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SCALING LIMITS FOR THE UNIFORM INFINITE QUADRANGULATION

JEAN-FRANCOIS LE GALL, LAURENT MENARD

ABSTRACT. The uniform infinite planar quadrangulation is an infinite random graph embedded in the plane,
which is the local limit of uniformly distributed finite quadrangulations with a fixed number of faces. We study
asymptotic properties of this random graph. In particular, we investigate scaling limits of the profile of distances
from the distinguished point called the root, and we get asymptotics for the volume of large balls. As a key
technical tool, we first describe the scaling limit of the contour functions of the uniform infinite well-labeled tree,
in terms of a pair of eternal conditioned Brownian snakes. Scaling limits for the uniform infinite quadrangulation
can then be derived thanks to an extended version of Schaeffer’s bijection between well-labeled trees and rooted
quadrangulations.

1. INTRODUCTION

The main purpose of the present work is to study asymptotic properties of the infinite random graph called
the uniform infinite quadrangulation. Recall that planar maps are proper embeddings of finite connected graphs
in the two-dimensional sphere, considered up to orientation-preserving homeomorphisms of the sphere. It is
convenient to deal with rooted maps, meaning that there is a distinguished oriented edge, whose origin is called
the root vertex. Given a planar map, its faces are the regions delimited by the edges Important special cases of
planar maps are triangulations, respectively quadrangulations, where each face of the map is adjacent to three
edges, resp. to four edges.

Combinatorial properties of planar maps have been studied extensively since the work of Tutte [21I], which
was motivated by the famous four color theorem. Planar maps have also been considered in the theoretical
physics literature because of their connections with matrix integrals (see [5]). More recently, they have been
used in physics as models of random surfaces, especially in the setting of the theory of two-dimensional quantum
gravity (see in particular the book by Ambjgrn, Durhuus and Jonsson [2]).

In a pioneering paper, Angel and Schramm [4] defined an infinite random triangulation of the plane, whose
law is uniform in the sense that it is the local limit of uniformly distributed triangulations with a fixed number
of faces, when this number tends to infinity. Various properties of the uniform infinite triangulation, including
the study of percolation on this infinite random graph, were derived by Angel [3] (see also Krikun [I1I]). Some
intriguing questions, such as the recurrence of random walk on the uniform infinite triangulation, still remain
open.

Although quadrangulations may seem to be more complicated objects than triangulations, some of their
properties can be studied more easily because they are bipartite graphs, and especially thanks to the existence of
a simple bijection between the set of all (rooted) quadrangulations with a fixed number of faces and the set of all
well-labeled trees with the same number of edges. See [7] for a thorough discussion of this correspondence, which
we call Schaeffer’s bijection. Motivated by this bijection, Chassaing and Durhuus [6] constructed the so-called
uniform infinite well-labeled tree, and then used an extended version of Schaeffer’s bijection to get an infinite
random quadrangulation from this infinite random tree. A little later, Krikun [I0] constructed the uniform
infinite quadrangulation as the local limit of uniform finite quadrangulations as their size goes to infinity, in the
spirit of the work of Angel and Schramm for triangulations. It was proved in [17] that both these constructions
lead to the same infinite random graph, which is the object of interest in the present work.

Before describing our main results, let us recall the definition of the uniform infinite well-labeled tree. A
(finite) well-labeled tree is a rooted ordered tree whose vertices are assigned positive integer labels, in such a way
that the root has label one, and the labels of two neighboring vertices can differ by at most one in absolute
value. Chassaing and Durhuus [6] showed that the uniform probability distribution on the set of all well-labeled
trees with n edges converges as n — oo towards a probability measure p supported on infinite well-labeled trees,
which is called the law of the uniform infinite well-labeled tree. It was also proved in [6] that an infinite tree
distributed according to p has a.s. a unique spine, that is a unique infinite injective path starting from the root.
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2 JEAN-FRANCOIS LE GALL, LAURENT MENARD

Thanks to the latter property, the uniform infinite well-labeled tree can be coded by two pairs of contour
functions (C), V() and (CU), V(B corresponding respectively to the left side and the right side of the spine.
Roughly speaking (see subsect. for more precise definitions), if we imagine a particle that explores the left
side of the spine by traversing the tree from the left to the right, then for every integer k, C’,gL) is the height
in the tree of the vertex visited by the particle at time k, and Vk(L) is the label of the same vertex. The pair
(c (7)), V(R)) is defined analogously for the right side of the spine. We obtain asymptotics for the uniform infinite
well-labeled tree in the form of the following convergence in distribution (Theorem :

((%C’(L)(nZt), \/g V(&) (”2”>t20’ (%c@) (n2t), \/g V(R)(th)>t20>

(1) — (¢ W) (W) ).
n— oo t>0 t>0

Here (%) and ww represent respectively the lifetime process and the endpoint process of a path-valued process
W (L) called the eternal conditioned Brownian snake. Roughly speaking, the eternal conditioned Brownian snake
should be interpreted as a one-dimensional Brownian snake started from 0 (see [I2]) and conditioned not to hit
the negative half-line. This process was introduced in [16], where it was shown to be the limit in distribution
of a Brownian snake driven by a Brownian excursion and conditioned to stay positive, when the height of the
excursion tends to infinity (see Theorem 4.3 in [16]). Similarly the pair (¢, W(R)) is obtained from another
eternal conditioned Brownian snake W (). Note however that the processes W) and W) are not independent:
The dependence between W) and W) comes from the labels on the spine, which are (of course) the same
when exploring the left side and the right side of the tree.

We can combine the convergence with the extended version of Schaeffer’s bijection in order to derive
asymptotics for distances in the uniform infinite quadrangulation in terms of the eternal conditioned Brownian
snake. Here we use a key property of Schaeffer’s bijection, which remains valid in the infinite setting: If a
quadrangulation is asociated with a well-labeled tree in this bijection, vertices of the quadrangulation (except the
root vertex) exactly correspond to vertices of the tree, and the graph distance in the quadrangulation between a
vertex v and the root vertex coincides with the label of v on the tree. If V(q) stands for the set of vertices of
the uniform infinite quadrangulation q and if dg,.(9, v) denotes the graph distance between vertex v and the root
vertex 0, we let the profile of distances be the o-finite measure on Z defined by

Aq(k) = #{v e V(q) : dgr(0,v) = k},

for every k € Z,.. For every integer n > 1, we also define a rescaled profile )\Eln) by

A (A) = n_2)\<\/?/1)7
(n)

for every Borel subset A of Ry. Then Theorem |§| shows that the sequence \g ’ converges in distribution towards

the random measure Z defined by
1 [~ — —
(Z,9)= 5/0 as (g (W) + 9 (W)

for every continuous function g with compact support on Ry. As a consequence, if B,,(q) denotes the ball of
radius n centered at 9 in V(q), we also get the convergence in distribution of n=*#B,(q) as n — oc.

Although the present work concentrates on the profile of distances, we expect that the convergence will
have applications to other problems concerning the uniform infinite quadrangulation and random walk on this
graph (similarly as in the case of the uniform infinite triangulation, the recurrence of this random walk is still
an open question). Indeed, thanks to the explicit construction of edges of the map from the associated tree in
Schaeffer’s bijection, scaling limits for the uniform infinite well-labeled tree should lead to useful information
about the geometry of the uniform infinite quadrangulation. We hope to address these questions in some future
work.

To conclude this introduction, let us mention that a different approach to asymptotics for large planar
maps has been developed in several recent papers, which do not deal with local limits but instead study the
convergence of rescaled random planar maps viewed as random compact metric spaces, in the sense of the
Gromov-Hausdorff distance. In particular, the recent papers [I5] [I8] have proved independently that uniformly
distributed quadrangulations with n faces, equipped with the graph distance rescaled by the factor n=/4 and
viewed as random metric spaces, converge in distribution in the sense of the Gromov-Hausdorff distance towards
the so-called Brownian map (the results of [I5] apply to more general planar maps such as triangulations). The
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Brownian map is a quotient space of Aldous’ continuum random tree [I] for an equivalence relation defined in
terms of Brownian labels assigned to the vertices of the tree. Although we do not pursue this matter here, we
note that the limiting process appearing in the convergence (|I|) should play a role in the study of the Brownian
map, and should indeed be related to the geometry of the Brownian map near a typical point. We also observe
that the convergence is an infinite tree version of a result of [I4], which gives the scaling limit of the contour
functions of well-labeled trees with a (large) fixed number of edges.

The paper is organized as follows. Section [2] contains preliminaries about trees, finite or infinite quadrangula-
tions, and the extended version of Schaeffer’s bijection. We also discuss the uniform infinite well-labeled tree and
quadrangulation as defined in [0, [10] and recall some basic facts about the Brownian snake. Section 3| contains
the most technical part of this work, which is the proof of the convergence . Our applications to scaling limits
for the uniform infinite quadrangulation are discussed in Section [4]

Notation. If I is an interval of the real line, and E is a metric space, the notation C(I, E) stands for the space
of all continuous functions from I into E. This space is equipped with the topology of uniform convergence on
compact sets. If F is a Polish space, D(FE) stands for the space of all cadlag functions from [0, oo[ into E, which
is equipped with the usual Skorokhod topology.

2. PRELIMINARIES
2.1. Trees and quadrangulations.

2.1.1. Spatial trees. In order to give precise definitions of the objects of interest in this work, it will be convenient
to use the standard formalism for plane trees. Let

u=|JnN"
n=0
where N = {1,2,...} and N = {0} by convention. An element u of I/ is thus a finite sequence u = (u1,...,u,)

of positive integers, and n = gen(u) is called the generation of u. If u,v € U, uv denotes the concatenation of u
and v. If v is of the form uj with j € N, we say that u is the parent of v or that v is a child of u. We use the
notation v < v’ for the (strict) lexicographical order on U.

A plane tree T is a (finite or infinite) subset of U such that

(1) @ € 7 (0 is called the root of T),

(2) if v € 7 and v # 0, the parent of v belongs to T

(3) for every u € U there exists an integer k,(7) > 0 such that, for every j € N, uj € 7 if and only if

J < ku(7).

The edges of T are the pairs (u,v), where u,v € 7 and w is the parent of v. The integer |7| denotes the number
of edges of 7 and is called the size of 7. The height H(7) of 7 is defined by H(7) = sup{gen(u) : u € 7}. A spine
of 7 is an infinite linear subtree of 7 starting from its root (of course a spine can only exist if 7 is infinite). We
denote by 7 the set of all plane trees.

A labeled tree (or spatial tree) is a pair 8 = (7, (¢(u))yer) that consists of a plane tree 7 and a collection of
integer labels assigned to the vertices of 7, such that if (u,v) is an edge of 7, then |¢(u) — £(v)| < 1.

A labeled tree (7, (¢(u))yer) such that £(0) = 1 and £(u) > 1 for every u € T is called a well-labeled tree. We
denote the space of all well-labeled trees by T. The notation T, respectively Two, resp. T,,, will stand for the
set of all well-labeled trees that have finitely many edges, resp. infinitely many edges, resp. n edges.

If 0 = (1, (L(u))uer) is a labeled tree, |0] = |7| is the size of § and H(0) = H(r) is the height of 6. A spine of
0 is a spine of 7.

A finite labeled tree 6 = (7,¢) can be coded by a pair (Cy, Vp), where Cp = (Cy(t))y<;<2/g 18 the contour
function of 7 and Vp = (Vo(t))g<,<2g| is the spatial contour function of 6 (see Fig. . To define these contour
functions, let us consider a particle which follows the contour of the tree from the left to the right, in the
following sense. The particle starts from the root and traverses the tree along its edges at speed one. When
leaving a vertex, the particle moves towards the first non visited child of this vertex if there is such a child, or
returns to the parent of this vertex. Since all edges will be crossed twice, the total time needed to explore the
tree is 2||. For every ¢ € [0,2|0]], Cy(t) denotes the distance from the root of the position of the particle at
time ¢. In addition if ¢ € [0,2|6]] is an integer, Vp(t) denotes the label of the vertex that is visited at time ¢t. We
then complete the definition of Vj by interpolating linearly between successive integers. Fig. 1 explains the
construction of the contour functions better than a formal definition.
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A finite labeled tree is uniquely determined by its pair of contour functions. It will sometimes be convenient
to define the functions Cy and Vp for every ¢ > 0, by setting Cy(t) = 0 and Vy(¢t) = Vp(0) for every t > 2|6].

Cy(t) Vo(t)
A A
3+ 24
2 + 14
1+ 0 e e e e e e e e e e
0 “AAA4—4—++++++t++++»1 -1+

FIGURE 1. A labeled tree 6 and its pair of contour functions (Cy, V).

If 6 and 0’ are two labeled trees, we define
d(0,0") = (1 +sup{h: trp(0) = trp(0")})
where, for every integer h > 0, try () is the labeled tree consisting of all vertices of 8 up to generation h, with

the same labels. One easily checks that d is a distance on the space of all labeled trees.

If 9 € T, for every k € N, we let Ny(0) denote the number of vertices of 6 that have label k. We then define
7 as the set of all trees in T that have at most one spine, and whose labels take each integer value only finitely
many times:

-1

S =TU{f €Ty :Vl>1, Ni(f) < oo and 0 has a unique spine} .
A tree § € . can be coded by two pairs of contour functions, (CéL)7 VO(L)) Ry - Ry xR, and (CéR), VO(R)) :
R; — Ry x R4, each pair coding one side of the spine. Note that to define the pair (CéL), VH(L)), we follow the

contour of the tree from the left to the right as before, but in order to define (C(SR), VQ(R)) we follow the contour
from the right to the left. The definition of these contour functions should be clear from Fig. 2] Note that the
functions C’éL), VQ(L), C’éR) and VQ(R) tend to infinity at infinity.

2.1.2. Planar maps and quadrangulations. A planar map is a proper embedding of a finite connected graph in
the two-dimensional sphere S?. Loops and multiple edges are a priori allowed. The faces of the map are the
connected components of the complement of the union of edges. A planar map is rooted if it has a distinguished
oriented edge called the root edge, whose origin is called the root vertex. In what follows, planar maps are
always rooted, even if this is not explicitly specified. Two rooted planar maps are said to be equivalent if the
second one is the image of the first one under an orientation-preserving homeomorphism of the sphere, which
also preserves the root edges. Two equivalent planar maps will always be identified.

The vertex set of a planar map will be equipped with the graph distance dg,: if v and v" are two vertices,
dgr(v,v") is the minimal number of edges on a path from v to v'.

A planar map is a quadrangulation if all its faces have degree 4, that is 4 adjacent edges (one should count
edge sides, so that if an edge lies entirely inside a face it is counted twice).

Let us introduce infinite quadrangulations using Krikun’s approach in [I0]. For every integer n > 1, we denote
the set of all rooted quadrangulations with n faces by Q,, and we set

Q= Q..
n>1

For every q,q' € Q, we define

D(q,q) = (1+sup{r: M,(q) = M(¢)})"
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. IO vah ()
‘ 3 3
2 2
1 1
0 t 0 ¢
s ) VP (t)
3 3
2 2
1 1
0 t 0 ¢

FIGURE 2. An infinite well-labeled tree 6 and its contour functions (C(gL), VQ(L))7 (C’éR), %(R)).

where, for r > 1, M,(q) is the rooted planar map obtained by keeping only those edges of ¢ that are adjacent to
a face having at least one vertex at distance strictly smaller than r from the root. By convention, sup @ = 0.
Note that M, (q) is not a quadrangulation in general (it should be viewed as a quadrangulation with a boundary)
but is still a planar map. Then (Q, D) is a metric space. Denote by (Q, D) the completion of this space. We
call (rooted) infinite quadrangulations the elements of Q that are not finite quadrangulations and we denote the
set of all such quadrangulations by Q-

Note that one can extend the function ¢ € Q — M,.(q) to a continuous function on Q. Suppose that ¢ € Q.
When r varies, the planar maps M,.(¢) are consistent in the sense that if » < 7’ the planar map M,.(q) is naturally
interpreted as the union of the faces of M, (q) that have a vertex at distance strictly smaller than r from the
root. Thanks to this observation, we can make sense of the vertex set of ¢ and of the graph distance on this
vertex set.

The vertex set of a (finite or infinite) quadrangulation ¢ will always be denoted by V(g), and the root vertex
of ¢ will be denoted by 0.

2.2. Schaeffer’s correspondence. The relations between quadrangulations and labeled trees come from the
following key result [8 [20]. There exists a bijection ®,,, called Schaeffer’s bijection, from T,, onto Q,, that enjoys
the following property: if 6 = (7, (¢(v))yer) € Ty, then, for every integer k£ > 1 one has

Ha € V(®,(0)) : dgr(0,a) =k} ={verT: l(v)=k}.

Schaeffer’s bijection has been extended to the infinite setting in [6]: There exists a one-to-one mapping ®
from . into Q such that, for every 8 = (7, (¢(v))ver) € -, for every integer k > 1 one has

Ha e V(®(0)) : dgr(0,a) =k} ={verT: l(v)=Fk}.

Note however that ® is not a bijection. There are infinite quadrangulations (in Krikun’s sense) that cannot be
written in the form ®(6).

Let us describe the mapping ® (see [6], Section 6.2. for details). Fix a tree § = (7,¢) € . and assume that
T is infinite (the case when 7 is finite is similar and easier to describe). Consider an embedding of 7 in the
sphere S?, such that every sequence p = (p,,)nen of points of S belonging to distinct edges of 7, has a unique
accumulation point A € S?. Recall that a corner of 7 is a sector between two consecutive edges around a vertex.
The label of the corner is the label of the corresponding vertex.

We first add a vertex 9 in the complement of 7 U {A}. Then, for every vertex v of 7 and every corner ¢ of v,
an edge is added according to the following rules:

o If {(v) = 1, we draw an edge between the corner ¢ and 0 (see Fig. |3, left).
e If ¢ is on the right side of the spine, if £(v) > 2, and if there exists a corner with label ¢(v) — 1 that is

visited after ¢ in the contour of the right side of the spine, we draw an edge between ¢ and the first such
corner (see Fig. |3] left).
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F1GURE 3. Construction of a few edges in Schaeffer’s correspondence.

e If ¢ is on the right side of the spine, if £(v) > 2, and if there is no corner with label £(v) — 1 that is
visited after ¢ in the contour of the right side of the spine, we draw an edge between ¢ and the corner on
the left side of the spine with label £(v) — 1 that is the last one to be visited during the contour of the
left side of the spine (see Fig. [3} middle).

e If ¢ is on the left side of the spine and if £(v) > 2, we draw an edge between ¢ and the corner with label
£(v) — 1 that is the last one to be visited before ¢ during the contour of the left side of the spine (see Fig.
right).

The construction can be made in such a way that edges do not intersect. The resulting (infinite) embedded
planar graph whose vertices are the vertices of 7 and the extra vertex d, and whose edges are obtained by the
preceding prescriptions, is rooted at the oriented edge between 9 and the first corner of #. This embedded
random graph ®(6) can be interpreted as an infinite quadrangulation in Krikun’s sense. Moreover, for each
vertex v of 7, the distance dg,(0,v) between the root vertex @ and v in the map ®(#) coincides with the label

L(v).

2.3. The uniform infinite quadrangulation. In this section, we collect the known results about the uniform
infinite quadrangulation and the uniform infinite well-labeled tree.

Theorem 1 ([I0]). For every n > 1 let v, be the uniform probability measure on Q,,. The sequence (Vy)nen
converges to a probability measure v, in the sense of weak convergence of probability measures on (Q, D).
Moreover, v is supported on the set of infinite quadrangulations. A random quadrangulation distributed according

to v will be called a uniform infinite quadrangulation.

This probability measure is connected with the law of the uniform infinite well-labeled tree, which appears in
the next theorem. Recall that d stands for the distance on the space of labeled trees.

Theorem 2 ([6]). For everyn > 1, let u, be the uniform probability measure on the set of all well-labeled trees
with n edges. The sequence (ln)nen converges weakly to a probability measure p in the sense of weak convergence
of probability measures on (T,d). Moreover, u is supported on the set . C Too. A Tandom tree distributed
according to u will be called a uniform infinite well-labeled tree.

It was proved in previous work [17] that v is the image of u under the mapping ® (the extended Schaeffer’s
correspondence) described in subsect. This is stated in the next theorem.

Theorem 3 ([17]). For every Borel subset A of Q one has
V(A) = (071(4)).

Informally, we may say that the uniform infinite quadrangulation is coded by the uniform infinite well-labeled
tree.

For our purposes, we do not really need the preceding results. We will mainly use the description of the
probability measure p in Theorem [] below, and the fact that the uniform infinite quadrangulation is obtained
from a tree distributed according to u via Schaeffer’s correspondence.
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In order to give a precise description of the measure p, we need a few more definitions. Let 8 = (7, (¢(v))yer)
be an infinite tree in . and let n > 0. If v, is the (unique) vertex at generation n in the spine of 6, we denote
the label of v,, by X,,(8) = £(v,). The (labeled) trees attached to v, respectively on the left side and on the
right side of the spine are denoted by L, () and R, (0). More precisely, L,(0) = (1z,, (L, (v))ver,, ), Where
7L, ={veU :vyv €T and v,V < Vpq1}, and £, (v) = £(v,) for every v € 7, , and a similar definition holds

for R, (0).

For every integer [ € Z we denote by p; the law of the Galton-Watson tree with geometric offspring distribution
with parameter 1/2 (see e.g. [13]), labeled according to the following rules. The root has label | and every
other vertex has a label chosen uniformly in {m — 1,m, m 4+ 1} where m is the label of its parent, these choices
being made independently for every vertex. Then, p; is a probability measure on the space of all labeled trees.
Moreover, for every labeled tree 8 with n edges and root label I, p;(0) = %1249‘. Since the cardinality of the set
of all plane trees with n edges is the Catalan number of order n, we easily get

2)
3)

as n goes to infinity.

pr(10] =n) = po (16] = n) =

n—3/2

2y

+0 (n*5/2>

p1 (18] >n) =po(|6] >n) =0 (nfl/z)

Denote by V, = V. (0) the minimal label in 8. Suppose now that [ > 1. Proposition 2.4 of [6] shows that

(4)

I(1+3)

pr(Vi >0) = (DR

We define another probability measure p; on labeled trees by setting

pi=pi(-| V. >0).

We will very often use the bound p; < 2p;, which holds for every [ > 1 from the explicit formula for p;(Vi > 0).

Theorem 4 ([6]). Let © be a random labeled tree distributed according to u. Write X, = X,(©) for every

n > 0.

(1) The process X = (Xp)n>0 s a Markov chain with transition kernel II such that II(0,1) = 1 and the

other nonzero values of TI(L, k)
ni,l-1) =
In{,1) =
I, i14+1) =
where

wy

d;

are given by

(wr)?

12dl dl—l fOTl > 27
2
(111112) forl>1,
2
(1“;3[ disr forl>1,
I(1+3)

I+1)(1+2)
Bwi 4 3 2
= (51 + 300° + 591= + 421 + 4).

560

Conditionally given (Xp)n>0 = (Tn)n>o0, the sequence (Ly)n>0 of subtrees of © attached to the left

side of the spine and the sequence (Ry)n>0 of subtrees attached to the right side of the spine form two
independent sequences of independent labeled trees distributed respectively according to the measures py, ,

n > 0.

We will also use the following proposition, which is proved in [17]. We keep the notation (X,,),>¢ for the

labels on the spine of the tree ©.

Proposition 1 ([17]). The sequence of processes (1 / %XLMO

converges in distribution in the Skorokhod
t>0

sense to a nine-dimensional Bessel process started at 0.

We refer to Chapter XI of [19] for extensive information about Bessel processes.
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2.4. The Brownian snake. In this section we collect some facts about the Brownian snake that we will use
later. We refer to [12] for a more complete presentation of the Brownian snake.

The Brownian snake is a Markov process taking values in the space W of all finite real paths. An element of
W is simply a continuous mapping w : [0, (] — R, where ¢ = ((y) > 0 depends on w and is called the lifetime of
w. The endpoint (or tip) of w will be denoted by W = w((). The range of w is denoted by w[0, ((w)]. If z € R,
we denote the subset of paths with initial point 2 by W,. The trivial path in W, such that () = 0 is identified
with the point . The set W is a Polish space for the distance

dw(W, W/) = |<(w) — C(w’)| —+ il;%) IW(t A C(w)) — W/(t A (:(W/))I

The canonical space Q@ = C(R, W) is equipped with the topology of uniform convergence on every compact
subset of R;. The canonical process on Q is denoted by W (w) = w(s) for w €  and we write (s = (w,) for
the lifetime of Wj.

Let w € W. The law of the (one-dimensional) Brownian snake started from w is the probability Py, on §2
which can be characterized as follows. First, the process ({s)s>0 is under Py, a reflected Brownian motion in
[0, ool started from ((y). Secondly, the conditional distribution of (W;)s>0 knowing ({s)s>0, which is denoted by
Q5,, is characterized by the following properties:

(1) Wo =w, Q5 as.
(2) The process (W)s>o is time-inhomogeneous Markov under QS. Moreover, if 0 < s < s/,
o Wy (t) = W(t) for every t < m(s,s') = inf[, ) ¢, O a.s.
o (Wy(m(s',s)+t) — Wy (m(s, 5/)))0§t§§5,7m(s,s') is independent of W, and distributed under Q¥
as a Brownian motion started at 0.
Informally, the value W of the Brownian snake at time s is a random path with a random lifetime (; evolving
like a reflected Brownian motion in [0, c0[. When (,; decreases, the path is erased from its tip, and when (,
increases, the path is extended by adding “little pieces” of Brownian paths at its tip.

We denote the It6 measure of positive excursions by n(de) (see e.g. Chapter XII of [19]). This is a o-finite

measure on the space C(R;,Ry). We write

o(e) =inf{s > 0: e(s) =0}

for the duration of an excursion e. For s > 0, n(,) denotes the conditioned probability measure n(-|o = s). Our
normalization of the It6 measure is fixed by the relation

(5) n— /DO _ds
o 2v2mss

If x € R, the excursion measure N, of the Brownian snake started at x is defined by

N, = / n(de)Qs.
C(R+7R+)

With a slight abuse of notation we will also write o(w) = inf{s > 0: {;(w) = 0} for w € Q. We can then consider
the conditioned measures
N =N, (fo=s) = [ ngeas.
C(R+1R+)
The range R = R(w) is defined by R = {Ws : s >0}, and we write min R for the minimum of R. We have,
for every x > 0,
3

6 N, (minR <0) = —.
(© (minR < 0) =
See e.g. Section VI.1 of [12] for a proof .

2.5. Convergence towards the Brownian snake. In this section, we recall a standard result of convergence

towards the Brownian snake. Let F = (61,02,...) be a sequence of independent labeled trees distributed
according to the probability measure pg. We denote by C¥ = (C7 (t));>0 the contour function of the forest F,

which is obtained by concatenating the contour functions of the trees 1,60s, . ... Similarly, V¥ = (V/ (t))i>o0 is
obtained by concatenating the spatial contour functions of the trees 61,65, .... Note that this concatenation
creates no problem because the labels of the roots of 61,65, ... are all equal to 0.

In the next statement, (W}):>o is the Brownian snake under the probability measure Py and ((;)¢>o is the
associated lifetime process.
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Proposition 2. The sequence of processes

(%Cf(th), \/g Vf(n%))po

converge in distribution to the process (gt,Wt)tzo in the sense of weak convergence of the laws on the space
C(R,,R?).

The convergence of contour functions in the proposition follows from the more general Theorem 1.17 of [13]
(in our particular case, it is just a straightforward application of Donsker’s theorem). The joint convergence
with the spatial contour process can then be obtained as an easy application of the techniques in [9].

Theorem [5] below provides an analogue of Proposition 2] when the forest of independent trees F is replaced by
the forest of subtrees branching from the left (or right) side of the spine of the uniform infinite well-labeled tree.
This replacement makes the proof much more involved, essentially because of the positivity constraint on labels.

3. SCALING LIMIT OF THE UNIFORM INFINITE WELL-LABELED TREE

3.1. The eternal conditioned Brownian snake. We start by introducing the eternal conditioned Brownian
snake, which will appear in our limit theorem for the uniform infinite well-labeled tree. Let Z = (Z;):>0 be a
nine-dimensional Bessel process started at 0. Conditionally given Z, let

P=2 )
icl
be a Poisson point process on Ry x ) with intensity
(7) 2 1{minR(w)>— 2} 4t No(dw)

where we recall that R(w) denotes the range of the snake. We then construct our conditioned snake W as a
measurable function G(Z, P) of the pair (Z, P). Let us describe this function G. To simplify notation, we put

0; = J(Wi)a Cé = Cs(wi), W; = Ws(wi)
for every ¢ € I and s > 0. For every u > 0, we set
Tu = Z 1{”§u}0'i.
iel
Then, if s > 0, there is a unique u such that 7, < s < 7, and:

o Either there is a (unique) ¢ € I such that v = r; and we set

(C=ut+

Z if t <
wEn =1 . o
Zy + Wi (t—u) ifu<t<(F.
e Or there is no such 4, then 7,_ = u = 75 and we set
G =u,

These prescriptions define a continuous process W = G(Z, P) with values in W. As usual the head of W at
time s is W2° = W2°((2°). We say that W is an eternal conditioned Brownian snake.

The preceding construction can be reinterpreted by saying that the pair ( ;’O,W;”)Szo is obtained by
concatenating (in the appropriate order given by the values of r;) the functions

(Ti + C;’ Z” + W;)O<s<0' '

In particular, it is easy to verify that, a.s. for every u > 0,
Tu =sup{s > 0: (> < u}.

This simple observation will be useful later.
If K > 0 is fixed, an application of @ gives for every u > 0,

o0

P[ inf WSOO > K} :E[exp—?)/ (ZS —K)™? - (ZS)_z)ds}7

S$>Ty w
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with the convention that the integral in the exponential is infinite if Z; < K for some s > u. The right-hand
side of the previous display tends to 1 as u — oo, and it follows that

(8) lim Wf" =400, as.

§— 00

Suppose that conditionally given Z, P is another Poisson measure with the same intensity as P, and that P
and P are independent conditionally given Z. Then let W™ = G(Z,P) as before and also set Wee = G(Z, P).

We say that (e, WW) is a pair of correlated eternal conditioned Brownian snakes (driven by the Bessel process
Z).

3.2. Convergence of the rescaled uniform infinite well-labeled tree. Throughout this subsection, we
consider a uniform infinite well-labeled tree ©, and we use the notation introduced in Theorem [} In particular
X, n € Z, are the labels along the spine of ©, and L,, and R,,, n € Z,, are the subtrees attached respectively
to the left side and to the right side of the spine. Recall that the left side (resp. right side) of the spine can
be coded by the contour functions (C), V) (resp. (CUH, VF)). The main result of this section gives the
joint convergence of these suitably rescaled random functions towards a pair of correlated eternal conditioned
Brownian snakes.

Theorem 5. Let (W) W) be a pair of correlated eternal conditioned Brownian snakes. We have the joint
convergence in distribution:

(et 3w ta) Ly Gomon o))
9) ﬂ) ((CS(L)’WS(L)> >0’(<§R)’/WS(R))§>0)'

where CS = C(W<L)), resp. Cs = C(W<R) for every s > 0. The convergence in distribution (EI} holds in the

sense of weak convergence of laws of processes in the space C(R ., R?)2.

Before proving Theorem [5] we will establish a few preliminary results. For every finite labeled tree 6 and

every t > 0, we set
(C(g )(t), [/9( )(t)> = (fan(th), A/ o Ve(th)),

where (Cy, Vp) is the pair of contour functions of §. In addition, we also write
RV;™) = (V3" (1) -t > 0.

We use the notation p;(f) (or pi(f)) for the integral of a function f defined on T with respect to p; (or to py),
whenever this integral makes sense.

Proposition 3. Let ¢ be a bounded continuous function from C(Ry,R)? x Ry into R,. Assume that there
exists 1 > 0 such that p(f,g,8) =0 if s <mn. Fix z > 0 and let (xn)nen be a sequence of positive integers such

that ./ Ty — 2z asn goes to 0o. We have the following convergence:

nﬁacn( (C(n) V@ ,21?)) v 2Nz(@(CaW70)1{minR>o})~

Proof. Recall the notation

(1+3)
(I+D)(+2)
for every integer [ > 1. Fix K > n. Then, for every integer n > 1,

nﬁzn( (C(") v, 2|6’|))

L (n) < m) 2]
= 2nw, Pz, (l{min RV, ™)>0} 90(09 Vo T))

n
[Kn?]
_ m 2[6|
=2nugt Y pe (10l = K)o, (1{minR(Ve(n))>0} 30<C( . ) ’ 101 = k)
k=|nn?/2]
(10) + 2nw; pa, (10 > Kn? 1 cim v, 2"9‘ 0] > Kn?
Wy, Pz, (10] > Kn”)pa, {min R(V{")>0} ¥ Ve 01>
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The first term in the right-hand side of can be written as

LKn2]+1

5,1 [ 77 a2 (n) 1 2Lsn?) 2
(1) 20w / 45 o (181 = L1210, (L vy 2 (O Vi 2200 | fo) = Lsn2)).

In order to investigate the behavior of the quantity as n — 00, we use a result about the convergence of
discrete snakes. Fix y > 0 and let (yx)ren be a sequence of positive integers such that (9/8%)/%y, — y as n

goes to 0o. Let (Wy),¢(o ) be distributed according to N,(,l) (see subsect. . Then (e¢)icpo,1) := (Cw,))te(o,]
is a normalized Brownian excursion. Theorem 4 of [7] (see also Theorem 2 of |9]) implies that the law of the pair

(C@(?kt) 9 1/4V9(2kt)>
VoE T\8 kY4 Jelo,1]

under p,, (-||0] = k) converges as k goes to infinity to the law of (et,{th)te[o’l] in the sense of weak convergence
of probability measures on C([0,1],R?). If s > 0 is fixed, we can apply the previous convergence to integers k of
the form k = |sn?], noting that (9/8|sn?|)'/4x,, converges to (2s)~'/*z under our assumptions, and we get

n n 2Lsn
Pan (1{minR<v<">>>0} ¢<C( A ) ‘ 101 = J)
NEZ)S) 1/4, (l{min R>0} P <\/>5<(/2s)7 (25) /4W(./2s)a 25)) .
To justify the latter convergence, we also use the property
1) o T — _
Nizs)-1/22 (tler]%%a We= 0) =0

which follows from the fact that the law of the infimum of a Brownian snake driven by a normalized Brownian
excursion e has no atoms: see the beginning of the proof of Lemma 7.1 in [14].
A scaling argument then gives

Ng)s),l/4Z (1{minR>O} ® (\/%C(./Zs)a (25)1/4W(./23), 25)) =N&) (l{min R>0} P (Q W, 28))

and thus we have proved, for every fixed s > 0,
n ny 2|sn < —
(12) Pz, (l{min'R(Ve(n))>0} @(Cé )7 VO( )a J) ’ 10| = J) o Ng ) (l{min R>0} ¥ (<7 w, 25)) .

From the explicit formula for w;, we have w; > 4/3 for every | > 0. Using also , we see that the following
bound holds for all sufficiently large n: for every s € [n, K],

3, —1 _ 2 (n) () 2l0] _ 2
(13) 200, (10 = [522) p (L rinyooy @ (C87 Ve S0 ) [ 101 = Lsn?)) <

n—oo

3
2
where ||¢]| is the supremum of |p].
We can use , (12), (to justify dominated convergence) and the fact that w,, — 2 as n — oo to see
that the quantity (11f) converges as n — oo to

R Ot o (7 20) - [ (s (7.2

Since this holds for every K > 7, we get by using (5] that

liminfn p,,, ( (C(n) Ve ,2|0|>) >2N, (1{min7a>o}50 (C,/W,U)).

n—oo

Similar arguments, using also the estimate (| . lead to

lim sup n py, (Lp(C(n) V(n) 2|9‘)) < /K 2\571\1(23) (1{m1nR>0} @ (C w, 28)) + \/CI»( [l oo-
n—oo n

with a constant C' that does not depend on K. By letting K — oo, we get

limsupnﬁzn< (C(") Vy (n) 2|€|)> <2N, (1{min'R>O} ® (C,/V[ZJ))

n—0oo

which completes the proof. (I
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We now state a technical lemma, which will play an important role in the proof of Theorem 5] We need to
introduce some notation. For every integer n > 1 and every h > 0, we set

[nh| h]
F(Lnsh) — + Z 2n_2|Li‘.
1=0

This is the time needed in the rescaled contour of the left side of the spine to explore the trees L;, 0 < i < |[nh].
Furthermore, for every integer k > 0, we write Jj, for the unique index 4 such that the vertex visited at time k in
the contour of the left side of the spine belongs to L;.

Lemma 1. Let h > 0. For every k > 0, we can find § > 0 sufficiently small so that, for all large integers n,

1
P sup —‘Jlnqu _JLn2vJ’ > k| < K.
0<u<v<rLmh) y_y<s T
Remark. If we use linear interpolation to define J,, for every real u > 0, Lemma [I| just says that the functions
U — nfljng(u Ar(Lmmy are uniformly equi-continuous in probability.

Proof. To simplify notation, we write p,,(k,0) for the probability that is bounded in the lemma. Suppose that
there exist u and v with 0 < u < v < 75" and v — u < 6, such that |J|n2u] — J|n2v|| > nk. Notice that all
vertices belonging to the subtrees L; for indices ¢ such that J|,2,) <1i < J|,2,) are visited by the contour of the
left side of the spine between times |n?u| and |n?v]. Hence

2 Z |L;i| < [n%v] — |n?u| < n?5+1.
T2 <0< 2,
Since |J|p2y| — J|n2v)| > nk, we can find an integer j of the form j = I|nk/2], with 1 <1 < nh/|nk/2], such

that the inequalities J|,2,,) <4 < J|p2, hold for i =j +1,74+2,...,j + [nk/2].
It follows from the preceding considerations that

|nk/2]
pn(k,0) < P U 9 Z L joyas] < %6+ 1
| 1<I<nh/|nk/2] i=1
[ [nr/2)
sk U ﬂ {2Lijnry2) il <n?6+1}
_1§l§nh/Ln/{/2J i=1

From Proposition [ and the fact that a nine-dimensional Bessel process does not return to 0, we can fix n > 0
and A > 0 such that

Pnvn < X; < Avn, Vi € {|nk/2], ..., |nh] + [nk/2]}] > 1— K/2.
It follows that

[nKk/2]
K
pn(k,d) < 5T > Pl () {20 Lines2)ril <020+ 1,0V < Xjjnejajs < AVn}
1<i<nh/|nk/2] i=1

. nh |nk/2]
<-4 — sup  pe (210 <n?S+1
2 |nk/2] (n\/ﬁgng\/ﬁ ( )

using the conditional distribution of the trees L; given the labels on the spine (Theorem . We can find a large
constant K > 0 such that, for every sufficiently large n,

K nh K\ /2
-+ —(1-= < K.
2 + |nk/2] < n> "

To complete the proof of the lemma, we just have to observe that we can choose § > 0 sufficiently small so that,

for all n large,

~ K

inf b (210] > n?6+1) > —.
nvn<z<Ayn n

This is indeed a consequence of Proposition [3] together with the fact that, for every n > 0,

l(sifrolNT’ (0 >46,minR >0) =N, (minR > 0) = +oo.
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We denote the rescaled contour functions of the labeled trees L; (resp. R;) by Cg:) and VL(?) (resp. CI({:) and

Vlgf)), in agreement with the notation introduced after Theorem |5 To simplify notation we also put

() _ 3
Xt - %thjv t>0.

Proposition 4. Fiz e > 0 and hg > 0. Let ¢ : D(R,) — R and ), ) : R, x C(Ry,R)?2 x Ry — R, be
continuous functions. Assume that ¢ is bounded, and that ) and v are Lipschitz with respect to the first
variable and such that v (h, f,g,5) = 0 and Y (h, f,g,5) =0 if h > hg or s < e. Then

qS(X("))exp( Zw(L (Z L(:L)72LL|)> ( Zw(m( ,g7>72|f|>>

& (Z) exp <2 /OOO dhNg, (1{mmn>0} (1 — exp—yp® (h, ¢, W, a)))>

X exp <—2 /OOO dh Nz, (1gmnrsoy (1 exp -0 (h,¢, W, 0)))) ] :

where Z is a nine-dimensional Bessel process started from 0.

E

— F
n—oo

Remark. We can interpret the limit in the theorem in terms of Poisson point processes. Conditionally given Z,
let (P, PUD) be a pair of independent Poisson point processes on Ry x © with intensity given by . Then,
the exponential formula for Poisson point processes implies that the limit appearing in the proposition is equal to

E

¢ (Z)exp < / &) (h, C(W), Zn + W (w), 0(w)> P (dh, dw))

X exp ( /¢<R> (h, C(w), Zn + ’W_(w),a(w)) P& (dh, dw)) ] .

Proof. We have

= n n 2 i - i n n QRZ
[qs(xm)exp( Sy (L0 v, 2 '))exp(zw (Lowvip, 'nz'))
=0

=0

ad 2|L;
n> HE exp 1/)”( o e, | |>‘X}

=0

(149) CTTE [oxo-o (£ cpp v 250) ‘XH
=0

using the independence of the subtrees L; and R; given the labels on the spine (Theorem .
Let us study the contribution of the left side of the spine in . By Theorem {4 again,

N om 2|Li
HE{eXp z/)(L)< o v, | |>‘X}
N i e 200
L, (o0 (2 0, 20))
i—0 n n
o~ i n) 1om) 210
- eszlongq‘, <exp —pP) (naca V" T

=0

*° - nt ” 2|6
(15) = expn/o dt log (1 T PX e (1 — €eXp 71/)(11) < LnJ 7Cé L)a Ve(n)’ ’I’|L2|)>) .

By Proposition [1f and the Skorokhod representation theorem we can find, for every n > 1, a process ()Z'g)

k>0
having the same distribution as (X4),~, and a nine-dimensional Bessel process Z started from 0, such that

almost surely, for every a > 0, (, / %X’ fm J) converges uniformly to (Z;)o<i<a as n goes to infinity. Using
0<t<a ==
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the Lipschitz property of (%) in the first variable, together with the fact that 15 (h, f,g,s) = 0 if s < ¢, we
have, for some constant K,

’npxn (1 — exp —¢p) (M, ol ym), &?)) —nps (1 — exp D) (t, oy, %))‘

Lnt) Xlne)
1) <Kpg, (02 =)/ < 2K po(0] = [on)2)

which tends to 0 as n — co. We then deduce from Proposition [3] that, for every fixed ¢ > 0,

——T
nhgn <1eXpw(L)< t,Cy" vy, A |)>

[nt]
(17) — 2Ny, (1{mmR>o} (1 — exp —pD) (t,C,W7J)>>7 a.s.

From our assumptions on (%), we have for every t > 0 and n > 0:

n n 20
nﬁgn <lexp 1/)L)<LnJ C( ) V() | |)>

=nps, (1{t<h0+1}1{9|>L5n2J/z} (1—eXP ) (L wd C( ) Vo ,|2|)>)

L n
S l{tSho-‘rl} ’n’p}(\/f ) (|0| 2 L€n2J/2) .

It then follows from and the bound p; < 2p; that there exists a constant K’ > 0, which does not depend on ¢,
such that for every ¢ > 0 and every n > 1 one has:

nt n n 2|0
anr ) (1—6Xp—¢(L) (I_ J C( % )) | |>) SK,l{tSthrl}-

Thus, we can use , and dominated convergence to see that the right-hand side of , with X replaced
by X", converges a.s. to

exp —2/000 dtNg, (1{min7g>0} (1 — exp —¢(L) (t, ¢, W\, a)))

as n — oo. A similar analysis applies to the contribution of the right side of the spine in . Using the fact
that X™ has the same distribution as X (so that the right-hand side of coincides with a similar expectation
involving X™) we conclude that

o (x (n))exp( Zz/}(m( L<7>72| ))exp< ZW( §7)72|R|)>]

— F [(/)(Z) exp —2 /OOQ dtNg, (1{min73>0} (1 —exp —pP) (t,(,/V[?,O')))

E

n— oo

cop =2 [ attiz, (Lo (1- oo™ (16.7.0))) .

This completes the proof. ([l

Fix hg > 0 and & > 0. Let PLh0:¢) he the finite point measure on [0, ho] x C(R;,R)? x R, defined by
Pp(Linshose) Z 1{ <h0} (o (C(n) (5 ® 5(C(L@)’VL<1‘L)) X 52\71,2,,\.
i>0 v "

We denote by PUmh0:€) the point measure defined similarly for the right side of the spine. The random variables
PLinhoe) and PUmR0.€) take values in the space
E:=M; (Ry x C(Ry,R)* x Ry)

of all finite measures on R, x C(Ry,R)? x R, which is a Polish space.

Let Z be a nine-dimensional Bessel process started at 0. As in the preceding proof we consider two point
processes P(E) and PP on Ry x Q, which conditionally given Z are independent and Poisson with intensity
given by . Then we define a random element P(£:°0:"0:¢) of E by

/P(L"’o’h“’e)(dhdfdgdS)F(h,f,g,S) = /P(L)(dhdw)F(h,C(w),Zh + W (W), 0(W) L n<heo(w)>e)-
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We similarly define P(F:°0:"0:¢) from the point process P,
Corollary 1. For every fized ¢ > 0 and hg > 0,
(X(n)’P(L,mho,s)’fp(Rm,ho,e)) . (Z7P(L,oo,ho,a),zP(R,omho,e))’

n—oo

in the sense of convergence in distribution for random variables with values in D(Ry) X E x E.

Proof. Let us first show that the sequence of the laws of P(L:7:h0:2) is tight. We will verify that, for every a > 0,
there is a real number M, > 0 and a compact subset K, of [0, ho] x C(Ry,R)? x R, such that, for every integer
n > 1, with probability at least 1 — v, the measure P(Z7"0:¢) has total mass bounded by M, and is supported on
K. Since the set of all finite measures supported on K, with total mass bounded by M,, is compact, Prohorov’s
theorem will imply the desired tightness.

Since for every x > 1,

Pu((CV) > £) < 2p,(0(Cy™) > 2) = 2p0(200] > en®) = O(n )
a first moment calculation shows that we can find a constant M, such that, for every n > 1,

P Hp(Lm,hmE)

@

> Ma} <2

- 2

A similar argument gives the existence of a constant H,, large enough so that, for every n,
P [PEmhod) (0, ho] x C(Ry, R)2x|Ha, oof) > 0] < %.

We will thus take the compact set K, of the form
K, =0, ho] x Ko x [0, Hy].

where KC,, will be a suitable compact subset of C(R4,R)2. To construct K, we rely on the convergence results
for discrete snakes. We first note that, thanks to the convergence in distribution of the rescaled processes

(, / %XULH> , we can find a constant A, such that, for every n > 1,
£>0

P sup  X; > Agv/n| < a/8.

0<i<|hon]

Theorem 4 of [7], or Theorem 2 of [9], implies that the collection of the distributions of the processes (C(S"), e(n))
under the probability measures p, (- | en® < [0] < Hon?), for n > 1 and z varying in [0, Aq+/n], is tight (of
course the choice of x here just amounts to a translation of the labels). In particular, we can find compact
subsets K of C(R4,R)? for which

o ((C5V, Vi) ¢ KC | en® <16] < Hon?)

is arbitrarily small, uniformly in z € [0, A,+/n] and n > 1. Using once again the bound p; < 2p; and the estimate
([3), we can thus find a compact subset K, of C(Ry,R)? such that

(Inho] +1) X pa ({(Cé"’,v;m) ¢ /ca} N{en2 < 0] < Han2}> < /8,
for every = € [0, Aqv/n] and n > 1. From this last bound and a first moment calculation, we get
PH sup  Xi < Aa\/ﬁ} N {73@7"7’10’8)([0, ho) % K& x [0, Hal) > OH < /8.
0<i<|hon]

We take K, = [0, ho] x Ky % [0, H,] as already mentioned, and by putting together the previous estimates, we
arrive at

Pl

This completes the proof of tightness.
The same arguments also give the tightness of the sequence of the laws of P(m0:€) - Therefore, we know
that the sequence of the laws of (X(”), PLomhose) P(R’"’h‘”a)) is tight.
Proposition [f] and the remark following the statement of this proposition, now show that
E |:\I/ (X(n)7P(L,n,ho,€)7P(R,n,hg,s)):| RN E |:\I/ (Z7 Péoo,h078)77)(ROO7h0,8)>:|

n—oo

< My {PErtod(xe) =0} =1~ a.
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for all functions ¥ of the type

WU (u, my, ma) = ¢(u)exp (— /1/)(L) dmy — /¢(R) dmz) ;

with ¢, ) and ) asin Proposition Once we know that the sequence of the laws of (X(”), PLnhoe) P(R’"’ho’s))
is tight, this suffices to get the statement of Corollary [I] (]

Proof of Theorem[5 Throughout the proof, hg > 0 is fixed. We consider as previously a triplet (Z, P(5), P
such that Z is a nine-dimensional Bessel process started at 0, and conditionally given Z, (P, P(R)) is a pair of
independent Poisson point processes on Ry x @ with intensity given by . We assume that the process W (E),
resp. W is then determined from the pair (Z, P(5)), resp. (Z, PU9), in the way explained in subsect. In
agreement with this subsection, we also use the notation

T&L) = sup {s >0: CgL) < u}

for every u > 0.
Let us fix ¢ > 0. For every n > 0, let C(©:7"0:¢) denote the concatenation of the functions ( + Cgf) (t)>

@
n

)
0<t<2n=2|L;|

Lymho.e) ig defined and cadlag on

for all integers i such that 2n=2|L;| > & and i < nhg. The random function C(
the time interval [0, 7(L-™"0:2)[ where

(18) T(L,n,hmé) — Z 1{2n*2\L1|>e}2n_2|Li|-
1S7Lh0

We extend the function t — C'&m50:2) 0 [0, 00| by setting C(Emh0:2) () = % for every t € [r(Lmhoe) oo,

We denote the rescaled contour function of the left side of the spine of the uniform infinite well-labeled tree,
up to and including its subtree L, at generation |nhg|, by C(Emho) - The function t — C(Fm70) (1) is defined
and continuous over [0, 7(X:7"0)] where as previously

n ’I’Lho _
(19) e (1ol 5 2y

iﬁnhg
Again, we extend C(F770) to [0, o[ by setting C(Fmho)(t) = L”HLOJ if t > (o) Note that we have also

r(Lnsho) — sup {t >0: lC(L)(n2t) < LLhOJ }
n n
and that C(Fmho)(¢) = %C(L) (n?(t A7Lmho))) for every t > 0. The difference between C(L7m0) and C/(Fmho-)
comes from the time spent on the spine by the contour of § and the contribution of small trees. See Fig. [ for
an illustration of the processes C'(Lmh0) and C(F:n-ho-e),

Similarly, we denote by V(Zm"0:€) the concatenation of the functions (VL(H)(t)> L for all integers @
i 0<t<2n—2|L;

such that 2n2|L;| > € and i < nhg, and we extend this function to [0, co[ by setting V (F-mho-€) (¢) = XEZZL()J/TL

for ¢ > 7(E:m:h0:2) - We define the process V(&"0) analogously to CZ>™"0) replacing the contour function by
the spatial contour function.

We define in the same way the processes C'(F:ho.2) /7 (Bmnshoe) - C(Rnsho) and Y (R:mho) for the right side of
the spine.

Finally, let P(£:09.00:2) and P(F:20,h0.¢) he the point measures on Ry x C(R,R)? x R, defined from P*) and
P in the way explained before Corollary [l We define four processes C'(£:00:10:2) 7 (L,00:h0.8) - ((F,00,h0.€) apd
Y (£:00.h0.€) by imitating the preceding construction but using the point measures P(£:00:h0.¢) and PF.00.h0.¢)
instead of P(Fmh0:) and PURmhoe) - More explicitly, if (r1, (f1,91),51), (72, (f2, 92), 82), ete. are the atoms of
PLo0:hos) Jisted in such a way that r < 75 < ---, the process C(1:°%"0:2) is obtained by concatenating the
functions (r1 + f1(t))o<i<s,, (T2 + f2(t))o<t<s,, etc., and the process V(£:2:h0:) is obtained by concatenating
the functions (g1(t))o<t<s,> (92(t))o<t<s,, etc. The random functions C(F29m0:€) and V(£:90:h0:€) are a priori

only defined on a finite interval [0, T}Eg’e)

(Ct(L,oo,ho,a)’ V;(L#X’JLU’E)) = (ho, Zho)

[, but we extend them to [0, co[ by setting

for every t > T,Ef’a).
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O(Lmho)

|nho|

A Liahas L L)
2 : :

n

: » 1

‘ T(L,mho,s)

|nho)
n
|nho—3
2
n

>t

T(L,n,hg)

<e <eg

FIGURE 4. The processes C(Lm:ho) and C/(Emhose)

Using Corollary [I] and the Skorokhod representation theorem, we may find, for every n > 1, a triplet
()Z'(”), ﬁ(L’”’hO’E), ﬁ(R’"’hO’E)) having the same law as the triplet (X(”), P(Linshose), P(R’”’h"*f)) and such that

(20) (5((7;)7 PLomhose) 75(R,mh0,s)) . (Z, PpLsochose) P(R,oo,hg,s))

n—oo

almost surely. We can order the atoms of the point measures considered in according to their first
component. From the convergence 7 we deduce that almost surely for n large enough the measures P(Linhose)
and P(£:2:h0:¢) have the same number of atoms, and the i-th atom of P(Linhose) converges as n — o0 to the
i-th atom of P(£:°:h0:2)  The same property holds for the right side of the spine.

With the point measure P(Linhose) , we can associate random functions G(L’”’h“’a), V(Linho©) defined in the
same way as C'(E7:ho€) /(Lnhoe) were defined from P(-7-h0-2) - Similarly, with the point measure P(Rinhoe)
we associate the random functions C(Em:ho:€) y/(Rm:ho.€)  From the almost sure convergence of the atoms of
75(L’"*h0’5), resp. 75(R’”’h0’6), towards the corresponding atoms of P(£:0r0:6) pregp. PU00:0:€) it is then an
easy exercise, using the definition of the Skorokhod topology, to check that we have almost surely

(21) (5(L,n,h0,e),‘7(L7n,h0,5)) . (C(L,oo,ho,a),V(L,m,hg,E))
and similarly
(22) (6(R,n,h0,s)’v(R,n,ho,s)) N (C(R,oo,ho,s)’V(R,oo,hg,s))

in the sense of the Skorokhod topology on D(R?).
Let dgi be a metric inducing the Skorokhod topology on D(R?). We may assume that dsi((f1,91), (f2,92)) <

11 = falloo + [lg1 = g2[loo, where |[f]loc = sup{[f()| : t > 0} < oco.
Then let F be a bounded Lipschitz function on D(R?) x D(R?). From (21]) and 7 we have

E { Ia ((C@,n,ho,e), V(L,n’hm) ’ (C<R,n,ho,a>, V(R,n,ho,e)))}
- E [F ((5(L,n,ho,s)’f}(L,n,hg,e)) ’ (G(R,n,ho,s), V(R,n,ho,g)))]

(23) _ . E |:F ((C(L,OOJLU,E)7 V(L,oo,ho,e)) , (C(R,oo,ho,s), V(R,oo,ho,s)))} ]

n—oo
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Our goal is to prove that

E [F ((C(L,n,ho)’ V(L,n,hg)) ’ (C(R,n,ho)7 V(R,n,ho)))]

(24) — B |F ((Clhecho) yileoho)) (oot y(iteon) )]

n—oo

where (C'(L:00:h0) () 17 (L:00sho) (1)) = (C(L)(L),W(L) ), and the processes (C(/:00:h0) (1) 1/ (F:00.00) (1)) are defined

()
t/\ThO t/\ThO
in a similar manner. As we will explain later, the statement of Theorem [5] easily follows from the convergence

(24)-
In order to derive from (23)), we use the next lemma.

Lemma 2. (i) For every n > 0, we have, for all € > 0 small enough,
lim sup P [sup ’C(L’”’h"’e)(t) — C(L’"’h")(t)‘ > 77] <n
n—oo t>0
and
lim sup P [sup Y Eomshooe) (1) — V(L’"’ho)(t)’ > 77] <.

n—oo >0

(ii) We have for every n > 0,
lim P {sup [Clhoehon) (1) — CEoeho)g)) > n} =0
=0 [1>0

and

lim P [sup V(Eoohoe)(3) V(L’Oo’ho)(t)‘ > n} =0.

e—0 t>0

Let us postpone the proof of Lemma [2[ and complete the proof of Theorem [5| Fix § > 0. From part (ii) of the
lemma (and the obvious analogue of this lemma for processes attached to the right side of the spine), and our
assumptions on F', we can choose £y > 0 such that, for every ¢ €]0,e¢],

E HF ((C(L,oo,ho)7 V(L,oo,ho)) ’ (C(R,oo,hg))V(R,oo,ho)))

_F ((C(L,oo,}w,e)7 V(L,oo,ho,e)) ’ (C(R,OOJLO,E)’ V(R,oo,ho,s)>> H <5,

From part (i) of the lemma, and choosing € even smaller if necessary, we have also

lim sup E HF ((C(L,n,ho)7 V(L,n,ho)) ’ (C(R,n,ho)’ V(R,n,h0)>)

_F ((Cw,n,ho,e)’V(L,n,ho,a) , (C<R,n,ho,e>7V(R,n,ho,a)))H <.

Hence, using also ,
limsup E HF ((C(L,n,ho), V(L,mho)) ’ (C(R,n,hg), V(R,n,hg)))

L p((ot v (ot )] < 25

Since § was arbitrary, this completes the proof of . We have thus obtained
((C(L,”7h0)7 V(L,n,ho)) ’ (C(Rymho)’ V(R,n,hw))

(25) ), ((C@,oo,ho), V(L,oo,hw) ’ (C<R,oo,ho>7V<R,oo,ho>)) ,

However, the pair (C(E-mho) V7 (L:mho)) coincides with the process (20 (n?), 1/ 2V ) (n2.)) stopped at time

r(Emho) “and the pair (CL00:h0) V7 (£:00.h0)) coincides with the process (¢(5), W(L)) stopped at time T}(Lf). Simple
arguments (using the fact that holds for every hg > 0) show that 7(Z>™"0) must converge in distribution to
T,&OL), and that this convergence holds jointly with .

Analogous properties hold for the pairs (C(Fmho) 7 (Enho)) and (C(F.00:h0) 17 (1:00,00)) “and for the random
times 7(Fmh0) and T}(L?) defined in an obvious manner for the right side of the spine. Since T}(j) and T,(Lf) both
increase to oo as hg T co, the statement of Theorem [5| follows from the convergence . (I
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Proof of Lemma[2 We start by proving (ii). Write the atoms of PL) in the form
P(L) = Zé(rigwi)
il
and notice that, for every u > 0,

b = Z 1, <uy o(wi).
iel
The construction of W& from the point measure pL) (cf subsect. shows that the pair (C(L),W(L)) is
obtained by concatenating (in the appropriate order given by the values of r;) the functions

(7 + C.wi)s Z, + W)

On the other hand, the definition of the point measure P(£:°2:70:€) "and the construction of the pair (C’(L"X”ho’s), V(L’“’ho’s))
from this point measure, show that the pair (C’(L’Oo’hmg), V(L’Oo*ho’s)) is obtained by concatenating the same
functions, but only for those indices ¢ such that r; < hg and o(w;) > . In other words, if we define for every

t>0,

t
At = / ds D 1 <hoowize) 1o coeriy
0 = i

iel
and
%SL’hO’E) = inf {s >0: AgL’hO’E) > t} A T;Lf),
we have
(26) (C’(L,oo,ho,é‘)(t)7V(L,oo,ho,&‘)(t)) = (giﬁfg‘,myswwﬁ,lw) ,

for every ¢t > 0. It is however immediate that

AEL’hU’E) — S tA 7_}(“1]:)

e—0
and the convergence is uniform in ¢ by a monotonicity argument. It follows that
(L)

(L7h b )
g OE " tEA Ty
again uniformly in ¢. Part (ii) of the lemma now follows from .

Let us turn to the proof of (i), which is more delicate. The general idea again is that the process C(Lnshose)
can be written as a time change of C(*"0) (this should be obvious from Fig. , and that this time change
is close to the identity when ¢ is small. We start by estimating the difference 7(L>m0) — 7(Lm:hos€)  Tet us fix
d > 0. If n is large enough so that ho/n < §/2, we have, using and (19),

h
p[rtnto e s o] = p[l LSSy i s ]

ZSTLho

E{ Z 1{2n*2\Li|§5}2n72|Li‘}

i<nho

<

N >l N

E{ Z X, (1{2n*2\0|§5}2n72‘9|):|

ignho
< 4(|_nh0J + 1)
= B
(27) < K(hg,6)e/?

po (Liz2n-2j0/<=32n%(6)])

where the last bound is an easy consequence of , with a constant K (hg,d) that depends only on hg and §.

We now compare C'(Fmh0:€) and CFmho) . Note that we can write C'(17:h0:2) (1) = C(Emho)(A,)) where the
time change Ay is such that 0 < A, —t < 7(Emho) — 7(Linshose) (a brief look at Fig. should convince the reader).
It follows that

(28) sup |CELmhoe) (1) — C’(L’"*hf’)(t)‘ < sup

>0 Tt —ta|<r(Liniho) —p(Einiho.e)

C(L,n,ho) (tl) _ C(L,n,ho) (tg) )
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Recall that the function C'(%:™"0) is constant on [7(¥™"0) oo[ by construction. In order to bound the left-hand
side of , we fix t; < to < 7(Lmh0) guch that ty — t; < 7(Emho) — 7(Linhose)  Tf there exists 0 < i < nhg such
that

Lo (i=1)/n) L =2 <) <ty < Lmi/n) 4 =2
(Ln,=1/n) —

i

(with the convention 7 —n~?) then this means that the times t; and ¢, correspond, in the time scale
of the rescaled contour process, to the exploration of the same tree L;, or perhaps of the edge of the spine above
the root of L;. In that case we can clearly bound

(29) C(L,mho)(tl) _ C(L’"’ho)(tg) < sup Cg)(u) _ Cg) ()| + %

u—v] <7 (Emho) 7 (Liniho.e)
On the other hand, if there exists no such ¢, then we can find 0 < i < j < nhg such that
rEn(=1/n) 4 =2 <y o« pLmi/n) =2 « f(LinG=1/n) 4 =2 <4 < p(Limi/n) 4 =2
and we have:

’C«(L,n,ho)(tl) _ O(L,n,ho)(tQ)’

n i n . _ ) — g 1
< )Oé]) <t2 _ T(L,n,(j—l)/n) _ n—?) _ ng_,z) (tl _ 7_(L,n,(i 1)/n) _ n 2))’ + J :L+ ,

where we recall the convention that CI(JT) (s) =0 for s > 2|L;|/n?. Now note that i = J,2,,) and j = J|,2¢, ],
with the notation introduced before Lemma [Il We obtain

‘C(L,n,ho) (tl) _ C(L,n,ho) (tz) ‘

J n - J n + 1 n 1 n - _
(30) g Antal T T ax {c}i) <t1 _ (L, (i=1)/n) +n—2) o (t2 G-/ g 2)}

n

Put v, = r(Lomsho) _ 7 (Lnshos2) t6 simplify notation. From and the bounds and , we get

sup C(L,n,ho,a)(t) _ C(L,n,ho)(t)‘
t>0

J —J +1 n n
(31) < sup | [n2v] Ln2uJ| £ sup sup ‘Cék) (v) — Cik) (u)’ )
u, <L ho) |y —u| <y, o n 0<k<|nho] |v—u|<vn,e )
We write B1(n,e) and B2(n,e) for the two terms in the sum of the right-hand side of . We will use Lemma
to handle §;(n,e), but we need a different argument for B2(n, ). Recall our notation H () for the height of a
labeled tree 6. Then, for every § > 0 and x > 0,

P
0<k<[nho] |u—v|<8

sup sup ‘C’g}:) (u) — C’g}:)(v)‘ > n‘|

I_’I’Lhoj

< Z P| sup |Cr,(n*u)—Cyr,(n*v)| > nk
k—0 lu—v|<8
thoj

= Z E|px, | sup |Co(nu) — Co(n*v)| > nk
k=0 lu—v|<6

< 2(|nho] +1) po < sup |Cyp(n?u) — Cy(n?v)| > nn)

Jlu—v|<8
(32) = 2([nho| + 1) po(H(8) > nk) x po <| sup 1G85 (u) = €5 (v)] > K ‘ H(0) > m> .
u—v|<d
By standard results about Galton-Watson trees,
(33) supn po(H(6) > n) < oo

n>1

and so the quantities 2(|nho| + 1) po(H (0) > nk) are bounded above by a constant K (hg, x) depending only on
ho and k. On the other hand, from Corollary 1.13 in [I3] (or as an easy consequence of Proposition , the law
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of (Cén)(t))ogtggn—2|9| under the conditional probability measure po(- | H() > nk) converges as n — oo to the
law of a Brownian excursion with height greater than x. Consequently,

lim sup pg < sup |C’§n)(u) — Cé")(v)\ > K ‘ H(0) > nn)

n—00 lu—v|<8

<n( sup le(u) - e(v)] = r
lu—v| <6

supe(t) > x|
>0
where n stands for the Itd excursion measure as in subsect. 2.4l For any fixed &, the right-hand side can be
made arbitrarily small by choosing § small enough.

To complete the argument, fix n > 0. By the preceding considerations, we can choose § > 0 small enough so
that

(34) lim sup P

n—oo

sup sup ’C’g;) (u) — C,(-j;) (v)‘ >2 <1
0<k<|nho| |u—v|<§ 3

and, using Lemma [T}

(35) lim sup P

n—oo

w,p<rLoniho) | y—u|<6§ n 2

Jinzo| — Jin2a)| +1
sup |L | L Jl >n]<

From (BI)), we get

P [sup )C(L’”’ho’s)(t) — C'(L’"’h")(t)‘ > 77]
>0

< Plne 28]+ P [yne <6, Bun,) > 7] + P [yne <6, Baln,e) > 7]

The quantities P[y,. < ¢, f1(n,e) > 2] and Py, < 0, f2(n,e) > 3] are smaller than 7 when n is large
(independently of the choice of €), by and . Finally, allows us to choose ¢ > 0 sufficiently small so
that P[y, . > 6] < 2 for every n > 1. This completes the proof of the first assertion in (i).

The second assertion in (i) is proved in a similar way, and we only point at the differences. The same

arguments we used to obtain the bound give

sup V(L,n,ho,s) (t) _ V(L’n’ho)(t)‘
>0

/3 n n
(36) < sup o (|XJL”2UJ — XJL”qu | + 1) +  sup sup ‘Vék)(u) — V[(/k)(u) .
w,u<T (Lo ko) Ju—u| <y, . n 0<k<[nho] [v—u|<vn.e

If n > 0 is fixed, we can again use Lemma [I} together with Proposition [I} to see that we can choose é > 0 small
enough so that

3
sup 90 (|X‘]Ln21)j 7XJL71,2UJ

w,v <7 (Lm:ho) |y—u|<S 2n

Then, in order to estimate the second term of the right-hand side of , we replace the bound by

(37) lim sup P

n—oo

2

n n
1)>f < -

P sup sup ‘VL(:)(U) - V,E:)(v)‘ > /@]
0<k<[nho| [u—v|<d
K n n *ok K
(38) < 2([nho] +1) po(V*(60) > 5V/) x po <| up Vi () = Vi @)l > k| Ve (0) > 2¢ﬁ> ,
u—v|<

where V**(6) denotes the maximal absolute value of a label in 6. The analogue of is
(39) supn po(V**(0) > /n) < .
n>1
This bound can be derived from the much more precise estimate given in Proposition 4 of [7] (together with

). Then, Proposition |2 implies that the law of (Ve(") (t))o<t<2n-2|6) under the conditional probability measure
po(- | V**(0) > £+/n) converges as n — oo to the law of (/V[Z)Ogtgg under No(- | W** > (3/8)'/%k), where
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W = max{|ﬁ/\s| : s > 0} (the precise justification of this convergence uses arguments very similar to the proof
of Corollary 1.13 in [13]). Consequently,

“msuppo< sup (V" (w) = V" (0)] > 1 |V (6) > ;%)

n—oo lu—v|<8

<No ( sup |W(u) — W) >k ‘ W** > (3/8)1/2K> ,
lu—v|<6
and, for any fixed x > 0, the left-hand side can be made arbitrarily small by choosing § small. The remaining

part of the proof is exactly similar to the proof of the first assertion in (i). This completes the proof of Lemma
O

4. DISTANCES IN THE UNIFORM INFINITE QUADRANGULATION

The main result of this section provides a scaling limit for the profile of distances in the uniform infinite
quadrangulation. In order to derive this result from Theorem [5] we need a preliminary lemma. We use the same
notation as in Theorem [Bl

Lemma 3. Let A > 0. We have
lim (supP[ﬁg}f( V(L)(th) < A\/ﬁ]) =0.

0 An>1
Proof. We first note that for every fixed n > 1, the probability considered in the lemma tends to 0 as K — oo
because V(L)(k) tends to oo as k — 0o. The problem is thus to get uniformity in n, and for this purpose we
may restrict our attention to values of n that are larger than some fixed constant.
Next we observe that it is enough to prove that
lim (SupP[ inf VI (n?t) < A\/ED =0.

h—o0 n>1 t>7(L,n,h)
Indeed, since we know that 7 converges in distribution towards T}(LL) as n — oo, with T}(L < 00 a.8., we can
for every fixed value of h > 0 choose K sufficiently large so that P[r(*™") > K] is arbitrarily small, uniformly
in n. Thus the probability in the lemma will be bounded above by the probability appearing in the last display,
up to a (uniform in n) small error.
The event

(L,n,h) L)

{ inf V(L)(th)<A\/ﬁ}

t>7(L,n,h)

may occur only if one of the trees L;,7 > |nh| has a vertex with label smaller than A\/n. Hence the probability
of the complement of this event is bounded below by

B| ﬁ px.(Ve = AVi)|

i=|nh]

where we recall our notation V, for the minimal label in a labeled tree 8. The preceding quantity can also be
written in the form

(40) E[exp Z log(1 — px, (Vi < A\/ﬁ))}
i=|nh]

Let us fix € €]0,1/4[, and set B = 64A/e%. Consider the event
Thn={X;> Byn, for every i > [nh]}.

As a consequence of Proposition [1| and Lemma 2 in [I7], we can choose h > 0 large enough so that, for every
sufficiently large n, P[] > 1 —e. We will prove that, for this value of h, and for every sufficiently large n, the
quantity in is bounded below by 1 — 3. This will complete the proof of the lemma.
To get a lower bound on the quantity , we recall from Section 2 that, for every [ > 1,
I(1+3) 2

alV= 0= iy~ ity



SCALING LIMITS FOR THE UNIFORM INFINITE QUADRANGULATION 23

Since p; (Vi > 0) = pi (Vi > —1) = p111(Vi > 0), it follows that, for every [ > 1,
4 < é

I+1D)(I+2)(1+3) — 3

Note that p) (Vi =1") = pj—y (Ve =0) if I > 1" > 0. If X; > B+/n, we have thus

BLAVR] _ 16Ayn
(X— AP =X

p(Vi=0)=

P, (Ve < AvV) < 2px,(0 < Vi < Av) <

Hence, on the event I'y, ,,, for n sufficiently large, we have

- . — 164y/n
> log(1—px, (Vi < Aﬁ))] <2 ) yn
i=|[nh] i=|nh] @
For every integer j > 1, set Aj; = #{i > 0: X; = j}. By Proposition 5.1 in [6], we have E[A;] < j, for all
sufficiently large j. Hence, if n is sufficiently large,

E{lr,m i 32;;,/%] < E{i 324vn 1{Xi>B\/ﬁ}]

X3
i=|nh| ¢ i=0 i
— 324V B| i %AJ}
. j
J=1Bvn]+1
> 1
< 324y/n =
DD
J=1Bvn]+1
< 64A/B
<é?,

by our choice of B. Using the Markov inequality, we now get
(oo}
P[Fhm N {‘ 3 log(l - px, (Vi < A\/ﬁ))‘ > eH <e.
i=|nh]

Recalling that P[I',, 5] > 1 — ¢, we thus see that the quantity inside the expectation in is bounded below
by exp(—¢) > 1 — €, except possibly on an event of probability at most 2¢. It follows that the quantity is
bounded below by 1 — 3¢, which was the desired result. O

Recall that the profile A, of a quadrangulation q is the integer-valued measure on Z defined by
A(k) =H{aeV(q): dg-(0,a) =k}

for every k € Z,. If ¢ € Q and n > 1 is an integer, we define the rescaled profile )\gn) as the o-finite measure on

R, such that
n 1 [2n

for any Borel subset A of R;. Also recall that B, (q) denotes the ball of radius n centered at 0 in V(q)

Theorem 6. Let q be a uniform infinite quadrangulation. The sequence (/\gn))nzl converges in distribution to
the random measure T on Ry, which is defined, for every continuous function g with compact support, by

(Z,9)= ;/000 ds (g (W\S(L)> +g (f/{/\s(R)))

where (W(L), W(R)) s a pair of correlated eternal conditioned Brownian snakes.
In particular we have:

1 @ 9
—#Ba(a) 2 $Z(0,1)).

Remark. Both )\Eln) and Z are random variables with values in the space of Radon measures on R, which is a

Polish space for the topology of vague convergence. The convergence in distribution of the sequence ()\Eln))nz1

thus refers to this topology.
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Proof. We may assume that q is the image under the extended Schaeffer correspondence of a uniform infinite
well-labeled tree ©, and we use the same notation (X;, L;, R;);>0 as in subsect. For every ¢ > 0, we write
the labeled trees L; and R; as L; = (1,,¢r,) and R; = (Tg,,Lr,). We also keep the notation (C%) V(L)) resp.
(CU) V) for the pair of contour functions coding the part of © to the left of the spine, resp. to the right of
the spine.

Fix a continuous function g with compact support on R . From the properties of the Schaeffer correspondence,
we have then

(41) <>\q79>=g(0)+zg(Xi)+Z Yooyl o)+ Yo gltr,(v)

i=0 \wveL;\{0} veR;\{0}

We can rewrite the right-hand side of in terms of the contour functions of ©. To this end, set for every
t>0, [tlow = [t] +1if CE([t] +1) > CEI([t]), and [t]ow) = [t] otherwise. Define [t]ox) in a similar way.
Then, from the construction of the contour functions, it is easy to verify that we have also

(42) (ag) =90) +9() + 3 [ ataV O Eow)) + 5 [ dtgV O (om))

Consequently,

(A g) = W w2 [ aa(f 2voeeneen) + 4 [ ata(yf Zveeaan)

Since [V ) ([s]a) — VIE)(s)| < 1, for every s > 0, and g is compactly supported hence uniformly continuous, a
simple argument, using also Lemma [3] shows that

o 3 e 3 (P)
(L) (12 _ (L)(,.2
/0 dtg(\/ 2nV ([n t]C<L>)) /0 dtg(\/—2nv (n t)) n—>_> 0,

P
where the notation &) indicates convergence in probability. Thus we have obtained

) 0a9) - ;</OOO dtg(@““(n?t)) + /OOO dtg(\/;V(R)(th)) n%o 0.

By Lemma 3]

(44) P[/OOo dtg(\/gV(L)(n%)) = /OK dtg(\/ivw(n?t))} — 1,

uniformly in n > 1, and a similar result holds for the integrals involving V#). Moreover, by ,

(45) Pl =4 [ as (o (F9) 40 (F))] =1

K—o0

Theorem [5] implies that, for every K > 0,

o) ol v ) 2 [0 o (89 o (727)).

From this convergence, , and , we get that (Ag"),g> converges in distribution to (Z,g), which
completes the proof of the first assertion.

Note that Z([0,7]) @ g ([0,1]) for every r > 0, by a simple scaling argument. Since

i #Ba(a) = 200, (3/2)7),

the second assertion of the theorem will follow if we can verify that /\Eln)([O,r]) converges in distribution to
Z([0,7]) for every r > 0. This is a straightforward consequence of the first assertion and the fact that Z({r}) =0
a.s. The latter fact is easy from a first-moment calculation. O

The known connections between the Brownian snake and partial differential equations (see Chapters V and
VI of the monograph [12]) make it possible to derive some information about the distribution of the random
measure Z in Theorem [l Here we content ourselves with a first-moment calculation.
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Proposition 5. For every nonnegative measurable function g on R,

BlT.g)] =57 [ dre®ato)

In particular, for every r > 0,

BIZ(0, )] = 22

Proof. From the definition of Z and the construction of the eternal conditioned Brownian snake, we get

Bz =18 [ [~ aetiz, (1o [ asol)]

For every z > 0, set

909(2) =N, <]—{min’R>O}/ dsg(Ws)> .
0

Let (&;)i>0 denote a linear Brownian motion that starts from z under the probability measure P,. Then, by the
case p = 1 of Theorem 2.2 in [16], we have

(4

0q(2) = /Ooo da E, [g(ﬁa) exp (—4 /Oa dsNe, (minR < 0))}

_ /Ooo da E, {g(fa) exp <6 /0“ gj)}

6) = /000 daz' E. [Z;%9(Za)],

where the nine-dimensional Bessel process Z starts from z under the probability measure P,. In the second
equality we used @, and in the third one we applied the absolute continuity properties of laws of Bessel processes
(see e.g. Proposition 2.6 in [16]).

Since the nine-dimensional Bessel process has the same distribution as the Euclidean norm of a nine-dimensional

Brownian motion, we can use the explicit form of the Green function of the latter process to evaluate the integral

. After straightforward calculations, we arrive at the formula of the proposition. |
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