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SCALING LIMITS OF RANDOM PLANAR MAPS WITH
LARGE FACES

BY JEAN-FRANCOIS LE GALL AND GREGORY MIERMONT

Université Paris-Sud

We discuss asymptotics for large random planar maps under the assump-
tion that the distribution of the degree of a typical face is in the domain of
attraction of a stable distribution with index « € (1, 2). When the number
n of vertices of the map tends to infinity, the asymptotic behavior of dis-
tances from a distinguished vertex is described by a random process called
the continuous distance process, which can be constructed from a centered
stable process with no negative jumps and index «. In particular, the profile
of distances in the map, rescaled by the factor n— /2, converges to a random
measure defined in terms of the distance process. With the same rescaling of
distances, the vertex set viewed as a metric space converges in distribution
as n — 00, at least along suitable subsequences, toward a limiting random
compact metric space whose Hausdorff dimension is equal to 2c.

1. Introduction. The goal of the present work is to discuss the continuous
limits of large random planar maps when the distribution of the degree of a typ-
ical face has a heavy tail. Recall that a planar map is a proper embedding of a
finite connected graph in the two-dimensional sphere. For technical reasons, it is
convenient to deal with rooted planar maps, meaning that there is a distinguished
oriented edge called the root edge. One is interested in the “shape” of the graph
and not in the particular embedding that is considered. More rigorously, two rooted
planar maps are identified if they correspond via an orientation-preserving homeo-
morphism of the sphere. The faces of the map are the connected components of the
complement of edges and the degree of a face counts the number of edges that are
incident to it. Large random planar graphs are of particular interest in theoretical
physics, where they serve as models of random geometry [1].

A simple way to generate a large random planar map is to choose it uniformly
at random from the set of all rooted p-angulations with n faces (a planar map is
a p-angulation if all faces have degree p). It is conjectured that the scaling limit
of uniformly distributed p-angulations with n faces, when »n tends to infinity (or,
equivalently, when the number of vertices tends to infinity), does not depend on the
choice of p and is given by the so-called Brownian map. Since the pioneering work
of Chassaing and Schaeffer [7], there have been several results supporting this con-
jecture. Marckert and Mokkadem [22] introduced the Brownian map and proved
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a weak form of the convergence of rescaled uniform quadrangulations toward the
Brownian map. A stronger version, involving convergence of the associated met-
ric spaces in the sense of the Gromov—Hausdorff distance, was derived in Le Gall
[19] in the case of uniformly distributed 2 p-angulations. Because the distribution
of the Brownian map has not been fully characterized, the convergence results of
[19] require the extraction of suitable subsequences. Proving the uniqueness of the
distribution of the Brownian map is one of the key open problems in this area.

A more general way of choosing a large planar map at random is to use Boltz-
mann distributions. In this work, we restrict our attention to bipartite maps, where
all face degrees are even. Given a sequence q = (q1, q2, g3, . . .) of nonnegative
real numbers and a bipartite planar map m, the associated Boltzmann weight is

(D Wy (m) = ]_[ Qdeg(f)/2>
FeF(m)

where F(m) denotes the set of all faces of m and deg(f) is the degree of the
face f. One can then generate a large planar map by choosing it at random from the
set of all planar maps with n vertices (or with n faces) with probability weights that
are proportional to W, (m). Such distributions arise naturally (possibly in slightly
different forms) in problems involving statistical physics models on random maps.
This is discussed in Section 8 below.

Assuming certain integrability conditions on the sequence of weights, Marckert
and Miermont [21] obtain a variety of limit theorems for large random bipartite
planar maps chosen according to these Boltzmann distributions. These results are
extended in Miermont [23] and Miermont and Weill [25] to the nonbipartite case,
including large triangulations. In all of these papers, limiting distributions are de-
scribed in terms of the Brownian map. Therefore, these results strongly suggest
that the Brownian map should be the universal limit of large random planar maps,
under the condition that the distribution of the degrees of faces satisfies some in-
tegrability property. Note that, even though the distribution of the Brownian map
has not been characterized, many of its properties can be investigated in detail and
have interesting consequences for typical large planar maps; see, in particular, the
recent papers [20] and [24] (and Bettinelli [3], for similar results, for random maps
on surfaces of higher genus).

In the present work, we consider Boltzmann distributions such that, even for
large n, a random planar map with n vertices will have “macroscopic” faces,
which, in some sense, will remain present in the scaling limit. This leads to a
(conjectured) scaling limit which is different from the Brownian map. In fact, our
limit theorems involve new random processes that are closely related to the stable
trees of [12], in contrast to the construction of the Brownian map [19, 22], which
is based on Aldous’ continuum random tree (CRT).

Let us informally describe our main results, referring to the following sections
for more precise statements. For technical reasons, we consider planar maps that
are both rooted and pointed (in addition to the root edge, there is a distinguished
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vertex, denoted by v ). Roughly speaking, we choose the Boltzmann weights g; in
(1) in such a way that the distribution of the degree of a (typical) face is in the do-
main of attraction of a stable distribution with index « € (1, 2). This can be made
more precise by using the Bouttier—Di Francesco—Guitter bijection [4] between bi-
partite planar maps and certain labeled trees called mobiles. A mobile is a (rooted)
plane tree, where vertices at even distance (resp., odd distance) from the root are
called white (resp., black) and white vertices are assigned integer labels that satisfy
certain simple rules; see Section 3.1. In the Bouttier—Di Francesco—Guitter bijec-
tion, a (rooted and pointed) planar map m corresponds to a mobile 8 (m) in such a
way that each face of m is associated with a black vertex of 6 (m) and each vertex
of m (with the exception of the distinguished vertex v, ) is associated with a white
vertex of 6 (m). Moreover, the degree of a face of m is exactly twice the degree of
the associated black vertex in the mobile 8 (m) (see Section 3.1 for more details).

Under appropriate conditions on the sequence of weights ¢, formula (1) defines
a finite measure W, on the set of all rooted and pointed planar maps. Moreover, if
P, is the probability measure obtained by normalizing W,, then the mobile 6 (m)
associated with a planar map m distributed according to Py is a critical two-type
Galton—Watson tree, with different offspring distributions pg and 1 for white and
black vertices, respectively, and labels chosen uniformly over all possible assign-
ments (see [21] and Proposition 4 below). The distribution pq is always geometric,
whereas p has a simple expression in terms of the weights gx.

We now come to our basic assumption. In the present work, we choose the
weights gx in such a way that st (k) behaves like k=%~!, when k — o0, for some
a € (1, 2). Recalling that the degree of a face of m is equal to twice the degree of
the associated black vertex in the mobile 8 (m), we see that, in a certain sense, the
face degrees of a planar map distributed according to P, are independent, with a
common distribution that belongs to the domain of attraction of a stable law with
index o.

We equip the vertex set V (m) of a planar map m with the graph distance dg; and
would like to investigate the properties of this metric space when m is distributed
according to P, and conditioned to be large. For every integer n > 1, denote by
M), arandom planar map distributed according to P, (-[#V (m) = n). Our goal is to
get information about typical distances in the metric space (V(M,), dg:) when n
is large and, if at all possible, to prove that these (suitably rescaled) metric spaces
converge in distribution as n — oo in the sense of the Gromov—Hausdorff dis-
tance. As a motivation for studying the particular conditioning {#V (m) = n}, we
note that our results will have immediate application to Boltzmann distributions
on nonpointed rooted planar maps: simply observe that a given rooted planar map
with n vertices corresponds to exactly n different rooted and pointed planar maps.

To achieve the preceding goal, we use another nice feature of the Bouttier—Di
Francesco—Guitter bijection: up to an additive constant depending on m, the dis-
tance between v, and an arbitrary vertex v € V(m) \ {v,} coincides with the label
of the white vertex of 8(m) associated with v. Thus, in order to understand the
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asymptotic behavior of distances from v, in the map M,, it suffices to get infor-
mation about labels in the mobile 8(M,) when n is large. To this end, we first
consider the tree 7 (M,,) obtained by ignoring the labels in 6 (M,,). Under our ba-
sic assumption, the results of [12] can be applied to prove that the tree 7 (M,,)
converges in distribution, modulo a rescaling of distances by the factor n=(1=1/)
toward the so-called stable tree with index «. The stable tree can be defined by a
suitable coding from the sample path of a centered stable Lévy process with no
negative jumps and index «, under an appropriate excursion measure. The pre-
ceding convergence to the stable tree is, however, not sufficient for our purposes
since we are primarily interested in labels. Note that, under the assumptions made
in [21] on the weight sequence ¢ (and, in particular, in the case of uniformly dis-
tributed 2 p-angulations), the rescaled trees 7 (M) converge toward the CRT and
the scaling limit of labels is described in [21] as Brownian motion indexed by the
CRT or, equivalently, as the Brownian snake driven by a normalized Brownian ex-
cursion. In our “heavy tail” setting, however, the scaling limit of the labels is not
Brownian motion indexed by the stable tree, but is given by a new random process
of independent interest, which we call the continuous distance process.

Let us give an informal presentation of the distance process—a rigorous defin-
ition can be found in Section 4 below. We view the stable tree as the genealogical
tree for a continuous population and the distance of a vertex from the root is in-
terpreted as its generation in the tree. Fix a vertex a in the stable tree. Among
the ancestors of @, countably many of them, denoted by by, b, ..., correspond to
a sudden creation of mass in the population: each by has a macroscopic number
8x > 0 of “children” and one can also consider the quantity r € [0, &x], which is
the rank among these children of the one that is an ancestor of a. The preceding
description is informal in our continuous setting (there are no children), but can
be made rigorous thanks to the ideas developed in [12] and, in particular, to the
coding of the stable tree by a Lévy process. We then associate with each vertex
bi a Brownian bridge (By(#))¢[0,s,] (starting and ending at 0) with duration Jy,
independently when k varies, and we set

o0
D)= Bi(r).

k=1
The resulting process D(a) when a varies in the stable tree is the continuous dis-
tance process. As a matter of fact, since vertices of the stable tree are parametrized
by the interval [0, 1] (using the coding by a Lévy process), it is more convenient
to define the continuous distance process as a process (D;);c[0,1] indexed by the
interval [0, 1] (or even by R when we consider a forest of trees).

Much of the technical work contained in this article is devoted to proving that
the rescaled labels in the mobile 6 (M,,) converge in distribution to the continuous
distance process. The proper rescaling of labels involves the multiplicative factor
n~ 12 instead of n=1/*, as in earlier work. This indicates that the typical diame-
ter of our random planar maps M,, is of order n'/2*, rather than n'/* in the case
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of maps with faces of bounded degree. Because conditioning on the total number
of vertices makes the proof more difficult, we first establish a version of the con-
vergence of labels for a forest of independent mobiles having the distribution of
6 (m) under P, . The proof of this result (Theorem 1) is given in Section 5. We then
derive the desired convergence for the conditioned objects in Section 6.

Finally, we obtain asymptotic results for the planar maps M, in Section 7. The-
orem 4 gives precise information about the profile of distances from the distin-

guished vertex v, in M,,. Precisely, let p(Mni be the measure on R defined by

n 1 e
/P&,f(dx)ﬁﬂ(xﬁ— Yo e Py (v, v)).

veV (M)

Then, the sequence of random measures pj(‘fl[: converges in distribution toward the

measure p° defined by

1
f P (dx)p(x) = fo dt p(c(D; — D)),

where ¢ > 0 is a constant depending on the sequence of weights and D =
ming¢o, 1] D;.

We also investigate the convergence of the suitably rescaled metric spaces
V(M,) in the Gromov—Hausdorff sense. Theorem 5 shows that, at least along a
subsequence, the random metric spaces (V (M,,), n=1l/ 2"‘dgr) converge in distribu-
tion toward a limiting random compact metric space. Furthermore, the Hausdorff
dimension of this limiting space is a.s. equal to 2«;, which should be compared with
the value 4 for the dimension of the Brownian map [19]. The fact that the Hausdorff
dimension is bounded above by 2« follows from Hélder continuity properties of
the distance process that are established in Section 4. The proof of the correspond-
ing lower bound is more involved and depends on some properties of the stable tree
and its coding by Lévy processes, which are investigated in [12]. Similarly as in
the case of the convergence to the Brownian map, the extraction of a subsequence
in Theorem 5 is needed because the limiting distribution is not characterized.

The paper is organized as follows. Section 2 introduces Boltzmann distributions
on planar maps and formulates our basic assumption on the sequence of weights.
Section 3 recalls the Bouttier—Di Francesco—Guitter bijection and the key result
giving the distribution of the random mobile associated with a planar map under
the Boltzmann distribution (Proposition 4). Section 3 also introduces several dis-
crete functions coding mobiles, in terms of which most of the subsequent limit
theorems are stated. Section 4 is devoted to the definition of the continuous dis-
tance process and to its Holder continuity properties. In Section 5, we address the
problem of the convergence of the discrete label process of a forest of random
mobiles toward the continuous distance process of Section 4. We then deduce a
similar convergence for labels in a single random mobile conditioned to be large
in Section 6. Section 7 deals with the existence of scaling limits of large random
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planar maps and the calculation of the Hausdorff dimension of limiting spaces.
Finally, Section 8 discusses some motivation coming from theoretical physics.

Notation. The symbols K, K’, K1, K{, K2, ... will stand for positive constants
that may depend on the choice of the weight sequence g = (¢1, g2, . . .), but, unless
otherwise indicated, do not depend on other quantities. The value of these con-
stants may vary from one proof to another. The notation C (R) stands for the space
of all continuous functions from R into R and the notation D(R?) stands for the
Skorokhod space of all cadlag functions from R, into RY. If X = (X,);>0 is a
process with cadlag paths, X;_ denotes the left limit of X at s for every s > 0. We
denote the set of all finite measures on Ry by M¢(R,) and this set is equipped
with the usual weak topology. If (ax) and (by) are two sequences of positive num-
bers, the notation a; ~ by (as k — 00) means that the ratio ay /by tends to 1 as
k — oo. Unless otherwise indicated, all random variables and processes are de-
fined on a probability space (€2, F, P).

2. Critical Boltzmann laws on bipartite planar maps.

2.1. Boltzmann distributions. A rooted and pointed bipartite map is a pair
(m, v,), where m is a rooted bipartite planar map and v, is a distinguished ver-
tex of m. As in Section 1, the graph distance on the vertex set V (m) is denoted
by dor and we let e_, e be, respectively, the origin and the target of the root edge
of m. By the bipartite nature of m, the quantities dg (e, v4), dgr(e—, vy) differ.
Moreover, this difference is at most 1 in absolute value since e and e_ are linked
by an edge. We say that (m, v.) is positive if

dgr(e—h Vy) = dgr(e—, vy) + 1.

It is called negative otherwise, that is, if dgr(ey, v4) = dgr(e—, vy) — 1.

We let M7 denote the set of all rooted and pointed bipartite planar maps that
are positive. In the sequel, the mention of v, will usually be implicit, so we will
simply denote the generic element of M? by m. For our purposes, it is useful to
add an element f to M* , which can be seen roughly as the vertex map with no
edge and a single vertex v, “bounding” a single face of degree 0.

Let g = (g1, g2, - - .) be a sequence of nonnegative real numbers. For every m €

MEN AT}, set
W, (m) = ]_[ qdeg(f)/2>
feF(m)

where F(m) denotes the set of all faces of m. By convention, we set W, (1) = 1.
This defines a o -finite measure on M*+, whose total mass is

Zy=Wy(M?) €[l,00].
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We say that g is admissible if Z, < oo, in which case we can define Py = Z ! Wy
as the probability measure obtained by normalizing W,. The measure P, is called
the Boltzmann distribution on M’ with weight sequence g.

Following [21], we have the following simple criterion for the admissibility
of g. Introduce the function

2) fo@) =Y Nogx*"', x>0,
k=1

2k — 1
N(k) = ( L—1 ) .
Let R; > 0 be the radius of convergence of this power series. Note that by
monotone convergence, the quantity f,(R,) = f;(R;—) € [0, o] exists, as well
as f1(Ry) = f}(Rg—).

where

PROPOSITION 1 [21]. The sequence q is admissible if and only if the equation

3) fO=1—1  x=1,
X

has a solution. If this holds, then the smallest such solution equals Z .

On the interval [0, R,), the function f, is convex, so the equation (3) has at
most two solutions. Let us now pause for a short informal discussion, inspired
by [21]. For a “typical” admissible sequence g, the graphs of f; and of the function
x 1 —1/x will cross at x = Z, without being tangent. In this case, the law of
the number of vertices of a P,-distributed random map will have an exponential
tail. An admissible sequence g is called critical if the graphs are tangent at Z,
that is, if

@) Zfy(Z=1.

For critical sequences, the law of the number of vertices of a P,-distributed ran-
dom map may have a tail heavier than exponential. In the case where R, > Z,,
[21] shows that this tail follows a power law with exponent —1/2. However, the
law of the degree of a typical face in such a random map will have an exponential
tail.

In the present paper, we will be interested in the “extreme” cases where ¢ is a
critical sequence such that Z, = R,. We will show that in a number of these cases,
the degree of a typical face in a P,-distributed random map also has a heavy tail
distribution.
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2.2. Choosing the Boltzmann weights. We start from a sequence g° :=
(g ken of nonnegative real numbers such that

(5) @ ~ kK

k— o0

for some real number a > 3/2. In agreement with (2), we set

folx) = fro(x) = > N(k)gpx™!

k=1

for every x > 0. By Stirling’s formula, we have

22k—1
N(k) ~
( )k—>oo ik

so that the radius of convergence of the series defining f, is 1/4. Furthermore,
the condition a > 3/2 guarantees that f,(1/4) and f/(1/4) are (well defined and)
finite.

PROPOSITION 2. Set

o 4 P (V5
41074 + f21/4) 415174 + f11/4)

and define a sequence g = (qi)keN by setting

(6) ar=c(B/Hq;.

Then, the sequence q is both admissible and critical, and Z, = Ry = gL

REMARK. As the proof will show, the choice given for the constants ¢ and 8
is the only one for which the conclusion of the proposition holds.

PROOF OF PROPOSITION 2. Consider a sequence ¢ = (gx)reN defined as in
the proposition, with an arbitrary choice of the positive constants ¢ and B. If f; is
defined as in (2), it is immediate that

fe(x) =cfo(Bx/4).

Hence, R, = B~!. Assume, for the moment, that the sequence ¢ is admissible and
Z, = R,. By Proposition 1, we have f, (B~") =1 — B or, equivalently,

(7N cfo(l/4)=1-8.

Furthermore, the criticality of ¢ will hold if and only if fé (8~ = p? or, equiva-
lently,

) cfl(1/4) =4B.
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Conversely, if (7) and (8) both hold, then the sequence ¢ is admissible by Propo-
sition 1, the curves x — f;(x) and x — 1 — 1/x are tangent at x = B! and a
simple convexity argument shows that ! is the unique solution of (3) so that
Z;= B! = R, again by Proposition 1.

We conclude that the conditions (7) and (8) are necessary and sufficient for the
conclusion of the proposition to hold. The desired result thus follows. [J

We now introduce our basic assumption, placing a further restriction on the
value of the parameter a.

ASSUMPTION (A). The sequence ¢ is of the form given in Proposition 2, with
a sequence ¢° satisfying (5) for some a € (3/2,5/2). Weseta :=a—1/2 € (1, 2).

This assumption will be in force throughout the remainder of this work, with
the exception of the beginning of Section 3.2 (including Proposition 4), where we
consider a general admissible sequence q.

Many of the subsequent asymptotic results will be written in terms of the con-
stant B, which lies in the interval (0, 1), and the constant cg > 0 defined by

9 [ 2eT2—a) \'/®
) o= (za-vags)

The reason for introducing this other constant will become clearer in Section 3.2.
3. Coding maps with mobiles.

3.1. The Bouttier—Di Francesco—Guitter bijection. Following [4], we now re-
call how bipartite planar maps can be coded by certain labeled trees called mobiles.
By definition, a plane tree 7 is a finite subset of the set

(10) U=|JnN

n>0

of all finite sequences of positive integers (including the empty sequence &) which
satisfies three obvious conditions. First, @ € 7. Then, for every v = (uy, ..., ux) €
7T with k > 1, the sequence (u1,...,ur—1) (the “parent” of v) also belongs to 7.
Finally, for every v = (uy,...,ux) € 7, there exists an integer k,(7) > 0O (the
“number of children” of v) such that vj := (uy, ..., ux, j) belongs to 7 if and
only if 1 < j <k, (7). The elements of 7 are called vertices. The generation of
a vertex v = (uy, ..., ux) is denoted by |v| = k. The notions of an ancestor and a
descendant in the tree 7 are defined in an obvious way.

For our purposes, vertices v such that |v| is even will be called white vertices
and vertices v such that |v| is odd will be called black vertices. We denote by 7°
(resp., 7°*) the set of all white (resp., black) vertices of 7.
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FIG. 1. A rooted mobile.

A (rooted) mobile is a pair 8 = (7, (£(v))yere) that consists of a plane tree
and a collection of integer labels assigned to the white vertices of 7 such that the
following properties hold:

(a) £(©)=0.

(b) Letv e T*, v be the parentof v, p =ky(7)+1land vy =vj,1 < j<p—1
be the children of v. Then, for every j € {1, ..., p}, £(v(j)) > £(vj—1) — 1,
where, by convention, v(,) = v(q).

Condition (b) means that if one lists the white vertices adjacent to a given black
vertex in clockwise order, then the labels of these vertices can decrease by at most 1
at each step. See Figure 1 for an example of a mobile.

We denote by © the (countable) set of all mobiles. We will now describe the
Bouttier-Di Francesco-Guitter (BDG) bijection between ® and M . This bijec-
tion can be found in Section 2 of [4], with the minor difference that [4] deals with
maps that are pointed, but not rooted.

Let 6 = (7, (£(v))yer~) be a mobile with n + 1 vertices. The contour sequence
of 6 is the sequence vy, ..., v, of vertices of 7 which is obtained by induction
as follows. First, vg = @ and then, for every i € {0, ..., 2n — 1}, v; 41 is either the
first child of v; that has not yet appeared in the sequence vy, ..., v; or the parent of
v; if all children of v; already appear in the sequence vy, ..., v;. It is easy to verify
that vo, = @ and that all vertices of 7 appear in the sequence v, vy, ..., v2,. In
fact, a given vertex v appears exactly k,(7") -+ 1 times in the contour sequence and
each appearance of v corresponds to one “corner” associated with this vertex.

The vertex v; is white when i is even and black when i is odd. The contour
sequence of 7°, also called the white contour sequence of 0, is, by definition, the
sequence v, ..., v, defined by vy = vy; foreveryi € {0, 1,...,n}.
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The image of 6 under the BDG bijection is the element (m, v,) of M7 that is
defined as follows. First, if n = 0, meaning that 7 = {&}, we set (m, v,) = . Sup-
pose that n > 1 so that 7 has at least one element. We extend the white contour
sequence of 6 to a sequence v7, i > 0, by periodicity, in such a way that v?, = v}
for every i > 0. Then, suppose that the tree 7 is embedded in the plane and add an
extra vertex v, not belonging to the embedding. We construct a rooted planar map
m whose vertex set is equal to

V(m) =7° U {v,}

and whose edges are obtained by the following device. For i € {0, 1,...,n — 1},
we let

¢ (i) =inf{j >i:€(v;)=£(vf’)— 1}ef{i+1,i+2,...} U{oo}.

We also set v3, = vy, by convention. Then, for every i € {0,1,...,n — 1}, we
draw an edge between v; and v;(i). More precisely, the index i corresponds to
one specific “corner” of v and the associated edge starts from this corner. The
construction can then be made in such a way that edges do not cross (and do not
cross the edges of the tree) so that one indeed gets a planar map. This planar map
m is rooted at the edge linking vy = & to v¢(0), which is oriented from v¢(0)
to @. Furthermore, m is pointed at the vertex v, in agreement with our previous
notation.

See Figure 2 for an example and Section 2 of [4] for a more detailed description.

FI1G. 2. The Bouttier—Di Francesco—Guitter construction for the mobile of Figure 1.
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PROPOSITION 3 (BDG bijection). The preceding construction yields a bijec-
tion from © onto M . This bijection enjoys the following two properties:

1. each face f of m contains exactly one vertex v of T°, with deg(f) = 2(k,(7) +
1);

2. the graph distances in m to the distinguished vertex v, are linked to the labels
of the mobile in the following way: for every v € T° =V (m) \ {v.},

dgr (v, v) = €(v) — min £(v") + .
v'eTe°

In our study of scaling limits of random planar maps, it will be important to
derive asymptotics for the random mobiles associated with these maps via the
BDG bijection. These asymptotics are more conveniently stated in terms of random
processes coding the mobiles. Let us introduce such coding functions.

Let & = (7, (£(v))ye7°) be a mobile with n + 1 vertices (so that n =#7 — 1)

and let vy, ..., v, be, as previously, the white contour sequence of 6. We set
(11) /=17 for0<i<n, c?=0  fori>n.

We call (C i@ ,0 <i < n) the contour process of the mobile 6. It is a simple exercise
to check that the contour process C? determines the tree 7. Similarly, we set

(12) A=t  for0<i<n, Al=0  fori>n

and call A? the contour label process of 6. The pair (CY, A?) determines the

mobile 6.
For technical reasons, we introduce variants of the preceding contour functions.

Let no =#7° — 1 and let wy = @, wy, ..., wy,_, be the list of vertices of 7° in
lexicographical order. The height process of 0 is defined by
Hf:%Iwﬂ for 0 <i <n,, H! =0 fori > no.

Similarly, we introduce the label process, which is defined by
L?:@(wl‘?) for 0 <i <n,, L?:O fori > no.

We will also need the Lukasiewicz path of 7°. This is the sequence S =
(Sg, Sle, ...), defined as follows. First, Sg = 0. Then, for every i € {0, 1,...,n.},

S? i S? + 1 is the number of (white) grandchildren of w; in 7. Finally,

Sig = Sgo+1 = —1 for every i > n,. It is easy to see that Sig > 0 for every
ie€{0,1,...,n,} so that

#T°=n,+ 1 =inf{i >0:5Y =—1}.

Let us briefly comment on the reason for introducing these different processes.
In our applications to random planar maps, asymptotics for the pair (C?, A?),
which is directly linked to the white contour sequence of #, turn out to be most
useful. On the other hand, in order to derive these asymptotics, it will be more
convenient to consider first the pair (H 9 LY.

In the following, the generic element of ® will be denoted by (8, (£(v))ye7o),
as previously.
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3.2. Boltzmann distributions and Galton—Watson trees. Let g be an admissi-
ble sequence, in the sense of Section 2, and let M be a random element of ./\/l*+
with distribution P,. Our goal is to describe the distribution of the random mobile
associated with M via the BDG bijection. We closely follow Section 2.2 of [21].

We first need the notion of an alternating two-type Galton—Watson tree. Re-
call that white vertices are those of even generation and black vertices are those
of odd generation. Informally, an alternating two-type Galton—Watson tree is just
a Galton—Watson tree where white and black vertices have a different offspring
distribution. More precisely, if ©o and 1 are two probability distributions on the
nonnegative integers, the associated (alternating) two-type Galton—Watson tree is
the random plane tree whose distribution is specified by saying that the numbers
of children of the different vertices are independent, the offspring distribution of
each white vertex is o and the offspring distribution of each black vertex is p1;
see [21], Section 2.2, for a more rigorous presentation.

We also need to introduce the notion of a discrete bridge. Consider an integer
p > 1 and the set

p
Ep:={(x1,....xp) €{=1,0,1,2,..}7:> x; =0.
i=1

Note that E, is a finite set and, indeed, #E, = N(p), with N(p) as in (2). Let
(X1,...,Xp) be uniformly distributed over E,. The sequence (Yo, Yy,...,Y))
defined by Yo =0 and

J
Y=Y Xi, 1<j<p,
i=1
is called a discrete bridge of length p.

PROPOSITION 4 ([21], Proposition 7). Let M be a random element of M*
with distribution P, and let 6 = (T, (£(v), v € T°)) be the random mobile associ-
ated with M via the BDG bijection. Then:

1. the random tree T is an alternating two-type Galton—Watson tree with offspring
distributions uo and 1 given by

uok) =2 fo(Z)*, k=0,
and
ZEN (k4 Dgiy1
fo(Zg)

2. conditionally given T, the labels (£(v), v € T°) are distributed uniformly over
all possible choices that satisfy the constraints (a) and (b) in the definition of

wi(k) = , k> 0;
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a mobile; equivalently, for every v € T°, with the notation introduced in prop-
erty (b) of the definition of a mobile, the sequence (£(v(jy) — £(v()),0 < j <
ko(T) + 1) is a discrete bridge of length k,(T) + 1 and these sequences are
independent when v varies over T°.

A random mobile having the distribution described in the proposition will be
called a (ug, p1)-mobile. The law Q of a (ug, i1)-mobile is a probability distrib-
ution on ©.

Note that the respective means of o and p are

mo = ZkMO(k) =Z4fq(Zy), my = Zkﬂl(k) = quq/(zq)/fq(zq)
k>0 k>0

so that mom = Zg f(; (Z4) is less than or equal to 1 and equality holds if and only
if ¢ is critical.

We now return to a weight sequence ¢ satisfying our basic Assumption (A).
Recall that the sequence g, which is both admissible and critical, is given in terms
of the sequence ¢° by (6) and that we have g, ~ k=*=1/2 as k — oo, with a €
(1,2).

Then, g is the geometric distribution with parameter f,(Z;) =1 — B and

c

wi (k) = m4—’<1v(k+ D k=0,1,....
From the asymptotic behavior of ¢;, we obtain
) 2c

M e = BT
In particular, if we set 1ty (k) = w1 ([k, 00)), this yields
() 2c L
Y S el = By

Let i be the probability distribution on the nonnegative integers which is the
law of

—a—1

—

(13)

Vi,

U
=1

1

where U is distributed according to wg, V1, V2, ... are distributed according to u|
and the variables U, Vi, V», ... are independent. Then, u is critical, in the sense
that

o0
Zku(k) =momi = 1.
k=0

Notice that w is just the distribution of the number of individuals at the second
generation of a (ug, p1)-mobile. It will be important to have information on the
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tail (k) := u([k, o)) of w. This follows easily from the estimate (13) and the
definition of w. First, note that

U
ﬁ(k):IP’[ZV,- zk] >P[Eie{l,....U}:Vi >kl =1-E[(1 -, (k)"].
i=1

Then,

B 1-B_

_ U _ _ ~
1-E[(1-7(k) ]=1 0 ) B) ko P 1y (k).

Using (13), we get
2c
af/m

A corresponding upper bound is easily obtained by writing, for every ¢ € (0, 1/2),

w(k) > k™ + o(k™).

wk) <P[Riefl,...,U}:V; > (1 —¢e)k]

U
—HP’HZVi zk}ﬂ{Vie{l,...,U}:V,-f(l—s)k}]

i=1

and checking that the second term in the right-hand side is 0(k~%) as k — oo. To
see this, first note that the probability of the event {U > K logk} is o(k™%) if the
constant K is chosen sufficiently large. If U < K log k, then the event in the second
term may hold only if there are two distinct values of i € {1, 2, ..., [K logk]} such
that V; > ek /(K logk). The desired estimate then follows from (13).

We have thus obtained

(k) X
Y D afym
which we can rewrite in the form
a—1
14 k) ~ ———c%k™
( ) M( )kaoo F(Z—O[)CO

with the constant co defined in (9). The reason for introducing the constant cg and
writing the asymptotics (14) in this form becomes clear when discussing scaling
limits. Recall that 1 < @ < 2 by our assumption that % <a< % By (13) or (14), u
is then in the domain of attraction of a stable law with index «. Recalling that p is
critical, we have the following, more precise, result.

Let v be the probability distribution on Z obtained by setting v(k) = u(k + 1)
for every k > —1 [and v(k) =0 if k < —1]. Let S = (S,)n>0 be a random walk on
the integers with jump distribution v. Then,

_ (d)
(15) (n 1/aS[m]),20njo>o(COXt)t20,
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where the convergence holds in distribution in the Skorokhod sense and X is a
centered stable Lévy process with index o and no negative jumps, with Laplace
transform given by

(16) Elexp(—uX;)] = exp(tu®), t,u>0.

See, for instance, Chapter VII of Jacod and Shiryaev [16] for a thorough discussion
of the convergence of rescaled random walks toward Lévy processes.

3.3. Discrete bridges. Recall from Proposition 4 that the sequence of labels of
white vertices adjacent to a given black vertex in a (ug, (1)-mobile is distributed
as a discrete bridge. In this section, we collect some estimates for discrete bridges
that will be used in the proofs of our main results.

We consider a random walk (Y},),>0 on Z starting from O and with jump distri-
bution

vy (k) =272, k=-1,0,1,....

Fix an integer p > 1 and let (Y,gp ))05,,5 p be a vector whose distribution is the

conditional law of (¥;)o<n<p given that Y}, = 0. Then, the process (Y,fp ))05,,5 p 18
a discrete bridge with length p. Indeed, a simple calculation shows that

(r) v(p) (p) (p)
(r,”, v," — v, ,...,Y;,P)—Yp_l)
is uniformly distributed over the set E,.
LEMMA 1. For every real r > 1, there exists a constant Ky such that for
every integer p> 1 and k, k' € {0, 1, ..., p},
2
E[(v” — Y)Y < Koy lk —K'T".

PROOF. We may, and will, assume that p > 2. Let us first suppose that k <
k' <2p/3. By the definition of ¥ (”) and then the Markov property of ¥, we have

ﬂp—k’(—Yk’)]
7,0
where 7, (x) = P(Y, = x) for every integer n > 0 and x € Z. A standard local limit

theorem (see, e.g., Section 7 of [29]) shows that if g(x) = (4n)*1/2e*x2/4, then
we have

_ ElY - Yk/lzrll{yp:O}]
B P(Y, =0)

E[(r" — ¥ )] =E[|¥ - v

Vnmy(x) = g(x/+/n) +en(x)  where suple,(x)| — 0.

X€EZ

Then,

7y (—=Yi) <ﬁvp—k/ﬂp—k/(—Yk/) <K
m,(0) T Vp7p(0) -
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where

172 4 SUp,,> 1 SUP ey 1€n (X)]

inf,>1 «/n7,(0)

K — ﬁ(4n)_

It follows that
2
E[(Y” — Y)Y ] < KE[|Y; — Y |*].

Then, the bound E[|Y; — Yi|¥] < K(/r)lk — k'|", with a finite constant K(’r)
depending only on r, is a consequence of Rosenthal’s inequality for i.i.d. centered
random variables [26], Theorem 2.10. We have thus obtained the desired estimate
under the restriction k <k’ <2p/3.

If p/3 <k <k’ < p, the same estimate is readily obtained by observing
that (—Y;,’i)n, 0 <n < p) has the same distribution as Y 28 Finally, in the case
k < p/3 <2p/3 <k', we apply the preceding bounds successively to E[|Y; —
Y[p/2]|2r] and to E[|Y[,/2) — Yk/|2r]. O

An immediate consequence of the lemma (applied with » = 1) is the bound
2 . . (p—J)
a7 E[(Y;p)) | < K@ymin{j, p — j} < 2K(1)7J P—J
for every integer p >2 and j € {0, 1,..., p}.
Finally, a conditional version of Donsker’s theorem gives

1 ( )) (d)
18 —_yW>” N ,
( ) ( T [pt] 0<r<1 P (J/z)0§t§1

where y is a standard Brownian bridge. Such results are part of the folklore of the
subject; see Lemma 10 in [3] for a detailed proof of a more general statement.

4. The continuous distance process. Our goal in this section is to discuss the
so-called continuous distance process, which will appear as the scaling limit of the
label processes LY and A? of Section 3.1 when 6 is a (10, j¢1)-mobile conditioned
to be large in some sense.

4.1. Definition and basic properties. We consider the centered stable Lévy
process X with no negative jumps and index «, and Laplace exponent as in (16).
The canonical filtration associated with X is defined, as usual, by

Fir=0{X;,0<s5 =<1}

for every t > 0. We let (¢;);cN be a measurable enumeration of the jump times of
X and set x; = AX,, for every i € N. Then, the point measure

Z‘S(ti,xi)

ieN
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is Poisson on [0, 00) x [0, 0o) with intensity
ala—1) dx
t .
re—oa) xotl

For s <t, we set
I! = inf Xr

L s<r<t
and I; = I,O. For every x > 0, we set
T, =inf{t > 0:—1I; > x}.
We recall that the process (7, x > 0) is a stable subordinator of index 1/« with
Laplace transform
(19) Efexp(—uTy)] = exp(—xu'/*);

see, for example, Theorem 1 in [2], Chapter VII.

Suppose that, on the same probability space, we are given a sequence (b;);eN of
independent (one-dimensional) standard Brownian bridges over the time interval
[0, 1] starting and ending at the origin. Assume that the sequence (b;);c is inde-
pendent of the Lévy process X. Then, for every i € N, we introduce the rescaled
bridge

biry=x"bi(r/x)),  0<r<x,

which, conditionally on F, is a standard Brownian bridge with duration x;.
Recall that X;_ denotes the left limit of X at s for every s > 0.

PROPOSITION 5. For every t > 0, the series
~
(20) D_bill = Xy )y L=
ieN
converges in L*>-norm. The sum of this series is denoted by D;. The process
(Dy, t = 0) is called the continuous distance process.

REMARK. In a more compact form, we can write

Di= Y bi(U—X,0").

ieN:t; <t

PROOF OF PROPOSITION 5. Note that in (20), the summands are well de-
fined since, obviously, ;' < X,, for every #; <t so that I,/ — X, _ < AX, = x;.
The nonzero summands in (20) correspond to those values of i for which #; <t
and X;,_ < Ifi . Conditionally on F, these summands are independent centered
Gaussian random variables with respective variances

ti ti
B — X, 2 P = 8 = X)X 1D _ o

Xi
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t(a—t)
a

The equality in the previous display follows from the fact that Varb,)(t) =
whenever b () is a Brownian bridge with durationa >0and 0 <7 <a.
We then have

~ ) )
E[Zbi(ltt - Xli—) ]l{Xl_EI;i}]l{liff}]
ieN '

< E[Z(lﬁ - Xli)]l{xt.<[tti}]l{ti§f}i|
ieN b

E[Z(lﬁ - 1;"‘)} <E[X, — L1 =E[-1,],

t; <t
where the last equality holds because X is centered. It is well known that
E[—1;] < oo. Indeed, —I; even has exponential moments; see Corollary 2 in [2],
Chapter VII. Since the summands in (20) are centered and orthogonal in L, the
desired convergence readily follows from the preceding estimate. [

In order to simplify the presentation, it will be convenient to adopt a point
process notation, by letting (x5, bs) = (x;, b;) whenever t; = s for some i € N
and, by convention, x; = 0, by = 0 (i.e., the path with duration zero started from
the origin) when s ¢ {t;, i € N}. The process by is defined accordingly and is equal
to 0 when by = 0. We can thus rewrite

1) D= Y b((f — X)),

O<s<t

Let us conclude this section with a useful scaling property. For every r > 0, we
have

_ _ d
(22) (r l/asz, r l/zaDrz)zzo (:) (X, Dz)zzo-
This easily follows from our construction and the scaling property of X.

4.2. Holder regularity. In this subsection, we prove the following regularity
property of D.

PROPOSITION 6. The process (D;,t > 0) has a modification that is locally
Holder continuous with any exponent 1 € (0, 1/2a).

We start with a few preliminary lemmas.

LEMMA 2. Foreveryrealt > 0andr > —1, we have E[(—1;)"] < .
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PROOF. By scaling, it is enough to consider t = 1. As mentioned in the last
proof, the case r > 0 is a consequence of Corollary 2 in [2], Chapter VII. To handle
the case r < 0, we use a scaling argument to write

P(—1; > x) =P(T, < 1) =Px*T; < 1) =P((T7) "% > x),

so —I; has the same distribution as Tfl/ *. We have already observed that the
process (Ty,x > 0) is a stable subordinator with index 1/«. This implies that
E[(T1)*] < oo for every 0 <s < 1/a, from which the desired result follows. [J

LEMMA 3. Foreveryrealt >0 and r > 0, we have E[|D,|"] < oc0.

PROOF. Again by scaling, we may concentrate on the case ¢t = 1. Arguing
as in the proof of Proposition 5, we get that, conditionally on F,, the random
variable D is a centered Gaussian variable with variance

(I} — X)Xy — IY)
> - YAX — ey = ) (X = D _<rpy.
N

O<s<l1 O<s<l

Note that this time, we chose the upper bound X — /7 rather than /] — X_ for the
summands as the latter is ineffective for getting finiteness of high moments. Thus,
if /' denotes a standard normal variable and K, = E[|\|"], we have

I5 — ny XY S r/2
EIIDi '] = EINT] x E[( y, o RE 1)1%_4;}) ]
0<s<l1 §

r/2
SK,E[( > (Xs—lf)ﬂ{xs_df‘}) }

0<s<l1

(23)

By a standard time-reversal property of Lévy processes, the process (X; —
X(1-5)—, 0 <5 < 1) has the same distribution as (X;,0 <s < 1), which entails
that

s @ v
(24) Yo X —Ix, ey = D X =X )iz, _xp»
O<s<l1 O<s<l1
where X = supy_, -, X,. For every integer k > 0, we introduce the process
k
AP = 3 Xo - X1z y, 120,
O<s=<t

which is an increasing cadlag process adapted to the filtration (F;), with compen-

sator
~ —1 % d
At _ ol )f ds(X, — X )2"/ iz
r2-—o) xo+l

a—1 k_q
“T2- a)/( s = Xo)" T ds.

Xs<Xs+x}
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Note that E[Zt(k)] < oo since this expectation is
a—1
YT g _x)2-e / 2 fa—1 g
Fo—w (X1 D*
and time reversal shows that E[(X| — X1)2 ¥ = E[(—Il)2 ~%] < 0o, by Lem-
ma 2, since 28 —a > 1 — o > —1. In order to complete the proof of Lemma 3, we
will need the following, stronger, fact.

LEMMA 4. For all integers k, p > 0, we have E[(ng))p] < Q.

PROOF. We must show that

LA
(25) /[O?”p --ds,E {]‘[(XS, X5;) :|<oo.

When k > 1, we have 2¥ — ¢ > 0 and the result easily follows from Holder’s
inequality, using a scaling argument, then time reversal and Lemma 2, just as we

did to verify that E[;ft(k)] < 00. The case k = 0 is slightly more delicate. We rewrite
the left-hand side of (25) as

! od X, — X ).
p /(;Ssls,,,ssp<l SP {1_[( Az) }

By Proposition 1 in [2], Chapter VI, the reflected process X — X is Markov with

respect to the filtration (F;). When started from a value x > 0, this Markov process

has the same distribution as x V X — X under P and thus stochastically dominates

X — X (started from 0). Consequently, since 1 — a < 0, we get, for 0 =59 < 51 <
-+ <sp <1, that

P
E[]‘[(Ys,. - Xs,.>1—“]
i=1

p
- E[(Xsl - Xsl)l—“E[Hasi - X)Xy, - XH
i=2

[A

14
H'E|:(YS| - Xsl)l_aE[n(Ys,'—sl - XS,'—S])I_O{:|i|

i=2

p
= 1_[ ]E[(XS,'—S,‘,1 - XSi—S,',l)l_a]
i=1
by induction. Finally, by scaling and a simple change of variables, we get that (25)
is bounded above by

)4
IE[(X; — X))~ P/ sV as;,
PIE[(X1 —X1) 7] [0,1]P1_[’ i
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which is finite by Lemma 2 since X1 — X 1 —I 1, by time reversal. [J

We now complete the proof of Lemma 3. Note that A%+ is the square bracket
of the compensated martingale A®) — A® for every k > 0. For any real r > 1, the
Burkholder—Davis—Gundy inequality [8], Chapter VII.92, gives the existence of a
finite constant K/, depending only on r, such that

Kk k+1)\r/2
E[|a — A171'] < KE[(a{D)2].

Since ng) has moments of arbitrarily high order by Lemma 4, and E[Agk)] =

E[K(k)] < 00, a repeated use of the last inequality shows that E[(Aﬁk_i))zi] < 00

for every i = ., k. In particular, E[(A(lo))zk] < oo for every integer k > 0. The
desired result now follows from (23) and (24). [

PROOF OF PROPOSITION 6. Fix s >0 and ¢ > 0. Let u = sup{r € (0, s]:

X,— < I} with the convention that sup@ = 0. Then, I{,, = I for every r €
[0, u), whereas I{,, = I, for r € [u, s]. By splitting the sum (21), we get
Dy= ) 'Er(u; — X, ) b (I = X))+ Y b (U] — X,0)7T)
O<r<u Uu<r<s

and, similarly,

Dy = Z b ( s+t Xr—)+) (( s+t M—)+)

O<r<u
+Zb(s+t ’”))
s<r<s-t

In the last display, we should also have considered the sum over r € (u s], but, in
fact, this term gives no contribution because we have X, > I7,, = I{,, for these
values of r, by the definition of u. Moreover, as I{ = I, for r € [0, u), we have

3 b (I = X)) = > be(Uy — Xr)).
O<r<u O<r<u
Also, a simple translation argument shows that we may write

Z b (S-H Xr—)+):Dt(S)v

s<r=<s-+t

where the process D'®) has the same distribution as D and, in particular, Dt(s) has
the same distribution as D;. By combining the preceding remarks, we get

Dyt — Dy =D == 3" b (U] — X))

u<r<s

+ (Bu (I — Xuo)™) = Bu (U1 = X)),
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Conditionally on F, the right-hand side of the last display is distributed as a
centered Gaussian variable with variance bounded above by

u<r=<s u<r=<s
u 7S
<Xy — I, =X, — IS,

Furthermore, X — I, , has the same distribution as — 1, by the Markov property
of X.
Now, let p > 1. From previous considerations, we obtain

E[|Ds+s — Ds|?1 < 27 (E[| DS "] + E[| Ds 41 — Ds — D7)
< 2P(E[|D,|”] + K ,El[(—1,)P'?))
= 2P (E[|D1|”] + K ,EL(—1)P/?])eP/2,

where we have made further use of the scaling properties of X and D. The constant
in front of #7/%% is finite, by Lemmas 2 and 3. The classical Kolmogorov continuity
criterion then yields the desired result. [J

In what follows, we will always consider the continuous modification of (Dy,
t >0).

REMARK. The process D is closely related to the so-called exploration
process associated with X, as defined in the monograph [12]. The latter is a
measure-valued strong Markov process (p;,t > 0) such that, for every ¢ > 0, p;
is an atomic measure on [0, oo) and the masses of the atoms of p; are precisely
the quantities (I} — X,_)t, s <t, that are involved in the definition of D, (see
the proof of Theorem 5 below for more information on this exploration process).
As a matter of fact, part of the proof of Proposition 6 resembles the proof of the
Markov property for (pr, t > 0); see [12], Proposition 1.2.3. However, the defini-
tion of p; requires the introduction of the continuous-time height process (see the
next section), which is not needed in the definition of D;.

4.3. Excursion measures. It will be useful to consider the distance process D
under the excursion measure of X above its minimum process /. Recall that X — 1
is a strong Markov process, that O is a regular recurrent point for this Markov
process and that — I provides a local time for X — I at level O (see [2], Chapters VI
and VII). We write N for the excursion measure of X — I away from 0 associated
with this choice of local time. This excursion measure is defined on the Skorokhod
space D(R) and, without risk of confusion, we will also use the notation X for the
canonical process on the space ID(R). The duration of the excursion under N is
o =inf{r > 0: X; = 0}. For every a > 0, we have

da

N(o € da) = .
(@ cda) = F A= 1/aal+1/e
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This easily follows from formula (19) for the Laplace transform of 7.

In order to assign an independent bridge to each jump of X, we consider an
auxiliary probability space (2*, F*,P*) which supports a countable collection
of independent Brownian bridges (b;);cn. We then argue on the product space
D(R) x ©*, which is equipped with the product measure N ® P*. With a slight
abuse of notation, we will write N instead of N ® P* in what follows.

The construction of the distance process under N is then similar to the con-
structions in the preceding subsections. The process X has a countable number of
jumps under N and these jumps can be enumerated, for instance, by decreasing
size, as a sequence (f;);eN. The same formula (20) can be used to define the dis-
tance process D; under N. It is again easy to check that the series (20) converges,
say in N-measure. Note that D; =0 on {o <t}.

To connect this construction with the previous subsections, we may consider,
under the probability measure P, the first excursion interval of X — [ (away
from 0) with length greater than a, where a > 0 is fixed. We denote this interval
by (&), d(a))- Then, the distribution of (X (St +D)Adgys T = 0) under P coincides
with that of (X;, ¢ > 0) under N(-|o > a). Furthermore, it is easily checked that
the finite-dimensional marginals of the process (D(gi)+t)Adgys T = 0) under PP also
coincide with those of (Dy, t > 0) under N(-|c > a). The point here is that the only
jumps that may give a nonzero contribution in formula (20) are those that belong to
the excursion interval of X — I that straddles ¢. From the previous observations and
Proposition 6, we deduce that the process (D;, t > 0) also has a Holder continuous
modification under N and, from now on, we will deal with this modification.

Finally, it is well known that the scaling properties of stable processes allow
one to make sense of the conditioned measure N(-|o = a) for any choice of a > 0.
Using the scaling property (22), it is then a simple matter to define the distance
process D also under this conditioned measure. Furthermore, the Hélder continuity
properties of D still hold under N(-|o = a).

5. Convergence of labels in a forest of mobiles. We now consider a sequence
F = (61, 6>, ...) of independent random mobiles. We assume that, for every i € N,
0; = (7;, (£;(v),v € T,°)) is a (uo, 41)-mobile. We will call F a (random) labeled
forest. It will also be useful to consider the (unlabeled) forest ', defined as the
sequence (71,72, ...).

For our purposes, it will be important to distinguish the vertices of the different
trees in the forest IF. This can be achieved by a minor modification of the formalism
of Section 3.1, letting 77 be a (random) subset of {1} x U/, 7> be a subset of {2} x U
and so on. Whenever we deal with a sequence of trees or of mobiles, we will tacitly
assume that this modification has been made.

Our goal is to study the scaling limit of the collection of labels in the forest F.

5.1. Statement of the result. We first recall known results about scaling limits
of the height process. We let (H,)),>0 denote the height process of the forest F.
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This means that the process H® is obtained by concatenating the height processes
[H%(n),0<n < #7,° — 1] of the mobiles 6;. Equivalently, let ug, u1, ... be the
sequence of all white vertices of the forest I, listed one tree after another and in
lexicographical order for each tree. Then, H,; is equal to half the generation of u,,.

Scaling limits of (H,),>( are better understood, thanks to the connection be-
tween the height process and the Lukasiewicz path of the forest F. We denote this
Lukasiewicz path by (S),>0. This means that Sj = 0 and, for every integer n > 0,
S, 1 — Sy + 11is the number of (white) grandchildren of u, in F. Then, (S;)n>0is a
random walk with jump distribution v, as defined before (15). To see this, note that
for every i € N, the set 7;° of all white vertices of 7; can be viewed as a plane tree,
simply by saying that a white vertex of 7; is a child in 7;° of another white ver-
tex of 7; if and only if it is a grandchild of this other vertex in the tree 7;. Modulo
this identification, 7,°, 7,°, . . . are independent Galton—Watson trees with offspring
distribution w. The fact that (S;),>0 is a random walk with jump distribution v is
then a consequence of well-known results for forests of i.i.d. Galton—Watson trees;
see, for example, Section 1 of [18].

Moreover, the height process (H,;),>0 is related to the random walk (S;,),>0 by
the formula
(26) H;;:#{ke{o,1,...,n—1}:s;=k212n55}.
The integers k that appear in the right-hand side of (26) are exactly those for which
uy is an ancestor of u,, distinct from u, . For each such integer k, the quantity
(27) Sei1 — k+r1n§15_1§n S;+1
is the rank of uj | among the grandchildren of u; in . We again refer to Section 1
of [18] for a thorough discussion of these results and related ones. For every integer
k such that uy is a strict ancestor of u,,, it will also be of interest to consider the
(black) parent of uj in the forest F. As a consequence of the preceding remarks,
the number of children of this black vertex is less than or equal to S¢, | — Sp + 1
and the rank of u; 41 among these children is less than or equal to the quantity (27).

Let us now discuss scaling limits. We can apply the convergence (15) to the
random walk (S;),>0. As a consequence of the results in Chapter 2 of [12] (see,
in particular, Theorem 2.3.2 and Corollary 2.5.1), we have the joint convergence
(28) (e o 0 e ) D (X, o Hyiso,

1204 550

where the convergence holds in distribution, in the Skorokhod sense, and (H;);>0
is the so-called continuous-time height process associated with X, which may be
defined by the limit in probability

t

o1
H; = ;E)%g 0 ]1{X5>I,5—8} ds.
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Note that the preceding approximation of H; is a continuous analog of (26). The
process (H;);>o has continuous sample paths and satisfies the scaling property

(d) _
(Hrt)zzo = (”1 l/aHz)tzo

for every r > 0. We refer to [12] for a thorough analysis of the continuous-time
height process.

We aim to establish a version of (28) that includes the convergence of rescaled
labels. The label process (L,,n > 0) of the forest F is obtained by concatenating
the label processes L9, L% ... of the mobiles 01,0, ... (cf. Section 3.1). Our
goal is to prove the following theorem.

THEOREM 1. We have
— o —(1— o — o (d
(n 1/‘)‘S[m],n a l/a)H[m], 1/2‘)‘L )t>0 (coXt,co H,,/2co Dt)t>0,

where the convergence holds in the sense of weak convergence of the laws in the
Skorokhod space D(R3).

The proof of Theorem 1 is rather long and occupies the remaining part of this
section. We will first establish the convergence of finite-dimensional marginals
of the rescaled label process and then complete the proof by using a tightness
argument.

5.2. Finite-dimensional convergence.
PROPOSITION 7. For every choice of 0 <t; <t <--- <tp, we have

12 o (d) I
/O{( nt1]> Llntp]r -« s ([)ntp]) 2C (Dt],th,...,Dtp).

Furthermore, this convergence holds jomtly with the convergence (28).

PROOF. In order to write the subsequent arguments in a simpler form, it will
be convenient to use the Skorokhod representation theorem to replace the conver-
gence in distribution (28) by an almost sure convergence. For every n > 1, we can
construct a labeled forest ) having the same distribution as F, in such a way that
if S is the Lukasiewicz path of F" and H™ is the height process of F", then
we have the almost sure convergence

_ — (a.s.)
(29) (n= Sy ™ OV HED) o =5 (o X e, ¢y Hyizo,
in the sense of the Skorokhod topology. We also use the notation F™ for the
unlabeled forest associated with F),

We denote by u(()"), ui"), .. the white vertices of the forest F® listed in lexico-

graphical order. For every k > 0, we denote the label of u,((”) by L](C”) = E(”)(u,((")).
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In order to get the convergence of one-dimensional marginals in Proposition 7, we
need to verify that for every ¢ > 0,

n 2™ 9 oD,

(1] S0

Wefixt > 0and e € (0,1). Wedenote by s;,i = 1,2, ..., the sequence consist-
ing of all times s € [0, #] such that

X,— <1

The times s; are ranked in such a way that AX;, < Aij ifi > j.

On the other hand, let Z(”) be the set of all integers k € {0, 1, ..., [nt] — 1} such
that

(n) _ . (n)
S = min S§)".
k kEPé[m] P

We list the elements of Z(n) as j,(") = {agn), aé"), e a,ﬁ'j)}, in such a way that

m ) o) o) ifl<i<i<
S“i(")“'l Salgn) = Sa;")+1 Saj.”) ifl1<j<i<k,.

The convergence (29) ensures that almost surely, for every i > 1,

L o
—a; " —> s,
n n—oo
1 (n) (n)
(30) conl/® (Sai(")—i-l_sai("))n—>005 AXs,

1 .
—1/< min S — S%%) — I} — X,
con /Y N ™ <k <fnr) 4 e

(n)
[nt]

is (twice)

By the observations following (26), we know that the (white) ancestors of u

()

are the vertices u,(cn) forall k € .Z("). In particular, the generation of u,,,

H[(:t)] = #j,(”), in agreement with (26). We can then write

G) L =)= Y W) - )
je‘z(")

where, for j € Z("), ¢n(j) is the smallest element of ({j + 1,...,[nt] — 1} N
J") U {[nt1}. Equivalently, u") . is the unique (white) grandchild of " that is

also an ancestor of MEZB].

Now, consider the Lévy process X. As a consequence of classical results of
fluctuation theory (see, e.g., Lemma 1.1.2 in [12]), we know that the ladder height
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process of X is a subordinator without drift, hence a pure jump process. By apply-
ing this to the dual process (X(—,— — X;,0 <r <), we obtain that

— I = ZU"

It follows that we can fix an integer N > 1 such that, with probability greater than
1 — &, we have

(32) X — 1 — ZUS’ Xg )= (I — X, >_2

i>N
Now, note that

1
—(S(n) min S,E")

Conl/a [nt] k<[nt] Xt o Il

) n—oo

and recall the convergences (30). Using (32), it follows that we can find ng suffi-
ciently large such that for every n > ng, with probability greater than 1 — 2¢, we

have
1 (n) N o
—— (5", — min S;") — min S" Snn <eé.
Conl/a (( [nt] k<[nt] k ) ; <ai(")+1§k§[nt] ( ))

Z( min S,E") S('Zn))) S[(") — min S,En),
i=1 al-(n)—i-lfkf[nt]
we get that, for every n > ng, with probability greater than 1 — 2¢,

1
(33) — 7z min - S(’(’,f)) <e.
con™ /™ TN a™ +1<k<(n1]
Now, recall (31). By Proposition 3 and the observations following (26), we
know that, conditionally on the forest F™, for every j € Jt(”), the quantity
(n) (n)
0 (gt jy) = € ()
is distributed as the value of a discrete bridge with length p; < S;’fl — Sﬁ") +2,ata
time kj = Sj(r21 - Hlinj+1§k§[m] Slgn) + 1 such that Dj —kj < minj+1§k§[m] Slgn) —
SJ(-”) + 1. Thanks to our estimate (17) on discrete bridges, we thus have
(n) (M2 ki(pj—kj)
E[(€" () — € ()7 IF™] < KT

: (n) (n)
<K min S ' —S; 1).
- <j+1§ks[nz1 k it )
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Furthermore, still conditionally on the forest F™, the random variables
A (ug:)( j)) —m (ug.”)) are independent and centered. It follows that for n > ng,

2
E|:<n—1/2a 3 (€ (u g:l)m) —E(”)(u§”)))) ‘F(")]

<Kn Ve min S — ™ 11
- 2 (j+15k5[nt] k it )
jeTM\a\,...aPy

< K(coe + n_l/“#jt(n)),

the last bound holding on a set of probability greater than 1 — 2¢, by (33). Since
# 7" = H[(:t)], we have n=1/#7" — 0 a.s. as n — 0o, by (29).
From (31) and the preceding considerations, the limiting behavior of n~

L{", will follow from that of

/2 Z (E(n)( <(pr:1) )) _E(n)(uﬁ_n)))‘

12 %

Recall that for every j € {a("), . .,a](\';)} the number of white grandchildren of

(n) (n) (n) n) _ o ()
u; in the forest F' is m; Sj+1 S on(j)
rank

+ 1. Moreover, u appears at the

(n) S(n)

rj it min S,En)+1

JH1=k=[nt]

in the list of these grandchildren. The next lemma will imply that u ) is the child

@n (/
of a black vertex whose number of children is also close to mg ),

LEMMA 5. We can choose § > 0 small enough so that, for every fixed n > 0,
the following holds with probability close to 1 when n is large. For every white

vertex belonging to {u(()n), ugn), .. EZ?]} that has more than nn'/®

white grand-
children in the forest F™ all these grandchildren have the same (black) parent in

the forest F™ | except for at most n'\/*=% of them.

PROOF. Recall that uo(k) = B(1 — ﬂ)k for every kK > 0. We choose § > 0
such that 28« < 1 and take 7 sufficiently large so that nn!/® > 2n1/¢=% Let us fix
i €{0,1,...,[nt]}. The number of black children of u?") is distributed according
to o and each of these black children has a number of white children distributed
according to 1. Supposing that ul(") has k black children, if it has a number M >
nn'/% of grandchildren and simultaneously none of its black children has more
than M — n'/®=% white children, this implies that at least two among its black
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children will have more than n!'/*~%/k white children. The probability that this
occurs is bounded above by

B - p" () m @l ir.
k=2

From (13), there is a constant K such that i (k) < Kk~* for every k > 1. Hence,
the last displayed quantity is bounded by

o0
2 ok (kY e ), —24200 _ o1
K ﬂ(Z(l B) (2>k )n =om™ ).
k=2
The desired result follows by summing this estimate over i € {0, 1, ..., [nt]}. O

We return to the proof of Proposition 7. We fix § > 0, as in the lemma. We first

observe that for every j € {ai"), s al(\',’)}, (30) implies that

lim n~1/® (n)—co(X — 17y > 0.

n—oo

We then deduce from Lemma 5 that, with a probability close to 1 when n is large,

for every j € {a%") . )} u () is the child of a black child of u , whose
number of white children is mg ) such that
(34) m" = il > m\ — 1o,

Moreover, the rank 71(-") of u’;n( j) among the children of its (black) parent satisfies

() o =) o () 1ja—s
(35) PO 2 0 S 0 e,

On the other hand, we know that, conditionally on F®™  the difference
(n) (n)
0 (i) = € (")

~(n) ~(n )‘

is distributed as the value of a discrete bridge with length m’ + 1 at time 7; b

Thus, conditionally on F@®,

@ ~
Z (E(n)(“((;)(j)) E(n)( (n) Zb(n) (1(1")))

Je{agn),...,al(\';)} i=1

where, forevery i € {1,..., N}, b( ") is a discrete bridge with length i ~((,3) + 1 and

the bridges b;") are independent.
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Using Donsker’s theorem for bridges (18), the convergences (29) and (30) and
the bounds (34) and (35), together with scaling properties of Brownian bridges, it

is then a simple matter to obtain that, for every i € {1,..., N},
_ )\ (@ ,-
(36) n 2 M F) 5 Vacoy(Xy — 1),
“i n— oo
where, conditionally on X, y; = (¥; (r))o<r<a Xy, is a Brownian bridge with length
A X, . The preceding convergences hold jointly when i varies in {1, ..., N} with
Brownian bridges y1, ..., yn that are independent conditionally on X. Finally, it

follows that

N
_ (d) i
T (g ) — W) T V200 ) I;yi(xs,.—lf ).
1=

From Proposition 5, the limit is close to 4/2coD; when N is large. This completes
the proof of the convergence of one-dimensional marginals. It is also clear from
our argument that the convergences (36) hold jointly with (29), so the convergence
of n=1/2%L? . must hold jointly with (28).

The same arguments yield the convergence of finite-dimensional marginals. It
would be tedious to write a detailed proof, but we sketch the method in the case of
two-dimensional marginals. So, fix 0 < s < . We aim to prove that

d
) <% V2co(Ds, Dy).

n—

n !/ (LEZ;] LEZ?]

It is convenient to argue separately on the events {/; > I;} and {I; = I;}. Discard-
ing sets of probability zero, the first event corresponds to the case where s and ¢
belong to different excursion intervals of X — I away from 0 and the second event
corresponds to the case where s and ¢ are in the same excursion interval of X — [.
On the event {I; > I;}, things are easy. We first note that, conditionally on X,
D; and D; are independent on that event. This is the case because the jumps ¢
that give a nonzero contribution in (20) belong to the excursion interval of X — [/

that straddles 7. Similarly, L, () and Ly, ,; are independent, conditionally given the
forest F, on the event

min S > min S,

k<[ns] k=[ni]
Furthermore, the latter event converges to {I; > I;} as n — oo. Thus, the very
same arguments as in the case of one-dimensional marginals yield that the condi-
tional distribution of the pair n~/2* (LEZil, LEZE]) given {I; > I,} converges to the

conditional distribution of v/2co(Dy, D;) given the same event.
On the event {I; = I;}, we need to be a little more careful. Set

Js={rel0,s]: X,- < I},
Ji={rel0,t]:X,_ <I}.
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Then, a.s. there exists a unique rg € J; such that
I} € (Xnpe ID).

Furthermore, we have J; N J; = J; N[0, rol = J; N[0, ro] and I = I for every
r € Js N0, ro). Using the convergence (29), we get that, a.s. on the event {I; = I;},
for n sufficiently large, there exists a time jo(n) € Js(") N Jt(”) such that

SJ(.Z()H)< min S < min

o _ g
(nsl<k<[nt] K jo(n)+1<k<[ns]

k< Simt

and, furthermore, 7, N 7™ = 7™ N[0, jom)] = J™ N0, jo(n)]. The white

(n) (n) (n)
[Zs] and M[Zt] kn

fork € js(") N[0, jo(n)]. Also, note that n_ljo (n) converges to rg, a.s. on the event
{Is = It} .

Write ¥, : 7" — J™ U {[ns]} for the function analogous to ¢, when ¢ is
replaced by s. Analogously to (31), we have

L= 22 (")) = €7 w])),

vertices that are common ancestors to u are exactly the vertices u

jeg”
Liy= 2 (€™ (g ;) = € @),
jeg”

The terms corresponding to j € Js(") N[0, jo(n)) = jt(") N[0, jo(n)) are the same
in both sums of the preceding display. On the other hand, conditionally on F®,
the terms corresponding to j € js(") N (jo(n), [ns]) in the first sum are independent
of the terms of the second sum and similarly for the terms corresponding to j €
jt(") N (jo(n), [nt]) in the second sum. As for the term corresponding to jo(n), the
same arguments as in the proof of the convergence of one-dimensional marginals,
using Lemma 5 in particular, show that

—1/2 n) (,,(n) n) (,,(n) n) (,,(n) n)(,,(n)
2 () o) = € W) € (g o) — € ()

(d)
oV 2000y Ky = 1)y Xy = 177)),

where, conditionally given X, y is a Brownian bridge with length AX,,.

Finally, let (r;);en be a measurable enumeration of Js N [0, rg) = J; N [0, rp),
(r))ien a measurable enumeration of J; N (ro, s] and (r]');en a measurable enu-
meration of J; N (rp, t]. Set

LP =Y yi(Xy, — I 4y Xry = I+ Y vl (X, — I,
ieN ieN

L» = Z vilXp = 1) 4y Xy = I°) + Z Vi,/(Xr{’ - Izri )s
ieN ieN
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where, conditionally given X, (y;)ien, (¥))ieN, (¥/)ien and y are indepen-
dent Brownian bridges and the duration of y; (resp., ¥/, /) is AX,, (resp.,
AX,, AX,r). Then, by following the lines of the proof of the convergence
of one-dimensional marginals, we obtain that the conditional distribution of

n=1/2 (Lgllz], LEZE]) given {I; = I;} converges to the conditional distribution of
\/H(LS‘X’, L?®) given the same event. However, the latter conditional distribu-
tion clearly coincides with the conditional distribution of +/2co(Dy, D;) given
{I; = I;}. So, we get the desired convergence for two-dimensional marginals and
the same argument as in the case of one-dimensional marginals gives a joint con-

vergence with (28). This completes the proof. [J

5.3. Tightness of the rescaled label process. The next proposition will allow
us to complete the proof of Theorem 1.

PROPOSITION 8. There exists a constant Kq such that, for all integers i,
J=0,

E[(L] — L)*] < Koli — jI**.

Theorem 1 is an easy consequence of this proposition and Proposition 7. To see
this, define LE"} =n"1 Z“th if nt is an integer and use linear approximation to
define LE"} for every real ¢ > 0. By the bound of the proposition,

E[(L{" — Li")*] < Kols — 117/°,

N

if ns and nt are both integers. It readily follows that the same bound holds (possi-
bly with a different constant) for all reals s, t > 0. Since 2/« > 1, standard criteria
entail that the sequence of the distributions of the processes L} is tight in the
space of probability measures on C(R). Theorem 1 then follows by using Propo-
sition 7.

PROOF OF PROPOSITION 8. We use the same notation as in Section 5.1. In
particular, ug, u1, us, ... are the white vertices of the forest [ listed in lexicograph-
ical order and one tree after another, so L7 = £(u;) is the label of u;. We also set

TG = [ke {0,1,....i—1}: 8 Skﬁflé?gs‘f}
in such a way that the vertices ug, k € J (i) are the white vertices of [F that are
strict ancestors of u;.

We fix two nonnegative integers i < j. If k € J (i), then we write ¢ (k) for the
index such that uy ) is the (unique) grandchild of uy that is also an ancestor of u;.
We similarly define v (k) for k € J(j) in such a way that uy ) is the grandchild
of uy that is an ancestor of u .
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In the case where u; and u; belong to the same tree of the forest, we define ig

by requiring that u;, is the most recent white common ancestor of u; and u; in F.
If ig < i, then we have
(37 Sl% < ir<r]1<i£1j Sp < S;(io).
This easily follows from the relations between the sequence 7,°, 75, ... and the
Lukasiewicz path S° (see, e.g., [12], Section 0.2, or [18], Section 1) and we leave
the proof as an exercise for the reader. It may happen that iop =i (but not that
igp = j) and, in that case, we set ¢(ig) = ig, by convention.

In the case where u; and u ; belong to different trees of the forest, we take ig =
—o00, by convention, and we also agree that ¢(—o0) [resp., ¥ (—o0)] is defined in
such a way that uy (o) [resp., uy (—oo)] is the root of the tree containing u; (resp.,
containing u ;).

We then have

LY — LS = €u;) — (uy)

= Y (Clupw) — €wp)

keJ ()N (io.i)

- > (Cuyw) — )
keJ (j)NGio, )
+ g iip) = Lluyig))-
As in the proof of Proposition 7, we can write
Yo (Clupwy) —L@w) = Y b,
keJ (H)N(io,i) ke T (HN(io,i)

where, conditionally on FF, the processes by are independent discrete bridges, by
has length my < S,f+1 — 8y +2and rp €{1,..., mg — 1} is such that

(38)

39 <SP, — in S;+1
(39) M= Sk R e
(40) myp —ry < k+rfl§ilt}§i Sy — S+ 1.

From the bound of Lemma 1 and (40), we get, with some constant K,

(2 we)F=n( X mon)

ke T ()N (ig,i) keJ ()N (ip,i)

2

51{1( > ( min sg—s;;+1))2

ke T (DNGo.i) KTt

< 2K, ((7 = min Sg)2+ (Hp — min H;)z).

i<€<j i<t<j
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In the last inequality, we have used the identity

#ke J@)N (o, i)} = H’ — min H;

i<l<j
and the bound
Z min .SE—S,‘(’)SS;’—.min.SE,
keI Ontond) k+1<t<i i<t<j
which follows from (37) in the case i < i.
To simplify notation, set

J, = min S}
" 0<k<n k

and note that

Cn(d
S — min § (Z)—Jj_,".
i<L<j

LEMMA 6. There exists a constant Ko such that, for every integer n > 1,
E[(Jx)*] < Kon®/.

LEMMA 7. There exists a constant K3, which does not depend on the choice
of i and j, such that

E[(Hio =+ H}’ — 21‘2%2,‘ H;)z] < Ksli — jPA-Vo,

The proof of these lemmas is postponed to the end of the section. By combining
Lemmas 6, 7 and the previous observations, we get, with a certain constant Ky,

E[( )3 (E(uw(k>)—6(uk))>4]5K4|i—j|2/°‘.

keJ (H)N(o,i)
We still have to treat the other two terms in the right-hand side of (38). As
previously, we have

Yo (Cluyw) —Lw)= D b,
ke (j)NGo,j) keI (j)N(ip, j)

where, conditionally on F, the processes by are independent discrete bridges, by
has length my <S¢ ; — S¢ +2 and ri € {1, ..., my — 1} satisfies the bounds (39)
and (40) with i replaced by j. Arguing as above, but now using the bound (39),
we get

(5, we)']

keJ (j)NGo, )

521(1(( > (St —, min S,§’)>2+(H;—min H;)z)

— . k+1<t<j i<t<j
ke (HNGo. j) / /
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The expected value of the second term in the right-hand side is bounded by Lem-
ma 7. As for the first term, we observe that 7 (j) N (ig, j) = J(j) N (i, j) and

thus
> (S,?H min SZ>
ke (NGo, J) ktlst<j

o . o) @D
Z Lsp <mings1<¢<; S§}<Sk+l —  mn Ase) =Fj_i-1,
ke ) k+1<t<j

where, for every n > 1,
n—1

_ o . R o _ . o
"= I;) Lisgsmings<ezn 5) <S"+1 k150 St )

Furthermore, a time reversal argument shows that F,, has the same distribution
as G,, where

n
G, = kZ_:l :ﬂ.{S]‘gzmaxoggSkfl Sz}(0<r}fl<al§ | Sg — Sk ]>

LEMMA 8. There exists a constant K5 such that, for every integer n > 1,

E[(Gn)*] < Ksn?/“.

Combining Lemma 8 with the preceding observations, we see that the fourth
moment of the second term in the right-hand side of (38) is bounded above by
Kg|j — i|*/* for some constant K. We easily get the same bound for the third
term by using Lemmas 1 and 6. This completes the proof of Proposition 8, but we
still have to prove Lemmas 6, 7 and 8. [

PROOF OF LEMMA 6. For every integer k > 0, set
Vi =inf{n > 0: S, = —k}.

Note that Vj is the sum of k£ independent copies of V. As a consequence of (15)
n~“V, converges in distribution to the variable T 1 =inf{t > 0:X; < —¢, }

which is stable with index 1/«. By standard results concerning domains of at-
traction of stable distributions (see, e.g., Section XVIL5 of [13]), there exists a
constant K > 0 such that

(41) P(Vi >n) ~ Kn~'/®,
n—oo

Consequently, there is a constant K’ > 0 such that, for every n > 1,

P(Vy >n)> K'n~ /2,
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Then, forevery x > 1l and n > 1,
P(|Jul = xn'/*) < P(Viypi/a) < 1)

<P(V; <)V < (1 = K/n 1ol

<exp(—K'x/2).

It readily follows that all moments of n~!/%|J,| are uniformly bounded. [

PROOF OF LEMMA 7. For all nonnegative integers k < £, we set Jy, =
ming<,<¢ S, so that Jp = Jox. We fix two nonnegative integers i < j and first
look for an expression of min; <¢<; H;. To this end, we set

g=max{re{0,1,...,i —1}:8’ < J; j}

with the convention that max @ = —oo. First, assume that g > —oo and let k €
{i, ..., j}. We then have
HY =#{€€{0,....k—1}:8; = Jox}

(42)

=#{Lef0,....,g—1}:S; =Jex} +#{€e{g, ... k—1}:S) = Jox).
From the definition of g, it is easy to verify that Jy; = Jy o for every £ €
{0, ..., g — 1}. Thus, the first term in the right-hand side of (42) is equal to H;
and does not depend on k. We then note that S; = J, x, by the definition of g, so
the second term in the right-hand side of (42) equals

L+#{lel{g+1,... k—1}:80=Joi).

This expression attains its minimal value 1 when k equals min{¢ > i:S; = J; j}.
Thus, we have proved, when g > —o0, that

min H,f:H;—i-l.

i<k<j
When g = —o0, by considering k =min{¢ > i:S; = J; ;}, we see that
min H; =0.
i<k<j

Using (42) and the preceding observations, we get that, for every k € {i, ..., j},
(43) HY — min H) =#{€€{0,1,...,k—1}:£ > gand S§ = Jo 1}

i<l<j
Specializing this formula to k = i, we have

(44) HY — min HY <#{te{gh,...,i —1}:S) = Ju}.

i<l<j

We now introduce the time-reversed walk §éi) =8>—87 ,for 0 <¢ <i.Note
that (§(’), 0 < £ <) has the same distribution as (S;, 0 < £ <1i). For every integer
m >0, set

Z)\I(’li):mln{ke{o”l}g/gl)zm}’
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where min & = +o00. For k € {0, 1, ...,i}, we also set

AD (k) =#{e e{l,....k}:8¥ :01335635")},

which is the number of (weak) records of the time-reversed walk SO before time k.

Finally, let J ](l_)l = J;,; — 7. With these definitions, (44) can be rewritten in the
form

(45) HP — min H{ < N")(ﬁ(")](,.) Ai).
Jj—i

i<C<j —JiZ

Note that J J(l_) ; 1s independent of the time-reversed walk S® and that, conditionally

on {—J ](Ql = m}, the random variable K(i)(ﬁ(i)J @ A\ i) has the same distribution

Jj—i
as A(pn A i), where, for every integers k, m > 0,

A(k) :#[e efl,... k}:SP :0?%3;}, pm = inf{k > 0: 52 > m}.
We thus need to estimate the moments of A(p,,). To this end, introduce the weak
record times, which are defined, by induction, by 79 = 0 and
Tn+1=inf{k>fn2S]?ZS$n}, n>0.

It is well known (see, e.g., [18], Lemma 1.9) that the random variables S;’n — S;H ,
n > 1, are 1.1.d. with distribution

IP)(S;’1 =k)=v(k),
where V(k) = v([k, 00)) = u([k 4+ 1,00)). From (14), we get that there exists a
positive constant K { such that, for every m > 1,
P(Sy >=m) > Kim™**.

Consequently, by arguing as in the proof of Lemma 6, we get, for every real y > 1,

a—1

P(A(pm) > ym“™!) < P(S ., <m) < P(S] < m)lm

<exp(—K1y/2).

Thus, the moments of A(p;,)/ m®~1 are uniformly bounded. From the remarks
following (45), we get
INOIF )2 (i) \2(@—1) 2(a—1
E[(A(’)(/)_’J;’E,» A)) ] = KE[(=1;2) 7] = KE[(=J;-)*@ Y]
< K3lj — i1,
where we have used Lemma 6 and Jensen’s inequality in the last bound. By (45),
this yields

(46) E[(H7 — min H;)Z] < Kj|j — i1,

i<l<j
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Next, let us take k = j in (43). It follows that

Using the same notation as above, we can rewrite the previous displayed quantity
as
#leet, .. j—ip:37 = max §<J'>}@A(j—i).
’ ’ ¢ 0O<n<t "
We claim that, for every integer p > 1, the pth moment of A(n)/ nl=le jg
bounded independently of n > 1. Taking p = 2, we then deduce, from the pre-
vious identity in distribution, that

2
R ° 1 a2(=1/a)
E[(HJ irﬁnglgj He) ] < Kjli — j| .
The statement of the lemma follows from the last bound and from (46).

It thus remains to verify our claim. We note that, for every real y > 1 and every
n>1,

P(A(n) > yn'71/%) < P(tiyp-1/0) < 1).

Since 7, = Y_}_, (tx — Tx—1) and the random variables 7 — 7x—1, k > 1 are i.i.d.,
the same argument as in the proof of Lemma 6 shows that our claim will follow
from the bound

(47) P(t; > n) > Kint/®)~1
for some positive constant K5. From formulas P5(b), page 181 and (3), page 187
of [29], IV.17, the generating function of 71 is given by the formula
1—
(48) I -Els") = —.

_rs

where, for 0 < s < 1, ry is the unique real solution in (0, 1) of equation ry/s =
Gu(rg), with ¢, (s) = > 72, sk (k). From a standard Abelian theorem, the as-
ymptotic formula (14) implies that ¢, (s) = s + K, (1 — )% + o((1 — 5)%) as
s — 1, with some positive constant K(,) depending on w. From the equation
rs/s = ¢u(rs), one then gets that the ratio K,)(1 — r;)*/(1 — ) tends to 1 as
s — 1. From this and (48), it follows that

l/a
()
as s — 1. The desired estimate (47) then follows using Karamata’s Tauberian the-
orem for power series. [l

I—E[STI]:K (I_S)l_l/a—{—o((l—s)l_l/a)

REMARK. The previous proof may be compared with that of the analogous
statement in the continuous-time setting [12], Lemma 1.4.6.
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PRrOOF OF LEMMA 8. To simplify notation, we set

M, = max S
0<k<n

for every n > 0. We then have

n—1

(49) Gn=) Tisp, =) (Mi — Sp).
k=0

By time reversal, My — S; has the same distribution as —J;. We start by deriving
some information about the distribution of J;. From (14), there exists a constant
K¢ such that, for every £ > 1,

(50) V() < Kgl™*.

We use this to verify that, for every k > 1 and £ > 1,
L

with some constant K7. Clearly, we may assume that £ < k'/%/10. Recall the no-
tation Vj introduced in the proof of Lemma 6. As we already noted in the proof of
this lemma, k! Vix1/e) converges in distribution to a stable variable with index 1/«
as k — oo. This implies that there exists a constant c, such that, for every k > 1,

P(Vigi/ay > k) <cy < 1.
Let Uy, Uy, ... be independent random variables distributed as V. Then,
P(Vigija) > k) = P(Ur 4+ Uz + - - 4+ Upp=i 1/ > k)

>1-PU; <k,Vi=1,...,[e7 [k

=1—(1 =PV, > k)t N,
Combining the last two displays, we get

(1—B(Ve> k) F M1,
and, consequently,
P(Ve > k) <1 — (1 — )/l KN,

The bound (51) follows since P(J; > —€) = P(V; > k). Using the bound (51), we
easily get that there exists a constant K such that, for every k > 1,

(52) E[|Ji]' ™ A 1] < Kgk/o0=1,
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Let us now bound E[(G,)?]. From (49), we have

n—1 n—1
Gy = Zv(Mk — SO (M — Sp) + Z(]l{SJfHZMk} —v(My — S,:))(Mk )
k=0 k=0
=:G, +G,.

We first bound E[(G), )2]. Using the Markov property for the random walk S° and,
more precisely, the fact that P(Sp, | > M|Sg, ..., S¢) = V(Mg — S), we get

rn—1
E(GDHI=E| Y (Lise, =a) — P(Mi — S9))* (M — S;@)z}
Lk=1

rn—1
=E| Y (M — S)*T(My — S)(1 — D(My — S,‘j))}
Lk=1

rn—1
<E|Y (M — Sp)*v(My — S;;)}.
Lk=1

Using the estimate (50), the fact that My — S has the same distribution as | J;| and
then Lemma 6 together with Jensen’s inequality, we get

n—1 n—1
EL(G)°) < K§ ) EIJPP ] < Kg(Ko) @72 3 k! < Kgn?/®.
k=1 k=1

We then turn to E[(G;)z]. We have

n—1
E[(G})*] = E[Z V(M — SP)* (M — S;ﬂ
k=0

+ ZE[ Yo V(M — SHMy — SHV(Mj — S3)(Mj — S;?)]

O<k<j<n—1

Since V(My — S7) < 1, the first term in the right-hand side is bounded above by
Kénz/ %, as in the preceding calculation. Using (50), the second term is bounded
above by

2(Kg)2E[ Yoo (M= ST AL (M — Sj)l—a A 1)]

O<k<j<n—1

To bound this quantity, we note that, for fixed k and j such that 0 < k < j, the
distribution of M; — S;.’, given the past of S° up to time k, dominates the (un-

conditional) distribution of M;_; — S;?_k. Since the function x — x!™% A 1 is
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nonincreasing over R, it follows that the quantity in the last display is bounded
above by

2Kg* Y. EBIMi— ST ANEIM i — S5_ ' A T]

O<k<j<n—1

n—1 2
< 2<Kg>2<2 E[(My — S{)' ™% A 1])

k=0

n—1 2
= 2(1(3)2(2 E[|Ji] =% A 1])

k=0

n—1 2
< 2(1<g)2(1(g)2(1 + k(l/“)—l)

k=1
< K{Onz/a.

In the penultimate line of the calculation, we have used the bound (52). We con-
clude that E[(G)?] < (Ky+ K io)nz/ ®_ which completes the proof of Lemma 8.
g

6. Contour processes and conditioned trees.

6.1. Contour processes. In view of our applications to random planar maps,
it will be important to reformulate Theorem 1 in terms of contour processes as-
sociated with our forest of mobiles. We consider the same general setting as in
the previous section. In particular, ug, u1, . .. are the white vertices of the forest IF,
listed one tree after another and in lexicographical order for every tree. Recall that
HY = %|un |. We also denote by xg, x1, ... the sequence obtained by concatenat-
ing the white contour sequences of 01,6, .... Notice that some of the vertices
up, U1, ... appear more than once in the sequence xg, x1, .. .. More precisely, the
number of occurrences of a given white vertex of I is equal to 1 plus the number
of its black children. We set C,, = %|xn| and denote by A, the label of x;,.

In order to study the scaling limit of (C})),>0, we define, for every n > 0,

Ry =inf{j > 0:x; = u,}.
Clearly,

o _ 1 1 __ gyo0
Cy = Llxg,| = Hun| = H.
LEMMA 9. We have

. n
lim —=-— a.s.
n—-oo p 13
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PROOF. For every j =0,1,..., let B(j) denote the number of black chil-
dren of u ;. Notice that the random variables B(0), B(1), ... are independent and
distributed according to po. We first observe that

n—1
(53) Ry <) (B()+1).

j=0
This bound comes from the fact that any vertex that is visited by the contour se-
quence xg, X1, ... before the first visit of u, must be smaller than u,, in lexico-
graphical order. Hence, R, has to be smaller than the total number of visits by the
contour sequence of all vertices that are smaller than u,, in lexicographical order.
The bound (53) follows.

Since the mean of wg is mo = Z, f4,(Z,) = % — 1, the law of large numbers
gives

1

. Ry
limsup — < — a.s.
n—oo N ,8

We would like to derive the reverse inequality. To this end, note that if a vertex u ;
with j < n is not an ancestor of u,, then all of its visits by the contour sequence
will occur before the first visit of u,. Thus,
n—1
R,>n+ Z B(j)1{u; is not an ancestor of u,}
j=0
or, equivalently,
n—1 n—1
Z(B(j) +1)—R, < Z B(j)1{u; is an ancestor of u,}
Jj=0 Jj=0
(54
<H;x sup B()).

0<j<n-1
A crude estimate gives, for every ¢ > 0,

1
lim — sup B(j)=0 a.s.

00Nt og<j<n—1

On the other hand, by a special case of Lemma 7, we know that E [(H,f)z] <
K3n?(1=1/9) Using the Markov inequality and then the Borel-Cantelli lemma, we
can find & > 0 such that

1
(55) lim —H’=0 a.s.

n—oopl—e 1

and we conclude that

1
lim —H; x sup B(j)=0 a.s.

n—-oon ijfnfl

The desired result then follows from (54) and the law of large numbers. [J
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REMARK. Since the sequence (R;),>0 is monotone increasing, we also have,
for every A > 0,

1
(56) lim — sup

=N o<k<An

k
Rk——‘zo a.s.
B

The next proposition is an analog of Theorem 1 for contour processes.

PROPOSITION 9.  We have
—(1-1 —1/2 @ -1
(n ( /Q)Cfnt]’ n1/ OtA[m])tZon—>_)oo(co Hg;,+/ ZCODﬁf)tzo’

where the convergence holds in the sense of weak convergence of the laws in the
Skorokhod space D(R?).

PROOF. Fix an integer A > 0. The statement of the proposition will be an
immediate consequence of Theorem 1 once we have verified that

(57) n~ A=V gqup (€0 — HE | —> 0 in probabilit
OskSPAn’ k [ﬂk]‘nﬁoo p y

and

58 n=12% sup |Ag—L%,| — 0  in probability.

(58) OEkEPAn| gl =2 p y

Let us start with the proof of (57). It is elementary to check that for every integer
n=>0,

(59) sup |C;-’—C§}n|§| ,f+1—H,f|+1.

RnfijmH
Then, note that if k € {0, 1, ..., An} and £ is chosen so that Ry <k < Rpy1, we
have

|CR — Higyl < IC — Cg,| + |Hy — Hpy|
since C }32 = H;. By (59) and the fact that the limiting process H in (28) is contin-
uous, we have

60) n UVO gup sup  |Cf —Cg,| —> 0 in probability.

0<{<An Ry<k<Ryp41

On the other hand, for every fixed ¢ > 0, it follows from (56) that, with a probabil-
ity close to 1 when n is large, we have, forevery £ =0, 1, ..., An,

—en<PBRy <BRpt1 <Ll+en

and thus
n~ U=V gup sup  |H; — H[‘}jkﬂ
0<€<An Ry<k<Ryyy
—(1-1
<p~ U=V sup |H[‘;lr] - H[‘;,s]|.

r,s€[0,A+e],|r—s|<e
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The right-hand side will be small in probability when n is large, again by (28),
provided that ¢ has been chosen small enough. This completes the proof of (57).

Let us now prove (58). Notice that Ly = Ag, for every n > 0. We can therefore
argue in a way similar to the proof of (57), using Theorem 1 in place of (28),
provided that we establish the analog of (60),

(61) n=1/2e sup sup  |[Ag—Ag,J] —0 in probability.
0<f<An Ry<k<Ry4 n—00

So, let us verify that (61) holds. From the distribution of labels, it is easy to check
that, for every fixed n > 0, conditionally on the forest [F, the sequence

(A(Rll+j)/\Rn+l - ARn)jZO

is a martingale (in fact, the increments of this sequence are both independent and
centered, conditionally given ). By Doob’s inequality, there are constants K and
K’ such that, for every £ > 0,

E[ sup (Ac—Ag)*[F| < KE[(Ag,,, — Ag)*IF]

Ry<k<Ryiq
and

E[ sup (Ax—Ag)?] < KE[(Ag,, — Ar)*1< K,
Re<k<Ryiq
using Proposition 8 with i = ¢ and j = £ + 1. Finally, if ¢ > 0 is small enough so
that % —4¢ — 1 > 0, we have

Pl sup  sup |Ap— Ag,| =207 < (an 4 DK/ (n1207E)
0<l<An Ry<k<Rypy
which tends to 0 as n — oco. This completes the proof of (61) and of the proposi-
tion. [J

6.2. Conditioning a mobile to have more than n white vertices. The def-
inition of the continuous-time height process (H;);>o also makes sense under
the excursion measure N, or under N(-|oc = 1) (see Chapter 1 of [12]). Further-
more, the law of the pair (H;, D;);>0 under N(:|o > 1) coincides with the law of
(H(g(l)ﬂ)/\d(l), D(g(l)—f—t)/\d(l))tzo under P, where (g(1), d(1)) is the first excursion
interval of X — I with length greater than 1. This follows from a minor extension
of the arguments of Section 4.3.

For every integer n > 1, we set Q") = Q(-|#7° > n).

THEOREM 2. The law of %#’TO under @(”) converges, as n — o0, to the law
of o under N(-|o > 1). Moreover, the law of the process

—(1-1 0 —1/2 0
(n= VO HE V2L ) 0
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under @(”)(dé’) converges, as n — oo, to the law of the process

(Cal H[, vV 2CODt)[ZO

under N(-|oc > 1). Similarly, the law of the process

—(1-1 0 —1/2 0
(n==VOICh 1 n ™ P AL ) 20

under @(”)(dﬁ) converges, as n — o9, to the law of
(o Hpr.v/2c0Dpr), 2
under N(-|o > 1).

PROOF. Thanks to Theorem 1 and the Skorokhod representation theorem, we
can construct, for every integer n > 1, a random labeled forest F® having the
same distribution as F, in such a way that

1o gn)  —(1-1 (n) —1/2a 7 (n)
(62) (n /aS["f]’ n /a)H[m]’ nV aL[nt])tzO

a.s. ] —
n:O)O(COXt’CO Hlv ZCODI)Izoy

where we have used the notation of the proof of Proposition 7. Let 6 be the
first mobile in the forestNF(”) with at least n white vertices and note that 6 is
distributed according to Q. Let [gn, d,] be the first excursion intgrval of H )
away from O with length greater than or equal to n. Then, writing H " and L™
for the height process and the label process of 8, respectively, we have, for every
k>0,

() ()
H"=H (gnH)Ady

(gn+k)Ady’

This is the case because the interval [g,, d,) corresponds exactly to those integers
j such that the (j + 1)st vertex of F® (in lexicographical order) belongs to o,
One can then deduce from (62) that

1 a.s. 1 a.s.
(63) 8n =2, 8, ;dn —2dw)-

We omit the details of the derivation of (63); see the proof of Proposition 2.5.2 in
[12] or the proof of Corollary 1.13 in [18] for a very similar argument.

The first assertion of the theorem readily follows from (63) since the number of
white vertices of 8™ is dy — gn and the law of d(1) — g(1) is precisely the law of
o under N(-|o > 1).

We then have

(n—(l—l/a)l'_“l[(nnt)]’ n—l/ZaZEn) )

nt)

_ —(1-1/@) (n) —1/2 (n)
=(n Hi(gumttonda/mp ™ Lin((gu/n-t)rdy/my)
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and thus (62) and (63) give
—(1-1 () —1/2a 7 (n)
(" ( /Q)H(nnt 1 / “L nt])t>0
as

(CO H(g(1)+t)Ad(1)’ s 2C0D(g(1)+l)/\d(1))z>0

n—oo

The first convergence stated in the theorem follows since we know that the limiting
process has the desired distribution.

Let us turn to the proof of the second convergence of the theorem. From (57)
and (58), we know that, for every integer A > 0,

—(=1/0) g |C(") H[(/;lIZ]| —> 0 in probability
k<An

and

n12% qup | A(n) EZ}(]|njo>o 0 in probability.

k<An

Write C™ and A™ for the contour process and the contour label process, respec-
tively, of 8. We have for every ¢ > 0,

~(n) (n)
C[nt] C(Rén +[ntDARg,

(Rg, + [n1]) A Ry, :n<(% N @) N ﬂ)

n n

Writing

and using Lemma 9 together with (63), we get

—(1-1/a) sup|C(”)

o . -
inf] [n((g(1>+/3t)Ad(1))]| njgoO in probability.

Similarly, we have

a2 RO ) | —

?EP| (1] ~ Lintgay+B0nday) in probability.

n—>oo

The desired result now follows from (62). [

6.3. Conditioning a mobile to have exactly n white vertices. We now set
Q" = Q(-|#7° = n). Note that this makes sense (the conditioning event has pos-
itive probability) for all sufficiently large n. From now on, we consider only such
values of n. Our goal is to derive an analog of Theorem 2 when Q" is replaced
by Q. The proof is more delicate and will require a few preliminary lemmas.

Let 6 = (7, (£(v))ye7°) be a mobile. Recall that wy(@), ..., wsro_1(0) are
the white vertices of 8 listed in lexicographical order. By convention, we put
w;(@) = @ when [ > #7°. For every k > 1, we then define another mobile

k1 — Tty Crig (U))ueT[;;]) in the following way. First, 7] consists of the vertices
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wo(0), ..., wr—1(0), together with all of the (black) children and all of the (white)
grandchildren of these vertices in 7. Then, £[j(v) = €(v) for every v € T[,C{’] By
convention, we also define 8! as the trivial mobile with just one vertex.

For every k > 0, we let Gy be the o-field on ® generated by the mapping
6 — 0% Tt is easily checked that the processes er and Lz are adapted to the
filtration (Gi)x>0-

Recall that, by definition of the Lukasiewicz path SY for jell, ..., #7°}, Sf. —
SJG-_ | + 1 is the number of (white) grandchildren of w;_1(6). It follows that, for

every kK >0, S,f is Gr-measurable. Furthermore, under the probability measure Q,
the process (Sf)kzo is Markovian with respect to the filtration (Gx)x>0 and its
transition kernels are those of the random walk with jump distribution v stopped
at its first hitting time of —1. The preceding properties can be derived by a minor
modification of the arguments found in Section 1 of [18]. We leave the details to
the reader.

Recall our notation (Sx)x>0 for a random walk with jump distribution v. We
assume that So = j under the probability measure IP; for every j € Z. We set
V=inf{k >0:5, =—1}.

LEMMA 10. Letk €{1,2,...,n—1}. The Radon-Nikodym derivative of Q")
with respect to Q™ on the o-field Gy is equal to T'(k,n, S,f), where, for every
integer j >0,

x(J 0
P, iy = k) O
©n—k(j)/9n(0)

and, for every integer p > 0,
Vp(j) =P;(V =p),
0p(j)=P;(V = p).

REMARK. Ifk <#7°, then the number of white vertices of 0% is k + 1 + S,f.
If y has (strictly) more than n white vertices, then Q) (9] = ) = 0. This is
consistent with the fact that ¥, _;(j) =0if j >n —k — 1.

PROOF OF LEMMA 10. Let y be a mobile with strictly more than k£ white
vertices and such that yKl =y (these are the necessary and sufficient conditions
for y to be of the form 0¥ for some 6 € ® with at least n white vertices). Then,

_ QUM =y} n{#7° = )

O (glk]l —
Q (9 - y) Q(#TO — I’l)

On one hand,

Q#T® =n) =Po(V =n) =¥ (0).
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On the other hand, by the remarks preceding the statement of the lemma,
QoW =y} n#T° =n)) =Q({¢™ =y} N {inf(p > 0: Sz =—1}=n})
= Q(:ﬂ'{e[k]:V}PS]f(V =n-— k))

= Q(Ligmi—, ¥n—r(S))).

We thus have
= Vn—k(S})
Q(n) plkl — :Q(]l k] 7>
==y )
Similar arguments give
~ On—k(S})
Q(n) gkl — % :@<1 k] 7)
( ) T a0

The desired result follows. [

LEMMA 11. Leta € (0, 1). There exist an integer ng and a constant K such
that, for every n > ng and every j > 0,

I'(lan],n, j) < K.

PROOF. By Kemperman’s formula (see, e.g., [27], page 122), for every j >0
andn > 1,

J+1
n

(64) Pi(V=n)= Po(Sn=—Jj —1).

On the other hand, Gnedenko’s local limit theorem (see [15], Theorem 4.2.1)
shows that

k
. 1/ . _ _
(65) nhm zlelg n'Po(S, =k) g(n—l/a)‘ =0,
where the function g is continuous and (strictly) positive over R. Taking k = —1,

we get that there exist positive constants K1 and K» such that, for n large,
1
¥a(0) = —Po(S, = —1) = Kyn~ '~ 1/
n

and
o0

1 —l/a
on(0) = ) —Po(Sp =—1) < Kon Y

m=n
[the latter bound can also be derived from (41)].
So, in order to get the desired statement, we need to verify that the quantity
n % —[an] (] )
Pn—[an)(J)
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is bounded when 7 is large, uniformly in j.
First, consider the case when j < n'/%. From (64) and (65), we obtain that there
exist positive constants K3 and K4 such that, for n large,

L Jt1 . . -
1»l’nf[an](J) = n ]P)O(Sn*[an] =—-J]— 1) =< K3(J + 1)” =1/«
and
ad 1
GntamlN=0G+D Y —Po(Su=—j—1
m=n—[an] m

> K4(j + DHn~ e,

The desired bound follows.
Suppose, then, that j > n'/%. It easily follows from (15) that there exists a pos-
itive constant K5 such that

(pn—[an](j) > K5>0.

On the other hand, we have already noted that the law of V under Py is in the
domain of attraction of a stable distribution with index 1/«. Another application
of Gnedenko’s local limit theorem shows that

. [ n
lim sup|k“Py(V =n) — g(k—a>‘ =0,

k—00 ;51

where the function g is continuous and bounded over (0, o). Hence, there exists
a constant K¢ such that, for all integers n > 1 and k > n'/¢,

(66) nPr(V =n) <k“Py(V =n) < K.

It immediately follows that

. n K¢
nYn—fan)(J) = n_i(n —[anDP;(V =n —[an]) < It

[an]

giving the desired bound when j > n!/¢. This completes the proof. [

PROPOSITION 10. The law of the process

ach o —(I—1/a) 10
(n= S0 n VOHD )

under Q™ (d0) converges, as n — 00, to the law of the process
(coX1, ¢ Hy)izo

under N(-|o = 1).
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This follows from Theorem 3.1 in [11]. This theorem gives the convergence in
distribution of the rescaled height process (n~(~1/ “)H[Qm])tzo, under more gen-
eral assumptions. A close look at the proof (see, in particular, formula (130) in
[11]) shows that the joint convergence stated in the proposition is indeed a direct
consequence of the arguments in [11].

LEMMA 12. The finite-dimensional marginal distributions of the process
—1/20 76
(n / “Linn)

0<r<l1

under Q™ (d9) converge, as n — 00, to the finite-dimensional marginal distribu-
tions of the process (v/2coDy)o<t<1 under N(-|o = 1). Moreover, this convergence
holds jointly with that of Proposition 10.

PROOF. This can be derived from the convergence of the rescaled process
(n=1/ “S[Qm])oggl in Proposition 10, in the same way as Proposition 7 was de-
rived from the convergence (15). The only delicate point is to verify that a suit-
able analog of Lemma 5 holds. To this end, we may argue as follows. Sup-
pose that we are interested in the finite-dimensional marginal distribution at times
0<t <ty <--- <ty < 1. It then suffices to prove that an analog of Lemma 5
holds for the vertices wgy(#), wi(0), ..., Wint,1-1(0), which are the first [nz,] white
vertices of 6 in lexicographical order. However, the desired property then involves
an event that is measurable with respect to the o-field Gjns,) and so we may use
Lemmas 10 and 11 to see that it is enough to argue under the probability measure
Q™| rather than under Q). The same trick that we used in the proof of Theo-
rem 2 then leads to the desired estimate. The remaining part of the argument is
straightforward and we leave the details to the reader. [J

Before stating and proving the main theorem of this section, we need to establish
an analog of Lemma 9. If 8 is a mobile, then we still denote (with a slight abuse of
notation) by Ry = Ry (0) the time of the first visit of wy (8) by the contour sequence
of 0, forevery k € {0, 1, ..., #7° — 1}.

LEMMA 13. Forevery ¢ > 0,

_ 1 k
(67) lim Q(")(— sup |Ry — —‘ > e) =0
n—00 n 0<k<n—1 B
and
lim Q —#7T — —|>¢]=0.
n— 00 n /3

PROOF. This follows by a minor modification of the proof of Lemma 9.
Starting from a forest F = (01, 6>, ...), as previously, we note that Q(”)(d@) 18
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the distribution of #; under the conditioned measure P(-|#7° = n). Notice that
P#HT," =n) = QHT° =n) = ¥,,(0) is of order n~ 1=V when n is large, by (64)
and (65). Thus, we can use standard large deviations estimates for sums of inde-
pendent random variables to verify that, for every € > 0,

1 =l k
(68) lim P| — sup B(j)+1)—— >8#T°:n>:0.
n— 00 (n l<k<n Z(:)( ) ﬂ ‘ 1

Similarly,

lim P( sup B(j)>n°[#7°=n)=0.

Jim B( sup BGj) > n"|#77 =n)
Furthermore, an analog of (55) follows from Proposition 10, which implies that,
for every € > 0, we have

IP( sup  HP >n'"Vete T :n) — 0.

O<k<n—1 n—>00

The first assertion of the lemma follows from these remarks by the same arguments
as in the proof of Lemma 9. The second assertion is a consequence of (68) since
#T = Y Z0(B(j) + 1), P-as., on (#T =n}. O

THEOREM 3. The law of the process

—(1-1 0 —1/2 0
(n= VO G T VPOLY ) s

under Q™ (d0) converges, as n — 00, to the law of the process
(C(;lHl’ Vv ZCODI)IEO
under N(-|o = 1). Similarly, the law of the process

—(1-1 0 —1/20 A 6
(0O Ch . n T A ) g
under Q™ (d9) converges, as n — o0, to the law of

(co ' Hps,v2c0Dpi) =
under N(-|o = 1).

PROOF. Fix a real a € (%, 1). Recall that a sequence of laws of cadlag
processes is C-tight if it is tight and any sequential limit is supported on the
space of continuous functions. We first observe that the sequence of the laws of
the processes

(69) (n—(l—l/ol) H[Gnt]’ n—l/ZOlL[@nt])

0<t<a

under Q") (d0) is C -tight. Indeed, by Lemmas 10 and 11, the law under Q™ of the
process in (69) is absolutely continuous with respect to the law of the same process
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under Q, with a Radon—Nikodym density that is bounded uniformly in 7. The
desired tightness then follows from Theorem 2.

Next, from Lemma 13 and the very same arguments as in the derivation of (57)
and (58), we have, for every ¢ > 0, that

(70) QW (n= U=V qup |CV—HE,|>¢e) — 0
( 0P [Ci = il )=
and
(71) QW (p=1/2 sup A =L, |>¢) — 0.
( orup I8k Ligul )=

Note that we must restrict the supremum to k < %n because we need the C-
tightness of the processes in (69).

From (70) and (71), together with Lemma 12, we obtain that the finite-
dimensional marginal distributions of the process

—(1—1 0 —1)2a A0
(72) (n¢ /a)C[nt]’” /aA[nt])Ostsa/ﬂ

under Q™ converge to those of (co_lHﬂ,, V2coDgi)o<i<asp under N(-|o = 1).
Moreover, the sequence of the laws of the processes in (72) is C-tight, by (70),
(71) and the tightness of the laws of the processes in (69).

This gives the second convergence stated in the theorem, but only over the
time interval [0, a/B8]. To remove this restriction, we may argue as follows. From
Lemma 13, we have, for every € > 0,

o <

On the other hand, we know that C,f = Az =0 for every k > #7 — 1. Furthermore,
a simple argument shows that the processes

1 1
—#T——’>8> —> 0.
n B

n—oo

6 A0 o 9
(C, Ak=0  and  (Clar 1 _gyes = Aar—1-+)k=0

have the same distribution under Q™ (d6). It is an easy matter to combine these
remarks in order to remove the restriction ¢+ < a/f in the convergence of the
processes in (72).

The first convergence of the theorem then follows from the second one, using
the identities H,f = C%k and LY = C%k, together with Lemma 13. [

7. Asymptotics for large planar maps. In this section, we apply the results
of the preceding sections to properties of planar maps distributed according to
P, and conditioned to be large in some sense. We recall our notation v, for the
distinguished vertex of a rooted and pointed bipartite planar map m and e_ for the
origin of the root edge of m. The radius of the planar map m is defined by

R(m) = max dg (v, v).
veV (m)
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The profile of distances in m is the point measure py on Z4 defined by
pm(k) =#{v € V(m) : dgr(v4, v) =k}, keZy.

Finally, we also set A(m) = dg (e, v4).
In the following theorem, we consider the distance process (D;);>0 under
N(-Joc = 1) and under N(:|o > 1). In both cases, we use the notation

D =max Dy, D =min D;.
t>0 t>0

THEOREM 4. Let M, be distributed according to P, (-[#V (m) = n), [resp.,
P,(-[#V (m) > n)]. Then:

() n~'P2R(My) % J2eo(D — D)
@) if 101(1/13 denotes the rescaled profile of distances in M,, defined by

[ oo =n" 3 pu, e 0,

keZy

)

then ,0( ~ converges in distribution to the measure 0% defined by

/ P (dx)p(x) = /O " d1g(2c0(D; — D)):

(iii) n_l/ZO‘A(Mn)n(_)—déo V2 D.

In (1)-(ii), the limiting distributions are to be understood under the probability
measure N(-|o = 1) [resp., N(-|o > 1)].

PROOF. Let M, be distributed according to P, (:[#V (m) = n) and let 6, be
the random mobile associated with M), by the BDG bijection. By Proposition 4,
6, is distributed according to Q”~1. From Proposition 3,

where ¢, (resp., £,,) denotes the maximal (resp., minimal) label in 6,. It is now
clear that

l, -, —maxA”—mmA"
k>0 k>0

and so (i) follows from the second assertion of Theorem 3.
Then, let ¢ be a bounded continuous function on R . We have

[Apaew =" ¥ o Py, v

veV(M,)

1Z¢> 1224, (wi) — £, + 1))

+n~"p(0),
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where wo = wg(6,), ..., w,—2» = w,_2(6,) denote the white vertices of 6, listed in
lexicographical order and ¢, (wy), ..., £, (w,_2) are their respective labels. Then,
n—2
nt Y (Rl (wi) — £, + 1)
i=0
n—2 9 0
=n! ;) go(n 1/2“<Ll.” — j:(gl”{&_zLj" + 1))

=7 el (et )

The convergence in (ii) is thus a consequence of the first assertion of Theorem 3.
Finally, we have

except if v, = e_, in which case A(M,) =0 = —¢£,. Thus, the same argument as
for (i) shows that n~!/2* A(M,,) converges in distribution to —+/2coD, which has
the same law as +/2co D, by symmetry.

The case where M,, is distributed according to P, (-[#V (m) > n) is treated by
similar arguments, using Theorem 2 instead of Theorem 3. [J

Recall from [5] the notion of the Gromov—Hausdorff distance between two com-
pact metric spaces. The space K of all isometry classes of compact metric spaces,
equipped with the Gromov—Hausdorff distance, is a Polish space. If M is arandom
planar map, then the set V (M) equipped with the metric dg, is a random variable
with values in K.

THEOREM 5. For every n > 1, let My be distributed according to Py(:|
#V(m) = n) [resp., Py (-[#V (m) > n)]. From every strictly increasing sequence
of integers, one can extract a subsequence along which

d
(V (M), n ™ dyg) L2 (Mg 520,
n—oo
where (Moo, 8c0) is a random compact metric space and the convergence holds in
distribution, in the Gromov—Hausdorff sense. Furthermore, the Hausdorff dimen-
sion of Muo, 6c0) is a.s. equal to 2a.

PROOF. We consider only the case where M, is distributed according to
P, (-[#V (m) = n). The first assertion could be established by using compactness
criteria in the space K in order to derive the tightness of the distributions of the
spaces (V(M,),n" "/ 20‘dgr). We will use a different approach, which is inspired
by [19], Section 3. This approach provides additional information about the lim-
iting space (Mo, 800), Which will be useful when proving the second assertion of
the theorem.
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As in the previous proof, let 6, be the random mobile associated with M}, by the
BDG bijection and write vg, v, vfn for the white contour sequence of ). Re-
call that the BDG bijection allows us to identify the white vertices of 8, with cor-
responding vertices of the map M,,. We can thus set, forevery i, j € {0, 1,...,r,},

dn(l’ .]) = dgr(U?a U;-l),

where dg, refers to the graph distance in the map M,. By convention, we put
v = v;"n = @ for every k > r, so that the definition of d, (i, j) makes sense for
all nonnegative integers i and j. We can use linear interpolation to extend the
definition of d, to real values of the parameters, by setting, for every s, > 0,

dp(s, 1) = (s — [sD@ — [1Ddn([s]+ 1, ]+ 1)
+ (s = [sDUe1 + 1 = D)dy ([s1+ 1, [£])
+ ([s1+ 1 =)t = [tDdn(s], 1+ 1)
+ ([s]+ 1 =95)[t] + 1 — t)dn([s], [1]).
By [19], Lemma 3.1, we have, for all integers i, j > 0,
(73) dn(i, j) < di, ),
where

(i, j)= A} + A — 2i/\jr§nki;1ivj Al 42,

(To be precise, [19] uses a slightly different version of the BDG bijection, with
nonnegative labels, but is straightforward to verify that the argument of the proof
of Lemma 3.1 in [19] goes through without change in our setting.) In the same way
as for d,,, we extend the definition of d,? to real values of the parameters by linear
interpolation. The bound d,, (s, t) < d,? (s, t) still holds for real s and .

Let (Ht(l), D,(l) )r>0 be a random process which has the distribution of (H;,
D;):>0 under N(-|o = 1). From Theorem 3,

_ (d)
(74) (n l/zadg(ns, nf))s,tz() njo)o(v 2C()dgo (ﬂs, ﬁt))s,tzO’
where, for every s,¢ > 0,

dgo(s, t) = D§1) + D,(I) —2 min DU,

snt<r<svt T

In (74), the convergence holds, in the sense of weak convergence of the laws in the
space of continuous functions on ]R%r.
We then observe that, for every s, ¢, s’, 7 > 0,

(75)  |du(s, 1) — du(s', )| <du(s,s") +dn(t, 1) <dO(s,s") +dot, 1').
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By the convergence (74), we have, for every n, ¢ > 0,

€
limsup P( sup n~Y?*d%ns,ns’)y >¢) < P( sup d° (Bs, Bs) = —)
n—>00 <|s—s/|§n " ) ls—s"|<n > V2co

If ¢ > O is fixed, then the right-hand side can be made arbitrarily small by choosing
n > 0 to be small enough. Thanks to this remark and to the bound (75), one easily
gets that the sequence of the laws of the processes

(V2 d, (ns, nt))s.1>0

is tight (see the proof of Proposition 3.2 in [19] for more details).

Also using Theorem 3, we obtain that, from any strictly increasing sequence of
positive integers, we can extract a subsequence (n4)x>1 along which we have the
joint convergence

(nf(lfl/a)c[en = 1/20 p O n*1/2“dn(ns,nt))

nt]’ [nt]° s,t>0

(76)
(d) _
= (¢5 ng}>, \/260D;311), V2¢0doo(Bs. B1)), 10-

n—oo
where (dwo(s,1))s,1>0 1s a continuous random process indexed by Ri and taking
nonnegative values. From now on, we restrict our attention to values of n belonging
to the sequence (ng).

By the Skorokhod representation theorem, we may, and will, assume that the
convergence (76) holds almost surely. Note that the bound d, < d,? immedi-
ately gives doo < dgo. From the convergence (76), one also gets that the function
(s,t) = doo(s, t) is symmetric and satisfies the triangle inequality. Furthermore,
the bound dy < dgo implies that doo(s, ) =0 if s > 1 and r > 1. We define an
equivalence relation on [0, 1] by setting

s~t ifandonlyif duo(s,t)=0.

We let M, be the quotient space [0, 1]/ & and equip My, with the metric 6o =
V/2codo. The continuity of do, ensures that the canonical projection from [0, 1]
(equipped with the usual metric) onto M is continuous, so M, is compact.

We claim that the convergence of the theorem holds almost surely [along the
sequence (nx)] with this choice of the space (Mo, §c0). To see this, define a cor-
respondence C, between (V(M),) \ {vs},n~" 2"‘dgr) and Mo, 800) by declaring
that a vertex v of V(M,) \ {vs} is in correspondence with x € M, if and only if
there exists a representative s of x in [0, 1] such that v = vf’n s/B1" The desired con-
vergence will follow if we can verify that the distortion of C, tends to 0 as n — oo.
To this end, let s,s” € [0, 1] and set k = [ns/B] and k' = [ns/B]. If v = v} and
v' =}, and if x and x’ are the respective equivalence classes of s and s in the
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quotient [0, 1]/ ~, then we have
I dgy (v, V') — V2c0doo (x, X))
= |n7V2%d, (k, k') — \2codoo (s, 57)|

n1/2adn<[’%s} [%S/D —V2¢c0doo (s, 8)

< sup [n~12%d, ([nt], [nt']) — V2codoo (Bt B1)

t,t/>0

’

which tends to 0 as n — 0o, by the (almost sure) convergence (76). This completes
the proof of the first assertion of the theorem.

Let us now turn to the Hausdorff dimension of (My, 800). From the bound
do < dgo and the Holder continuity properties of the distance process, we get that
for every ¢ € (0, 1/2a), there is an almost surely finite random constant K ;) such
that, for every s, ¢ € [0, 1],

doo(5,1) < K(gy|t — 5]1/207¢,
Hence, the projection mapping from [0, 1] onto M is a.s. Holder continuous with
exponent (1/2a) — e. The almost sure bound dim(Myo, §00) < 2« immediately
follows.

The proof of the lower bound dim(Myo, do0) > 2 is more delicate. We start
with a useful lower bound on dn.

LEMMA 14. Almost surely, for every 0 <s <t <1 and r € (s, t) such that
H,,(l) > Hr(l)for every u € [s,r), we have

doo(s,1) = DO — DO,

Similarly, almost surely for every 0 <t <s < 1 and r € (¢, s) such that HLEI) >
Hr(l)for every u € (r, s], we have

doo(s, 1) > DV — DI,

PROOF. We establish only the first assertion since the proof of the second
one is very similar. So, let s, ¢, be as in the first part of the lemma. Let (k;)
and (k,) be two sequences of positive integers such that nk, — B~ !s and
n_lk,/1 — Bt as n — oo (both sequences are indexed by the set of values of
n that we are considering). Thanks to the convergence (76) and our assumption
Hu(l) > Hr(l) for every u € [s,r), we can find another sequence (m;,) of positive
integers such that n~im, — ,B_lr and, for n large enough,

6, 6, . 6, .
C">C»»> min C" Vjelk,,...,m, —1}.
J (TN A B J € th =1
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Recall our notation v, v{, ... for the white contour sequence of 6,. The preceding
inequalities imply that v, ~is an ancestor of vy , but not an ancestor of v,’(",q. Let
Vo= u(),0<i < dgr(vZn, v,’(”g)) be a geodesic from v,’(’n to v,’(l},q in the planar map
M, and let i, be the largest integer i € {0, 1, ..., a’gr(v,’:n, UZIQ)} such that y, (i) is
a descendant of vy, . By the preceding remarks, we have 0 < i, < dg(vy , UZ;Q)'
Furthermore, the contour sequence of 6, must visit v;, between any time at which
it visits the point y,(i,) and any other time at which it visits y, (i, + 1). Using
the construction of edges in the BDG bijection, the existence of an edge of M,
between ¥, (i,) and y, (i, + 1) implies that

€ (Vyy,) = €0 (yn(in))-
It follows that
dn (kn, k) = dgr (V] V) = dgr (Vg Yu (i)
> dgr (vs, V) — dgr (Vs Y (in))
= Ln(vg,) — Ln(Va(in))
> Ly (vg,) — n vy, )
= A — A

The bound of the lemma follows by passing to the limit n — oo using (76). [J

The next lemma will be used in combination with Lemma 14 to estimate the
size of balls for the metric 8. For technical reasons, we prove this lemma under
the excursion measure N and we will then use a scaling argument to get a similar
result under N(-|o = 1). For every u > 0, A,(ds) denotes Lebesgue measure on
0, u).

LEMMA 15. Foreverys € (0,0), set

I(s)y={rels,ol:H, > H, foreveryu € [s,r)}
and for every € > 0, set
1) =inf{r € Z(s): D; < Dy — ¢},
where inf @ = oo. Then, for every a € (0, 2a),

liil(}e*a (r; —5) =0, Ao (ds) a.e.,N a.e.
&€

PROOF. Fors € (0,0) and r € [0, Hy), set

y, =inf{t > s: H; < Hy —r}.
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By convention, we put y; = o if r > H;. For our purposes, it will be important
to have information on the sample path behavior of the function r —> D,,s. This
is the goal of the next lemma, which relies heavily on results from [12], to which
we refer for additional details. We first need to introduce some notation. For every
s € (0, o), we define two positive finite measures on (0, 00) by setting

ps= Y (= Xy )x, <1)3H,,

O0<u<s
ns= Y (Xu—INNx, <12)8H,-
O0<u<s

(It is not immediately obvious that 7, is a finite measure; see Chapter 3 of [12].)
One can prove that, N a.e., for every s > 0, the topological support of p; is [0, H]
and p; ([0, Hy]) = X (see Chapter 1 of [12]). Furthermore, the quantities H, cor-
responding to the values of u that give nonzero terms in the definition of p; are all
distinct.

We denote by N (dr dz dx) a Poisson point measure on [0, 00)? with intensity

dr w(dz)1jo,;)(x)dx,

where 7 denotes the Lévy measure of X. We can enumerate atoms of A in a
measurable way and write

N = Z 8(rj.zj.x))-

jeJ

LEMMA 16. (i) Let ® be a nonnegative measurable function on Ry X
M ¢(R4)?. Then,

o e}
N([Tasotpno) = [T auE[o(u 3 w5, ¥ o@-xs)|
0 0 0<rj<u 0<rj<u

(i1) Let F be a nonnegative measurable function on D(R). Then,

o 0
N(["das F(D. = Dy0)) = [ duBIF(Zondr0))
where (Z,)r=0 is a symmetric stable process with index 2(oc — 1).

PROOF. Part (i) is a special case of Proposition 3.1.3 of [12]. Part (ii) is es-
sentially a consequence of (i) and our construction of the distance process. Let us
explain this in greater detail. We fix s > 0, » > 0 and argue on the event {s < o}.
As in Section 4, we assign a Brownian bridge b, with length AX,, to each jump
time u of X, in such a way that

Dy =) by(I{ — Xy )Lix,_ <1y

U=<s
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‘We then also have, N a.e.,
Dys = Zbu(ls” — Xu)lx,_<1yL{H, <H,—r}-
u<s

To see this, note that the identity
(77) yrs =inf{t > s: X; < Xy — ps([Hs; —r, Hs])}

is a consequence of formula (20) in [12]. Moreover, by the same formula, p,,s
is exactly the restriction of p; to the interval [0, H; — r) (or the zero measure
if r > Hy). Hence, the values u < y;’ that give a nonzero contribution to the sum
defining Dys are exactly those u < s such that X,,_ < I and H,, < H; —r, leading
to the stated formula for Ds.

It follows that

(78) Dy — Dyﬁ' = Z by (Isu - Xu—)jl{Xu—<L€‘}]1{Hs—r§Hu§Hs}
u<s

and we can use part (i) to compute the Fourier transform of this quantity. Note that,
for every jump time u < s with the property X, < I/, the duration of the bridge
by, is the sum of the masses assigned by p; and 7y, respectively, to the point H,,.

Suppose that, conditionally given A/, we are given a collection (b;zj ))‘,-e g of
independent Brownian bridges, with respective durations (z;) jes. It then follows
from (i), formula (78) and the preceding discussion that, for every A € R,

N(/O dsexp(ir(Ds — Dy;))>

:/()ooduE-exp(ik ) bf”(xj))}

U—r=rj=<u

:‘/(;ooduﬂ:‘iexp(—)‘—z2 Z M)]

u—r<rj<u Zj

=/OooduIE:exp(—/(:_r)+dv/ﬂ(dZ)
[a(-en(-52)))

o
2/ duexp(—Keq(u Ar) A 2@,
0

by an easy calculation, using the fact that 7 (dz) = Kz~ =% dz.
It follows that the formula of (ii) holds in the case where F is of the form
F(w) = f(w(r)) for a fixed r > 0. A slight extension of the previous calculation
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gives the case where F depends only on a finite number of coordinates. This is
enough to conclude since the process (Ds — Dys),>0 has right-continuous paths.
g

We now complete the proof of Lemma 15. We fix a € (0, 2«). We can then
choose b € (2o —2)~ 1, 00), b’ € (0, (@ — 1)1y and b” € (0, @) such that
b/b//
b

By standard path properties of stable processes (see, e.g., [2], Theorem VIIL.6), we
have

>a.

limr2( sup Z,) =00 a.s.
rl0 <O§xr§)r x)

It then follows from Lemma 16(ii) that we also have
limr_h( sup (Dg — Dys)) = 00, As(ds) a.s.,, N a.e.
rl0 0<x<r *

Notice that ¥} € Z(s) provided that x is a continuity point of the mapping r — y;°
and thus for all but countably many values of x. Therefore, the previous display
also implies that

(79) 7} < Vgsl /b

for all sufficiently small ¢ > 0, A, (ds) a.e., N a.e.
The next step is to investigate the behavior of y; as x | 0. We first observe that

(80) liir(}x_b/ps([Hs —x,H]) =0, Ao (ds) a.s.,Na.e.
X

This is a consequence of Lemma 16(i): note that, for every u > 0, the process

Y, = Z Xj, 0<x<u,
U—X=Tj=<u
is a stable subordinator with index o — 1 and apply path properties of subordinators
(see, e.g., [2], Theorem VIILS5). Furthermore, by applying the Markov property
under N and again using [2], Theorem VIIIL.6, we get that

176" sup (X5 — Xy4x) = 00,

limr~
ri0 0<x<r

N a.e. on s < o, for every fixed s > 0. It readily follows that

(81) inf{x > 0: X;pp < Xy —r} <r?

for all sufficiently small » > 0, A,(ds) a.e., N a.e. Now, recall (77) and use (80)
and (81) to obtain

(82) v <s+r



SCALING LIMITS OF PLANAR MAPS 63

for all sufficiently small » > 0, A, (ds) a.e., N a.e. We get the statement of the
lemma by combining (79) and (82), recalling that ¥'b” /b > a. O

We now complete the proof of Theorem 5. We again fix a € (0, 2«). For every
s €(0,1), we set

Z(s)= {rels, 11: HY > HY for every u € [, 7))
and for every ¢ > 0, we set
=inf{r e Z(s): D" < DI —¢}.
From Lemma 15 and an easy scaling argument, we get
E&)ls*a(?g —5)=0, A1(ds) ae., as.

However, if T, <t <1, the first part of Lemma 14 implies that doo (s, 1) > €.
Thus,

1
/ dt L, (s,)<e) <Tp —
N

and
1
lim 8_“/ dt Lya, (s.r)<e) =0, A(ds) ae., as.
é\LO Ky

We can use a symmetric argument to handle the analogous integral where ¢ varies
between 0 and s: use the second part of Lemma 14 and note that the distribution

of the pair (H, M D,(I))()S[S] is invariant under the change of parameter t — 1 —¢.
We thus conclude that

1
lim S_a/ dt Lyg(s,n<e} =0, ri(ds) ae., as.
el0 0

Finally, if « denotes the probability measure on My, which is the image of
Lebesgue measure on (0, 1) under the canonical projection, then we see that
B )

lim w =0, k(dx) a.e., a.s.,

el0 e4
where Boo(x, &) ={y € Moo : 600(x,y) < &}.

The lower bound dlm(Moo, o0) > 2a now follows from standard density theo-

rems for Hausdorff measures. [

REMARK. As we already noted in Section 1, the results of this section carry
over to Boltzmann distributions on nonpointed rooted planar maps. More precisely,
denote by W the Boltzmann distribution defined as in (1), but now viewed as a
measure on the set of all rooted planar maps. Let M,, be a random rooted planar
map distributed according to the (suitably normalized) restriction of W to maps
with n vertices. Then, Theorem 4 gives information about the distances in M, from
a vertex chosen uniformly at random and both assertions of Theorem 5 remain
valid if M,, is replaced by M,,.
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8. Some motivation from physics. In this section, we describe a motivation
for the models discussed in this article that comes from the physics literature. In
this discussion, we rely on a number of nonrigorous predictions and our only goal
is to isolate some possible directions for future work. A useful reference is Appen-
dix B in the survey by Duplantier [9] and the references therein.

As a starting point, we observe that models of random maps that are very sim-
ilar to ours appear when studying annealed statistical physics models on random
maps. These models are similar to more familiar models on regular lattices, such
as percolation and Ising or Potts models, but they are defined on a random map
that is chosen at the same time as the configuration of the model. To illustrate this,
we will first deal with the so-called O (N) model on a random planar quadrangula-
tion. Let q be a rooted quadrangulation. A loop configuration on q is a collection
L={c1,...,ck}, where cy, ..., ¢y are cycles, that is, paths on q starting and end-
ing at the same point and never visiting the same vertex twice. It is further required
that the paths ¢; do not intersect. We set

k
#L=k and 1g(L)=) lg(ci),
i=1
where 1g(c;) is the number of edges in the path ¢;; see Figure 3 for an example.
Let N > 0 be fixed. The annealed O (N) measure is the o-finite measure over
the set of all pairs (q, £), where q is a rooted quadrangulation and £ is a loop
configuration on q, defined by

Won)(q, £) = e PHF@ 1e0) y#E

F1G. 3. An O(N) configuration on a rooted quadrangulation, with 4 cycles of total length 30, and
the external gasket associated with this configuration, with shaded holes of degrees 6 and 14.
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where B and x are positive parameters. When the total mass Z o) (8, x) of Wo(n)
is finite, we say that the pair (8, x) is admissible and we can consider the proba-
bility measure PO(N) = ZO(N) (B, x)_l WO(N)-

Consider a configuration (q, £). A cycle ¢ € L splits the sphere into two com-
ponents. The one that contains the face located to the left of the root edge of q is
called the exterior of c. The other component is called the interior of c. The ex-
ternal gasket £(q, L) is the rooted planar map obtained from q by deleting all the
edges and vertices strictly contained in the interior of some ¢ € £; see Figure 3.

More precisely, m is defined as a rooted planar map with two different types of
faces:

e faces that came from the exterior of cycles of £, which have degree 4—we
denote by Q(m) the set of all these faces;

e faces of arbitrary even degree, called the holes of m, which came from the dele-
tion of the interior of a cycle of L—we denote by H (m) the set of all holes of
m (note that certain holes may have degree 4).

Furthermore, the boundaries of the holes of m are disjoint cycles. In particular,
every edge of the boundary of a hole is adjacent to a face of Q(m).

One can verify that the range of the external gasket mapping (q, £) — £(q, £)
is the set of all rooted planar maps (with faces of two types) satisfying the preced-
ing conditions. It is then an easy exercise to check that the push-forward of Wy )
under the external gasket mapping is

(83) Won ({E(q, £) =m}) = e P TT goq 110,
feH (m)

where
ak = x*Z () 1 (B. X)

and Z 30( Nk (B, x) is the partition function for the O (N)-model with a boundary of
length 2k. This partition function is defined in an analogous way as Zon)(B, x),
but configurations (q, £) now consist of rooted quadrangulations q with a bound-
ary of length 2k, together with a collection £ of disjoint cycles that do not intersect
the boundary and such that the boundary face lies on the left of the root edge. From
formula (83), we see that the external gasket of a Pp(y)-distributed random map
has a Boltzmann distribution of a similar kind as those studied in the present work,
except that the maps that appear here have two distinct types of faces and extra
topological constraints.

Ignoring these extra constraints, one can conjecture that for appropriate values
of B and x, the scaling limits of these random gasket configurations will be closely
related to those depicted in Section 7, provided that the weights g; satisfy similar
asymptotics as in Section 2.2. At this stage, some predictions from theoretical
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physics provide insight into these questions. For fixed 8 and x, we introduce the
generating function

Z?)(N)(Z) = ZZkZaO(N)’k(,B, x).
k>1

According to singularity analysis, for a € (3/2,2) U (2,5/2), a behavior

Z2 (@) ~ (ze —2)°7 L,
o) )szc( c—2)

meaning that the singular part of Zao( w) hear its first positive singularity z. is of

order (z. — z)*~!, leads to asymptotics of the form z90 o) kB, x) ~ Ck™ 4 for
some finite C > 0; see, for instance, [14], Corollary VIL.1. Of course, this requires
additional hypotheses on Z? o) (@) which we ignore in this informal discussion.

We now summarize, and attempt to translate into a language more familiar
to mathematicians, the discussion that can be found in [9], Appendix B (see, in
particular, equations B.48, B.64 and B.78, and the discussion at the end of Sec-
tion B.1.1 in [9]). Assume that N € (0, 2) is written in the form N = 2 cos(7r6),
where 6 € (0, 1/2). One conjectures that there exists a function x.(8) > 0 and a
critical value B, > 0 such that:

e for fixed 8 > B, and x = x.(8),

ZO(N)(Z) (Zc —Z)l 9

o for B =B, and x = x.(Be),

Z% @ G- 't

These two different behaviors, called the dense and the dilute phase, respectively,
hint at the asymptotics

z? X)) ~ Ck™@,
O(N)’k('B X) k— o0

witha =2 —6 and a =2+ 0, respectively. Recalling Section 2.2 and the preceding
formula for g, we see that the scaling limits of the distribution Wo(y) in (83)
should be related to the model studied in the previous sections, with the particular
value o =a — 1/2 € {3/2 — 60,3/2 + 6}. Note that the case N = 2 appears as a
limiting critical situation where the dense and dilute phases should coincide.

A similar description applies to other familiar statistical physics models such as
percolation or the Ising model on faces of a random quadrangulation. In the latter
setting, a configuration is a pair (q, o), where q is a rooted quadrangulation and

o=(os, feEF(Q)e{—1,+1}F@.
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FI1G. 4. An Ising (or percolation) configuration and the associated exterior gasket.

In the (annealed) Ising model, one chooses the configuration with probability pro-
portional to

Wi(q, o) = e PHF@ exp<J Z ofof/),
f~r

where J is a real parameter and the last sum is over all pairs of adjacent faces f, f’
in q. For J = 0, one gets the percolation model, where conditionally on the quad-
rangulation q, all o € {—1, +1}*F@ are equally likely to occur. One then defines
the exterior gasket in a way that should be clear from Figure 4. This gasket again
has a Boltzmann-type distribution when (q, o) is distributed according to Wj;. As
previously, the relevant Boltzmann weights correspond to partition functions for
the Ising model on a quadrangulation with a boundary. On the other hand, the
topological constraints on the gaskets are now different: the boundaries of holes
need not be cycles and do not have to be disjoint (however, an edge can be incident
to at most one hole and is incident only once to this hole); see Figure 4.

Kazakov [17] identifies the value J. = In2 as critical. One conjectures that,
respectively, for J = J, and 0 < J < J. (and with the appropriate values of ),
the Ising model has the same scaling limit as the dilute and dense phases of the
O(N = 1) model, corresponding to & = 1/3 and « € {11/6,7/6}. This is con-
firmed (for J = J.) by predictions for the partition function of the Ising model
with a boundary; see, for example, Section 3.3 of [6].

Note that a discussion parallel to the present one appears in Sheffield [28], Sec-
tion 2.3, in the case of regular hexagonal lattices, where it is conjectured that the
external gasket of O(N) models should converge to the so-called conformal loop
ensembles, which are a conformally invariant family of random curves related
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to the Schramm-Loewner evolutions. Such parallel discussions might open some
paths in the mathematical understanding of the so-called KPZ formula, which
links scaling exponents for models on random and on regular lattices. This ap-
proach would still be different from the one developed recently by Duplantier and
Sheffield [10] as we are focusing more on the metric aspects of planar maps, rather
than on the conformal invariance properties that are intrinsic to [10].

At a rigorous level, it seems plausible that the topological constraints that ap-
pear in the random maps considered above can be handled using bijective methods,
in the spirit of Section 3.1. Establishing rigorous grounds for the conjectured be-
havior of Z 30( wy 18 another, probably much more challenging, problem that would
require a better understanding of the combinatorial aspects of the O (N) model on
maps.
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