projection from R onto 7, (Section 2.1)

e WV set of all finite paths, W, set of all finite paths started at = (Section 2.2)

® ((w) lifetime of w € W (Section 2.2)

o W=wc,, for weW (Section 2.2)

e w=min{w(t) : 0 <t < ()} for w € W (Section 2.2)

o 7y(w) = inf{t € [0, ()] : W(t) =y}, 7, (w) = inf{t € (0,((w)] : W(t) = y} (Section 2.2)

e S set of all snake trajectories, S, set of all snake trajectories with initial point z (Section 2.2)
e (Ws)s>0 canonical process on S (Section 2.2)

® (s(w) = (w,(w)) lifetime process on S (Section 2.2)

e 0(w) duration of the snake trajectory w € S (Section 2.2)

¢ |lw|| = sup{|ws(t)] : 0 < s < o(w),0 <t < ()}, for w € S (Section 2.2)

e SO ={weS:|w|>d} (Section 3)

o M(w) =sup{ws(t) : 0 < s <o(w),0<t < (,)} for w €S (Section 2.2)

e T set of all tree-like paths, T, set of all tree-like paths with initial point x (Section 2.2)
e w — Kq(w) shift on snake trajectories (Section 2.2)

e wi— Rs(w) re-rooting on snake trajectories (Section 2.2)

e tr,(w) truncation of w € S at y (Section 2.2)

e N, Brownian snake excursion measure from z (Section 2.3)

e W, minimum of the Brownian snake (Section 2.3)

e &U o-field generated by the Brownian snake paths under N, before they exit U (Section 2.4)
e ZYU exit measure of the Brownian snake from U (Section 2.4)

o Z,=(ZW>®) 1), Z, = Z_, (Section 2.5)

Vi, = Wy if u = pe(s), label of u € T¢ (Section 3)

D set of all excursion debuts (Section 3)

Cy={weT;:u<wandV, >V,, Vv €]u,w[} for u € D (Section 3)
M, = sup{V, — V,, : v € C,} height of the excursion debut u (Section 3)
Ds set of all excursion debuts with height greater than § (Section 3)
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o W™ snake trajectory describing the labels of descendants of u € D, shifted so that W™ e 8,
(Section 3)

W = tro(W®™) truncation of W at 0, for u € D (Section 3)

W = trg(W) truncation at 0 of the canonical process W (Section 3)

M = M (W) (Section 3)

N{ Brownian snake excursion measure “above the minimum?” (Section 3)

N (w) = Z 6 k.. point measure of excursions of w € Sy outside (—ke, 00) (Section 3)
iely "

o d)f’a = t10 © K(kt1)e (u);C ) truncation at 0 of the excursion wf “ shifted so that its initial point is e
(Section 3)

e 0) scaling operator on S (Section 3)

o Wil (w) = K_1i, (w) © Rs(w) snake trajectory w re-rooted at s and shifted so that the spatial position
of the root is 0 (Section 5)

e 7§ exit measure at 0 under Njj (Section 6)

o Ny* =Nj(- | Z§ = z) (Section 6)

o Vy=Jy ds1gr ,(w,)=oc} for b >0 (Section 6)

o N = Ny(- | W, < =) (Section 7)

2. PRELIMINARIES

2.1. Coding a real tree by a function. In this subsection, we recall without proof a number of
simple properties of the coding of compact R-trees by functions. We refer to [13] and [27] for additional
details.

Let h: Ry — R4 be a nonnegative continuous function on R4 such that h(0) = 0. We assume that
h has compact support, so that

op :=sup{t > 0: h(t) > 0} < co.

Here and later we make the convention that sup @ = 0.
For every s,t € R, we set
dp(s,t) :=h(s) + h(t) — 2 s/\tglq}gsvth(r)'
Then dj is a pseudo-distance on R;. We introduce the associated equivalence relation on R, defined
by setting s ~y, t if and only if dj(s,t) = 0, or equivalently
h(s) =h(t)= min h(r).

sAt<r<sVt

Then, dj, induces a distance on the quotient space Ry / ~y,.

Lemma 5. The quotient space Tp, := R/~ equipped with the distance dy is a compact R-tree called
the tree coded by h. The canonical projection from Ry onto Ty is denoted by py,.

See e.g. [13, Theorem 2.1] for a proof of this lemma as well as for the definition of R-trees. For every
u,v € Tp, the segment [u,v] is defined as the range of the (unique) geodesic from u to v in (7p, dy).
The sets Ju,v[ or Ju,v] are then defined with the obvious meaning.

Write p for the equivalent class of 0 in the quotient R, / ~p, and note that, for every s > 0,
dn(p,pr(s)) = h(s). We call p the root of 7, and the ancestral line of a point u € T}, is the geodesic
segment [p, u]. We can then define a genealogical relation on 7, by saying that u is an ancestor of v
(or v is a descendant of u) if u belongs to [p,v]. We will use the notation u < v to mean that u is an
ancestor of v. If s,¢ > 0, the property pp(s) < pp(t) holds if and only if

h(s) = min h(r).

sAt<r<sVt

If u,v € Ty, the last common ancestor of v and v is the unique point, denoted by u A v, such that

[o,ul N p,v] = [p, u Av].
If w = pup(s) and v = pp(t) then u A v = pp(r), where r is any time in [s A ¢,s V t] such that
h(r) = min{h(r’") : ' € [s N t, sV 1]}.
We call leaf of T, any point u € 7;, which has no descendant other than itself. We let Sk(7},), the
skeleton of 7, be the set of all points of 7;, that are not leaves. The multiplicity of a point u € T}, is
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the number of connected components of Tp\{u}. A point u # p is a leaf if and only if its multiplicity is
1.
Suppose in addition that A satisfies the following properties:
(i) h does not vanish on (0, op);
(ii) h is not constant on any nontrivial subinterval of (0, op,);
(iii) the local minima of h on (0, 03) are distinct.
All these properties hold in the applications developed below, where h is a Brownian excursion away
from 0. Then the multiplicity of any point of 7y is at most 3. Furthermore, a point v has multiplicity
3 if and only if u is the form w = pj(r) where r is a time of local minimum of A on (0, 03). In that case
there are exactly three values of s such that pp(s) = u, namely s = sup{t < r: h(t) > h(r}, s =r and
s =inf{t > r: h(t) < h(r)}. Points of multiplicity 3 will be called branching points of 7. If v and v
are two points of Tp, and if u A v # u and u A v # v, then u A v is a branching point. Finally, if u is a
point of Sk(7;) which is not a branching point, then there are exactly two times 0 < s1 < s9 < o}, such
that pp(s1) = pn(s2) = u, and the descendants of u are the points pp,(s) when s varies over [sy, sa].

2.2. Canonical spaces for the Brownian snake. Before we recall the basic facts that we need
about the Brownian snake, we start by discussing the canonical space on which this random process
will be defined (for technical reasons, we choose a canonical space suitable for the definition of the
Brownian snake excursion measures, which would not be appropriate for the Brownian snake starting
from an arbitrary initial value as considered above in the Introduction).

Recall the notion of a finite path from the Introduction. We let WW denote the space of all finite
paths in R, and write () for the lifetime of a finite path w € W. The set W is a Polish space when
equipped with the distance

dw(w, w') = |w) — Sy + Sup [w(t A Cwy) — W (E A Cory)l-

The endpoint or tip of the path w is denoted by W = w(({(w)). For every » € R, we set W, = {w € W :
w(0) = z}. The trivial element of W, with zero lifetime is identified with the point z — in this way
we view R as the subset of W consisting of all finite paths with zero lifetime. We will also use the
notation w = min{w(t) : 0 <t < §(W)}.

We next turn to snake trajectories.

Definition 6. Let x € R. A snake trajectory with initial point x is a continuous mapping
w: Ry - W,
S Ws
which satisfies the following two properties:
(i) We have wy = x and sup{s > 0: ws # x} < oco.
(ii) For every 0 < s < s, we have

ws(t) =wg(t), forevery 0 <t < min Clwn)-
s<r<s’

We write S, for the set of all snake trajectories with initial point x, and
S := U S,
zeR
for the set of all snake trajectories.

If w e S,;, we write
o(w) =sup{s > 0:ws # z}

and call o(w) the duration of the snake trajectory w. For w € S, we will also use the notation
Ws(w) = ws and (s(w) = ((,) for every s > 0, so that in particular (Ws)s>o is the canonical process
on S.

Remark. Property (ii) is called the snake property. It is not hard to verify that, for any mapping
w : Ry — W, such that both the lifetime function s — Cs(w) and the tip function s — &, = Wy (w) are
continuous, then the snake property (ii) implies that w is continuous.

The set S is equipped with the distance
ds(w,o) = |o(w) = o(w)] + sup d(Ws(w), Welw)).
s>0
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Note that S is a measurable subset of the space C(R, W), which is equipped as usual with the Borel
o-field associated with the topology of uniform convergence on every compact interval.
We will use the notation

lw| = sup{lws(t)] : s 2 0,0 <t < ((w)} = sup{|a| : s > 0},
M (w) = sup{ws(t) : s > 0,0 <t < (5(w)} = sup{®s : s > 0},

for w € §. The fact that the two suprema in the definition of ||w|| (or in the definition of M (w)) are
equal is a simple consequence of the snake property, which implies that

{ws(t) : 5 >0,0 <t <(5(w)} ={@s:s>0}.

One easily checks that a snake trajectory w is completely determined by the two functions s — (s(w)
and s — Ws(w). We will state this in a more precise form, but for this we first need to introduce
tree-like paths.

Definition 7. A tree-like path is a pair (h, f) where h: Ry — Ry and f: Ry — R are continuous
functions that satisfy the following properties:
(i) We have h(0) =0 and op, ;== sup{s > 0: h(s) # 0} < co.
(i) For every 0 <s <, the condition
— Bl — i
h(s) = h(s') = Join h(r)
implies that f(s) = f(s).

The set of all tree-like paths is denoted by T, and, for every x € R, T, := {(h,f) € T : f(0) = =}
denotes the set of all tree-like paths with initial point x.

Remark. Our terminology is inspired by the work of Hambly and Lyons, who give a slightly different
definition of a tree-like path in a more general setting (see [I5], Definition 1.2]).

It follows from property (ii) that, if (h, f) € T,, we have f(s) = z for every s > op. The set T is
equipped with the distance

dr((h, £), (W', ) = lon — ow| + igg(lh(S) =W (s)| +1£(s) = f(s)D-

If (h, f) is a tree-like path, h satisfies the assumptions required in Section to define the tree
Th. Then, property (ii) just says that, for every s > 0, f(s) only depends on pp(s), and thus f can
as well be viewed as a function on the tree 7;. Furthermore the function induced by f on 7}, is also
continuous. For u € T, we then interpret f(u) as a spatial position, or a label, assigned to the point u.

Proposition 8. The mapping A : S — T defined by A(w) = (h, f), where h(s) = (s(w) and
f(s) = Wy(w), is a homeomorphism from S onto T.

This is essentially the homeomorphism theorem of Marckert and Mokkadem [29, Theorem 2.1].
Marckert and Mokkadem impose the extra condition o = 1 for snake trajectories, and the similar
condition for tree-like paths, but the proof is the same without this condition. We mention that
o(w) =oy if (h, f) = A(w).

Let us briefly explain why Proposition [§]is relevant to our purposes. Much of what follows is devoted
to studying the convergence of certain (random) snake trajectories. By Proposition |8 this convergence
is equivalent to that of the associated tree-like paths, which is often easier to establish.

Remark. Let (h, f) be a tree-like path, and let w be the associated snake trajectory. We already noticed
that f can be viewed as a continuous function on the tree 7, coded by (. The same holds for the
mapping s — ws. More precisely, for every s > 0, and every ¢t < (s(w) = h(s), ws(t) is the value of f at
the unique ancestor of pp(s) at distance t from the root (recall that dy(p, pn(s)) = h(s)). Thus the
finite path ws = (ws(t))o<t<¢,(w) Provides the values of f along the ancestral line of py(s). We say that
ws is the historical path of py(s).

Lemma 9. Let w be a snake trajectory and (h, f) = A(w). Let 0 < s < s’ < o(w) such that
— () — i
h(s) = h(s') = Jin h(r).
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Set, for every r >0,
B (r)=h((s+7r)As")—h(s)
flir)=f((s+r)As).

Then, (W, f') is a tree-like path and the corresponding snake trajectory w' = A=Y (W, f') is called the
subtrajectory of w associated with the interval [s, s'].

We omit the easy proof. The assumption of the lemma is equivalent to saying that pp(s) = pp(s).
Suppose in addition that {r > 0: py(r) = pr(s)} = {s,s'}. Then u := pp(s) is a point of multiplicity 2
of Sk(7;), and the subtree of descendants of u is coded by f’. Furthermore the snake trajectory o’
describes the spatial positions of the descendants of u.

Let us finally introduce three useful operations on snake trajectories. The first one is just the
obvious translation. If a € R and w € S, k4(w) is obtained by adding a to all paths ws: In other words
Co(Fa(w)) = Co(w) and Wi (ka(w)) = Wi(w) + a for every s > 0.

The second operation is the re-rooting operation. Let w be a snake trajectory and let (h, f) be the
associated tree-like path. Fix s € [0,0(w)]. We will define a new snake trajectory Rs(w), which is
more conveniently described in terms of its associated tree-like path (hl¥), f5)) = A(R,(w)). Roughly
speaking, k¥l is the coding function for the tree T}, re-rooted at pr(s) (this is informal since the coding
function of a tree is not unique) and f [s] describes the “same function” as f but viewed on the re-rooted
tree. To make this more precise, we set for every r € [0, 0(w)],

Rl (r) = h(s @ r) + h(s) — 2 min h(t
SA(sPr)<t<sV(sPr)
where s @ r = s+ 7 if s+ < o(w) and s ®r = s 4+ 7 — o(w) otherwise. We also set hl*l(r) = 0 if
r > o(w). Furthemore we set fl¥l(r) = f(s @ r) if r € [0,0(w)] and fBI(r) = f(s) if r > o(w). See [I3,
Lemma 2.2| for the fact that the mapping [0,0(w)] 3 r — s @ r induces an isometry from the tree 7
onto the tree 7;, (this in particular implies that (hl*], f5]) is a tree-like path), and [28, Section 2.3] for
more details about this re-rooting operation.

The third and last operation is the truncation of snake trajectories, which will be important in this
work. Roughly speaking, if w € S, and y # x, the truncation of w at y is the new snake trajectory «w’
such that the values w/ are exactly all values w; for s such that ws does not hit y, or hits y for the first
time at its lifetime. Let us give a more precise definition. First, for any w € W and y € R, we set

my(w) :=inf{t € [0,(w)] : w(t) =y}, 7, (w):=inf{t € (0,(w)]: w(t) =y},

with the usual convention inf @ = co. Note that 7,;(w) may be different from 7, (w) only if w(0) =y,
but this case will be important in what follows.

Proposition 10. Let x,y € R. Let w € S;, and for every s > 0, set

As(w) :/0 dr Ly, (w)<rs (w)}s

and

ns(w) = inf{r > 0: A, (w) > s}.
Then setting wh = Wy, (w) for every s > 0 defines an element of Sy, which will be denoted by w' = try(w)
and called the truncation of w at y.

Proof. First note that, by property (i) of the definition of a snake trajectory, we have Ag(w) — oo as
s — oo (because ¢, (w) < 7 (w;) if r > o(w)), and therefore ns(w) < co for every s > 0, so that the
definition of w’ makes sense.

We need to verify that w’ € S,. To this end, we observe that the mapping s — ns(w) is right-
continuous with left limits given by

Ns—(w) =inf{r >0: 4,(w) =s}, Vs>0.

To simplify notation, we write ns = ns(w), Ns— = Ns—(w), As = As(w) and (s = (s(w) in what follows.

We first verify the continuity of the mapping s — w/. Let s > 0 such that (;,, > 0. By the definition
of ns there are values of r > 7, arbitrarily close to 7, such that ¢, <77 (wy). Using the snake property,
it then follows that the path (wy, (t))o<t<c,, does not hit y, or hits y only at time ¢, (notice that we
excluded the value ¢t = 0 because of the particular case y = x, since we have trivially w,, (0) =y in
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that case). Similarly, for every s > 0 such that ¢, > 0, the path (wy,_(¢))o<t<c,, does not hit y, or
hits y only at time (;,_.
Let s > 0 be such that ns_ < 1. The key observation is to note that

(1) Gr > Cm:— = CT]s , Vre [773—,773]'

In fact, suppose that fails, so that certain values of ¢ on the time interval (ns_,ns) are strictly
smaller that (,, V (,,_. Suppose for definiteness that ¢,,_ < (,, (the other case (,,_ > (,, is treated
similarly). Then we can find r € (9s—,7s) such that 0 < {, < ¢, and { = min{¢, : u € [r,n;]}. By
the snake property this means that w, is the restriction of wy,, to [0,¢,], and, since we know that
(wn, (t))o<t<c,, does not hit y, it follows that 7, (w,) = co. Hence we have also 7, (w,) = oo, for all 7/
sufficiently close to r, and therefore A, > A, _, which is a contradiction.

The mapping s — wy, is right-continuous and its left limit at s > 0 is w,,_. Property and the
snake property show that, for every s such that n,_ < n,, we have w,,_ = wy,,, so that the mapping
§ > wy, = wj is continuous.

Furthermore, it also follows from that, for every s < &/,

R S
and the snake property for w’ is a consequence of the same property for w.

We also need to verify that wj = x. This is immediate if y # x (because clearly 79 = 0 in that
case) but an argument is required in the case y = x, which we consider now. It suffices to verify that
Cno = 0. We argue by contradiction and assume that ¢, > 0, which implies that 19 > 0. By previous
observations, the path wy, does not hit x during the time interval (0,(,,). However, by the snake
property again, this implies that there is a set of positive Lebesgue measure of values of r € (0,19)
such that 7 (w,) = oo, which contradicts the definition of 7.

We finally notice that, for s > fg(w) dr 1g¢, (w)<rr(w)}> We have ns(w) > o(w) and thus wl = x. This

completes the proof of the property w’ € S,. O
Remark. If s > 0 is such that 7, < s, and furthermore (,, > 0, then we have 7 (w;,) = (5. Indeed,
since 4,, = A;, = s, there exist values of r < n; arbitrarily close to 7 such that 7, (w,) < ¢, and

by the snake property it follows that we have @,, = y. Since we saw in the previous proof that
(wn, (t))0<t<4ns does not hit y, we get that 7 (wp,) = Cs-

The truncation operation try is a measurable mapping from S, into S,. If y # z, and if W’ = try(w)
is the truncation of a snake trajectory w € S, the paths w!, stay in [y,00) (if y < ) or in (—o0,y] (if
y > x) and can only hit y at their lifetime.

The following lemma gives a simple continuity property of the truncation operations.

Lemma 11. Let w € Sy and b < 0. Suppose that

o(w)
/0 ds 1z, (w,)=¢, (@)} = O-

Then, for any sequence (by)n>1 such that b, L b as n — oo, we have try, (w) — trp(w) in S as n — oo.

We omit the easy proof of this lemma. We conclude this subsection with another lemma that will
be useful in the proof of one of our main results. The proof is somewhat technical and may be omitted
at first reading. Recall the notation w = min{w(t) : 0 <t < ((y)} for w € W.

Lemma 12. Let w € S, and let ' be a subtrajectory of w associated with the interval [a,b]. Assume
that W' € Sy and, for every n > 1, let w™ be a subtrajectory of w associated with the interval [an, by,
such that [a,b] C [an, by] for everyn > 1 and a,, — a, b, — b as n — co. Assume furthermore that the
following properties hold:
(1) walt) > 0 for every 0 <t < G, );
(ii) for every s € (0,b— a), 75 (ws) A Gy > 0 and wg(t) > 0 for 0 <t < 75 (ws) A Crur)s
(iil) for every s € (0,b — a) such that () > 75 (ws), we have wi < 0.

Then, if (0n)n>1 is any sequence of negative real numbers converging to 0, we have trs, (w™) — tro(w')
inS asn — oo.
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Proof. The first step is to verify that w(™® converges to w’ in S. To this end, let (h, f) be the tree-like
path associated with w, and notice that the tree-like path associated with w(™ is (h(”), f (”)), with
R (1) = h((an+7) Aby) —h(a,) and f) () = f((an+7)Aby). From the convergences a, — a, b, — b,
it immediately follows that the pair (R, f() converges to the tree-like path (k’, f') associated with
', and Proposition [8 implies that w(™ converges to w’.

We also note that, for every n > 1, we have £ (0) = f(an) = wa, (h(an)) = wa(h(ay)), where the
last equality holds because py,(ay,) is an ancestor of py(a). Using (i), we get that f(0) > 0. By
preceding remarks, we know that the paths of trs (w(™) stay in [d,,0).

Set @™ = trs, (w™) and & = tro(w’) to simplify notation. Then set, for every s > 0,

:/0 Lo gyzrg @iy A ::/0 dr Lgw (ry<r )

™ =inf{r >0: A™ > s}, pl:=inf{r>0: A > s},
(n ) (n)

in such a way that @5 = w N and @, = w by the definition of truncations. We observe that, for

and

every s > 0, we have

(2) A o4l

s TL%OO

To see this, note that, for r € [a,b], the paths w, are the same as w, up to time h(a) = (,(w), and
thus stay nonnegative on the time interval [0, h(a)] by assumption (i). From our definitions, it follows

that the paths W™ for 0 < r < b — a, stay nonnegative up to time h(a) — h(a,) > 0. Then, for

a—an+7r
r € [0,b— a], we have w.(-) = wg )anJrr(h(a) — h(ay) +-), and by (ii) we get that, if h'(r) < 75 (wl.), the
path w((L )a ., does not hit d, < 0 between times h(a) — h(a,) and h(™(a — a,, + 7). Hence, we have,

for every r € [0,b — a],

a—an—+r

L)< @} S Ln amantn<rr @, L))
It follows that A, < A™

a—an+s

<A (a — ay), which implies

liminf A > A,

n—oo

for every s > 0. Conversely, we claim that, for every r € (0,b — a),

limsup 1
n—oo

<z @My = T @)}

Indeed, if 7§ (w).) < h'(r), then assumption (iii) implies that w!. takes negative values before its lifetime.
(n))

From the convergence of wﬁn) to w;., we get that we must have 75 (wy
our claim. The claim now gives

< h(M(r) for n large, proving

limsup A™ < A’
n—oo

completing the proof of . Notice that also implies that Al():) @
that o(@(™) — o(&'), noting that o(@’') = A, _ as a consequence of (i) (if 0 < s < A} |
not a trivial path by (ii) and the fact that 0 < n, < b — a).

It follows from that we have n§”) — 1., and consequently wé”) — @, as n — oo, for every
s > 0 such that n, = n’_. To see that this implies the uniform convergence of o™ toward @', we argue
by contradiction. Suppose that this uniform convergence does not hold, so that (modulo the extraction
of a subsequence of (©(™),>1) we can find a sequence (s,,),>1 and a real £ > 0 such that, for every n,

(3) ds (@ ( d); ) > &.

Since both @™ and @/ are constant (and equal to a trivial path) when r > o(w), we can assume
that s, € [0,0(w)] for every n and then, modulo the extraction of a subsequence, that s, — s as

— Aj_,, from which one gets

!/
= i
o = Wy 1

n — co. We must then have 7, <17/ because otherwise would imply that ngz) — 15, and

therefore a;é:) — @,__, contradicting . We can also assume that 0 < s < o(@’), and therefore

0 < n,_ < b-—a,since it follows from assumption (ii) that 7’ is continuous at o(@') = Aj_, (if
0 < s < b— a, property (ii) and the snake property imply that the interval [s,b — a] contains a set of
positive Lebesgue measure of values of r such that 75 (w(r)) = oo, and this is what we need to get the



14 CELINE ABRAHAM, JEAN-FRANCOIS LE GALL

latter continuity property). Also notice that (ii) implies h'(r) > 0 for 0 < r < b — a and consequently
h'(n.) >0 for 0 <r < o(@).

From , we get that any accumulation point of the sequence (néﬁj))nzl must lie in the interval
(1., ms..]. We claim that for any such accumulation point r we have w, = w;, . This implies that
~ (n) (n)

@s,” =W, converges to w,, =,  and contradicts (3). To verify our claim, let r € [n;__,m;_] be
0 500

/

uA
an accumulation point of the sequence (ngz))nzl. By property in the proof of Proposition we
know that the path w] coincides with w;gm up to A/ (1, ) = T{f(w;,soo) (the last equality by the remark
following Proposition . However, h/(r) > h'(n,_) is impossible since assumption (iii) would imply
that w!. takes negative values and cannot be an accumulation point of the sequence wéﬁ) (because wgfj)
takes values in [d,,00) and 0, tends to 0 as n — oo). Therefore we have h'(r) = h'(n,_ ) meaning that
Wl = w7’7, as desired. This completes the proof. O
2.3. The Brownian snake. In this section we discuss the (one-dimensional) Brownian snake excursion
measures. We avoid defining the Brownian snake starting from a general initial value (which is briefly
presented in the Introduction above) as this definition is not required in what follows, except in the
proof of one technical lemma (Lemma which the reader can skip at first reading.

Let h : Ry — Ry satisfy the assumptions of Section (including assumptions (i)—(iii) from the
end of this subsection) and also assume that h is Holder continuous with exponent § for some 6 > 0.
Let (G")s>0 be the centered real Gaussian process with covariance

h by _ .
(4) cov(Gs, Gy) = min  h(r),
for every s,t > 0. We leave it as an exercise to verify that the right-hand side of is a covariance
function (see Lemma 4.1 in [27]). Note that we have then

(5) E[(GY = G1)?] = du(s,1).

An application of the classical Kolmogorov lemma shows that (G%)s>0 has a continuous modification,
which we consider from now on. Then property entails that, for every fixed 0 < s <t such that
dp(s,t) = 0, we have P(G! = G}') = 1. A continuity argument, using the assumptions satisfied by h,
then shows that, a.s., for every 0 < s < t, the property dj(s,t) = 0 implies G? = G?. This means that
apart from a set of probability 0 which we may discard, the pair (h, G") is a (random) tree-like path in
the sense of the preceding subsection.

The (one-dimensional) Brownian snake driven by h is the random snake trajectory W" = (W),
associated with the tree-like path (h, G"). We write Pj(dw) for the law of W" on the space Sp.

We next randomize h: We let n(dh) stand for It6’s excursion measure of positive excursions of linear
Brownian motion (see e.g. [36, Chapter XII]) normalized so that, for every ¢ > 0,

1
n( max h(s >6):—.
( >0 () 2e
Notice that n is supported on functions h that satisfy the assumptions required above to define W
and the probability measure P, (dw). The Brownian snake excursion measure Ny is then the o-finite
measure on Sy defined by

No(dw) = / n(dh) Py (dw).

In other words, the “lifetime process” ((s)s>0 is distributed under No(dw) according to It6’s measure
n(dh), and, conditionally on ((s)s>0, (Ws)s>0 is distributed as the Brownian snake driven by ((s)s>0-
The reader will easily check that the preceding definition of Ny is consistent with the slightly different
presentation given in the Introduction above (see [2I] for more details about the Brownian snake). For
every € R, we also define N, as the measure on S, which is the image of Ny under the translation k..

Let us recall the first-moment formula for the Brownian snake [2I, Section IV.2]. For every
nonnegative measurable function ¢ on W,

(6) N, ( /0 T ds (W) = B /0 "t o((Brosr<t)]
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where B = (B;),>0 stands for a linear Brownian motion starting from x under the probability measure
P,. Here we recall that N, is a measure on S;, and so the duration o is well-defined under N, as in
Definition [6l

We define the range R by

R:{WSSZO}:{Ws(t)820a0§t§<8}7

and we set
Wy :=minR.
Then, if z,y € R and y < x, we have
3
7 N, (W, <y)= ——.
7) W. <) = 50"

See e.g. |21, Section VI.1].

2.4. Exit measures and the special Markov property. In this section, we briefly describe a key
result of [20] that plays a crucial role in the present work. Let U be a nonempty open interval of R,
such that U # R. For any w € W, set

7V (w) := inf{t € [0, Cow)) 1 w(t) ¢ U}
If z € U, the limit

(8) (27, 0) = lim -

e—0 €

/0 dS l{TU(Ws)<Cs<TU(Ws)+€} Qb(Ws(TU(Ws)))

exists N, a.e. for any function ¢ on OU and defines a finite random measure ZY supported on U (see
[21, Chapter V]). Notice that here QU has at most two points, but the preceding definition holds in
the same form for the Brownian snake in higher dimensions with an arbitrary open set U. Informally,
the measure ZY “counts” the exit points of the paths W, from U, for those values of s such that W,
exits U. In particular, ZY = 0 if none of the paths W, exits U.

Exit measures are needed to state the so-called special Markov property. Before stating this property,
we introduce the excursions outside U of a snake trajectory. We fix z € U and we let w € S;. We
observe that the set

{s>0:7Y(ws) < ¢}

is open and can therefore be written as a union of disjoint open intervals (a;, b;), i € I, where I may
be empty. From the fact that w is a snake trajectory, it is not hard to verify that we must have
pc(ai) = pe(bs) for every i € I, where p¢ is the canonical projection from Ry onto the tree 7¢ coded
by (¢s(w))s>0. Furthermore the path w,, = wp, exits U exactly at its lifetime (,, = (3, We can then
define the excursion w;, for every i € I, as the subtrajectory of w associated with the interval [a;, b;]
(equivalently Wy(w;) is the finite path (w(g,45)ap; (Ca; + £))o<i<ci(s) With lifetime ¢*(s) = {(a,45)r0; — Cass
for every s > 0). The w;’s are the “excursions” of the snake trajectory w outside U — the word “outside”
is a little misleading here, because although these excursions start from U, they will typically come
back inside U. We define the point measure of excursions of w outside U by

PY(w) := Z O, -
el
We also need to define the o-field on S, containing the information given by the paths ws before
they exit U. To this end we generalize a little the definition of truncations in Section Ifwes,,
we set

tr¥ (W), == wpu

where
nY :=inf{r >0: /0 dt e, wy<rU ()} > S}

Just as in Proposition we can verify that this defines a measurable mapping from &, into S;. We
define the o-field £/ on S, as the o-field generated by this mapping and completed by the measurable
sets of S; of N -measure 0.

We can now state the special Markov property.
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Proposition 13. Let x € U. The random measure ZY is EY -measurable. Furthermore, under the
probability measure N, (- | RN U # &), conditionally on Sg, the point measure PY is Poisson with
intensity

[ 2V, 0

See |20, Theorem 2.4] for a proof in a much more general setting. Note that, on the event
{RNU*° = @}, there are no excursions outside U, and this is the reason why we restrict our attention
to the event {RNU¢ # @}, which has finite N -measure by (7)) (in fact, since ZV = 0 on {RNU¢ = @},
we could as well give a statement similar to Proposition [13| without conditioning).

2.5. The exit measure process. We now specialize the discussion of the previous subsection to the
case U = (y,00) and = > y. The exit measure Z#>) is then a random multiple of the Dirac mass at
y, and is determined by its total mass, which will be denoted by Z, = (Z (¥:00), 1). We have

{Z,>0={W. <y} ={W. <y}, N;ae

Note that the identity {W, < y} = {W, <y}, N, a.e., follows from the fact that the right-hand side of
is a continuous function of y. The fact that {Z, > 0} = {W, < y}, N, a.e., can then be deduced
from the special Markov property (Proposition .

The Laplace transform of Z, under N, can be computed from the connections between exit measures
and semilinear partial differential equations [2I, Chapter V]. For every A > 0,

(9) Nz (1 — exp(=AZ,)) = ()\‘1/2 + \/z(x - y))*Q.

See formula (6) in [9] for a brief justification. Note that letting A — oo in (9] is consistent with (7). A
consequence of @[} is the fact that

(10) N.(Z,) = 1.

Let us discuss Markovian properties of the process of exit measures. If ¢y < y < x, an application of
the special Markov property combined with formula @ gives on the event {W, <y}, for every A > 0,

£ = exp (= 2, N,(1 - exp(-A2,))) = exp—2, (A"1/* + \/g(y —y)

It follows that the process (Z;-4)qa>0 is Markovian under N,, with the transition kernels of the
continuous-state branching process with branching mechanism ¥(\) = /8/3 A\3/2 (see e.g. [9, Section
2.1] for the definition and properties of this process). Although N, is an infinite measure, the previous
statement makes sense by arguing on the event {W, < z — ¢}, which has finite N-measure for any
0 > 0, and considering (Z;_5_4)a>0-

N, ( exp —AZ,

We will use an approximation of Z, by Sg(cy’oo)—measurable random variables (notice that this is not
the case for (§). Recall our notation 7,(w) := inf{t € [0, ()] : w(t) = y} for w € W.

Lemma 14. Let y < x. We have

g
-2 .
g /0 A Lt <y (W) Waytey 54 2
where the convergence holds in probability under Ny (- | W, < y).

Proof. This follows from arguments similar to the proof of Proposition 1.1 in [9, Section 4.1], and we
only sketch the proof. For every € > 0, set

Ae = /0 A8 L,y (W), Woyte)

If e € (0,2 —y), the special Markov property applied to the domain (y+e¢, o0) shows that the conditional
distribution of A., under N,(- | Wi < y + ¢) and knowing £W+5°°) is the law of S.(Z,c), where
(Se(t))e>0 is a subordinator whose Lévy measure is the law of A. under Ny . (recall the comments
following Proposition [2| about laws of random variables under o-finite measures), and S; is assumed to
be independent of Z, .. The first-moment formula for the Brownian snake @ gives Ny o(As) = €2, so
that S.(t) has mean £2t. On the other hand, scaling arguments entail that (S.(t)):>0 has the same
distribution as (¢*S1(e72t));>0. Hence, under N, (- | W, < y + ¢) and conditionally on ¥ +) ¢=2A_
has the law of €25 (5_2Zy+5), and the latter random variable is close in probability to Z,. by the law
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of large numbers (=151 (t) converges in probability to 1 as t — c0). The result of the lemma follows
since Z,,. converges to Z, in probability when € — 0. |

We note that the quantities [ ds 1{Cs<7'y(Ws) Wo<yte} AT€ functions of the truncation try(w), and

therefore Sg(gy’oo)-measurable. As a consequence of Lemma, we can fix a sequence (ay,),>1 of positive
reals converging to 0 such that

— lim a2 [
(11) Zy = lim o, /0 ds e o (W) Wa<yran} - N, a.e.

and we can even choose the sequence (ay)n>1 independently of the pair (z,y) such that y < = (observe
that if holds for y = x — §, then an application of the special Markov property (Proposition
shows that it holds for every y € (—oo,xz — d]). It will be convenient to define Z,(w) for every w € S,
by setting

o(w)
T . —2 o
Zy(w) =liminfa, /0 5 1, )<y (W @) W )<y ern}

By the previous considerations, this definition is consistent with up to an Ny-negligible set.
Furthermore, we have Z,(w) = Z,(try(w)) for every w € S,.

In much of what follows, we will argue under the measure Ny, and we simply write £#°) instead of

Eéy’oo), for every y < 0. For w € 8§y, we use the notation

Zo(w) = Z_4(w)

for every a > 0. Because continuous-state branching processes are Feller processes, we know that the
process (Z,)a>0 has a cadlag modification under Ny, and we will always consider this modification. We
call (Zg)q>0 the exit measure process.

We will need some bounds on the moments of Z,. By , we already know that Nyo(Z,) = 1
for every a > 0. Moreover, an application of the special Markov property shows that the process
(Zs+a)a>0 is a martingale under No(- | W, < —§), for every § > 0 (this also follows from the fact that
Y(A) = /8/3\3/2 is a critical branching mechanism).

Lemma 15. Let p € (1,3/2). For every 0 < b < a, we have No((Z)P) < No((Za)P) < o0.

Proof. Write Néa) := No(- | Wi < —a) to simplify notation. As a consequence of (9) and (7)), we get

that, for every A > 0,
NP (%) =1 - (140 2) 7
(a)

and we have also Ny (Z,) = 2a*/3. From a Taylor expansion, we get

/

3/2
N () - =Pz =2(5) 7 @A+ o),

as A — 0. By [0, Theorem 8.1.6], this implies the existence of a constant C' such that N(()a)(Za >x) <

C z73/2 for every x > 0. Consequently, N(()a)((Za)p) <o0if 1 <p<3/2.
Finally, if b € (0,a), we get by using the martingale property of the exit measure process,

No((Z)) = 535 NE(Z)) < 5o N (Za)P) = Nol(Za)) < oo,
]

2.6. A technical lemma. We finally give a technical lemma concerning local minima of the process
w.

Lemma 16. Ny a.e., there exists no value of s € (0,0) such that:
(i) s is a time of local minimum of W, in the sense that there exists € > 0 such that W, > W, for
every r € (s —e,s +¢€).
(il) Wy = W, and there ezists t € (0,(s) such that Wy(t) = W,.
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Proof. The proof uses more involved properties of the Brownian snake, which we have not recalled but
for which we refer the reader to [2I]. We start by observing that, for every reals y < z, we have N, a.e.

(12) inf{s >0: W, <y} =inf{s >0: W, <y}
In other words, when the Brownian snake hits y, it immediately hits values strictly smaller than . See
the proof of Theorem VI.9 in [21I] for an argument in a more general setting.

Then, fix w € W and let (W/)s>0 be a Brownian snake that starts from w under the probability
measure Py, (we write W/ and not Wy because Py, is not defined on the space S of snake trajectories).

We let (C5)s>0 be the lifetime process of (W;)s>0. Suppose that there is a unique time to € (0, ((w))
such that w(tyg) = w, and introduce the stopping time

i=inf{s>0:¢ <t}

Notice that the path W/ is equal to the restriction of w to [0, o], and thus W/ = w(tg) = w. We then
claim that, Py a.s. on the event where inf{s > 0: W, < w} < 7, we have

inf{s >0: W/ <w}=inf{s>0: W <w}.

This follows by using the subtree decomposition of the Brownian snake started at w (see |21, Lemma
V.5]) together with property above.

We can now combine the previous observations with the Markov property of the Brownian snake
under Ny. We obtain that Ny a.e. for every rational r € (0, ) such that ¢t — W,.(¢) attains its minimum
at a (necessarily unique) time tg € (0, (,), the property

inf{s >r: W, <W,} <inf{s >r:( <to}
implies
(13) inf{s >r: W, < W,} =inf{s > r: W, < W, }.

Let show that this implies the statement of the lemma. We argue by contradiction, assuming that
there is a value sg € (0, 0) such that properties (i) and (ii) hold for s = so. Write ¢y for the (unique)
time in (0, (s,) such that Wy, (tg) = W and choose § > 0 such that to < (s, — 6. Then, using property
(i) for s = sp and the properties of the Brownian snake, we can find a rational r < s¢ sufficiently close
to sg so that, for some y > 0,

(a) W, > Wy, for every s € [r, so + X];

(b) ¢r+6/2> (s > ¢ —d/2 for every s € [r, so].
We note that W, coincides with Wj, at least up to time (, — /2 > (5, —d > to. In particular ¢ is
also the unique time of the minimum of ¢ — W.(¢) on (0,¢;), and W, = W, = W, (it already follows
from property (a) that W, > W, ). Property (b) then gives

inf{s > r: W, < W,} <so<inf{s >r:{; <to}.
This allows us to apply and to get
inf{s >r: W, <W,}=inf{s >r: Wy, <W,} < so.

Since W,. = WSO, this contradicts property (a) above, and this contradiction completes the proof. O

3. CONSTRUCTION OF THE EXCURSION MEASURE ABOVE THE MINIMUM

The main goal of this section is to construct the positive excursion measure Nj. For this construction,
we will be arguing under the measure Ny. Several properties stated below hold only outside an
No-negligible set, but we will frequently omit the words Ny a.e. Recall the notation 7; for the random
real tree coded by ((s)s>0, and Sk(7¢) for the skeleton of 7¢. If u € 7¢ and s > 0 is such that p¢(s) = u,
we already noticed that W, does not depend on the choice of s, and it will be convenient to write
V., = Ws. Then V,, is interpreted as the label or spatial position of w.

Definition 17. A vertex u € T¢ is an excursion debut above the minimum if the following three
properties hold:

(1) ue Sk(T¢) ;

(2) Vo =min{V, : v € [p,u]} ;

(3) u has a strict descendant w such that such that V,, > V,, for all v €]u, w].
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We write D for the set of all excursion debuts above the minimum. If u € D, V,, is called the level of
the excursion debut u.

In what follows, except in Section [§] we will be interested only in excursions above the minimum,
and for this reason we will say excursion debut instead of excursion debut above the minimum. By
definition, excursion debuts belong to the skeleton of 7¢. Clearly, Ny a.e., the root p is not an excursion
debut (it is easy to see that property (3) fails for u = p) and we have V,, < 0 for every u € D.
Furthermore, the quantities V,,,u € D are pairwise distinct, Ny a.e., as a consequence of the fact that
local minima of Brownian paths are a.s. distinct (this fact implies that two local minima of labels that
correspond to disjoint segments of the tree 7: must be distinct).

Lemma 18. Ny a.e., no branching point is an excursion debut.

Proof. Any branching point can be represented as p¢(r), where r € (s,t) and ¢, = min{(y : s <1/ < t},
for rationals s and ¢ such that 0 < s < t < 0. Then, for any strict descendant w of p¢(r), the
historical path of w coincides either with Wy or with W, up to a time (strictly) greater than (.. Since,
conditionally on the lifetime process ¢, W is just a Brownian path over the time interval [0, (], it
must take values smaller than W;((,) immediately after time (., a.s., and the same holds for W;. We
conclude that p¢(r) is a.s. not an excursion debut, and by varying s and t we get the desired result
outside a countable union of negligible sets. O

Let u be an excursion debut. We set
Co={weT;:u<wand V, >V, Yv€]u,w[},

where we recall that the notation v < w means that v is an ancestor of w. Note that v € C,, and that
saying that u is an excursion debut implies that C,, # {u}. We have clearly V,, > V,, for every w € C,,.
Also, if w € C,, then w' € C,, for every w' € [u,w].

Lemma 19. Ny a.e., for every u € D, the set Cy is a closed subset of T¢ and its interior is
(14) Int(Cy) ={w € Cy : Vi > V. }.

Proof. The fact that C,, is closed is easy: If (wy,) is a sequence in C,, that converges to w for the metric
of 7¢, then we have v < w and the “interval” Ju, w[ is contained in the union of the intervals Ju, w,[.

To verify (14)), first note that the set {w € C, : Vi, > V,,} is open (if w belongs to this set and if w’
is sufficiently close to w, then w’ is still a descendant of u and V,, > V,, for all v €]u, w']).

We also need to check that, if w € C, and V,, = V,,, then w does not belong to the interior of C,,.
Consider first the case w = u. Letting s1 be the first time such that p¢(s) = u, the fact that u belongs
to the interior of C, would imply that Ws > Wsl =V, for all s > s sufficiently close to s;. But then s;
would a point of (right) increase for both ¢ and W, and by Lemma 2.2 in [22] we know that this cannot
occur. Suppose then that w € Cy, Vi, =V, and w # u. Let s € (0,0) such that p:(s) = w. Then
property (ii) of Lemma [16| holds, and thus property (i) of the same lemma cannot hold. This shows
that, for any neighborhood N of w we can find w’ € N such that V,, < V,, and therefore w' ¢ C,. 0O

Proposition 20. Ny a.e., the sets Int(C,,), when u varies in D, are exactly the connected components
of the open set {w € T¢ : Vi > min{V, : v € [p,w]}}.

Proof. If w € 7T¢ is such that V,, > min{V, : v € [p,w]}, then w € Int(C,), where u is the (unique)
ancestor of w such that V,, = min{V, : v € [p,w]}. This shows that {w € T¢ : Vi, > min{V, : v €
[p,w]}} is the union of all sets Int(C),), when u varies in D. Then, if u € D and w and v’ are two
vertices in Int(C,,), their last common ancestor also belongs to Int(C,,) (because u is not a branching
point, by Lemma , and the whole interval [w,w'] is contained in Int(C,). It follows that, for
every u € D, the set Int(C,,) is connected. Finally, if v and «’ are two distinct vertices in D, the sets
Int(C,) and Int(C,) are disjoint. To see this, argue by contradiction and suppose that there exists
v € Int(Cy) NInt(Cyr), then uw and u’ are both ancestors of v, hence u is an ancestor of v’ (or u' is
an ancestor of u). However, the properties u < v/ < v and v € Int(Cy) imply that V,» > V,,, which
contradicts property (2) in the definition of an excursion debut. ]

Remark. A minor modification of the end of the proof shows in fact that the sets Cy, u € D are
pairwise disjoint, which is slightly stronger.
The last proposition implies that the set D is countable, which can also be seen directly.
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Definition 21. If u is an excursion debut, we set

M, :=sup{V, =V, :v e Cy} >0
and we call M,, the height of the excursion debut w. For every § > 0, we set Dy :={u € D : M, > §}.
Lemma 22. Let § > 0. The set Dy is finite Ny a.e.

Proof. By a uniform continuity argument, there exists a (random) x > 0 such that, for every v,v" € Tg,
the condition d¢(v,v") < x implies |V, —V,y| < 0. Then let u € Dy, and let v € C,, such that V;, —V;, > 6.
We claim that the ball of radius x/2 centered at v in 7, which we denote by By, (v, x/2), is contained
in Int(C,,). If the claim holds, the result of the lemma follows since the sets Int(C,,) are disjoint when u
varies (Proposition , and there can be only finitely many values of v such that the balls By, (v, x/2)
are disjoint.

To verify our claim, we first note that we must have d¢(u,v) > x by our choice of x, and it follows
that the ball By, (v, x/2) is contained in the set of descendants of u. Next, if v e By, (v, x/2), we have,
for every w € [v,v'], Vi > Vi, — § > V,,, showing that v' € Int(C,,) since [u,v'] C Ju,v] U [v,v']. This
gives our claim and completes the proof. O

Let u be an excursion debut. Since u € Sk(7¢) and u is not a branching point, there are two
uniquely defined times 0 < s; < so < ¢ such that p¢(s1) = p¢(s2) = u. Note that W, =W, =V,
and (s, = (s, = d¢(p,u). We then define a random snake trajectory W™ e Sy as the image
under the translation x_y, of the subtrajectory of w associated with the interval [s, so] (recall that
the latter subtrajectory corresponds to the spatial displacements of the descendants of u). Note
that W® has duration o(W®)) = s5 — s;. Alternatively, the tree-like path corresponding to W) is
(Cls1+s)As2 — Cs1s W(sl+s)/\32 —Viu)s>0. By the definition of D, each of the paths I/Vs(u)7 for 0 < s < $9—s1,
stays strictly above 0 during a small interval (0, ), for some 6 > 0. We are in fact not interested in
the behavior of these paths after they return to 0 (if they do) and, for this reason, we introduce the
truncation of W® at 0,

W .= tro(W(“)),

with the notation introduced in Section We also write Es(“) for the lifetime of WS(“), for every s > 0.
For every s € (0,0(W®)), the path Wi starts from 0, stays positive during the interval (0, fs(u)) and
may or may not return to 0 at time ES(“)

It follows from our definitions that the paths Ws(u), 0 < s < (W), correspond to the historical
paths after time d¢(p, u) of all vertices v € C,, provided these paths are shifted by —V,, so that they
start from 0. In particular, M (W) = M, is the height of the excursion debut u. We sometimes call
W) the excursion above the minimum starting from u.

Before stating the main theorem of this section, we introduce one more piece of notation. On the
canonical space S, we let W = tro(W) stand for the truncation at 0 of the canonical process (W;)s>0.

Theorem 23. There exists a o-finite measure denoted by Ny on the space S, which is supported on
So, such that for every nonnegative measurable function ® on Ry x S, we have

. 0

(15) No (Z @(Vu,W(“))> = / de /Ng(dw) (L, w).
ueD e

The measure Njj gives finite mass to the set S©®) = {w € S : ||w|| > 8}, for every § > 0. Moreover, if G

s a bounded continuous real function on S, and if there exists § > 0 such that G vanishes on 5\8(5),

we have

1 ~
1 lim — — N Q).
(16) lim — N (G(V) ) = Nj(@)

The proof of Theorem [23] relies on an important technical lemma, which we state after introducing
some notation. We consider a fixed sequence (e, ),>1 of positive real numbers converging to 0. We let
€ be an element of this sequence, then for every w € Sy and for every integer k > 1, we let N (w) be
the point measure of excursions of w outside (—ke, 00), and we write

Ni(w) =3 6 e

ielf
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By construction, for every i € I;, whe

. is a subtrajectory of w, and we write [rk’a,sf’a] for the

7

corresponding interval. We will also use the notation (Df “ for wf ° translated so that its starting point

is € and then truncated at level 0: with the notation of Section (sz’a =trgo /ﬁ(kﬂ)a(wf’a) € S..
Recall our notation Z, for the total mass of the exit measure from (—a, c0). By the special Markov

property (Proposition , we know that the conditional distribution of N under No(- | Zj. # 0) and

given Zj. is that of a Poisson point measure with intensity

Zke N—ks(’)'
On the other hand we have N (w) = 0, Ng a.e. on {Zj. = 0}.

Lemma 24. The following properties hold Ny a.e. Let u € D, and let 0 < s1 < s < 0 be determined
by pe(s1) = pe(s2) = u. Then, for every sufficiently small € in the sequence (en)n>1, if kue > 1 is the
integer determined by —(kye + 1)e <V, < —ky €, there exists a unique indez iy . € I,‘iu . such that

ku,aﬁ ku,e,s)
3

(s1,82) C (r

tu,e ) Tlu,e

and we have

a)ku,sya W(u)

Tu,e

as € — 0 along the sequence (en)n>1-

Remark. The convergence in the last assertion of the lemma holds in S, noting that W(® € Sy whereas
~kue,e
w,"" e S,

tu,e

Proof. Note that a priori we could have k,. = 0, but this does not occur for € small enough since

ku,e,

Vi < 0. Then the index 4, . is determined by the fact that the excursion w; © corresponds to the
descendants of the first ancestor of u at spatial position —k, .c. More specifically, the index i, is
determined by

(17) riee® — sup{s < s1: G < Ty e (Way)}

tu,e

where we recall the notation 7,(w) = inf{t > 0 : w(t) = a}. Since the image under p. of the interval

kue,e kue,e . .
(r;™=" s, corresponds to descendants of an ancestor of u, the inclusion

tue 7 Tluse

ku,e,6  _Ku,e,€
(s1,82) C (ry, 27 8;077)
is immediate. For the last property of the lemma, we first verify that
k?u I ku €
(18) e R

as ¢ — 0 along the sequence (gp,)p>1.
To this end, let s be such that 0 < s < s1, and observe that we have then
inf Cr < C31
re(s,si]
(otherwise u would be a branching point). On the other hand, for any v > 0, there exists y > 0 such
that Wy, (t) > Vi + x if 0 < ¢t < (5, — v (by property (2) of the definition of an excursion debut,

and the fact that a Brownian path cannot have two local minima at the same level). It follows that
Tky.e(Ws;) — (s, as € = 0, and together with the preceding observations imply that Tf:f’a > s

yE9

for € small enough, giving the desired convergence rf’:‘ ® — 51. The proof of the other convergence

Ku,e,e

£

S — s9 is analogous.

tu,e

Once we have obtained the convergences (|18)), we deduce the last assertion of the lemma from
Lemma With the notation of this lemma, we take o’ = W® and w(™ = k_y, (wf:’gn), where we
write ky, = kye, and iy = iy, to simplify notation. We also take d,, = —(ky, + 1), — Vi, € (—€4,,0).
The conclusion of the lemma then yields the fact that trs, (w(™) converges to tro(w’) = W®). This is
the result we need since one easily checks that trs, (w™) coincides with o?lk:an translated by d,. We
still need to verify that assumptions (i)—(iii) of Lemma |12/ hold with our choice of w’. Assumptions (i)
and (ii) hold by the definition of an excursion debut. Assumption (iii) holds because otherwise this
would mean that there are two distinct local minimum times corresponding to the same local minimum
of a path W, which is impossible. This completes the proof of the last assertion of the lemma. O
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Proof of Theorem[23. In order to prove the first part of the theorem, it is enough to construct the
o-finite measure Njj such that the identity holds whenever ®(¢,w) = g(¢) G(w), where g and G are
nonnegative measurable functions defined on R and on S respectively. We fix two such functions g and
G, and, in a first step, we assume that both g and G are bounded and continuous and take nonnegative
values. Moreover, we assume that ¢ is nontrivial and is supported on a compact subinterval of (—o0, 0),
and that there exists § > 0 such that G(w) = 0 if w ¢ S©®. The functions G and g will be fixed until
the last lines of the proof, where we explain how to get rid of the extra assumptions on G and g.

By our assumptions on G, the quantity G(W ™) is zero if u ¢ Ds, and a fortiori if u ¢ Ds /2- Since
Ds o is a.e. finite (Lemma we get, using the notation and the conclusion of Lemma %

> gV)GW M) = 37 g(V)GIT™) =Tim " g(—eh,)G(@),

ueD UGD(;/Q U€D§/2

Np a.e. (here and in the remaining part of the proof, we consider only values of ¢ in the sequence
(en)n>1, even if this is not mentioned explicitly). We next observe that we have

(19) Y g(—cku)G@) Z 3 g(—k) G(@F)

u€Dj /o k=14i€lg
for € small enough, Ny a.e. To see this, suppose that ¢ < §/2, and fix k > 1 and i € I}. If G(wf*‘f) #0,
there exists a real s > 0 such that the path W (~k “) hits level 6. This also means that there exists a
real s > 0 such that the path W ( ) hits —(k + 1)e + § before hlttmg —(k 4+ 1)e, and we can take
the smallest such real s’. Let s” such that W (w f ) coincides with Wy ( °) truncated at the (unique)

time where it reaches its minimum before hitting —(k + 1)e + § (in the tree coded by ((w ke) s”
corresponds to the unique ancestor with minimal spatial position of the vertex s). Then it follows from

our definitions that v := pg( °+ ") is an excursion debut, with k, . = k and i, = i by construction,
and the height of u is at least d —€>0/2, so that u € Dj/5. Thus any (nonzero) term appearing in the
right-hand side of also appears, at least once, in the left-hand side. To complete the proof of ,
we must still verify that, for e small enough, no (nonzero) term in the right-hand side appears twice in
the left-hand side. But this follows from the fact that the values of V,, for v € D are all distinct: since
D; 5 is finite, for € small enough, there cannot be two distinct elements w, u’ of Ds /2 such that V,, and
V. lie in the same interval (—(k 4 1)e, —ke).
From the preceding considerations, we get that

Z g(V, = hm Z Z g(—¢ck) G )
ueD k: 116]5

Ny a.e. We then notice that we can fix y > 0 such that g(z) = 0 if x > —y, and restrict our attention
to the set {W, < —x}, which has finite Ny-measure. The next step is to deduce from the preceding
convergence that we have also

(20) No< > g(Vu)G(Vv("))) = lim No ( i 3 g(—<k) G(@f’g))
u€D k=14€lf

For this, some uniform integrability is needed. For every integer k > 1, set
£ ._
M= D ek sy
i€l

Recalling our assumptions on g and G, we see that in order to deduce from the preceding
convergence, it suffices to verify that, for p € (1,3/2), and for every A > y,

|A/e] p
W5

k=[x/e]+1

is bounded independently of €. By the special Markov property (Proposition , conditionally on the
o-field £(7F5°)  n? is Poisson with intensity c. s Zk., where c. 5 = N.(||[W|| > ). In particular,

No(( — Ce5 Le) ‘5 ksoo))_cezizke
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and
k
M= Y (§5—c5Zie), k= |x/e]
J=lx/el+1
is a martingale with respect to the filtration (5(7(k+1)€’00))k2\_)(/5j — note that, by the construction of

the truncated excursions (sz < ng is £ (=(k+1)2.00)_measurable. The discrete Burkholder-Davis-Gundy

inequalities (see e.g. [30, Théoréme 5]) now give, for p € (1,3/2) and for some constant K, depending
only on p,

|A/e] p/2
(22) NO(IMTA/EJ Vp) < Kp) No K > (M5- M§—1)2> ]
J=Ix/e]+1
|A/e] p/2
< Ky No(M, < —x)' 7772 (NO[ > (M- §—1)2D
J=Ix/e]+1

|A/e] p/2
:K(p) No(M* < —X)l_p/QCZ/(;Q <N0[ Z Zj ])
Jj=x/e]+1

= Ky No(M.. < =)' "2 8 (| A/ — /e,
using Jensen’s inequality (with respect to the probability measure No(- | W, < —x)) in the second line,

and in the last line the fact that No(Z,) = 1 for every r > 0 (see (L0])).
Then observe that

Ces = No(|W] > 8) = No(M(W) > 6) = N:((299,115) > 0) = No((Z75979, 145_o) > 0),
where the third equality follows from the special Markov property (Proposition . It follows from
formula (9) in [24], Section 4], together with a monotonicity argument, that

(23) ;13% g1 Ces = Co 573,

where ¢y is a positive constant (made explicit in Lemma below). In particular, there exists a
constant cs < oo such that c. 5 < c5¢ for every ¢ < /2. From , we then get that the quantities
No([ M7 4., P) are uniformly bounded when ¢ < §/2. Finally, we write

|A/e] [A/e]
2 =My tes > Zke
k=|x/e|+1 k=|x/e]+1

and we use again the bound ¢, 5 < ¢5 € together with the fact that the random variables Z,, 0 <a < A
are bounded in LP(Ny) when 1 < p < 3/2 (Lemma [I5)). This gives us the desired bound for the
quantities in , and justifies the passage to the limit under the integral in — incidentally this
also shows that the left-hand side of is a finite quantity.

We then use the special Markov property once again to obtain

m(i S g(—ck) G(cafﬁ)) = S g(—ek)No(Z_4e No(G(W))) = (igeek)) NL(G()),
k=11i€l k=1 k=1

where the last equality holds because No(Z_x.) = 1, by . Now note that

€ i g(—ek) — " g(z)dex,
k=1

e—=0 J_~o

and so we deduce from and the preceding two displays that
—1 T
e IN(G(W)) — Kg

where the limit Ko < oo is such that

N()( 3 g(Vu)G(W(“))> — K¢ /0 g(x) du.

ueD %
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We now set, for every measurable subset F' of S,

) No(Zuep 9(Va)Lr(W))
(24) Ny (F) := T o .

This defines a positive measure on S, which is supported on Sy since W® e 8y for every u € D.
Furthermore, we have

Ni(G) = K¢ < oo.

Noting that the definition of Nj does not involve the choice of G, this implies that the sets S ©)
have a finite Nj-measure. Since it is clear that N(|lw| = 0) = 0, we get that N is o-finite. Furthermore,
we have also

NG (G) = lim e 7 'N(G(W),

which gives for the function G we had fixed, and then also for any function G satisfying the same
assumptions, since does not depend on the choice of G (note that we considered a fixed sequence
of values of ¢, but the same would hold for any such sequence).

Finally, the last display shows that Nj does not depend on the choice of g, since a measure on S
supported on Sy and which is finite on the sets S() and puts no mass on {w : ||w|| = 0} is determined
by its values against functions G satisfying the assumptions of the beginning of the proof. By ,
formula holds if ®(¢,w) = g({)G(w), when G is an indicator function and the function g satisfies
the previous assumptions. By standard monotone class arguments, it holds when ®(¢,w) = ¢g(¢)G(w),
for any nonnegative measurable functions g and G. This completes the proof. O

Recall the notation M (w) = sup{ws(t) : s > 0,0 < s < (;}. We also set
M =MW) = sup{Ws(t) : s > 0,t < (s A g (W)}
We can derive the distribution of M under N.
Lemma 25. For every § > 0, we have
N§(M > 6) = cod 2,

where the constant cg is given by

1 7
=37 320(2)° ()%
o0 =373 DT ()
Proof. By (23), we have
(25) lim e "N (M > §) = ¢pd >
e—0

and the value of the constant ¢ is determined in [24], Section 4]. On the other hand, we know that
N#(G) = lim e 'N.(G(W)),
e—0
for any bounded continuous function G vanishing on the complement of S&X) for some x > 0. Noting

that the limit in depends continuously on ¢, we can approximate the indicator function of the set
{M > 4} by such functions G, and obtain

NS (M > 0) = lim e 'N.(M > 6) = co673.
e—0
This completes the proof. O
We may now restate the last assertion of Theorem [23] in a way more suitable for our applications.

Corollary 26. Let 6 > 0. As e — 0, the law of W under No(- | M > ) converges weakly to
N(- | M > 9).

Proof. Let G be bounded and continuous on S and such that G(w) = 0 if w ¢ S@. Then, for € € (0, ),
N.(GOF) N;(O)
N.(M > 6) =0 Nj(M > 9)
using , , and Lemma The desired result follows. O

NE(G(W)]M>5): :Ng(G]M>5),
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We conclude this section by deriving a useful scaling property of Nj. For A > 0, for every w € S, we

define 0)(w) € S by 0)(w) = ', with
wh(t) = VAwg 2 (t/A),  fors >0, 0<t< =N .
Note that, for every z > 0, 05(N;) = AN_ 5. The measure Nj enjoys a similar scaling property.
Lemma 27. For every A > 0, 0,(Nj) = A\3/2Np.
Proof. Let G be a function on § satisfying the conditions required for . Then,
NG (G) = lim e7'N(G(W)
= lim 5_1/\_1N€/ﬁ(G(0>\(W)))

e—0
= lim AT (e/VN)TIN, 5 (G(0A(W)))
= AT2N3 (G o 6))
giving the desired result. (Il

4. THE RE-ROOTING REPRESENTATION

In this section, we provide a formula connecting the measures Ng and Njj via a re-rooting technique.
We first need to introduce some notation.
Recall the re-rooting operator Rs from Section For every w € Sy, for every s € [0,0(w)], we set

whl(w) = K17, (w) © Rs(w).
In other words, W¢ (w) is just w re-rooted at s and then shifted so that the spatial position of the

root is again 0. Note that we slightly abuse notation here because it would have been more consistent
with the notation of Section [2.2]to take W*l(w) = R,(w).

Theorem 28. For every nonnegative measurable function G on S, the following equality holds.

N ( / er(WW)> 2N, < / dbG(tr_b(W))Zb)
0 0
where we recall that Zy, stands for the total mass of the exit measure outside (—b,0).

Proof. We start from the re-rooting theorem in [28, Theorem 2.3]. For every nonnegative measurable
function F on Ry x S,

(26) No </OU ds F (s, W[SJ)> = Np (/OU ds F(s, W))

We apply this result to a function F' of the form
F(s,w) = G(trggis(w)) 9(Wy_s — Do—s),

where we recall the notation w = min{w(#) : 0 <t < ((y}, and we suppose that G and g satisfy the
assumptions stated at the beginning of the proof of Theorem [23] and the additional assumption that
there exists a constant K > 0 such that G(w) = 0 if |w|| > K. We note that our definitions give under
N07

Wi = -1,
w[fls - ES WS

Consequently, we have
F(s, Wby = G(tr,
We can then decompose the integral o
/OU ds F(s, W)

as a sum over the sets {s € [0,0] : p¢(s) € Cy,} where u varies over D. These sets cover [0, 0] (except
for a Lebesgue negligible subset) and they are pairwise disjoint. Furthermore, if u € D, it follows from
our definitions that we have W, =V, for every s € [0, o] such that p¢(s) € Cy, and

dsG(try, 4 (W[s])) = H(W®™),
~/{s€[0,0]:p<(s)60u} W, -W;
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where ©)
H(w) = / dr GWI(w)).
0
Summarizing, the left-hand side of is equal to

(27) No< ) g<vu>H<Vv<u>>> = ([ gwya) o)

ueD e

by Theorem [23]
On the other hand, the right-hand side of is equal to

No( [ ds Glery, (W) (W, — W2)).

We can evaluate this quantity via a discrete approximation. Using Lemma we have Nj a.e.

/0 ds G(trw, (W) gW, — W,) = 1im/ ds g(W, — W) Zl{We (= (k1) /m,—k/m]} G(T g (W),

n—00
k=1

and we note that, if g is supported on [—A, 0], the quantities in the right-hand side are bounded
independently of n > 1 by a constant times

/0 ds 1{wsz—K—1}1{ws—Wsz—A}'

The point is that if s € [0,0] is such that W, < —K — 1, then the unique integer k such that
W, € (—=(k+1)/n,—k/n] also satisfies —k/n < —K and we have G(tr_,(W)) = 0 by our assumption
on G. The quantity in the last display is integrable under Ny as a simple application of the first-moment
formula for the Brownian snake @ This makes it possible to use dominated convergence and to get
that

(28) No(( [ ds Glerw, (W) g, — W)
= lim No(/o ds g(Wy = W) L(w e (— (k1) /m—k/m]} G(th/n(W)))‘
k=1

Then, for every integer k > 1, an application of the special Markov property (note that G(tr_y,(W))
is £(-k/m20)_measurable by the very definition of this o-field) gives

NO(/O ds g(Wy — We) L e (= (k1) /m—k/n]} G(tllk/n(W)))
=Ny (Zk/n G(tr_p/n(W)) ka/n(/o ds 1w > (ret1)/my 9W — Ws)))

= No(Zi/n Gtr_p/n(W))) X ka/n(/o ds Liw > (kt1)/ny 9(Ws — Ws))
= No(Zpn G(tr_g/n(W))) Efk/n[/o dt 1min{B,0<r<t}>—(k+1)/m} 9(Min{ B : 0 <r <t} — Bt)}

_2 (/OOO dxg(a:)) No(Zy/n G(tr_g/(W))),

using again the first-moment formula for the Brownian snake @ in the third equality, and in the last
one the property

0o 0
Eo [/0 dt 1{min{BT:0§r§t}>75} g<min{BT :0<r< t} - Bt)} = 28/_ dl’g(%),

which holds for every € > 0, by direct calculations since the law of (B, min{BT :0 <r <t})is known
explicitly (or via a simple application of standard excursion theory). From (28)), we then deduce that

No(/OUdSG(trWS(W))g(WS—Ws)> = lim — / dz g(z ZNO Zyop G (67 (W)

:2(/ dz g(z /debth b(W)))
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where the last equality is justified by Lemma|[T1]together with our assumptions on G and the integrability
properties of the exit measure process Z that were already used in the proof of Theorem [23]

Finally, the equality between the right-hand side of the last display and the right-hand side of
gives the identity of the theorem under our special assumptions on G. However, since both sides of
this identity define o-finite measures (which are finite on sets of the form {0 < ||w| < K}), the fact
that these measures take the same values on the particular functions G considered in the proof implies
that they are equal. O

5. AN ALMOST SURE CONSTRUCTION

In this section, we fix § > 0 and we give an almost sure construction of a snake trajectory distributed
according to Ni(- | M > §). This construction will be useful later when we discuss exit measures.

Let 0 < € < & < §, and let W€ be a random snake trajectory distributed according to N.(- | M > §).
Consider the excursions of W€ outside the interval (0,¢’). The conditioning on {M > ¢} implies
that there is at least one such excursion ' starting from &’ and such that M(w’) > §. Furthermore,
if we pick uniformly at random one of the excursions w’ starting from ¢’ that satisfy M (W) > 4, the
special Markov property (Proposition ensures that this excursion will be distributed according
to No/(- | M > ). For w € S. such that M(w) > 6, let O /(w,dw’) be the probability measure on
S, defined as the law of an excursion of w outside (0,¢’) chosen uniformly at random among those
excursions that satisfy M > 6. Then, the preceding considerations show that the second marginal of
the probability measure II. ./ defined on S x S, by

H&E/ (dw dw’) = Ng(dw ’ M > 5) 65,5’ (wa dw,)

is N/ (- | M > J).

Now let (e5,)n>1 be a sequence of positive reals in (0,d) decreasing to 0. We claim that we can
construct, on a suitable probability space, a sequence (W‘S’E")nzl of random variables with values in S
such that the following holds:

(i) For every n > 1, W% is distributed according to N, (- | M > 6).

(ii) For every 1 < n < m, W% is an excursion of W% outside (0, &,).
Indeed, we use the Kolmogorov extension theorem to construct the sequence (W‘S’E")nzl so that, for
every n > 1, the law of (W&n Woen—1 W) ig

N, (dwn | M > 8) 0., o, (wnydwn1)Oc, e o(Wn1,dwn_2) ... 0, (wo, dw;)

and properties (i) and (ii) hold by construction.

For every n > 1, set W% = trg(W%e), and let o, = o(W?%") be the duration of W%, Clearly,
it is still true that, for 1 < n < m, W% is an excursion of W% outside (0,¢,). Therefore, for every
1 < n < m, W% is a subtrajectory of W% m and we write [@n,m,bn.m] C [0,0p,] for the associated
interval. Note that by, — apnm = 0p. Furthermore, if 1 <n < m < £, we have [ay, ¢, b ¢] C [am.e, b e],
and more precisely

(29) Up ¢ = Qnm + Qom0 ,
(30) 0y — bn,ﬁ = (Um - bn,m) + (UZ - bm,Z) .

In particular, for n fixed, the sequence (an m)m>n is increasing, and we denote its limit by a, « (the
fact that this limit is finite will be obtained at the beginning of the proof of the next proposition).

Proposition 29. We have a.s.
Woen — W0 in S,

n—oo
where the a.s. limit W0 is distributed according to Ni(- | M > 6). Furthermore, Won is a subtrajectory
of W0, for every n > 1, and o(W%) 4+ o(W0) as n — oc.

Proof. By Corollary we already know that the sequence (W%"),>; converges in distribution to
Ni(- | M > 6), and in particular ¢, = o(W%) converges in distribution to the law of ¢ under
N§(- | M > ¢). On the other hand, the sequence (0,,),>1 is increasing and thus has an a.s. limit 0.
We conclude that oo is distributed as o under N§(- | M > 0), and in particular, o, < 0o a.s.

Since an m < o — 0oy if 1 < m, we obtain that, for every n,

Gn,c0 < Oso — On.
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It follows that

(31) lim a,~ =0, a.s.
n—oo

Then, for every fixed n, b, ;m = anm + 0y converges as m 1 00 to by oo = G oo + 0, and, by letting ¢
tend to oo in and , we get, for n < m,

(32) Un,co = Gnm + (m,co 5 Oco — bn,oo = (Uoo - bmpo) + (Um - bn,m) .

Set 53’5" = (,(W%n) to simplify notation. By the definition of subtrajectories we know that

~5,8n _ Z0,em _ ~675m . .
(e = C(an,m+s)/\bn,m Can,m if n < m. We claim that we have a.s.

(33) lim (sup ( sup @’Em)) =0

o0\ m>n N 0<s<an,m
To verify this claim, first observe that, if n < n’ < m, we have

sup (O < sup (0

ogsganam 0<s<an,m
because a,/ ;, < apnm. It then follows that the supremum over m > n in is a decreasing function of
n, and so the limit in the left-hand side of exists a.s. as a decreasing limit. Call L this limit. We
argue by contradiction assuming that P(L > 0) > 0. Then we choose £ > 0 such that P(L > &) > 0,
and we note that, on the event {L > £}, we can find a sequence ny < mj; < ng < mg < ---, such that,
for every i = 1,2,..., we have

sup (07> €
Ogsganbmi
It then follows that, on the same event {L > £} of positive probability, for any integer k£ > 1, and for
every large enough n, there exist k disjoint intervals [r1, s1],..., [rg, sg] such that @f” - fﬁf” > ¢ for
every 1 < i < k. The latter property contradicts the tightness of the sequence of the laws of W% in
S, and this contradiction proves our claim (33)).
By the same argument, we have also

(34) lim (sup ( sup @’57")) = 0.

=00 \ m>n Nby, . <s<om

We can now use and to verify that (fgan) s>0 converges uniformly as n — oo, a.s. To this
end, we define

0 if s < ap o,
Cs(n) = gfgn . if anco <5 < bpoo,
0 if s > by 00-
Recalling the formula Eg’sn = 5?&imm+s)/\bn m 535 = and using (32)), we get for n < m,

~6,em ~0,Em
sup [V — (| < sup (O sup (0O
520 0<s<an,m bn,mgsfgm

and the right-hand side tends to 0 a.s. as n and m tend to co with n < m, by and . This gives

0,0

the a.s. uniform convergence of ((s(n))szg as n — oo. Write ((2”)s>o for the limit. The a.s. uniform

convergence of ({n) s>0 toward the same limit ((2°)s>0 then follows using now , and we have also
sup{s > 0: (%" > 0} = 0,, — 000 = sup{s > 0: (" > 0} as n — oo.

Let ngsn stand for the endpoint of the path Wf’gn. Very similar arguments show that the analogs
of and where 5§’€m is replaced by Fg’gm hold, and it follows that (F‘}E") s>0 also converges
uniformly to a limit denoted by (I'%°)s>0, a.s. The pair (¢*°,T%9) is then a random tree-like path, and
letting W0 be the associated snake trajectory, we have obtained that TWoen converges a.s. to W0,
Since we know that W% converges in distribution to Ni(- | M > §), W is distributed according to
Ng(- | M > 96).

Finally, it follows from our construction that, for every n > 1, W% is the subtrajectory of W%0
associated with the interval [ay o0, bn oo, and the property o(Wen) 1 o(W%9) is just the fact that
0n T 0so. This completes the proof. O
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6. THE EXIT MEASURE

We now define the exit measure from (0, co) under N§. Informally, this exit measure corresponds to
the quantity of snake trajectories that return to 0.

Proposition 30. The limit

g
. —92 .
lime /0 ds 1, <o)
exists in probability under N§(- | o > x), for every x > 0, and defines a finite random variable denoted
by Z;.

Proof. We rely on the re-rooting property of Section {4l Let (e,)n>1 be a sequence of positive reals
converging to 0. Recalling Lemma [I4) and the subsequent remarks, we can extract from the sequence
(en)n>1 a subsequence (3,)n,>1 such that, for every b < 0,

. o [?
(35) Z, = lim §; /0 dsLic oo avoinesisy»  Noac.

n—oo

Then, for w € S, we set G(w) = 0 if the limit

o()
. -2
A2 /0 48 L, () <. (@)+60)

exists (and is finite), and G(w) = 1 otherwise. By (35]), we have G(tr_s(W)) = 0, Ny a.e. on the event
{W, < —b} ={Z, > 0}, for every b > 0. By Theorem [28 we have then

NE;(/OU ds G(W[S])> =0.

We have thus obtained that N§ a.e., for Lebesgue a.e. r € [0, o], G(W) = 0. By considering just one
value of r for which G (W[’"]) = 0, this says that the convergence of the proposition holds Njj a.e. along
the sequence (f3,,)n>1. We have thus shown that from any sequence of positive real numbers converging
to 0 we can extract a subsequence along which the convergence of the proposition holds Nj a.e. The
statement of the proposition follows. O

Recall from Section that we have fixed a sequence (ay,)p>1 such that holds. We then define
Z§(w) for every w € S, by setting

(36) Zj(w) = lim inf a;Q/O ds 1y () <W () +ant

n—oo

By the argument we have just given in the proof of Proposition the liminf is a limit N§ a.e. In
what follows, we will be concerned by the values of Zj(w) under Njj, and we note that the quantity
W, (w) in (36) can be replaced by 0, Njj a.e., so that is consistent with Proposition

Our next goal is to compute the joint distribution of the pair (Z§, o) under Nj.

Proposition 31. The distribution of the pair (Z;, o) under Ni has a density f given for z > 0 and
s> 0 by

T 2s

In particular, the respective densities g of Z; and h of o under Njj are given by

/3
g(z) = gz_5/2a z> 07

h(s) = *2/321/4r(3/4)s7/4, s> 0.

fz,s) = \2/3\/53_5/2 exp (—22> )

and

Proof. We fix A > 0 and p > 0, and compute
Np (a exp(—A\Zjy — ,ua)).

Recalling (36), and using Lemma [14] we get that Zg(tr_,(W)) = Z,, Np a.e. on {Z;, > 0}, for every
b > 0. Hence, by applying Theorem [28 to the function G(w) = exp(—AZ{(w) — po(w)), we obtain

Ny, (a exp(—AZg — ,w)) — 2/00o db N (Zb exp(—AZ, — uyb))
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with the notation

W :/o ds 1, (W.)=co}
(note that )V, = o(tr_p(W)), Ny a.e.). Set
() = No(1 = exp(—AZ, — %) ).

and note that 4
au)w(b) = No (Zb exp(—/\Zb — ,u,yb)) .

The quantity uy ,(b) is computed explicitly in [9, Lemma 4.5]: If X < /&,

2 1 /2
uk,u(b):\/g 3 | tanh? | (21)"*b + tanh™* §+§ ;)\ -2,

and a similar formula holds if A > (/4. From this explicit formula, in the case A < /% one gets
2 2

d 1 1/4 -1 2 1 2
d)\uk,u(b) =K, ,tanh (QM)/b+tanh §+§ ;)\
1
2 1 /2
x| cosh® | (20)!/0+ tanh ™!y 34 54 /2

where

1 2 2 1 /2
Knp=x (1202422
. 3( u) 3 3\ﬂ

By integrating the last formula between b = 0 and b = oo, we arrive at
00 o] d 1/2
/0 dbNo (Zy exp(~AZy — ) ) = /0 b ur,u(0) = \[(A +v2m)

Similar calculations give the same result when \ > \/g (and also in the case A = \/g by a suitable
passage to the limit). Summarizing, we have proved that, for every A > 0 and p > 0,

Nj(o exp(-AZj — po)) = \/g(A + @)71 2

At this stage, we only need to verify that, with the function f defined in the proposition, we have also

/Ooo/ooosexp(_kz—,US)f(Z,S)dzds:\/7()\4_\/—) 1/2

To see this, first note that, for every z > 0,

00 2
z/ 573/2exp<—2——uz)ds:\/%’e*“z“
0 2s

by the classical formula for the Laplace transform of hitting times of a standard linear Brownian
motion. The desired result easily follows. (Il

We now state a technical result that will be important for our purposes. Let us fix 6 > 0, and,
for every e € (0,6), write W% for a random snake trajectory distributed according to N.(- | M > §),
where we recall the notation M = sup{W(t) : s > 0,t < (s A T() W,)}. As usual, write W% for Wo*
truncated at level 0. By Corollary [26 . the distribution of W% converges to Ni(- | M > §) as € — 0.
The next proposition shows that this convergence holds jointly with that of the exit measures from
(0,00). Recall the notation Zo(W?¢) for the (total mass of the) exit measure of W% from (0, c0).

Proposition 32. As e — 0, the distribution of the pair (W%, Zo(W%¢)) converges weakly to that of
the pair (W0, Z(W0)), where W0 is distributed according to Nj(- ).
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Proof. We may argue along a sequence (e,,),>1 strictly decreasing to 0. To simplify notation, we set
Wn = Woen and W™ = W%, From Proposition we may construct (on a suitable probability space)
the whole sequence (WW"),>1 and the snake trajectory W0 in such a way that W™ is an excursion of
W™ outside (0,e,) for every n < m, W™ is a subtrajectory of W0 for every n > 1, W" — W0 in
S as n — oo, a.s., and moreover o(W") 1 o(W?%0) as n — co. These properties imply that, for every
v > 0 and every 1 < n < m, we have

o (W) o (W) o (W50)
/0 ds icp<mwy). ip<yy < /0 ds iep<rywypr) <y < /0 ds Lipsocqy-

2 and let v tend to 0, we obtain that, for every 1 <n < m,

If we multiply this inequality by v~
Zo(W™) < Zy(W™) < Z5(W).
In particular the almost sure increasing limit
Zy = lim 1 Zo(W")

exists and we have Z} < Z§(W%0). The result of the proposition will follow if we can verify that we
have indeed Z}) = Z5(W%°) a.s. To this end, fix A > 0 and p > 0. Write E[-] for the expectation on
the probability space where the sequence (W"),>1 and W0 are defined. We note that

(37)  Elexp(-AZ)(1 — exp(—uo(W))] < lim inf Blexp(~AZo(W™))(1 - exp(—po (W)
by Fatou’s lemma. We will verify that
(38) liminf Elexp(—AZo(W"))(1 — exp(—po(W™)))] < Elexp(=AZ5(W*)(L — exp(—ua (W*")))].
If holds, then by combining this with the previous display, we get
Elexp(=AZg)(1 — exp(—uo (W*)))] < Elexp(=AZ5(W*)(1 — exp(—pa (W),

and since we already know that Z) < Zg(W%Y), this is only possible if Z}) = Z5(W?0) a.s.

Let us prove (38). Since W™ is distributed according to N, (- | M > §), W0 is distributed according
to N§(- | M > ¢), and we know that No(M > §) ~ e Nj(M > 9) as € — 0 (see the proof of Lemma ,
we see that is equivalent to

. . 1 * *
(39) liminf —Ne, (exp(—AZo)(l — exp(—pdb)) 1{M>5}) < No(exp(=AZg)(1 — exp(—p0o)) Liar>s}),

where we recall that "
Yo :/0 ds 1y (w,)=co}-

Observe that, for any choice of v € (0, §), the argument leading to (37) (using also the fact that M (W")
converges a.s. to M(W?%0)) gives
(40)

. . 1 * *
liminf — N, (exp(—)\Zo)(l —exp(—udb)) 1{’y<M§6}) > Nj(exp(—=AZ5) (1 — exp(—po)) 1{7<M§5}),

n—oo ¢

and by letting v tend to 0,

. . 1 * *
lim inf — N.,, (exp(—AZ0) (1 — exp(—0)) 1(iz<py ) > No(exp(=AZ5) (1 — exp(—p0)) Liar<s))-

n—oo g,
So if fails, we get

tim inf — N.,, (exp(~AZ0)(1 - exp(—d))) > Ny(exp(-AZ§)(1 - exp(—uo))).

n—oo g,

We will prove that we have

(41) lim — Ne, (exp(—)\Zo)(l - exp(—uyo))) = Nj(exp(—AZg)(1 — exp(—p0))),

n—oo g,

showing by contradiction that and thus also hold.
The right-hand side of can be computed from the formula

N0 exp(~0Z — o)) = [ (A + v/3)

~1/2
M
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which was obtained in the proof of Proposition We get

w

(42)  Nj(exp(-AZ5)(1 — exp(—pa))) = Ny (exp(-2Z)) /0 Ay’ o exp(—p7))
_ /O“duf\/g(H va)
= \/g/o\/ﬁdamr:()\—i-a:)1/2

= @((A + V202 = B (A v/2) 2 4 2X32).

On the other hand, we have, for every € > 0,

N. (exp(~AZ0) (1 — exp(—pdn))) = Ne (1 = exp(=AZo — udb)) — No (1 - exp(-AZ))

1 2\ —2
:u)\7u(6)—(ﬁ+5\/g) ,

recalling @ and using the notation introduced in the proof of Proposition Formula (26) in [9] gives

o1 d 2 1/2
lim = (ux(2) = A) = Tt u(€)jmo = \/;(A + V2% (V2p = 2)),
It follows that

lim — N, (exp(—AZ0)(1 — exp(—2)) ) = @ (A V20)'2 (V20— 22) + 2\/2 X2,

n—oo g,
and one immediately verifies that the right-hand side of the last display coincides with the right-hand
side of . This completes the proof of and of the proposition. O

In view of our applications, it will be important to define the measure N{j conditioned on a given
value of the exit measure. This is the goal of the next proposition. Before that, we mention a useful
scaling property. Recall the definition of the scaling operator 8y at the end of Section |[3] Then for
every A > 0, we have for every w € S,

(43) Z5 0 0\(w) = A Z5(w).
The proof is easy, recalling from the definition of Zj(w) for an arbitrary w € S and writing

Ao (w)
* [ -2
Z5 00\(w) = lgr_l}g.}f a,, /0 ds 1{\5WS/A2(W)<\AW*+%}

o(w)
i . . —2
_)\hnrggéf(an/\ﬁ\) /0 ds 1{V”VS<W*+an/ﬁ}
= AZ5 ().

Proposition 33. There exists a unique collection (Ny*),~0 of probability measures on S such that:

(i) We have
* / 3 o - %2
NO = g A dz z 5/2 NO .

(ii) For every z > 0, Ny* is supported on {Z§ = z}.
(iii) For every z,z' > 0, NE’Z/ =0,,,(Ny”").
We will write Ny* = N§(- | Z¢ = 2).

Proof. Recall from Proposition that the “law” of Zj under Nj is the measure 1.} V3/2m 2752z,
which we denote here by v(dz) to simplify notation. The existence of a collection of probability measures
on S that satisfy both (i) and (ii) in the proposition is a consequence of standard disintegration theorems
(see e.g. [I1], Chapter III, Paragraphs (70-74)]). Two such collections coincide up to a negligible set of
values of z. We need to verify that we can choose this collection so that the additional scaling property
(iii) also holds (which will imply the stronger uniqueness in the proposition).
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We start with any measurable collection (Q).~¢ of probability measures on S such that the properties
stated in (i) and (ii) hold when (Nj®),~¢ is replaced by (Q,).>0. From Lemma we get that, for
every A > 0,

/ 07 (Q,) (dz) = O (NG) = A¥/2NG = A3/2 / Q. v(dz).

From the change of variables z = 2’/ in the first integral, we thus get

[ @ v = [ Qo).

Using the scaling property (43)), we see that the collection (0x(Q,/»))z>0 also satisfy the conditions (i)
and (ii), and so we get for every fixed A > 0,

9)\(@2}/)\) =Q., dzae

From Fubini’s theorem, we have then QA(QZ/A) =Q,, d)\ a.e., dz a.e. At this stage, we can pick zg > 0
such that the equality 6)(Q,,/y) = Qz, holds dA a.e., and define Ny* := 6, (Qx,) for every z > 0.
We have then Nj* = Q,, dz a.e., so that (i) holds for the collection (Nj*),¢. Similarly (ii) holds
because Q, is supported on {Zj = 2o}, and we use the scaling property . Property (iii) holds by
construction.

To get uniqueness, observe that (iii) implies that the mapping 2 — N is continuous for the weak
convergence of probability measures. The uniqueness is then a simple consequence of this continuous
dependence and the fact that two collections that satisfy both (i) and (ii) must coincide up to a
negligible set of values of z. O

7. THE EXCURSION PROCESS

For technical reasons in this section, it is preferable to argue under a probability measure rather
than under Ny. So we fix 5 > 0, and we argue under the conditional measure Néﬁ )= No(- | We < =0).
We will then consider, under N(()B ), the excursion debuts whose level is smaller than —3. For every
6 > 0, we write u‘ls, .. ,u‘]své for the excursion debuts with height greater than § whose level is smaller
than —f, listed in decreasing order of the levels, so that

Vu}s\f& < Vu(ser < < Vug < —p.
Notice that Ng and u‘f, . ,u‘]s\,(s depend on the choice of 8, which will remain fixed in the first three
subsections below (although on a couple of occasions we mention the consequences that one derives by
letting /5 tend to 0, but this should create no confusion). For every integer ¢ > 1, we also set

T oo if i > Ns.

It is easy to verify that, for every a > 0, the event {Tl-‘; < a} belongs to the o-field £(-a,00) (the
knowledge of £(-%%°) gives enough information to recover the excursion debuts — and the corresponding
heights — such that V,, > —a). Since {T? = a} is No-negligible, it follows that 7} is a stopping time of
the filtration (£(7%°)),¢, where, by convention, £(0:°) is the o-field generated by the Np-negligible
sets. Finally, it will also be useful to write N5 = #D; for the total number of excursion debuts with
height greater than §.

7.1. The excursions with height greater than . Recall the notation W for the excursion
starting at the excursion debut u € D.

Proposition 34. Let j > 1. Then, under the conditional probability measure Néﬁ)(' | Ns > 7), W(“?) i
independent of the o-field generated by (W(“?), e W(ug'*l)) and ECP) and is distributed according
to N§(- | M > 9).

Important remark. In view of the analogous statement for linear Brownian motion, one might naively
expect that WD, .. ’W(uf-) are (independent and) identically distributed under N(()B )(- | Ns > j).
This is not true as soon as j > 2: The point is that the knowledge of the event {Ns > j} influences the
distribution of (W), .. W(u(;*l)).
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Proof. The first step of the proof is to determine the law of W) under N ( | Ns > 1). We fix two
bounded nonnegative functions G and g defined respectively on S and on R. We assume that G is
bounded and continuous on the set {w : M (w) > ¢}, and vanishes outside this set. The function g is
assumed to be continuous with compact support contained in (—oo, —/].

We retain much of the notation of the proof of Theorem In particular, for every integers n > 1
and k > 1, we let N2~ be the point measure of excursions of the Brownian snake outside (—k27", 0o),
and we write

N =Y 5Hn

ielZ™"

Recall that, for every atom wk z , dzf 27" stands for wf 27" translated so that its starting point is 27" and

then truncated at level 0. Furthermore, we let A,, j, stand for the event {T) > k27"} = {Vu‘f < —k277}.

Finally, we let B € £(-F:20),
We then claim that

(1) Néﬂ><1Bg<Vuf>G<W<“‘f>>1{%21})n&ngoNé‘”(lBZlAn,km—kz—n) 5 G(a?’2’">>,

k=1 i€l
In order to verify our claim, we first observe that
- -n ~k,27m Tr(u®
(45) Sola,9(=k2) DD G@FTT) — g(Ve) GOVM)) sy, Noae

k=1 ez

To see this, note that if Ny = 0 then, for n large enough, all quantities G (djf ’2_n) vanish (the point

is that, if G(oﬁf ’2_n) > 0, then the excursion wf 27" must “contain” an excursion debut with height
greater than 6 — 27", and no such excursion debut exists when n is large enough, under the condition
Ns = 0). Then, if N5 > 1, similar arguments show that, for n large enough, the only nonzero term
in the sum over k in the left-hand side of corresponds to the integer kg = ko(n) such that
—(ko+1)27" < Vs < —ko27". Indeed, we have 14, , = 0 if k > ko, since Apg = {Vug < —k27"}.

On the other hand, if n is large enough, then, for k < ko, the quantities G(d}f’rn), i € I}, vanish
by the same argument as used above in the case Ny = 0, recalling that G is zero outside the set
{w: M(w) > 6},

Next, for k = ko, the sum over i € I?"" reduces (for n large enough) to a single term, namely
i =1 = iy} 9-n With the notation of Lemma The last assertion of Lemma [24] yields that G/(&;, Ko, 277

converges to G(W(“l)) as n — oo, and ([45) follows.
To derive from , we use exactly the same uniform integrability argument as in the proof of

Theorem [23| to justify the convergence .
Next recall that A,, 1, is measurable with respect to the o-field £(=¥27":%°) "and note that g(—k2™") = 0
if kK <2"3. By applying the special Markov property, we then get

N(ﬁ)<13 3 1a,,9(-k27 S G( ’“2">

k>2np zel,f "
= 3 g(—k2)NY )<1BlA kN(ﬁ)( 3 G(@f’Q”)|5<—k2‘”m)>>
k22" ez "
k>2ng3

= ( > g(-k2 )N (1514, ka)) x Ny (G(W)).

k>2onp
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Recalling , we have thus obtained

(46)
Tim ( > g(—k2 NG (1514, ZW)> x Ny (G(W)) = N§” (15 g(Vg) GW D) 1)
k>2n3

In the particular case G = 154 this gives

n—o0

(47)  lim (kzﬁg(—m")Ngm@BuM Zk2n)> X Ny (M > 8) = N§ (15.9(V,) Loy )
>on

since M (W(“(IS)) > ¢ by construction. It follows from and that

) * () _N® . Ny (G(W))
Ng <1B g(Vys) GIWH )1{N521}) =Np (13 9(Vs) 1{N521}) x lim Ny (3 > )

=N (15.0(Vs) 1wy ) X N3(G | M > 6),

by Corollary The last display shows both that W) is distributed according to N§(- | M > §) under
Ngﬂ )(- | N5 > 1) (take a sequence of functions ¢ that increase to the indicator function of (—oo, —f))

and that W®) is independent of the o-field generated by Vuf and £ still under N(()B )(- | Ns > 1).

We have obtained that the law of the first excursion above the minimum with height greater than
0 and level smaller than — /3, under Ngﬁ)(- | Ns > 1), is N§(- | M > 0). By letting 5 tend to 0, we
deduce that the law of the the first excursion above the minimum with height greater than ¢, under
No(- | Ny > 1), is also N§(- | M > 6) — we recall our notation Ny for the total number of excursion
debuts with height greater than J. Moreover, the same passage to the limit shows that this first
excursion is independent of the level at which it occurs. These remarks will be useful in the second
part of the proof.

The general statement of the proposition can be deduced from the special case j = 1, via an
induction argument using the special Markov property. Let us explain this argument in detail when
j = 2 (the reader will be able to fill in the details needed for a general value of j). Let G; and G2 be
two nonnegative measurable functions on S, and consider again B € £(-°)_ Recall that T > 3 by
definition. By monotone convergence, we have

(48) N(()B)(IB Gl(W(u?)) GQ(W(UQ)) 1{N522}>
. 5 (ud = (ud
= nh_)rgo k;ﬂNéﬂ) (1B Gl(W( 1)) GQ(W( 2)) 1{k:2*”§T15<(k:+1)2*”§T25<oo}>'

Then, for every k > 2", noting that 15 Gl(W(“(D) 1{Tf<(k+1)2*”} is £(-(k+1)27"00)_easurable, we
get

= (ud = (0
(49) Ngﬁ)(lB G (WD) Go(W 2))1{k2—nng<(k+1)2—nng<oo})
— NP (1.a,007®) 1 N (G (1749 1 g(=(k+1)27",00)
0 B Gi( ) {k2-n<TP<(k+1)2-"<T$} Y0 2( ) {T9 <00} :

Applying the special Markov property (Proposition to the interval (—(k + 1)27", 00) now gives on
the event {T¢ < (k +1)27" < T3},
(50)

NG (Ga(W ) 1y | ECFFDTT090) = (1 = exp(—Zgyryp—n No(Ns > 1)) N5(Ga | M > 9).

Let us explain this. From the special Markov property, there is a Poisson number v with parameter
Z(k+1)2-No(Ng > 1) of Brownian snake excursions outside (—(k + 1)27", 00) that contain at least
one excursion debut with height greater than J, and these excursions are independent and distributed
according to No(- | N§ > 1), modulo the obvious translation by (k + 1)27". For each of these v
excursions, the first excursion above the minimum with height greater than § is distributed according
to N§(- | M > 0), and is independent of the level at which it occurs (by the first part of the proof). On
the event {70 < (k+1)27" < T2}, W) is well defined if T < oo, which is equivalent to v > 1, and
is obtained by taking, among these first excursions above the mimimum with height greater than 4,
the one that occurs at the highest level. Clearly it is also distributed according to Nj(- | M > 9).
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Since we have 1 — exp(—Z(41)2-» No(N§ > 1)) = N(()B)(Tg < oo | EEHEHN27)) on the event
{T? < (k+1)27" < T9}, we deduce from and that, for every k > 2"03,

NG (1 GL VD) Go (WD) 19 -n e o <1 <o)
= N(()’B) (1B GI(W(M{)) Ligo-n<rs<(kr1)2-n<10} Néﬁ) (T9 < o0 | 5(7(“1)27”’00))) x Ng(Ga | M > 6)
=N (15 GL WD) 1o cps (s 1yp-n<rgcny ) X No(Ga | M > 6).
Finally, returning to , we obtain by monotone convergence
N(()ﬁ) (13 Gl(W(ui)) Gz(W(ug)) 1{%22}) = N[()B) <1B GI(W(H({)) 1{N522}> No(Ga | M > 6).
This gives the case j = 2 of the proposition. O

Remark. We could have shortened the proof a little by using a strong version of the special Markov
property (applying to a random interval (—T',00)) of the type discussed in [9].

~ ~ S
The next lemma shows that the sequence (W(“f), e ,W(uNé)) can be viewed as the beginning of an
i.i.d. sequence.

Lemma 35. On an auxiliary probability space (2, F,P), consider a sequence (W§’1,W5’2,...) of
independent random variables distributed according to N§(- | M > &). Under the product probability
measure P ® N(()ﬁ), consider the sequence (W1, W2 ) defined by

- { W) if1<5<Ns

Wi if j > N

Then (WO, W2 ) is a sequence of i.i.d. random variables distributed according to N§(- | M > §),
and this sequence is independent of the o-field E(—5:°) .

Proof. This follows from Proposition [34 by an argument which is valid in a much more general setting.
Let us give a few details. Let & > 2, and let ¢1, ..., ¢r be bounded nonnegative measurable functions
defined on S. Also let B € £(-5:°) We need to verify that

k
(51) B15 61 (W) 6o (WP2) - (W) = N§V(B) x [T Ni(@: | M > 9),
=1

where E[-] stands for the expectation under P ® Néﬁ ), By dealing separately with the possible values of

5Ty

Nj; and using the independence of the w s, we immediately get that

B[ n;ai1p o1(W) go(W02) - gy (W)
= E[I{N5<k}1B G (W) '¢kz—1(W6’k_1)] x No(¢w | M > 9).
On the other hand, Proposition [34] exactly says that
B[ 1n;om 18 01 (W) go(W02) - gy (W)
= E[l{Ngzk}lB $1 (WD) o (W) .. '¢k(W(ui))]
= E[l{N,;Zk}]-B P (W) - '¢k—1(W5’k71)] x Ny(¢p | M > 0).
By summing the last two displays, we get
B|1p ¢1(W) ga(WO2) - g (W) = B |15 g1 (W) - g (W 1)| x Nj(g | M > 6),

and the proof of is completed by an induction argument. (I
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7.2. Excursion debuts and discontinuities of the exit measure process. We start with a first
proposition that relates levels of excursion debuts to discontinuity times for the process (Z)z>0.

Proposition 36. Ny a.e., discontinuity times for the process (Zy)z>0 are exactly all reals of the form
—Vy foru € D.

Proof. Recall that, for every x > 0 we have set

Ve =/0 ds 1 (w,)=oo}-

If (z,) is a monotone increasing sequence that converges to > 0, then the indicator functions
1, (Wo)=oo} CORVerge to - (w,)=cc}, and by dominated convergence it follows that (Vz)z>0 has
left-continuous sample paths. On the other hand, if (x,) is a monotone decreasing sequence that
converges to x > 0, with x,, > z for every n, one immediately gets that

/0 dslir ., (Wo=cc} ;52 /0 ds1iw >—a}-

It follows that (¥;)z>0 also has right limits, and that x is a discontinuity point of ) if and only if

/ ds 1{W :—x} > 0.
0 —s

The latter condition holds if and only if there exists s € [0, 0] such that W, > —z and W, = —z (we
use the fact that Ny a.e. for every y € R, [Jds1 W=y} = 0, which follows from the existence of local
times for the tip process of the Brownian snake, see e.g. [7]). However, the existence of s € [0, o]
such that Ws > —z and W, = —x implies that there is an excursion debut v with V,, = —z, and the
converse is also true. Summarizing, we have obtained that discontinuity times for the process (V;)z>0
are exactly all reals of the form —V,, for v € D.

To complete the proof of the proposition, we use the fact that discontinuity times for ();),>0 are
the same as discontinuity times for (Z,),~0, as a consequence of Corollary 4.9 in [9] which essentially
identifies the joint distribution of this pair of processes. To be precise the latter result is not concerned
with the processes Z and Y under Ny but with superpositions of these processes corresponding to a
Poisson measure with intensity Ng. A simple argument however shows that this implies the result we
need. O

We now identify the value of the jump of the process Z at the time —V,, when u € D. For every
u € D, the exit measure Z()k(W(“)) makes sense by , and can also be defined by the approximation
in Proposition using Proposition 34| to relate properties of W™ to those valid a.e. under Ng.

Proposition 37. Ny a.e. for everyu € D, the jump of the process Z at time —V,, is equal to ZS(W(“)).

Proof. We fix 6 > 0, and we will prove that the assertion of the proposition holds N(()’g ) a.e. when

u = u‘f, the first excursion debut with level smaller than —( and height greater than ¢, on the event
{Ns > 1}. We then observe that, for any excursion debut u, there are choices of rationals 5 and § that
make u the first excursion debut with level smaller than — 5 and height greater than §. This gives the
desired result for every u € D.
So from now on we focus on the case u = u, and in what follows we restrict our attention to the
k,27m
=)

event {Ns > 1}, so that u‘f is well defined. Recall that for integers n > 1 and k > 1, (w, e is
k

the collection of excursions of the Brownian snake outside (—k27", 00), and we keep using the notation

dzf’rn for wf’rn translated so that its starting point is 27" and then truncated at level 0. Let ng be

the first integer such that 2"°5 > 1. From now on we consider values of n such that n > ng. We define

H, = L—2”Vutlsj > 1, in such a way that
(52) Hy 27" < —Vys < (Hy+1)27".
If we set for w € S, .
O(w) = sup{Ws(w) — W,(w) : 0 < s <o},
then H,, is the first integer & > 1 such that O((Df’rn) > § for some i € I} ". This index i may be not

unique, and for this reason we introduce the event A,, C {Ns > 1} where the property O(d);C ’Z_n) >4

holds for k = H,, for exactly one index 7 = i,, € I%I;n On the event A,,, we let Win) = wg”’zin be
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the corresponding excursion and on the complement of A;,, we let w(,) be the trivial snake path with
duration 0 in Sy. Notice that, on the event A,,, the excursion debut u‘{ must then belong to (the

H7L727n

subtree coded by the interval corresponding to) the excursion W, . We also note that the sequence

(An)n>ne is monotone increasing, and that N((]ﬁ ) (A, | N5 > 1) converges to 1 as n — oo because there
cannot be two excursion debuts at the same level (and therefore, recalling Lemma two excursion
debuts with height greater than § must be “macroscopically separated”).

Furthermore, we claim that the distribution of w,) under N(()ﬁ )(- | A,) is the law of W under

Ny—n(- | O(W) > §). This is basically a consequence of the special Markov property, but we will provide
a few details. Let ® be a nonnegative measurable function on S, such that ®(w) =0 if O(w) < 4. For

every k > 1, let By, be the event where there is a unique index i € I?"" such that O((ij’2_n) > 0.
Then,

N(()IB) <1A" 1{H”:k}©(w(”))) - Ngﬁ) <1{ank} 18, > @(wf’2n)>.

. 2—7L
el

We observe that the event {H, > k} is measurable with respect to the o-field £(-¥27":%) hecause, if
j < k, the property O(wzj’gin) > ¢ for some i € Ijz_n can be checked from the snake W truncated at
level —k2~™. Therefore we can apply the special Markov property, using the fact that, if a Poisson
measure with intensity p is conditioned to have a single atom in a measurable set C' of positive and
finite p-measure, the law of this atom is u(- | C). It follows that the quantities in the last display are
equal to

NG (131,209 1 Mo (BOF) [ O0F) > 0)) = NE7 (1, L, =y ) % Mo (20F) | O() > ).

We then sum over k£ > 1 to get the desired claim.
We then note that, for every n > ng, we have on the event A,,

(53) Zianzn= 3 262" = Zowe) + S Zo@™? ).
lGI?{nn ie[?{;nJ#in
To simplify notation, we write b = —Vu({, We claim that
~Hy,,2~"
(54) Z Zo(@; )n%oo Zp—,

i€l " iin
where the convergence holds in probability under NO ( | Ns > 1) — the fact that i, is only defined on
A,, creates no problem here since Né )( A, | Ns > 1) converges to 1.
Proof of . It will be convenient to introduce the point measure
NE"= > ¢ e
i€l
for every m > 1 and k > 1. We first observe that, on the event A,, we have the equality
S Z@™*) = NE (dw) Zo(w).
LS {0<6}
ZEI?In JiFin
Since N(()'B ) (A, | N5 > 1) converges to 1, the proof of reduces to checking that

NH;n(dw) Zo(w) — Zb_.
{O<5} n—oo

Since 27"H,, 1 — Va = b, we have Zy-npy, — Zp_, a.e. under N ( | N5 > 1), and so it is enough to
prove that

/ N2 (dw) Zo(w) — Zyngg, —3 0.
{OS(S} n n—o00
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Note that we may have H, = L—Z”Vutlsj < 2"3 although —Vufls > 3, but this occurs with N[()ﬁ)—
probability tending to 0. Thanks to this observation, the preceding convergence will hold provided
that, for every € > 0, the quantities in the next display tend to 0 as n — co:

( ’/O<6}N2 () Zo(w) - ZQ*"H«L‘ = E} N{Ns > 1} N{H, > 2"6}>

> N ({‘ /{o<5} NE " (dw) Zo(w) = Zygn| > 6} N{Ns = 1} N{H, = k}>

k>213
8 /27" z T Yo 1 o, '
2 ({50200 2| > 0 0> 210 2

The last equality holds because the event {Ns > 1} N {H, = k} coincides with {NZ "(O > §) >
1} N {H, > k}. Next we recall that the event { H,, > k} is £(*27">)_measurable and we notice that,
under N(()B ~), conditionally on £(—k27"00) A7 ,fin is a Poisson measure whose intensity is Z5-» times the
“law” of W under Ny—n. It follows that the quantities in the last display are also equal to

(55) k;ﬁNo (% Zyg—n) {/\7}3_"(0>5)21}0{Hn2k}>’

where, for every a > 0,

v (a) = P(! /{ gy V() Zo(w) — | > )

if M, o denotes a Poisson measure whose intensity is a times the “law” of W under Ny—n. It is easy to
verify that ¥”(a) tends to 0 as n — oo, for every fixed a. First note that we can remove the restriction
to {O < §} since P(NV,,4(O > 8) > 0) tends to 0. Then we just have to observe that [N, ,(dw) Zp(w)
converges in probability to a as n — oo, as a straightforward consequence of @ Furthermore, a
simple monotonicity argument shows that the convergence of 1(a) to 0 holds uniformly when a varies
over a compact subset of R.

Finally, using again the fact that {N? " (O > §) > 1} N {H, > k} = {Ns > 1} N {H, = k}, the
quantity in is bounded by

2 (2 (Zarm,) Lngzy ),

and this tends to 0 as n — oo by the previous observations and the fact that sup{Z, : a > 0} < oo, Ny
a.e. This completes the proof of our claim . [l

Let us complete the proof of the proposition. We already noticed that the distribution of wy,) under
Ngﬁ)(- | A,) is the law of W under No—n (- | O(W) > ). We observe that, for every € > 0, the following
inclusions hold N, a.e.

{M >§+e} c{OW) >} C{M > 6}
and moreover the ratio No(M > 6 +¢)/N.(M > 6) tends to 1 as ¢ — 0. It follows that the result of

Proposition |32 remains valid if, in the definition of W%, the conditioning by {M > 0} is replaced by
{O(W) > §}. Thanks to this simple observation, we can deduce from Proposition 32| that

Tl—)OO
where W0 is distributed according to N§(- | M > ¢) and the convergence holds in distribution under
N((]ﬁ )(- | Ns > 1). Furthermore, from the last assertion of Lemma and the fact that wH"’2 " is, on
the event A, the excursion outside (—H,2™", 0o) that “contains” ul, we get that W(n) converges to
W), N(()ﬂ) a.e. on {Ns > 1}.
On the other hand, and the right-continuity of sample paths of Z imply that

(W5 ,0 Z*(W(s 0))

(57) Z(H, 412 =2 s
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Ngﬁ) a.s. on {Ns > 1}. Then, using (53)), and (57), we immediately get that Zo(w(n)) converges
to the random variable Z, — Z,_, in probability under N(()’B )( | N5 > 1) So we know that the pair
(W), Zo(w(n))) converges in probability to (VT/(“?) Zy — Zy—) under NO ( | N5 > 1), and it follows

from that the law of (W 0, 7, — »—) under N(ﬁ)( | N5 > 1) is the law of (W0, Z&(W?0)). This
forces Zy, — Zy— = Z;; (W(ui))), which completes the proof. O

7.3. The Poisson process of excursions. The following proposition is reminiscent of It6’s famous

Poisson point process of excursions of linear Brownian motion. We recall that 5 > 0 is fixed and that

u‘f, . ,u‘]své are the successive excursion debuts with height greater than § and level smaller than —g.

Proposition 38. We can find an auxiliary probability space (2, F,P) such that, on the product space

QO xS equipped with the probability measure ]P’®Né ), we can construct a Poisson measure P on Ry x S
with intensity dt @ Nj(dw) so that the following holds. For every § > 0, if (tJ,w?), (tQ,wQ) .. is the
sequence of atoms of the measure P(- N (Ry x {M > 6})), ranked so that t < t§ < ---, we have

W) = wf for every 1 < i < Njs. Furthermore, the Poisson measure P is independent of E(—5).

This proposition means that all excursions above the minimum (with level smaller than ) can be
viewed as the atoms of a certain Poisson point process. In contrast with the classical 1t6 theorem of
excursion theory for Brownian motion, we have enlarged the underlying probability space in order to
construct the Poisson measure P.

Proof. We first explain how we can choose the auxiliary random variables W™ of Lemma in a
consistent way when & varies. We set 8, = 27F for every k > 1 and we restrict our attention to values
of ¢ in the sequence (0x)r>1. On an auxiliary probability space (€2, F,P), let P be a Poisson measure

on Ry x S with intensity dt ® Njj(dw). For every k > 1, let (fk’j,Wk’] )j>1 be the sequence of atoms
of P that fall in the set Ry x {M > §;} (ordered so that < < --+). Then, for every k > 1,
(Wk’l,Wk’Q, ...) forms an i.i.d. sequence of variables distributed according to N§(- | M > ). By
Lemma under the product probability measure P ® N(()B ), the sequence (W51, whk2 .) defined by

~ §
— (") if1<j< Nj
—k,j—Mj [P
w if 7 > N;
is also a sequence of i.i.d. random variables distributed according to Nj(- | M > dy), and is independent
of the o-field £(~F:>), ;
~ k
Obviously, if k < K/, the excursions W) 1 < j < Ns, are obtained by considering the elements of

Y
the finite sequence (e ), 1 <j < Ns,, that belong to the set {M > d;}, and similarly the sequence
(Wm)jzl consists of those terms of the sequence (Wk 7);>1 that belong to the set {M > & }. Tt

follows that, for every k < k/, the sequence (W) j>1 is obtained by keeping only those terms of the
sequence (W*7);5; that belong to the set {M > d;}. Note that the law of the collection

(WF) 51 k=1

is then completely determined by this consistency property and the fact that, for every fixed k > 1,
(WkJ) ;51 is a sequence of i.i.d. random variables distributed according to N§(- | M > ;). In particular,

j D) ki
(58) WH)jo1pz1 = (W) j2 1021
Also note that the collection (Wk’j)szkzl is independent of the o-field £(—5:20).
It is a simple exercise on Poisson measures to verify that P is equal a.s. to a measurable function

of the collection (Wk’j)jzl,kzl. Indeed, it suffices to verify that the times (fk’j)jZLkZl are (a.s.)
measurable functions of this collection. Let us outline the argument in the case k = j = 1. If, for every
k > 1, we write

pi= 4 > 1 <)
then my is just the number of terms in the sequence (Wk’j) j>1 before the first term that belongs to
{M > 61}, and is thus a function of (W 7 ) j>1,0>1. Elementary arguments using Lemma 25/ show that
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we have the almost sure convergence
Ni(M > 6,) P myp — £
k—00

thus giving the desired measurability property.
So there exists a measurable function ® such that we have a.s.

— 71{;7 y

P =0 ((W")jz1421)-
Then we can just set

P = ‘I’((Wk’j)jz1,k21)-

By , P has the same distribution as P. By construction, the properties stated in the proposition
hold when § = d, for every k > 1. This implies that they hold for every § > 0. O

In what follows, we will use not only the statement of Proposition 3§ but also the explicit construction
of P that is given in the preceding proof (we did not include this explicit construction in the statement
of Proposition [38| for the sake of conciseness).

We now state an important lemma, which shows that the process (Zs4,)r>0 can be recovered from
(Z3 and) the Poisson measure P. To this end, we introduce the point measure P° defined as the image
of P under the mapping (t,w) — (¢, Z5(w)). From the form of the “law” of Z§ under Njj given in

Proposition (31} P° is (under P ® N(()ﬁ )) a Poisson measure on Ry x (0,00) with intensity

dt ® \/isz’/Q dz.
21

We can associate with this point measure a centered Lévy process U = (Uy)i>0 (with no negative
jumps) started from 0, such that
>_ dwavy =P

teDy
where Dy is the set of discontinuity times of U. Note that the Laplace transform of U; is

Elexp(—AU)| = exp(ty(A)),

,/ / e 14 Xz2)27%2dz = \/§A3/2.

Notice that we get the same functlon () as in Section

where

Lemma 39. Set X; = Zg + Uy for everyt > 0. Then, we have, P ® Néﬁ) a.s.,

Zgsr = Xinf{tZO:fOt(Xs)_ldS>T} , forevery 0 <r < -—-W,—p.

Remark. We have Z, = 0 for every r > —W,, so that the formula of the lemma indeed expresses
(Z34r)r>0 as a function of X, which is itself defined in terms of Zg and the point measure P°.

Proof. First notice that (Uy)¢>0 is independent of Zg because P is independent of £ (=8:%9) " Therefore,
(Xt)i>0 is a Lévy process started from Zg. On the other hand, we know that (Zg4,),>0 is under

Ngﬁ ) a continuous-state branching process with branching mechanism . By the classical Lamperti
transformation (see e.g. [5]), if we set Té = [y Zp4 dt and, for every 0 < r < Tj,

(59) X Z —|—1nf{s>0f Zgyy dt>r}?

the process (X;)o<r<7; has the same distribution as (X;)o<r<mr,, where Ty := inf{t > 0 : X; = 0}.
Furthermore, by inverting , we have also

(60) Zgir = for every 0 < r < T,

X! ' ,
1nf{t20:f0 (X2)~tds>r}

where TZ = —W, — 3 is the hitting time of 0 by Z.
Comparing with the statement of the lemma, we see that we only need to verify that we have
the a.s. equality (X, )o<r<1, = (X;)OSKT[;. To this end, we first extend the definition of X to values

t > Tpy. Recalling the Poisson measure P in the proof of Proposition we define P° as the image of
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P under the mapping (t,w) — (t, Z§(w)), and associate with P° a Lévy process (Uy)s>0 having the
same distribution as (U;);>0. We complete the definition of X’ by setting for every ¢ > 0,

e =U
T+t t

We then observe that X and X’ are two Lévy processes with the same distribution and the same
(random) initial value Zg. Furthermore, a.s. for every a > 0, the ordered sequence of jumps of size
greater than « is the same for X’ and for X. First note that the jumps of X’ that occur before the
hitting time of 0 are the same as the jumps of Z after time 5, and, by Proposition these are exactly
the quantities Z; (W) when u varies over the excursion debuts with level smaller than —3. Recalling
our construction of X from the point measure P°, we obtain that, for every o > 0, the ordered sequence
of jumps of X’ of size greater than « that occur before the hitting time of 0 will also appear as the first
nq jumps of X of size greater than «, for some random integer n, depending on «. Then, the ordered
sequence of jumps of X of size greater than « that occur after the hitting time of 0 consists of the
quantities Zg(w) where (¢,w) varies over the atoms of P such that Z§(w) > a and these quantities are
ranked according to the values of t. Recalling the way P was defined, we see that the same sequence
will appear as the sequence of jumps of X of size greater than « occurring after the n,-th one.

Finally, once we know that, for every oo > 0, the ordered sequence of jumps of size greater than « is
the same for X’ and for X, the fact that X and X’ are two Lévy processes with the same distribution
and the same initial value implies that they are a.s. equal, which completes the proof. (I

7.4. The main theorem. Our main result identifies the conditional distribution of excursions above
the minimum given the exit measure process Z. We let Dy stand for the set of all jump times of
Z. Recall from Proposition [36] that there is a one-to-one correspondence between Dy and excursions
above the minimum. If v is an excursion debut, and r = —V,, is the associated element of Dy, we
write W) = W® in the following statement. We let ID(0, 00) stand for the usual Skorokhod space of
cadlag functions from (0, c0) into R.

Theorem 40. Let F' be a nonnegative measurable function on D(0,00), and let G be a nonnegative
measurable function on Ry x S. Then,

No (F(Z) exp (- Y G, VW)))) =No (F(Z) [T N5 (exp(-G(r, -))'zg = AZT)>.

reéDy reéDy

In other words, under Ny and conditionally on the exit measure process Z, the excursions above the
minimum are independent, and, for every r € Dy, the conditional law of the associated excursion is
Ny(- | Z§ = AZ,).

Proof. Let us a start with simple reductions of the proof. First we may assume that No(F'(Z)) < oo
since the general case will follow by monotone convergence. Then, we may assume that G(r,w) = 0 if
r < =, for some v > 0, and it is also sufficient to prove that the statement holds when Ny is replaced

by N(()ﬁ ) for some fixed B > 0. Finally, we may restrict the sum or the product over r to jump times
such that AZ, > «, for some fixed a > 0.
In view of the preceding observations, we only need to verify that, for every « > 0 and 8 > 0,

NEP(F(Z) exp (— 3 G(r,W“U))—Ngﬁ)(F(Z) II Né(exp(—G(n-))\ZS—AZr)>a

rep) reD)
AZ, >« AZ >«

where D%B) =Dz N (B, 00).
From now on, we fix @ > 0 and 5 > 0. We will use the notation and definitions of the previous

subsections, where 8 > 0 was fixed and we argued under Néﬁ ). In particular it will be convenient

to consider the product probability measure P ® N(()ﬁ ) as in Section ﬁ Recall the definition of the

Poisson measure P and of the process X in Lemma (39 (these objects depend on the choice of 3, which
is fixed here), and the notation Ty = inf{t > 0: X; = 0}. Also recall that P° is the image of P under
the mapping (t,w) — (¢, Z5(w)).
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The first step is to rewrite the quantity

> G, w)

TED(ZB)
AZ, >«

in a different form. Recall from Lemma [39 that every jump time r of Z after time 3, hence every
excursion debut v with level smaller than —f3, corresponds to a jump time of X before time T, and
is therefore associated with an atom (t,w) of P, with t < Tp, such that w = W® and Zg(w) =
ZE(WW) = AZ, , where the last equality is Proposition Then, let (5, wy), (t3,ws),... be the
time-ordered sequence of all atoms (¢,w) of P such that Zj(w) > a. Also set no, = max{i > 1:t{ < TO}.
For every 1 <i < ng, write z{* = Zj(wy*) and r{* for the jump time of Z corresponding to the jump z{.

We can rewrite
Na
ST G, W) =3 G wd).
i=1

TED(Zﬁ)
AZ >«

Writing E/[] for the expectation under P ® N(B ), we then have

Ngm(F( exp< S G W )) E[F(2) exp -~ ZG )]

TED(ZB)
AZ >«

We evaluate the right-hand side by conditioning first with respect to the o-field H generated by £(—5:°°)
and the point measure P°. Notice that the process Z is measurable with respect to H (because U is
obviously a measurable function of P°, and we can use Lemma [39)). The finite sequence r{, ..., 7y is
also measurable with respect to H as it is the sequence of jump times of Z (after time /3) corresponding
to jumps of size greater than a. In particular, n, is measurable with respect to H. Finally the
quantities z{', ...,z are the corresponding jumps and therefore are also measurable with respect to
H.

On the other hand, by standard properties of Poisson measures, we know that the sequence w{, wg, . ..
is a sequence of i.i.d. variables distributed according to N§(- | Zg > «). Recalling that P is independent

of £(-5:) we see that conditioning this sequence on the o-field H has the effect of conditioning on

the values of Zj(w{'), Z5(ws),.... In a more precise way, the conditional distribution of w{,w§g,...
knowing H is the distribution of a sequence of independent variables distributed respectively according
to N§(- | Z5 = 29), N§(- | Z5 = 29),..., where these conditional measures are defined thanks to
Proposition [33]

By combining the preceding considerations, we get
Na
E[F(Z) exp (- ZG w)] = E[F(2) TINi(exp(-G (e, ) | Z5 = =0)].
i=1
Now note that, with our deﬁmtlons,

[N (exp(=Gre, ) | Z5 = 20) = T] Ni(exo(=G(r,))| 25 = AZ,),
‘ repl?)
AZ, >«

and so we have obtained

N&ﬁ)(p(z) exp (— > G(r,Vv(n))):E[F(Z) [T N(exp(-Gr )| 25 = az,)]

en) e
AZ. >« AZ. >«
=Ny <F<Z> [T No(exp(=G(r, )| 2 = Azr)),
TED<ZB)
AZ >«

which completes the proof of the theorem. O
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8. EXCURSIONS AWAY FROM A POINT

In this section, we briefly explain how we can derive the results stated in the introduction from our
statements concerning excursions above the minimum. This derivation relies on the famous theorem of
Lévy stating that, if (By)¢>0 is a linear Brownian motion starting from 0, and if (L?(B));> is its local
time process at 0, then the pair of processes

(Bt —min{B, : 0 <r <t},—min{B, : 0 <r < t})>0

has the same distribution as (|Bt|, LY(B)):>0. Notice that LY(B) can also be interpreted as the local
time of |B] at 0, provided we consider here the “symmetric local time”, namely

290 =tim - [ 108D
Lévy’s identity will show that (absolute values of) excursions away from 0 for our tree-indexed
process have the same distribution as excursions above the minimum, which is essentially what we
need to derive the results stated in the introduction.
Let us explain this in greater detail. For any finite path w € W, define two other finite paths w*®
and /%, with the same lifetime as w by the formulas

we(t) := w(t) —min{w(r): 0 <r < t}
o (t) := —min{w(r): 0 <r < t}.

On our canonical space Sp of snake trajectories, we can then make sense of W and (3, for every s > 0,
and we write L§ = £}, to simplify notation. Then, under Ny, the pair (Wy, L$)s>o defines a random
element of the space of two-dimensional snake trajectories with initial point (0,0) (the latter space is
defined by an obvious extension of Definition @ Thanks to Lévy’s theorem recalled above, it is then a
simple matter to verify that the “law” of the pair (W, L?)s>0 under Ny is the excursion measure from
the point (0,0) of the Brownian snake whose spatial motion is the Markov process (|By|, LY(B)). We
refer to [2I, Chapter IV] for the definition of the Brownian snake associated with a general spatial
motion and of its excursion measures. In a way similar to the beginning of Section [3 we then set

Ve =We=W,—min{W,(t):0<t <} =V, —min{V, : v € [p,u]},

for every u € 7¢ and s > 0 such that p¢(s) = u.
Say that u € 7T¢ is an excursion debut away from 0 for V* if
(i) Vie =0;
(ii) w has a strict descendant w such that V,* # 0 for all v €]p, w].
It follows from our definitions that u is an excursion debut away from 0 for V'* if and only if w is an
excursion debut above the minimum in the sense of Section [3], that is, if and only if u € D. Then,
Proposition [20| shows that the connected components of the open set {u € 7¢ : V;? > 0} are exactly
the sets Int(C,), u € D. Furthermore, for every u € D, the values of V'* over C,, are described by the
snake trajectory W (% (which can thus be viewed as the excursion of V'* away from 0 corresponding to
In order to recover the setting of the introduction, we still need to assign signs to the excursions
of V* away from 0. To this end, we let (v1,vs,...) be a measurable enumeration of D — formally
we should rather enumerate times sq, s2, ... such that pc(si1) = vi,pc(s2) = vo,.... On an auxiliary
probability space (2, F,P), we then consider a sequence ({1, &2, .. .) of i.i.d. random variables such that

1
P& =1)=P¢& =~-1) = 3
for every 7 > 1. Under the product measure P ® Ng, we then set, for every u € T,
Vv — &Viy if u € Int(C,,) for some i > 1,
v 10 it vy =0.

The fact that u — V,? is continuous implies that u — V" is also continuous on 7;. Furthermore the
pair (V;((S), (s)s>0 is a tree-like path, and we denote the associated snake trajectory by (WS )s>0. Then,
the “law” of (W7)s>0 under P ® Ny is just the excursion measure Ny. This is a consequence of the fact
that, starting from a process distributed as (| B:|)¢>0, one can reconstruct a linear Brownian motion
started from 0 by assigning independently signs +1 or —1 with probability 1/2 to the excursions away
from 0. We omit the details.
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Since the law of (W7)s>0 under P ® Ny is Ng, we may replace the process (Ws)s>0 under Ny by the
process (W7)s>o under P ® Ny in order to prove the various statements of the introduction. To this
end, we first notice that the excursion debuts away from 0 for V* (obviously defined by properties (i)
and (ii) with V'*® replaced by V*) are the same as excursion debuts away from 0 for V*, and thus the
same as excursion debuts above the minimum in the sense of Section [3] Moreover, for every i = 1,2,.. .,
the excursion of V* corresponding to v; is described by

- 7 (vi) if& =1
#(vi) _ W~ it & )
W { —W i) if & = —1.
In addition, if a; is such that p¢(a;) = v;, the local time at 0 of the path Wy is equal to the (symmetric)
local time at 0 of |Wj. | = Wy,
=Ly =W, =~V

From the preceding remarks, it is now easy to derive Theorem [I] from Theorem [23] Indeed, the left
hand side of the formula of Theorem [I] can be rewritten as

o
P® Ny ( Z (07, W*(w)))
i=1
and, by the previous observations, the last display is equal to

P No(( 32 8-V 60F09) = 5 No( Y(@(—Ve, W) 4 (Vs -17))
=1 i=1

- ;/Ng(dw)</ooo dz (®(z,w) + B(z, ~w)) )

where the last equality follows from Theorem This shows that Theoremholds with My = 3 (NB—I—Né),
where N is the image of N under w — —w. Then Proposition [2| follows from Proposition
In order to derive Proposition |3, we note that, for every r > 0, the (total mass of the) exit measure
of the snake (WW*, L®) outside the open set A, := R, x [0,7), which is denoted by &, satisfies the
following approximation Ny a.e.,
X, = lim 1

g
e—0 5/[) dS 1{<3_5<7—AT(W;7L;)<C$}’
where 75, (Wg, L?) stands for the first exit time from A, of the path (W3 (t),L3(t))o<i<¢,- This is
indeed the analog of the approximation result , which holds in a very general setting: see [21],
Proposition V.1]. Coming back to the definition of W and L? in terms of W, we see that we have

1
X, = lim —

o
e—0 ¢ /0 as 1{Cs*5<7—r(WS)<Cs} = Z_r’

where the last equality follows from . This simple remark allows us to identify the process (X}),~0
with the exit measure process (Z,),>0, and justifies the observations preceding Proposition [3|in the
introduction. Proposition [3|itself then follows from Propositions [36] and Finally, Theorem [ is a
consequence of Theorem and the fact that the excursions W*(%) can be written in the form & W (i),
fori=1,2,....

REFERENCES
[1] ALpous, D., The continuum random tree I. Ann. Probab., 19, 1-28 (1991)
[2] ALpous, D. The continuum random tree III. Ann. Probab. 21, 248-289 (1993)

]
]
[3] ALpous, D. Tree-based models for random distribution of mass. J. Stat. Phys. 73, 625-641 (1993)
] BETTINELLI, J., MIERMONT, G. Compact Brownian surfaces I. Brownian disks. Probab. Th. Rel. Fields, to appear,
available at arXiv:1507.08776
[5] BingHAM, N.H. Continuous branching processes and spectral positivity. Stochastic Processes Appl. 4, 217-242 (1976)
[6] BINGHAM, N.H., GoLDIE, C.M., TEUGELS, J.L., Regular variation. Cambridge University Press, 1989
[7] BoUSQUET-MELOU, M., JANSON, S., The density of the ISE and local limit laws for embedded trees. Ann. Appl.
Probab. 16, 1597-1632 (2006)
[8] CURIEN, N., KoRTCHEMSKI, I., HAAS, B., The CRT is the scaling limit of random dissections. Random Struct. Alg.
47, 304-327 (2015)
[9] CurIEN, N., LE GALL, J.-F., The hull process of the Brownian plane. Probab. Th. Rel. Fields 166, 187-231 (2016)
[10] CUrIEN, N., LE GALL, J.-F., Scaling limits for the peeling process on random maps. Ann. Inst. H. Poincaré Probab.
Stat., to appear, available at arXiv:1412.5509
[11] DELLACHERIE, C., MEYER, P.A., Probabilités et Potentiel. Ch. I 4 IV. Hermann, 1975



CELINE ABRAHAM, JEAN-FRANCOIS LE GALL

DERBEZ, E., SLADE, G., The scaling limit of lattice trees in high dimensions. Comm. Math. Phys. 193, 69-104 (1998)

[13] DUQUESNE, T., LE GALL, J.-F., Probabilistic and fractal aspects of Lévy trees. Probab. Theory Related Fields 131,

553-603 (2005)

[14] Haas, B., MIERMONT, G., Scaling limits of Markov branching trees with applications to Galton-Watson and random

unordered trees. Ann. Probab. 40, 2589-2666 (2012)

[15] HAMBLY, B., Lyons, T. Uniqueness for the signature of a path of bounded variation and the reduced path group.

Ann. of Math. (2) 171, 109-167 (2010)

[16] HARA, T., SLADE, G., The scaling limit of the incipient infinite cluster in high-dimensional percolation. II. Integrated

super-Brownian excursion. Probabilistic techniques in equilibrium and nonequilibrium statistical physics. J. Math.
Phys. 41, 1244-1293 (2000)

[17] VAN DER HOFSTAD, R., SLADE, G., Convergence of critical oriented percolation to super-Brownian motion above

441 dimensions. Ann. Inst. H. Poincaré Probab. Statist. 39, 413-485 (2003)

[18] ITO, K. Poisson point processes attached to Markov processes. Proceedings Sizth Berkeley Symposium on Mathematical

Statistics and Probability, vol. 111, pp.225-239. University of California Press, Berkeley, 1972.

[19] LE GALL, J.-F.,; A class of path-valued Markov processes and its connections with superprocesses. Probab. Th. Rel.

Fields 95, 25-46 (1993)

[20] LE GALL, J.-F., The Brownian snake and solutions of Au = u® in a domain. Probab. Th. Rel. Fields 102, 393-432

(1995)

[21] LE GALL, J.-F., Spatial Branching Processes, Random Snakes and Partial Differential Equations. Lectures in

2
2

2

Mathematics, ETH Zirich. Birkh&user, 1999
LE GALL, J.-F., The topological structure of scaling limits of large planar maps. Invent. Math. 169, 621-670 (2007)

| LE GaLL, J.-F., Uniqueness and universality of the Brownian map. Ann. Probab. 41, 2880-2960 (2013)
] LE GALL, J.-F., The Brownian Cactus II. Upcrossings and local times of super-Brownian motion. Probab. Th. Rel.

Fields 162, 199-231 (2015)

| LE GaALL, J.-F., Subordination of trees and the Brownian map. Preprint, available at arXiv:1605.07601
] LE GALL, J.-F., Brownian disks and the Brownian snake. Ann. Inst. H. Poincaré Probab. Stat., to appear.
] LE GALL, J.-F., MIERMONT, G., Scaling limits of random trees and planar maps. Lecture notes from the 2010 Clay

Mathematical Institute Summer School (Buzios). Clay Mathematics Proceedings, vol. 15, pp. 155-211 (2012)

| LE GALL, J.-F., WEILL, M., Conditioned Brownian trees. Ann. Inst. H. Poincaré Probab. Stat. 42, 455-489 (2006)
| MARCKERT, J.-F., MOKKADEM, A., States spaces of the snake and of its tour — Convergence of the discrete snake. J.

Theoret. Probab. 18, 615-625 (2005)

[30] MEYER, P.-A., Les inégalités de Burkholder en théorie des martingales. Séminaire de Probabilités. III (Univ.

Strasbourg, 1967/68) pp. 163-174. Springer, Berlin, 1969.

[31] MIERMONT, G., The Brownian map is the scaling limit of uniform random plane quadrangulations. Acta Math. 210,

319-401 (2013)

[32] MILLER, J., SHEFFIELD, S., An axiomatic characterization of the Brownian map. Preprint, available at

arXiv:1506.03806

[33] MILLER, J., SHEFFIELD, S., Liouville quantum gravity and the Brownian map I: The QLE(8/3,0) metric. Preprint,

available at arXiv:1507.00719

] MILLER, J., SHEFFIELD, S., Liouville quantum gravity and the Brownian map II: Geodesics and continuity of the

embedding. Preprint, available at arXiv:1605.03563

[35] PanacioTou, K., STUFLER, B., WELLER, K. Scaling limits of random graphs from subcritical classes. Ann. Probab.

44, 3291-3334 (2016)

] REvuz, D., YOR, M., Continuous martingales and Brownian motion. Springer, 2005
7] STUFLER, B. The continuum random tree is the scaling limit of unlabelled unrooted trees. Preprint, available at

arXiv:1412.6333

[38] WEILL, M. Regenerative real trees. Ann. Probab. 35, 2091-2121 (2007)

DEPARTEMENT DE MATHEMATIQUES, UNIVERSITE PARIS-SUD, 91405 ORSAY CEDEX, FRANCE
E-mail address: cline.abraham@gmail.com, jean-francois.legall@math.u-psud.fr



	1. Introduction
	2. Preliminaries
	2.1. Coding a real tree by a function
	2.2. Canonical spaces for the Brownian snake
	2.3. The Brownian snake
	2.4. Exit measures and the special Markov property
	2.5. The exit measure process
	2.6. A technical lemma

	3. Construction of the excursion measure above the minimum
	4. The re-rooting representation
	5. An almost sure construction
	6. The exit measure
	7. The excursion process
	7.1. The excursions with height greater than 
	7.2. Excursion debuts and discontinuities of the exit measure process
	7.3. The Poisson process of excursions
	7.4. The main theorem

	8. Excursions away from a point
	References

