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Abstract. We discuss the scaling limit of large planar quadrangulations with a boundary whose length is of order the square root
of the number of faces. We consider a sequence (oy,) of integers such that o,/ V21 tends to some o € [0, co]. For every n > 1,
we denote by ¢, a random map uniformly distributed over the set of all rooted planar quadrangulations with a boundary having n
faces and 20y, half-edges on the boundary. For o € (0, 00), we view g, as a metric space by endowing its set of vertices with the
graph metric, rescaled by n™ 1/4 We show that this metric space converges in distribution, at least along some subsequence, toward
a limiting random metric space, in the sense of the Gromov—Hausdorff topology. We show that the limiting metric space is almost
surely a space of Hausdorff dimension 4 with a boundary of Hausdorff dimension 2 that is homeomorphic to the two-dimensional
disc. For o = 0, the same convergence holds without extraction and the limit is the so-called Brownian map. For o = oo, the proper

1/2

scaling becomes o, /~ and we obtain a convergence toward Aldous’s CRT.

Résumé. On s’intéresse a la limite d’échelle de grandes quadrangulations planaires a bord dont la longueur du bord est de 1’ordre
de la racine carrée du nombre de faces. On considere une suite (o5,) d’entiers telle que oy, / /27 tende vers un certain o € [0, o0].
Pour tout n > 1, on note q; une carte aléatoire uniformément distribuée dans I’ensemble des quadrangulations planaires enracinées
a bord ayant n faces internes et 20, demi-arétes sur le bord. Dans le cas ou o € (0, 00), on voit g, comme un espace métrique
en munissant I’ensemble de ses sommets de la distance de graphe, renormalisée par le facteur n~1/4 On montre que cet espace
métrique converge en loi, tout du moins le long d’une sous-suite, vers un espace métrique limite aléatoire, au sens de la topologie de
Gromov-Hausdorff. On montre que 1’espace métrique limite est presque slirement un espace de dimension de Hausdorff 4 ayant un
bord de dimension 2 qui est homéomorphe au disque de dimension 2. Pour o = 0, on a également la méme convergence mais cette
fois-ci, I’extraction d’une sous-suite n’est plus nécessaire et la limite est I’espace métrique connu sous le nom de carte brownienne.

1/2

Pour o = 00, le bon facteur d’échelle devient o, '~ et on a convergence vers 1’arbre continu brownien d’ Aldous.

MSC: 60F17; 60D05; 57N05; 60C05

Keywords: Random maps; Random trees; Brownian snake; Scaling limits; Regular convergence; Gromov topology; Hausdorff dimension;
Brownian CRT; Random metric spaces

1. Introduction
1.1. Motivations
In the present work, we investigate the scaling limit of random (planar) quadrangulations with a boundary. Recall

that a planar map is an embedding of a finite connected graph (possibly with loops and multiple edges) into the two-
dimensional sphere, considered up to direct homeomorphisms of the sphere. The faces of the map are the connected
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components of the complement of edges. A quadrangulation with a boundary is a particular instance of planar map
whose faces are all quadrangles, that is, faces incident to exactly 4 half-edges (or oriented edges), with the exception
of one face of arbitrary even degree. The quadrangles will be called internal faces and the other face will be referred to
as the external face. The half-edges incident to the external face will constitute the boundary of the map. Beware that
we do not require the boundary to be a simple curve. We will implicitly consider our maps to be rooted, which means
that one of the half-edges is distinguished. In the case of quadrangulations with a boundary, the root will always lie
on the boundary, with the external face to its left.

In recent years, scaling limits of random maps have been the subject of many studies. The most natural setting is
the following. We consider maps as metric spaces, endowed with their natural graph metric. We choose uniformly at
random a map of “size” n in some class, rescale the metric by the proper factor, and look at the limit in the sense
of the Gromov-Hausdorff topology [22]. The size considered is usually the number of faces. From this point of
view, the most studied class is the class of planar quadrangulations. The pioneering work of Chassaing and Schaeffer
[15] revealed that the proper rescaling factor in this case is n~1/4. The problem was first addressed by Marckert and
Mokkadem [33], who constructed a candidate limiting space called the Brownian map, and showed the convergence
toward it in another sense. Le Gall [27] then showed the relative compactness of this sequence of metric spaces and
that any of its accumulation points was almost surely of Hausdorff dimension 4. It is only recently that the problem
was completed independently by Miermont [36] and Le Gall [29], who showed that the scaling limit is indeed the
Brownian map. This last step, however, is not mandatory in order to identify the topology of the limit: Le Gall and
Paulin [31], and later Miermont [34], showed that any possible limit is homeomorphic to the two-dimensional sphere.

To be a little more accurate, Le Gall considered in [27] the classes of 2 p-angulations, for p > 2 fixed, and, in [29],
the same classes to which he added the class of triangulations, so that the result about quadrangulations is in fact a
particular case. We also generalized the study of [27,34] to the case of bipartite quadrangulations in fixed positive
genus g > 1 in [7,8], where we showed the convergence up to extraction of a subsequence and identified the topology
of any possible limit as that of the surface of genus g. In the present work, we adopt a similar point of view and
consider the class of quadrangulations with a boundary, where the length of the boundary grows as the square root of
the number of internal faces. We show the convergence up to extraction, and show that any possible limiting space
is almost surely a space of Hausdorff dimension 4 with a boundary of Hausdorff dimension 2 that is homeomorphic
to the two-dimensional disc. We also show that, if the length of the boundary is small compared to the square root
of the number of internal faces, then the convergence holds (without extraction) and the limit is the Brownian map.
When the length of the boundary is large with respect to the square root of the number of internal faces, then the
proper scaling becomes the length of the boundary raised to the power —1/2, and we obtain a convergence toward the
so-called Continuum Random Tree (CRT).

The study of these problems often starts with a bijection between the class considered and a class of simpler objects.
In the case of planar quadrangulations, the bijection in question is the so-called Cori—Vauquelin—Schaeffer bijection
[15,16,40] between planar quadrangulations and so-called well-labeled trees. This bijection has then been generalized
in several ways. Bouttier, Di Francesco, and Guitter [11] extended it into a bijection coding all planar maps (and even
more). Later, Chapuy, Marcus, and Schaeffer [14] considered bipartite quadrangulations of positive fixed genus. As
quadrangulations with a boundary are a particular case of planar maps, we will use in this work a slightly amended
instance of the Bouttier—Di Francesco—Guitter bijection. Let us also mention that Bouttier and Guitter studied in [12]
the distance statistics of quadrangulations with a boundary. In particular, their study showed the existence of the three
different regimes we consider in this work. Additionally, Curien and Miermont [18] studied in a recent work the local
limit of quadrangulations with a boundary.

From now on, when we speak of quadrangulations, we always mean rooted planar quadrangulations with a bound-
ary, and, by convention, we always draw the external face as the infinite component of the plane.

1.2. Main results

1.2.1. Generic case

Let m be a map. We call V (m) its sets of vertices, E(m) its sets of edges, and E (m) its set of half-edges. We say that
a face f is incident to a half-edge e (or that ¢ is incident to f) if ¢ belongs to the boundary of f and is oriented in
such a way that f lies to its left. We write ¢, the root of m, and, for any half-edge ¢, we call ¢ its reverse, as well as
¢~ and ¢V its origin and end. We denote by d,,, the graph metric on m defined as follows: for any a, b € V (m), the
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distance dn, (a, b) is the number of edges of any shortest path in £(m) linking a to b. Finally, we call Q,, » the set of
all quadrangulations with a boundary having n internal faces and 2o half-edges on the boundary.
The Gromov-Hausdorff distance between two compact metric spaces (X, §) and (X', §’) is defined by

dou((X,8), (X', 8")) :==inf{p (¢ (X), @' (X))},

where the infimum is taken over all isometric embeddings ¢ : X — X" and ¢': X’ — X" of X and X” into the same

metric space (X", §"), and 83 stands for the usual Hausdorff distance between compact subsets of X”. This defines a

metric on the set M of isometry classes of compact metric spaces ([13], Theorem 7.3.30), making it a Polish space.?
Our main results for quadrangulations with a boundary are the following.

Theorem 1. Let o € (0, 00) and (0,)n>1 be a sequence of positive integers such that 0n/N2n — o as n — oo. Let
qn be uniformly distributed over the set Q, ., of all planar quadrangulations with a boundary having n internal faces
and 20y, half-edges on the boundary. Then, from any increasing sequence of integers, we may extract a subsequence
(ni)k=0 such that there exists a random metric space (9%, d3,) satisfying

k— 00

1 (d)
(V(an)v 1/4dq,,k) (qgwdgo)
yn,

in the sense of the Gromov—-Hausdorff topology, where

g\ 1/4
-()"

Moreover, the Hausdor{f dimension of the limit space (q%,, d%,) is almost surely equal to 4, regardless of the choice
of the sequence of integers.

Remark that the constant y is not necessary in this statement (simply change dZ, into ydg,). We made it figure at
this point for consistency with the other works on the subject and because of our definitions later in the paper. Note
also that, a priori, the metric space (q2,, d%,) depends on the subsequence (74)r>0. In view of the recent developments
made by Miermont [36] and Le Gall [29] in the case without boundary, we conjecture that the extraction in Theorem 1
is not necessary and that d3, can be explicitly expressed in a way similar to their expression. This is under investigation
and will be the object of an upcoming work. We also believe that the space (q2,, d3,) only depends on o, and arises
as some universal scaling limit for more general classes of random maps with a boundary. In particular, our approach
should be generalizable to the case of 2 p-angulations, p > 2, by using the same kind of arguments as Le Gall in [27].

As in the case without boundary, Theorem 1 is nonetheless sufficient to identify the topology of the limit, regardless
of the subsequence (nx)r>0.

Theorem 2. For o > 0, any possible metric space (q2,,dS,) from Theorem 1 is a.s. homeomorphic to the 2-
dimensional disc 1.

We may also compute the Hausdorff dimension of the boundary of the limiting space: we define 0q%, C qZ, as the
set of points having no neighborhood homeomorphic to a disc.

Theorem 3. For any o > 0, the boundary 992, is a subset of (4%, d%,) whose Hausdor{f dimension is almost surely
equal to 2.

1.2.2. Caseo =0

In the case where 0 = 0, we may actually be a little more precise than in the previous theorems. In particular, we
have a whole convergence, instead of just a convergence along subsequences. We find that, in the limit, the boundary
“vanishes” in the sense that we obtain the same limit as in the case without boundary: the Brownian map [29,36].

2This is a simple consequence of Gromov’s compactness theorem [13], Theorem 7.4.15.
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Theorem 4. Let (0,)n>1 be a sequence of positive integers such that o, /~/2n — 0 as n — oo. Let q, be uniformly
distributed over the set Q s, of all planar quadrangulations with a boundary having n internal faces and 2o, half-
edges on the boundary. Then,

1 (d) ¥
<v(qn), yn1/4dq”) - (Moo, D¥)

—> 00

in the sense of the Gromov—Hausdorff topology, where (oo, D*) is the Brownian map.

As a consequence, we retrieve immediately the classical properties of the Brownian map, from which the results of
the previous section are inspired. For instance, it is known that the Hausdorff dimension of (mso, D*) is almost surely
equal to 4 ([27]), and that the metric space (s, D*) is a.s. homeomorphic to the 2-dimensional sphere S, ([31,34]).

1.2.3. Case o0 = o0

In the case o = 00, the proper scaling factor is no longer n , but the length of the boundary raised to the power
—1/2. We find Aldous’s so-called CRT [1,2] defined as follows. We denote the normalized Brownian excursion by e,
and we define the pseudo-metric

—1/4

Se(s,t):=e(s)+e(t)—2 min e, 0<s,r<]1.
[sAt,sVit]
It defines a metric on the quotient J := [0, 1] /{5.=0}, Which, by a slight abuse of notation, we still write d¢. The
Continuum Random Tree is the random metric space (g, 8¢). Moreover, we also have a whole convergence in this
case.

Theorem S. Let (0,),>1 be a sequence of positive integers such that o, /~/2n — 0o as n — oo. Let q,, be uniformly
distributed over the set Q, o, of all planar quadrangulations with a boundary having n internal faces and 20, half-
edges on the boundary. Then,

1 (d)
(V(qn)’ (20_n)1/2dqn> 100 (%’86)

in the sense of the Gromov—Hausdorff topology.

Let us try to give an intuition of what happens here. Roughly speaking, the boundary takes so much space that we
need to rescale by a factor that suits its length. The faces, which should be in the scale nl/4, are then too much rescaled
and disappear in the limit, leaving only the boundary visible. As a result, for n large enough and in the proper scale,
the quadrangulation itself is not very far from its boundary, which in its turn is not very far from a random tree. This
rough reasoning gives an intuition of why the CRT arises at the limit.

We also observe an interesting phenomenon if we take all these theorems into account. It can be expected that, if
we take a uniform quadrangulation in Q, 5, with n large and o, large enough but not too large (probably in the scale
n!/2*e with e > 0 small) then, in the scale n~1/4_ it should locally resemble the Brownian map, whereas in the scale
on Y 2, it should look more like the CRT. We believe this picture could be turned into a rigorous statement but we
choose not to pursue this route in the present paper.

1.3. Organization of this paper and general strategy

We begin by exposing in Section 2 the version of the Bouttier—Di Francesco—Guitter bijection that we will need. As
we do not use it in its usual setting, we spend some time explaining it. In particular, we introduce a notion of bridge
that is not totally standard. We then investigate in Section 3 the scaling limit of the objects appearing in this bijection,
and deduce Theorem 1.

Discrete forests play an important part in the coding of quadrangulations with a boundary through the Bouttier—
Di Francesco—Guitter bijection, and the analysis of Section 3 leads to the construction of a continuum random forest,
which may be seen as a generalization of Aldous’s CRT [1,2]. We carry out the analysis of Le Gall [27] to our case in
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Section 4 and see any limiting space of Theorem 1 as a quotient of this continuum random forest via an equivalence
relation defined in terms of Brownian labels on it.

Following Miermont [34], we then prove Theorem 2 in Section 5 thanks to the notion of regularity introduced by
Whyburn [43,44]. As we consider in this work surfaces with a boundary, the notion of 1-regularity used by Miermont
in [34] is no longer sufficient: we will also need here the notion of O-regularity, which we will present in Section 5.1.

Section 6.1 is devoted to the case o = 0 in which we use a totally different approach, consisting in comparing
quadrangulations with a “small” boundary with quadrangulations without boundary. In Section 6.2, we treat the case
o = oo by a different method.

We will need to use the so-called Brownian snake to prove some remaining technical results. We prove these in
Section 7. In particular, in Section 7.2, we will look at the increase points of the Brownian snake we consider. From
our approach, we can retrieve [31], Lemma 3.2.

Finally, Section 8 is devoted to some developments and open questions.

Our general strategy is in many points similar to [7,8]. Although we will try to make this work as self-contained as
possible, we will often refer the reader to these papers when the proofs are readily adaptable, and will rather focus on
the new ingredients. One of the main difficulties that was not present in [7,8] arises from the fact that the Brownian
labels on the continuum random forest we construct do not have the same diffusion factor on the floor than in the
trees. To be a little more precise, the labels in the trees vary like standard Brownian motion, whereas on the floor they
vary as a Brownian motion multiplied by the factor /3 (see Proposition 7 for a rigorous statement). This factor comes
from the fact that the bridge coding the external face in the Bouttier—Di Francesco—Guitter bijection does not have the
same variance as the Motzkin paths appearing everywhere else. Its presence generates new technical issues and forces
us to find new proofs for some of Le Gall’s estimates.

A key point of our analysis is that, at the limit, the boundary does not have any pinch points (Lemma 19). As the
boundary of the map roughly corresponds to the floor of the forest (Proposition 21), it will be crucial to see that, in the
quotient we define, the points of the floor are not identified with one another (Lemma 14). We will see in Theorem 13
that two points are identified if they have the same labels and if the labels of the points “between them” are all greater.
From the already known cases, we could think that everything will work similarly but, a priori, this factor +/3 could
induce some identification of points on the floor of the forest. Fortunately, this does not happen. However, we can see
from our proofs in Section 7.2 that this value is critical, in the sense that if it was strictly greater, then some of the
points of the floor would be identified, so that the boundary would no longer be a simple curve. See the note page 468.

The presence of this factor also suggests that the limiting spaces appearing in Theorem 1 cannot easily be con-
structed from the Brownian map.

Except in Section 7, all the random variables considered in this work are taken on a common probability space
(82, F,P).

2. The Bouttier-Di Francesco—Guitter bijection

As is often the case in this kind of problems, we start with a bijection allowing us to work with simpler objects.
We use here a particular instance of the so-called Bouttier—Di Francesco—Guitter bijection [11], which has already
been used in [12]. For more convenience, we modify it a little to better fit our purpose. This will allow us to code
quadrangulations with a boundary by forests whose vertices carry integer labels.

2.1. Forests

We use for forests the formalism of [7,8], which we briefly recall here. We denote by N := {1, 2, ...} the set of positive
integers and for i < j, [i, jl:=[i, j1INZ={i,i +1,...,j}. Foru = (uy,...,un), v=(v1,...,vp) € Uro | N", we
let ||u|| := n be the height of u, and uv := (u1, ..., u,, v1, ..., vp) be the concatenation of u and v. We say that u is an
ancestor of uv and that uv is a descendant of u. In the case where v € N, we use the terms parent and child instead.

Definition 1. A forest is a finite subset f C | ;- N" satisfying:

(i) there is an integer t (f) > 1, called the number of trees of f, such that f "N = [[1,¢(f) + 1],
(i) ifu € f\ N, then its parent belongs to f,
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Fig. 1. The facial sequence and contour pair of a well-labeled forest from S%O. The paths are dashed on the intervals corresponding to floor edges.

(iii) for every u € f, there is an integer ¢, (f) > 0 such that ui € § if and only if 1 <i < ¢,(}),
i) crp+1(H) =0.

The set fl := f N N is called the floor of the forest f. When u € fl, we sometime denote it by («) to avoid confusion
between the integer u and the point (1) € f. For u = (uy,...,u,) € f, we set a(u) :=u; € fl its oldest ancestor. For
1 < j <t(f), the set {u € f: a(u) = j} is called the tree of f rooted at (j). Beware that the point (¢(f) + 1) € flis not a
tree. As we will see later, it is here for convenience. The points u, v € § are called neighbors, and we write u ~ v, if
either u is a parent or child of v, or u, v € fl and |u — v| = 1. On the figures, we always draw edges between neighbors
(see Fig. 1). We say that an edge drawn between a parent and its child is a tree edge whereas an edge drawn between
two consecutive tree roots will be called a floor edge.

Definition 2. A well-labeled forest is a pair (f, ) where | is a forest and | :§ — Z is a function satisfying:

1) forallu €fl, (u) =0,
@ii) ifu ~ v, then [l(u) — l(v)| < 1.

Let 32 :={(, D: t(f) = 0, |f| =n + o + 1} be the set of well-labeled forests with o trees and n tree edges. By a
simple application (see for example [7], Lemma 3) of the so-called cycle lemma [6], Lemma 2, and the fact that to
every forest with n tree edges correspond exactly 3" labeling functions, we obtain that

o 2n+o
=3 . 1
o= () m
For a forest f with o trees and n tree edges, we define its facial sequence §(0), f(1), ..., §(2n 4 o) as follows (see

Fig. 1): f(0) :=(1),andfor0<i <2n+o — 1,

¢ if f(i) has children that do not appear in the sequence §(0), f(1), ..., f(i), then f(i 4 1) is the first of these children,
that is, f(i + 1) := (i) jo where

jo=min{j > 1: §(i)j ¢ {f(0), f(1),....f(D}}.

¢ otherwise, if §(i) ¢ fl, then f(i 4 1) is the parent of §(i),
¢ if neither of these cases occur, which implies that (i) € f, then (i + 1) := (i) + 1.

A well-labeled forest (f, [) is then entirely determined by its so-called contour pair (Cy, Ls,1) consisting in its contour
function C;:10,2n + o] — Ry and its spatial contour function Lj 1:[0,2n + o] — R defined by

Ci(@) = [FO] + () —a(f@)) and LjiG) :=1(j@), 0<i<2n+o,
and linearly interpolated between integer values (see Fig. 1).
2.2. Bridges

Definition 3. We say that a sequence of integers (b(0), b(1), ..., b(0)) for some o > 1is a bridge if b(0) =0, b(o) <
0,and, forall 0 <i <o — 1, we have b(i + 1) — b(i) > —1. The integer o will be called the length of the bridge.
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The somehow unusual condition b(c) < 0 will become clear in the following section: it will be used to keep track
of the position of the root in the quadrangulation. We let %, be the set of all bridges of length . In the following,
when we consider a bridge b € %,, we will always implicitly extend its definition to [0, o] by linear interpolation
between integer values.

Lemma 6. The cardinality of the set B is

|%|=<2;).

Proof. With a bridge (b(i))o<i<o € %5, We associate the following sequence

(bj)1<j<20 i= (1, +1, o, 1, =1+, 41, 41, =L+, 41, 41, =1 41,41, 1),
N —— ——
b(0)—b(o) times b(1)—b(0)+1 times b(2)—b(1)+1 times b(o)—b(oc—1)+1 times

The set 4, is then in one-to-one correspondence with the set of sequences in {—1, +1}2% counting exactly o times
the number —1. The number of bridges of length o is then the number of choices we have to place these o numbers

among the 20 spots. O
2.3. The bijection

A pointed quadrangulation (with a boundary) is a pair (q, v®) consisting in a quadrangulation (with a boundary) q
together with a distinguished vertex v® € V(q). We define

Qo ={(a.v"): g€ Quo.v" €V (0}

the set of all pointed quadrangulations with n internal faces and 20 half-edges on the boundary. The Bouttier—
Di Francesco-Guitter bijection may easily be adapted into a bijection between the sets Oy , and §7 x %,. We
briefly describe it here, and refer the reader to [11] for proofs and further details.

2.3.1. From quadrangulations to forests and bridges
Let us start with the mapping from Q5 , onto §7 x %,. Let (q,v*) € Q5 ,. We label the vertices of q as follows:
for every vertex v € V(q), we set f(v) =dq(v®, v). Because q is bipartite, the labels of both ends of any edge differ
by exactly 1. As a result, the internal faces can be of two types: the labels around the face are eitherd, d + 1, d + 2,
d+1,ord,d+1,d,d+ 1 for some d. We add a new edge to every internal face as shown on the left part of Fig. 2.
The operation regarding the external face is a little more intricate. We denote by vg, vy, ..., v2s—1 its vertices read
in counterclockwise order,’ starting at the origin of the root, vgp = ¢, (and we use the convention vy, = vg). We only
consider the vertices v; such that ~[(v,-+1) = f(vi) — 1. Note that, because ~[(v,-+1) — ~[(vi) € {—1, +1}, there are exactly

\,

\ /
d+1 ) y
+ O @D \@,4/(@\\

0
Fig. 2. Left. Adding the new edge to an internal face. Right. Example of the operation on the external face. In this example, b = (0, —1, —1,
-2,-2,-1).

3Recall that the external face is drawn as the unbounded face of the plane, so that the counterclockwise order on the plane is actually the clockwise
order around the face.
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Fig. 3. The mapping from Qy, , onto §g x %y . In this picture, n = 10 and o = 4.

o such vertices. We denote them by v;,, vj,, ..., v;,, Wwith 0 <ij <iy <--- <i; < 20. Finally, we add a new vertex
v° inside the external face, and draw extra edges linking v;, to v;,, forall 1 <k <o — 1, and v;, to v°. See the right
part of Fig. 2.

We then only keep the new edges we added and the vertices in (V(q) \ {v°*}) U {v°}. This happens to make up a
forest f whose floor is drawn in the external face: (k) =v; for 1 <k <o, and (o 4 1) = v°. To obtain the labels
of f, we shift the labels tree by tree, in such a way that the floor labels are 0: we define [(u) := ~[(u) — ~[(a(u)) and

[(v°) = 0. Finally, the bridge b records the labels of the floor before the shifting operation: for 0 <k <o — 1, we let
bk) = [(v,kH) (vll) and b(o) = [(vo) — [(Uu) (so that b(o) keeps track of the position of the root).

The pointed quadrangulation (g, v®) corresponds to the pair ((f, [), b). See Figure 3.

2.3.2. From forests and bridges to quadrangulations

Let us now describe the mapping from §; x %, onto Q; . Let (f,[) € §7; be a well-labeled forest and b € %, be
a bridge. As above, we write §(0), f(1), ..., f(2n 4 o) the facial sequence of f. The pointed quadrangulation (q, v°®)
corresponding to ((f, ), b) is then constructed as follows. First, we shift all the labels of f tree by tree according to the
bridge b: precisely, we define [(1) := [(#) + b(a(u) — 1). Then, we shift all the labels in such a way that the minimal
label is equal to 1: let us set [:=1—minl+ I as this shifted labeling function. We add an extra vertex v® carrying
the label [(v®) := 0 inside the only face of §. Finally, following the facial sequence, for every 0 <i <2n+o0 — 1, we
draw an arc — without intersecting any edge of { or arc already drawn — between (i) and f(succ(i)), where succ(i) is
the successor of i, defined by

infS. ifs.#£@, . Sei={kelimto 1] (5 =1(7G)) — 1},

suce(i) = {infSS otherwise ! Se = {k efo0,i—1]: ( (k)) — [(f(,)) _ 1} )

with the conventions inf @ = 0o, and f(oco) = v°.
Because there may be more that one arc linking f(i) to f(succ(i)), we will speak of the arc linking i to succ(i) to
avoid any confusion, and we will write it

i ~succ(i) or succ(i)~i.

When we need an orientation, we will write i ~ succ(i) the arc oriented from i toward succ(i) and i + succ(i)
the arc oriented from succ(i) toward i. The quadrangulation ¢ is then defined as the map whose set of vertices is
G\ {(c + D}) U {v*}, whose edges are the arcs we drew, and whose root is either succ_b(")(O) ~ succ P+l 0) if
b(o)>b(c—1)—1,0or2n4+0 -1~ succ@Rn+o—1)if b(c) =b(c — 1) — 1.

2.3.3. Some remarks

_ 1. Because of the way we drew the arcs of q in Section 2.3.2, it is easy to see that for any vertex v € V(q),
[(v) =d4(v®, v), so that both functions [ of Sections 2.3.1 and 2.3.2 coincide.
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2. Note that the sequence b from the proof of Lemma 6 reads the increments of the labels around the boundary:
b; =1(v;) — l(vj_y) for 1 < j <20.

3. Using Lemma 6, Eq. (1), and the fact that every quadrangulation in Q, , has exactly n + o + 1 vertices, we
recover the following formula (see e.g. [4,12,39] for other proofs)

13211 %51 3"(20)!2n+0 — 1)

|Q"'“|=n+o+1 T ollo—=Dnln+o+ D!

4.1If (C, L) is the contour pair of (f, [), then we may retrieve the oldest ancestor of (i) thanks to C by the relation
a(f(i)) —1=0 - C).
where we use the notation

X,:=inf X
[0.5]

for any process (X;)s>0. The function

£:= (L) +0(0 = C))ocy canro
then records the labels of the forest, once shifted tree by tree according to the bridge b. As a result, we see that
£(i) — min £ + 1 represents the distance in q between v® and the point corresponding to (7).

5. This gives a natural way to explore the vertices of ¢: we denote by q(i) the vertex corresponding to §(i). In
particular, {q(i),0 <i <2n+o0 — 1} =V (q) \ {v°*}. We end this section by giving an upper bound for the distance
between two vertices q(i) and q(j), in terms of the function £:

da(a).0() = £6) + £) ~ 2max( min_ £00. min £00) +2, 3)
eli,j elj.i

where we define

— _ | [ j] if |lifl < J,
m:{ﬂi,ﬁnw—lﬂuuo,jﬂ ' @)

if j <i.

This kind of bounds is often used in these problems (see e.g. [8,27,35]). We refer the reader to [35], Lemma 3, for a
detailed proof.

3. Proof of Theorem 1
3.1. Convergence of the coding functions

Let (0,,),>1 be a sequence of positive integers such that

0,
O(n) ::Z AN [0, o0].

/2}’1 n—o0

Until further notice, we suppose that o € (0, 0o). The remaining cases 0 = 0 and o = oo will be treated separately
in Section 6. Let g, be uniformly distributed over the set Q, 5, of quadrangulation with n internal faces and 20,
half-edges on the boundary. Conditionally given g, we let v; be uniformly distributed over the set V(q,). Because
every quadrangulation in Q, ., has exactly n 4 0, + 1 vertices (by Euler characteristic formula), we see that (q,, v;)
is uniformly distributed over Qj , ., and thus corresponds through the Bouttier-Di Francesco-Guitter bijection to a
pair ((fu, [n), bn) uniformly distributed over the set §; x %o, .
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3.1.1. Brownian bridges, first-passage Brownian bridges, and Brownian snake
Let us define the space

= |J c(10.x].R)

X€R+

of continuous real-valued functions on R killed after some time. For an element f € K, let £(f) denote its lifetime,
that is, the only x such that f € C([0, x], R). We endow this space with the following metric:

dic(f.8):=[¢(f) =t ()| + su;())}f(y AS() —g(y AL®)]
y=

BO~>

We write o] @ Brownian bridge on [0, o] from 0 to 0, defined as a standard Brownian motion on [0, o] started at

0, condltloned on being at 0 at time o (see for example [6,7,9,38]). We also denote by F "”0 a first-passage Brownian
bridge on [0, 1] from o to O, defined as a standard Brownian motion on [0, 1] started at a and conditioned on hitting
0 for the first time at time 1. We refer the reader to [7] for a proper definition of this conditioning, as well as for some
convergence results of the discrete analogs.

The so-called Brownian snake’s head may then be defined as the process (F[%_{] , Z[0,1]), where, conditionally

given F[‘(’)_l’] , the process (Z[o,17(5))o<s<1 is a centered Gaussian process with covariance function

COV(Z[()J](S), Z[(),l](s/)) = inf (F[% FEB?O) (5)

[sAs’,sVs']

We refer to [7,19,25] for more details.

3.1.2. Convergence of the bridge and the contour pair of the well-labeled forest
We let (C,,, L,) be the contour pair of (f,, [,), and we define the scaled versions of C,,, L,, and b, by

Cot e (Cn((2n +on — 1)S)> Lo <Ln((2n +on — 1)S)>
o v 2n 0<§‘<1’ o Vn1/4 O<v<]’

b, (v/2ns)
b(n) =|— s
0<Y<O’(,,)

ynl/4

where the constant y was defined during the statement of Theorem 1.

Remark. Following [7,8], the notation with a parenthesized n will always refer to suitably rescaled objects, as in the
definitions above.

The aim of this section is the following proposition.

Proposition 7. The triple (C(ny, L(n), b)) converges in distribution in the space (K, dxc)’ toward a triple
(Coos Loo, boo) whose law is defined as follows:

¢ the processes (Coo, Loo) and b, are independent,
o the process (Coo, Loo) has the law of a Brownian snake’s head on [0, 1] going from o to O:

d
(Coos Loo) = @ (F[%_f]o, Z0.11)
o the process boo has the law of a Brownian bridge on [0, o] from 0 to 0, scaled by the factor v/3:

d
b (_) «/—BO_)O
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Proof. By [7], Corollary 16, the pair (C(y), L(»)) converges in distribution* toward the pair (F 7, [0.1] 0. Z0.17), in the
space (IC, d;C)z. Moreover, (Cy, L,) and b, are independent, so that it only remains to show that b(,) converges in

distribution toward /3 BPO_;?. To that end, we will use [7], Lemma 10.
Let (X;)i>1 be a sequence of i.i.d. random variables with distribution given by

P(X;=p)=2"""2, p>-—1.

We set Xp:=0and, for j > 1, X} := Z{zl X;. For k > 0 fixed, and n such that o, > k, we also define a process
(S,’; (i))o<i<o, distributed as (X;)o<;<o, conditioned on the event {¥, = —k}. We extend its definition to [0, 0,,] by
linear interpolation between integer values. Because X is centered, has moments of any order, and has variance 2,
we may apply [7], Lemma 10, and we see that the process

SE(V2
an/4 0<§‘<o'() n
Moreover, it is easy to see that the bridge Sk is uniform over the set {b € %,,: b(o,) = —k}. Indeed, for any

b € %,, such that b(o,) = —k, we have

P(Vi € [1,0,], X; =b(i) —b(i — 1)) 9—20,+k

k_p) —
P(S, =) = P(X,, = —k)  P(Z,, =—k)’

which does not depend on b but only on n and k. For such a b, we set
o PO=b) (20,7 (20, —k—1
n’k._—P(S,é:b)_ on Un—l .
(We may use the bijection of Lemma 6 to compute the denominator.) We have that

<2_
—l—‘rUn—l -

1 2o, —k—1)! ! 1 —
Cnk = (20p ) On E1—[

2 Qo,—1! (o, —k)! "~

and that ¢, y — 27k=1 a5 n — oco. Now, let ¢ : K — R be a bounded measurable function. Using (6) and the fact that

cn .k = P(b,(0,) = —k), we obtain by dominated convergence that
Sk (v/2ns) -
(P(b(n)) ch kE[ (( /4 ) >i| E[qj(ﬁBPO,a(]))]'
0<s<0(n) n—00
This completes the proof. U

Recall the notation q, (i) introduced at the end of Section 2 for the vertex corresponding to f,(i) through the
Bouttier—Di Francesco—Guitter bijection. Remember that dg, (vyy, 4, (i)) = £, (i) — min £, 4 1, where

L= (L”(s) + b, (on -C, (s)))0§s§2n+o,,' @)
The rescaled version of £, is then given by

£.(2n + 0, — 1)s)
Ly = ( /A )0 = (L (5) + by (0 = Cuy())) o<1 -
<5<

4In [7], the processes considered were the same except that the term (2n + o, — 1) was replaced with 2n. The fact that 0, /2n — 0 and the uniform

continuity of the process (F [‘67] Z[0,1]) yield the result as stated here.
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Corollary 8. The process (C(ny, £(n)) converges in distribution in the space (IC, dic)? toward the process (Coo, £00),
where

Loo = (LOO(S) + boo(o - Qoo(s)))OSssl' ®
3.2. Proof of Theorem 1

The proof of Theorem 1 is very similar to [7], Section 6, so that we only sketch it. Our approach is adapted from Le
Gall [27] for the first assertion, and from Le Gall and Miermont [30] for the Hausdorff dimension. In addition, we use
this occasion to introduce some notation that will be useful later.

We define on [0, 2n + o, — 1] the pseudo-metric d,, by

dn i, J) = dq, (0 (D), an ()
we extend its definition to non integer values by linear interpolation: for s, ¢ in [0, 2n + o, — 1],

du(s,t) :=stdy(Is) + 1, [t] + 1) + stdu(Ls] + 1, [1]) +5tdy (s, Lt] + 1) +57d, (Ls], [1]),
where |s| :=sup{k € Z,k <s},s:=s — |s] and 5 := |s] + 1 — s, and we define its rescaled version: for s, f € [0, 1],
we let

1
dpy(s, 1) = de ((Zn +o0, —1s,2n+o0, — l)t).

We also define the equivalence relation ~, on [0, 2n + 0, — 1] by declaring that i ~, j when g, ({) = g, (j), which
is equivalent to d, (i, j) = 0. The function d,) may then be seen as a metric on

Dy = Qn+ao,— 70,20 40, — 1]/,
and, as v, is the only point of q,, that does not lie in {q,(i): 0 <i <2n 4+ 0, — 1}, we have

1 1
dGH((Qn, d(n)), <V(qn), quﬂ)) < W (9)

The bound (3) gives us a control on the metric d,), from which we can derive the following lemma (see [7],
Lemma 19).

Lemma 9. The distributions of the quadruples of processes

(Canys Lanys by (domy (5,0) g2y 121)s 1= 1

form a relatively compact family of probability distributions.

As a result of Lemma 9, from any increasing sequence of integers, we may extract a (deterministic) subsequence
(ni)k=0 such that there exists a random function dZ, € C([0, 112, R) satisfying

(d)

(d(nk) (S, t))OSS,l‘Sl k—>OO¥ (dgo (S7 t))OSS,l‘Sl s (10)
and such that this convergence holds jointly with the convergence of Proposition 7 and Corollary 8. From now on, we
fix such a subsequence (nx)x>0. We will generally focus on this particular subsequence in the following, and we will
often assume convergences when n — oo to hold along this particular subsequence. By Skorokhod’s representation
theorem, we may and will moreover assume that this joint convergence holds almost surely. In the limit, the bound (3)
becomes

A% (s.1) <d2,(s.1) := Soo(s)+£oo(t)—2max( min Lo0(x), min Soo(x)), 0<s,t<l, (11

X€E[s, f X€E[t,s
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where

) s, 2] ifs <t,
Ls. 1= { [s,11U0,] iff <s. (12)
Note. Beware not to confuse d3, with dgo. In fact, we will never use the latter symbol so there should not be any
confusion.

Adding to this the fact that the functions d;,) obey the triangle inequality, we see that the function dZ, is a pseudo-
metric. We define the equivalence relation associated with it by saying that s ~ t if d3 (s, ) =0, and we set qZ, =
[0, 1]/~ . The convergence claimed in Theorem 1 holds along the same subsequence (nx)i>0.

To see this, we use the characterization of the Gromov—Hausdorff distance via correspondences. Recall that a
correspondence between two metric spaces (X, 8) and (X, ') is a subset R € X’ x X’ such that for all x € X, there
is at least one x” € X’ for which (x, x") € R and vice versa. The distortion of the correspondence R is defined by

dis(R) :=sup{[s(x,y) —8(x",y')|: (x.x), (.') e R}.

Then we have [13], Theorem 7.3.25,
1
dGH(X, X’):Ei%fdis(’R), (13)

where the infimum is taken over all correspondences between X and X”.

We denote by p, the canonical projection from [0, 21 + ¢, — 1] to [0, 2n + ), — 1] /~,,. For t € [0, 1], we define
Pw(@) :=2n+o, — 1)_1pn(L(2n + 0, — 1)t]), and we denote by qZ,(¢) the equivalence class of ¢ in qZ,. We then
define the correspondence R,, between the spaces (2, d(»)) and (4%, d%,) as the set

Ry = {(pwy (1), 4%, (1)), 1 € [0, 1]}.

Its distortion is

dis(R,) = sup

0<s,t<l

’

2n4+o0,—1 > 2n+4+o0,—1

d(ﬂ)([(h +0n—Ds] |2n+o,— 1)IJ) —d%(s,1)

and, thanks to (10),
1.
dGH((QI’Zkv d(nk))v (Clgov dgo)) = E dlS(Rnk) E} 0.

Combining this with (9), we obtain the first assertion of Theorem 1.

The Hausdorff dimension of the limit may be computed by the technique we used in [7]. Because the proof is
very similar, and is not really related to our purpose here, we leave it to the reader. The idea is roughly the following.
To prove that the Hausdorff dimension is less than 4, we use the fact that £, is almost surely «-Holder for all
a € (0, 1/4), yielding that the canonical projection from ([0, 1], | - |) to (q%,, dZ,) is also «-Holder for the same values
of . To prove that it is greater than 4, we show that the size of the balls of diameter § is of order 8*. To see this, we
first bound from below the distances in terms of label variation along the branches of the forest, and then use twice the
law of the iterated logarithm: this tells us that, for a fixed s € [0, 1], the points outside of the set [s — 8%, 5 + 8% code
points that are at distance at least 8% from q%,(s) in the forest, so that their distance from qZ (s) is at least § in the map.
See [7], Section 6.4, for a complete proof. We will also use a similar approach to show Theorem 3 in Section 5.4.

4. Maps seen as quotients of real forests

In the discrete setting, the metric space (V (q,), dg,) may either be seen as a quotient of [0,2n + o, — 1], as in last
section, or directly as the space f, endowed with the proper metric. In the continuous setting, we defined qZ, as a
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Fig. 4. Left. On this picture, we can see the root 9, the floor fI, an example of tree 7, (coded by [/, r]), and an example of tree t to the left of
[[op, b]] rooted at p (coded by [I’, ¥']). Right. On this picture, a is an ancestor of b and ¢, and we can see the sets [[, c]], [, 8], and [[a, B]].

quotient of [0, 1], but it will also be useful to see it as a quotient of a continuous analog to f,. We obtain a quotient,
because some points may be very close in the discrete forest, and become identified in the limit. Finding a criterion
telling which points are identified in the limit will be the object of Section 4.3. In a first time, we define the continuous
analog to forests.

4.1. Real forests

We define here real forests in a way convenient to our purpose, by adapting the notions used in [8], Section 3. We will
also need basic facts on real trees (see for example [26]). We consider a continuous function 4 : [0, 1] — R such that
h(1) =0, and we define on [0, 1] the relation =~ as the coarsest equivalence relation such that 0 >~ 1, and s ~ ¢ if

h(s)=h(t)= inf h. (14)
[sAt,sVi]
In other words, the second relation identifies the points “facing each other under the graph of h.” We call real forest
any set .% := [0, 1]/~ obtained by such a construction. It is possible to endow it with a natural metric, but we will
not use it in this work. We now define the notions we will use throughout this work (see Fig. 4). For s € [0, 1], we
write .7 (s) its equivalence class in the quotient .# = [0, 1]/~. In a way, we see (F (s))o<s<1 as the continuous facial
sequence of .7 . We call root of .F the point 8 :=.% (0) = . (1).

Definition 4. The floor of % is the set fl:= .F ({s: h(s) = h(s)}).

Fora=%(s) € # \fl,letl :=inf{t <s: h(t) = h(s)} and r :=sup{r > s: h(t) = h(s)}. Note that, once endowed
with the natural metric, the set 7, :=.% ([/, r]) is a real tree rooted at p, := .7 (I) = .% (r) € fl. In the following, we
will not need metric properties about real trees, we will only see them as topological spaces.

Definition 5. We call tree of % a set of the form T, for any a € F \ fl.

If a € fl, we simply set p, := a. Let T be a tree of .% rooted at p, and a, b € 7. We let [[a, b]] bet the range of the
unique injective path linking a to b. In particular, the set [[p, a]] represents the ancestral lineage of a in the tree 7. We
say that a is an ancestor of b, and we write a < b, if a € [[p, b]]. We write a < b ifa < b and a # b.

Let a,b € .7 be two points. There is a natural way to explore the forest .% from a to b. If inf.7 ~(a) <
sup.Z 1 (b), then let 7 := inf{r > inf.Z ' (a): b=.F(@)} and s ;= sup{r < t: a = .F()}. If supF ' (b) <
inf. % ~!(a), then let 1 := inf . Z# ~1(b) and s := sup.# ! (a). We define

la,b] := F([5, 1)), (15)

where [s, 7] is defined by (12). We may now extend the definition of [[a, b]] to any two points in .% . First, for a, b € fl,
we let [[a, b]] := [a, b] N fi. Then, for any points a, b € .F such that p, # pp, we define

[la, b]] := [[a, pall U [[pa, P11 U [[p, P11,
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so that it is the range of the unique injective path from a to b that stays inside [a, b].

Definition 6. Let b= 7 (t) € F \fland p € [[pp, b1]\ {pp, b}. Let I’ :== inf{s <t: .F(s) = p} and r' :=sup{s < :
Z (s) = p}. Then, provided I # r', we call tree to the left of [[pp, b]] rooted at p the set F([I',r']).

We define the tree to the right of [[pp, b]] rooted at p in a similar way, by replacing “<” with “>" in the definitions
ofl' and r'.

Definition 7. We call subtree of .% any tree of %, or any tree to the left or right of [[pp, b]] for some b € F \ fl.

Note that subtrees of .# are real trees, and that trees of . are also subtrees of .%. The maximal interval [s, ¢] such
that T = .F ([s, t]) is called the interval coding the subtree t.

We denote by .%, the real forest obtained from the function s € [0, 1] — C,,((2n + o0,,)s), as well as . %, the real
forest obtained from the function C,. We also denote by ~,) and =, the corresponding equivalence relations. We
write 0o the root of F«,, and fl, its floor. It is more natural to use f, rather than .%, in the discrete setting. As f, may
be viewed as a subset of .%, (when identifying (o, 4+ 1) with (1)), we will use for f, the formalism we defined above
simply by restriction. Note that the notions of floor and trees are consistent with the definitions we gave in Section 2.1
in this case.

Remark that, because the function C is a first-passage Brownian bridge, there are almost surely no trees rooted
at the root 3o 0f F o, and all the points of . %, are of order less than 3, in the sense that for all a € %, and every
connected subset C C %, the number of connected components of C \ {a} is less than 3. We will not use this remark
in the following, so that we do not go into further details.

4.2. Quotient of real forests

Similarly to the notation f, (i) and q, (i) in the discrete setting, we denote by .F . (s) (resp. q2,(s)) the equivalence
class of s € [0, 1]in Foo = [0, 1]/~ (resp.in qZ, =[O0, 11/~).

Lemma 10. The equivalence relation >~ is coarser than ~ .

Proof. First, notice that, by (11), we have dZ (0, 1) <d3 (0, 1) =0, so that 0 ~, 1. The remaining is then identical
to the first part of the proof of [8], Lemma 6. ([

This allows us to define a pseudo-metric and an equivalence relation on %, still denoted by d, and ~«,, by
setting d, (Foo(s), Foo(t)) :=d% (s, t) and declaring F oo (s) ~oo Foo(t) if s ~o t. The metric space (42, dZ) is
thus isometric to (Fog /~, » d3,). We also define d3, on .F, by letting

dS(a, b) == inf{d3 (s, 1): a = Fos(s), b = Fos(D)}.

We will see in Lemma 11 that there is a.s. only one point where the function £, reaches its minimum. If s® € [0, 1]
denotes this point, then it is not hard (see [8], Lemma 7) to see from the fourth remark of Section 2.3.3 that

dgo(s, s‘) = Loo(s) — Soo(s’).
By the triangle inequality, we obtain that s ~o ¢ implies £o0(s) = £oo(t), so that, in particular, s ~ ¢ implies

Loo(s) = £0(t), by Lemma 10. It is then licit to see £, as a function on %, by setting Loo(Foo (5)) := Loo(s). This
yields a more explicit expression for dg :

d5,(@.b) = Lo (@) + Lo (b) — 2ma"(x2[‘§“b] Loolr). min Lool®)), (16)

where [a, b] was defined by (15). Similarly, for a € §,, we set £, (a) := [,,(a) + b, (a(a) — 1), so that £, (, () = £, (i)
forall0<i <2n+o, — 1.
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4.3. Point identifications

4.3.1. Criterion telling which points are identified
Our analysis starts with the following two observations on the process (Coo (5), £oo(5))0<s<I-

Lemma 11. The set of points where £ reaches its minimum is a.s. a singleton.

Let f:[0,£] — R be a continuous function. We say that s € [0, £) is a right-increase point of f if there exists
t € (s, 4] such that f(r) > f(s) forall s <r <t. A left-increase point is defined in a symmetric way. We denote by
IP(f) the set of all (left or right) increase points of f.

Lemma 12. Almost surely, IP(Cso) and IP(£~o) are disjoint sets.

The proofs of these lemmas make intensive use of the so-called Brownian snake, so that we postpone them to
Section 7. We have the following criterion:

Theorem 13. Almost surely, for every a,b € Foo, a ~ b is equivalent to d3 (a, b) = 0. In other words,
d3.(a,b)=0 <& d3(a,b)=0.

We call leaves the points of .%, whose equivalence class for >~ is trivial. It will be important in what follows to
observe that, by Lemma 12 and Theorem 13, only leaves of .%, can be identified by ~ .

The proof of Theorem 13 is based on Lemma 11, Lemma 12, and Lemma 15 below, which we will prove in
Section 7. Once we have these lemmas, the arguments of the proof of [8], Theorem 8 (which uses the ideas of [27]),
may readily be adapted to our case. For the sake of self-containment, we give here the main ingredients. By the bound
(11), we already have one implication:

d%(a,b)=0 = d%(a,b)=0.

The converse is shown in three steps. First, we show that the floor points are not identified (by ~,) with any other
points, then that points are not identified with their strict ancestors, and finally the general case. As an example, we
will treat here the first step mentioned above. As we will see, the adaptation is almost verbatim, and is a little easier.
The other steps use the same ideas and are even more straightforwardly adaptable, so that we leave them to the reader.
Precisely, we are going to show the following lemma:

Lemma 14. Almost surely, for every b € F, and every a € fly, \ {pp}, we have a oo b.

4.3.2. Set overflown by a path and paths passing through subtrees

We give in this section the two notions we will need for discrete paths. In the following, we will never consider paths
using the edges of the forest, but always paths using the edges of the map, and we will always use the letter “p” to
denote these paths.

The first notion is the notion of a set overflown by a path: roughly speaking, imagine a squirrel jumping from tree
to tree in the forest along the edges of a path g in the map. Then the set overflown by g is the ground covered by the
squirrel along its journey. Let us denote by fI,, the floor of f,. Let i € [0, 2n 4+ 0, — 1], and let succ(i) be its successor
in (f,, [;), defined by (2). We moreover suppose that succ(i) # oco. We say that the arc i ~ succ(i) linking f,(7) to

fn(succ(i)) overflies the set

fu ([i, succ@)]) NA,.

where [i, succ(i)]] was defined by (4). We define the set overflown by a path g in g, that avoids the base point v}
as the union of the sets its arcs overfly. Beware that, in this definition, the orientations of the edges is not taken into
account. In particular, the reverse of a path g overflies the same set as the path g itself. See Figure 5.
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£

Fig. 5. The set overflown by the path g is the set of (blue) large dots. Note that the middle tree is overflown although it is not visited. The arrows
on the arcs of g point from corners to their successors in the Bouttier—Di Francesco—Guitter bijection.

Remark. Note that, by the Bouttier—Di Francesco—Guitter construction, all the labels of the set overflown by a path
are larger than or equal to the minimum label on the path. Note also that the set overflown by a path is a connected
subset of fl,,.

The second notion is the notion of path passing through a subtree: here again, imagine a squirrel moving along
the path g. The path g passes through a subtree t if the squirrel visits 7, and moreover enters it when going in one
direction (from left to right or from right to left) and exits it while going in the same direction. Let T be a subtree of
frn and o = (9 (0), (1), ..., (r)) a path in q, that avoids the base point v;. We say that the path g passes through
the subtree T between times i and j, where 0 <i < j <, if

opi—-Dén,p(i, DS+ ¢r,
o Lu(p@) —Lulp(i — 1) =L,(p (G + 1) — Ll (j)).

We say that a sequence of vertices a, € f, converges toward a point a € ., if there exists a sequence of integers
sp € [0,2n 4+ 0, — 1] coding a,, (i.e. ay = f,(sy)) such that s,,/(2n + o, — 1) admits a limit s coding a, i.e. such that
a = Fo(s). Let [I,, ry] be the intervals coding subtrees 7,  §,. We say that the subtree 7, converges toward a subtree
T C F if the sequences I,/ (2n + o, — 1) and r, /(2n + 0, — 1) admit limits / and » such that the interval coding t
is [/, r]. The key lemma of our approach is the following. It is adapted from Le Gall [27], end of Proposition 4.2, and
will be proved in Section 7.

Lemma 15. With full probability, the following occurs. Let a,b € %o be such that £o0(a) = Loo(b). We suppose
that there exists a subtree T rooted at p such that inf; £, < £oo(a) < L£o0(p). We further suppose that we can find
vertices ap, b, € §, and subtrees 1, in §, converging respectively toward a, b, T and satisfying the following property:
for infinitely many n’s, there exists a geodesic path g, in q, from a, to by, that avoids the base point v;, and passes
through the subtree t,.

Then, a ~ b.

4.3.3. Proof of Lemma 14

We argue by contradiction and suppose that we can find b € %, and a € fi, \ {pp} such that a ~ b. It is easy
to find a, € fl, and b, € f, converging respectively toward a and b. Let g, be a geodesic path (in gy, for dg,)
from a,, to b,. For n large, g, avoids the base-point, because otherwise, a and b would have the minimal label and
this would contradict Lemma 11. For such an n, g, has to overfly at least [[pp,, ax,]] or [[an, pp,]]. To see this, let
(x,y) €llpn,, anll < [lan, pp,11. When we remove from §, all the edges incident to x and all the edges incident to y, we
obtain several connected components, and the points @, and b,, do not belong to the same of these components. There
has to be an arc of g, that links a point belonging to the component containing a,, to one of the other components.
Such an arc overflies x or y.

Let us suppose that, for infinitely many n’s, ¢, overflies [[ps,, a,]]. By the remark concerning the labels on the set
overflown by a path in the previous section, a simple argument (see [8], Lemma 14) shows that £4,(c) > £ (a) =
Loo(b) forall ¢ € [[pp, al]. The labels on fl, are given by the process b, defined during Proposition 7: for x € [0, o],
we define 7y :=inf{r > 0: Coo(r) =0 —x}, sothat fl,, = Fc({Ty,0 <x <0o}), and

(’Q‘oo(Tx))Osta = (bOO(x))OSXSU'
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inf £ < Lool(a) -

Loo > Loo(a) o

Fig. 6. The tree ol

Fig. 7. The path g, passing through the tree r,}.

As by has the law of a certain Brownian bridge (scaled by \/3), and as local minimums of Brownian motion are
distinct, we can find d € [[pp, a]] \ {a, pp} such that £4,(c) > Lo (a) for all ¢ € [[d, a]] \ {a}.

Because a € fl,,, every number coding it is an increase point of C, and thus is not an increase point of £, by
Lemma 12. As a result, there exists a tree 7! rooted at p! € [[d, a]]\ {a} satisfying inf 1 £oo < Lo (@) < Lo (p!) (see
Fig. 6).

Similarly, if for infinitely many n’s, g, overflies [[a,, pp,]], then we can find a tree 72 rooted at ,o2 € [la, pp]l \
{a, pp} satisfying inf > Lo < Loo(a) < L£o0(p?). Three cases may occur:

(i) for n large enough, g, does not overfly [[a,, pp,]] (and therefore overflies [[pp,, ax]l),
(ii) for n large enough, g, does not overfly [[pp, , a,]] (and therefore overflies [[a,, ps, 1),
(iii) g0, overflies [[op,, a,]] for infinitely many n’s, and [[a,, op, 1] also for infinitely many n’s.

In case (i), the tree 7! is well defined. Let rnl C f, be a tree rooted at ,0,{ € [[pp, , an]] converging to 7. We claim
that, for n sufficiently large, g, passes through r,}. First, notice that by continuity, for »n large enough, inf, 1 Ly <

infy,, £,. The idea is that, at some point, g, has to go from a tree located at the right of 7! to a tree located at its left,
and, because it does not overfly [[a,, pp, 1], it has no other choice than passing through t,} (see Fig. 7).

More precisely, we denote by [[s,l, , t,{]] the set coding the subtree 7:,}, and we let w, = f,(p,) € [lan, pp, 1] be a point
that is not overflown by ,,. Then, we define

An = ([ty + 1. pul).

We denote by g, (i — 1) the last point of g, belonging to A, . Such a point exists because a, € A, and b,, ¢ A,. Forn
large, because g, does not overfly w,, and because inf; 1 Ly <infy, £,, we see that p, (i) € r,}. Let p,(j 4+ 1) be the

first point after ¢, (i) not belonging to ‘L’,l. It exists because b, ¢ r,}. Using the facts that g, does not overfly wj,, and
that 0, (j + 1) ¢ A, we see that g, passes through rnl between times i and ;.

In case (ii), we apply the same reasoning with 72 instead of 7'. In case (iii), both trees 7! and 72 are well defined
and we obtain that g, has to pass through one of their discrete approximations. We then conclude by Lemma 15 that
a ~« b, which contradicts our hypothesis. ]

5. Regularity of quadrangulations

Recently, the notion of regularity has been used to identify the topology of the scaling limit of random uniform planar
quadrangulations in [34], and then positive genus quadrangulations in [8]. In both these references, it is the notion of
1-regularity that is used, roughly stating that there are no small loops separating the surface into large components.
In the case of surfaces with a boundary, a new problem arises, and we also need the notion of O-regularity for the
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boundary. In this section, we present both these notions, which were introduced in a slightly different context (see the
discussion in [34], Section 2) by Whyburn [43,44], and then use them to prove Theorem 2.

5.1. O-regularity and 1-regularity

Recall that we wrote (M, dgy) for the set of isometry classes of compact metric spaces, endowed with the Gromov—
Hausdorff metric. A metric space (X, §) is called a path metric space if any two points x, y € X can be joined by a
path isometric to the segment [0, §(x, y)]. We let PM be the set of isometry classes of path metric spaces, which is a
closed subset of M, by [13], Theorem 7.5.1.

Definition 8. We say that a sequence (X,)n>1 of compact metric spaces is 1-regular if for every ¢ > 0, there exists
n > 0 such that for n large enough, every loop of diameter less than n in X, is homotopic to 0 in its e-neighborhood.

The theorem (derived from [3], Theorem 7) that was used in [8,34] states that the limit of a converging 1-regular
sequence of path metric spaces all homeomorphic to the g-torus is either reduced to a singleton (this can only happen
when g = 0), or homeomorphic to the g-torus as well. In other words, this gives a sufficient condition for the limit to
be homeomorphic to the surface we started with. In the case of the 2-dimensional disc D;, this condition is no longer
sufficient. For example, take for the space A}, the union of two unit discs whose centers are at distance 2 — 1/n. This
peanut-shaped space is homeomorphic to D, and it is easy to see that (X},), is 1-regular and converges to the wedge
sum (or bouquet) of two discs. The following definition discards this kind of degeneracy.

Definition 9. We say that a sequence (X,)n>1 of compact metric spaces is O-regular if for every ¢ > 0, there exists
n > 0 such that for n large enough, every pair of points in X, lying at a distance less than n from each other belong
to a connected subset of X,, of diameter less than ¢.

We will rely on the following theorem, which is a simple consequence of [43], Theorem 6.4. Recall that the
boundary of a path metric space (X, §) is the set X € X of points having no neighborhood homeomorphic to a disc,
equipped with the restriction of the metric §.

Proposition 16 (Whyburn). Let (&X,),>1 be a sequence of path metric spaces all homeomorphic to the 2-dimensional
disc Dy, converging for the Gromov—Hausdorff topology toward a metric space X not reduced to a single point.
Suppose that the sequence (X,),>1 is 1-regular, and that the sequence (0 X)), is O-regular.

Then X is homeomorphic to Dy as well.

In [43], Whyburn actually considered convergence in the sense of the Hausdorff topology, and made the extra
hypothesis that 9.k, converges to a set B. He concluded that X was homeomorphic to D, and that 3. X was equal to B.
To derive the version that we state here, we proceed as follows. First, by [21], Lemma A.1, we can find a compact
metric space Z, and isometric embeddings ¢, ¢1, @2, ... of X, X1, A>, ... into Z such that ¢, (X},) converges toward
¢(X) for the Hausdorff topology in Z. Then, by [13], Theorem 7.3.8, the family {9 (¢, (&X},))} is relatively compact
for the Hausdorff topology. Let us consider a subsequence along which a(¢, (X;)) converges to a set B. Applying
Whyburn’s original theorem along this subsequence, we obtain that ¢(X) is homeomorphic to D,, so that X is
homeomorphic to I, as well. We moreover obtain that (¢ (X)) = B, and, using the same argument, we see that any
accumulation point of the sequence (3 (¢, (X,))), has to be d(¢ (X)), so that 9 (¢, (&;,)) = ¢, (9X,) actually converges
toward 9 (¢ (X)) = ¢ (X)) for the Hausdorff topology. This last observation will be used in Section 5.4 to identify the
boundary of qZ.

5.2. Representation as metric surfaces
As the space (V(qn), dq,) is not a surface, we cannot directly apply Proposition 16. In a first time, we will construct

a path metric space (S, §,) homeomorphic to I, and an embedded graph that is a representative of the map q,,
such that the restriction of (S;, 8,;) to the embedded graph is isometric to (V(q,), dg,). We use the same method as
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Miermont in [34], Section 3.1 (see also [8], Section 5.2), roughly consisting in gluing hollow boxes together according
to the structure of q,.

Let us be a little more specific. Let f, be the external face of q,,, F(q,) its set of internal faces, and F.(q,) :=
F(q,) U {fs) the set of all its faces. Let also G be a regular 20,,-gon with unit length edges embedded in R?, and let
us denote by zx, 0 < k < 20y, its vertices (with zg = z2,, ). With every quadrangle f € F(q,), we associate a copy of
the “hollow bottomless unit cube,” and with f, we associate a “hollow bottomless 20,,-sided prism”: we define

X7:=[0,1P\ (0, )2 x [0, 1)), feF(), and Xp :=(GxI[0,1])\ (G x [0, 1)),

where G denotes the interior of G, and we endow these spaces with the intrinsic metric D y inherited from the Euclidean
metric. This means that the distance between two points x and y is the Euclidean length of a minimal path in X f
linking x to y. Note in particular that if x and y are on the boundary, this path is entirely contained in the boundary.
This will ensure that, when we will glue these spaces together, we will not alter the graph metric. Note also that, so
far, the external face is not really treated differently from the other faces (except for the fact that it has a different
number of edges). In the end, we will remove the “top” G x {1} from X f,.

Now, we associate with every half-edge e € E (9n) a path ¢, parameterizing the corresponding edge of the polygon
0X r, where f is the face incident to e. We denote by ey, ey, ..., ey, the half-edges bordering f, ordered in the
clockwise order (recall that, by convention, f; is the infinite face of q,, so that the order is reversed), and define

e )= ((1 =Nzk—1 +12¢,0) € Xp,, 1€[0,1],1 <k <20,.

In a similar way, for every internal face f € F(q,), and every half-edge e incident to it, we define a function
¢.:[0,1] — 90Xy parameterizing an edge of d.X y. We do this in such a way that the parameterization of d.X s is
coherent with the counterclockwise order around f (see [34], Section 3.1, or [8], Section 5.2).

We may now glue these spaces together along their boundaries: we define the relation ~ as the coarsest equivalence
relation for which ¢, () & c;(1 —t) for all e € E (qn) and ¢ € [0, 1], where e denotes the reverse of e. The topological
quotient Sy = (Ufe Fu(qm X f)/~ is then a 2-dimensional CW-complex satisfying the following properties. Its 1-
skeleton &, = (L] rc f, (q,) X f)/~ is an embedding of q, with faces X s \ 9X y. The edge {e, &} € E(q,) corresponds

to the edge of S, made of the equivalence classes of the points in ¢, ([0, 1]). Its O-skeleton V), is in one-to-one
correspondence with V (q,), and its vertices are the equivalence classes of the vertices of the polygons 0.X ’s.

We endow the space I_Ife Fulan) Xf with the largest pseudo-metric §, compatible with D¢, f € Fi(q,) and ~,
in the sense that 6,(x,y) < Dy(x,y) for x,y € Xy and §,(x, y) = 0 whenever x ~ y. Its quotient, which we still
denote by §,, then defines a pseudo-metric on S’n (which is actually a true metric, as we will see in Proposition 17).
We also define 8, := 8,/(yn'/4) its rescaled version. Finally, we set S, := U ferqn Y~ S Sy, where Yy, =
X\ (G x {1} and Y := Xy when f # f,.

(dn

Proposition 17 ([34], Proposition 1). The space (3,,, 8n) is a path metric space homeomorphic to Sy. Moreover, the
metric space (Vy, 8y) is isometric to (V (qn), dq, ), and any geodesic path in <SA',1 between points in 'V, is a concatenation
of edges of S,.

We readily obtain the following corollary.

Corollary 18. The space (S,, 8,) is a path metric space homeomorphic to D,. Moreover, the metric space (V,, 8)
is isometric to (V(q,),dg,), and any geodesic path in S, between points in V, is a concatenation of edges of S,.
Finally, dgu((V (q,),dg,), (Sn, 81)) < 3, so that, by Theorem 1,

(@)
(Snk’ Snp)) ——> (ng’ dgo)

k— 00

in the sense of the Gromov—Hausdorff topology.

Note that, although the boundary of g, is not topologically a circle in general, S, (which corresponds to 3G x {1}
in Yy,) always is. In what follows, we will see V (q,,) as a subset of S,. In other words, we identify V,, with V (q,).
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5.3. Proof of Theorem 2

We now prove that (42, d%,) is a.s. homeomorphic to D, thanks to Proposition 16 and Corollary 18. As (q2,, d%,) is
a.s. not reduced to a point,’ it is enough to show that the sequence (0Sp,; )k is O-regular, and that the sequence (Sp, )« is
1-regular. The 1-regularity of (S, ), is readily adaptable from [8], Section 5.3, so that we begin with the O-regularity
of the boundary. We denote by 7 :-%oc — qZ, the canonical projection.

5.3.1. O-regularity of the boundary
Lemma 19. The sequence (S, )i is 0-regular.

Proof. The idea is that fl_, has no cut points in %, and because the points in fl, are not identified with any other
points, T (flo,) does not have any cut points either.

We argue by contradiction and assume that, with positive probability, along some (random) subsequence of the
sequence (nx)r=0, there exist € > 0, x,,, y, € 95, such that 8¢, (x,, y») — 0, and x,, and y, do not belong to the same
connected component of B(,)(x,, €) N dS,, where B(,)(x,, €) denotes the open ball of radius ¢ centered at x,, for the
metric 8(,). We reason on this event.

As x, and y, do not belong to the same connected component of B(,)(x,, €) N 3S,, we can find x,,, y, € 3S, \
B(n)(xp, €) such that x/, belongs to one of the two arcs joining x, to y, in 3S,, and such that y, belongs to the other
one. We are going to approach these four points with points of fI,,.

We denote by dq, € E (g,) the set of half-edges incident to the external face of q,. With every point x € 95,
naturally corresponds a half-edge e(x) € dqj: if x corresponds to ((1 — #)zx—1 + 124, 1) € X, for some ¢ € [0, 1),
then e(x) is the half-edge e;. We consider the first half-edge e € dq,, after e(x,) (e(x,) included) in the clockwise order
such that £,(e*) = £,(e™) + 1, and we set a,, := e™. By definition of the Bouttier-Di Francesco—Guitter bijection,
an € fl,,. Moreover, a, is “close” to x,, in the sense that 8, (an, x,) <1+ supy<; o4, [bn(i +1) — b, (i) + 2], so that

1
bin — ) —bw,
()<X+m> m(x)

as soon as nn > 1 /21]2. Here, Wy, denotes the modulus of continuity of b,). Hence, we obtain that lim sup 6,)(ay,
Xp) < wp,, (1), for all n > 0, so that 6(,)(an, x,) — 0. See Figure 8.

We define in a similar way points b, g, and b/, in fl, corresponding to yy, x,,, and y,. Exchanging x, and
), if necessary, we may suppose that the points ay, a,,, by, b}, are encountered in this order when traveling in the
counterclockwise order around dq,. Up to further extraction, we may suppose that (a,, a,,, by, b)) — (a,a’,b,b’) €
ﬂﬁo, so that @’ € [[a, b]] and b’ € [[b, a]]. Moreover, because 8(,)(xx, x,,) > €, we see that dJ (a,a’) > e. Similarly,
we obtain that d7 (b, a’) > ¢, d%,(a,b’) > ¢, and dZ (b, b) > ¢, so that a # b. Finally, the fact that 8, (x, yn) — 0
implies that d3_(a, b) = 0, so that a ~« b. This contradicts Lemma 14. O

3 3
Sy (an, xp) < i/t + Sl;P =< Jnl/A + wepy,, (M),

/

Fig. 8. Approaching a point x,, € S, with a point a,, € fl,,.

STt is for example a.s. of Hausdorff dimension 4 by Theorem 1.
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5.3.2. 1-regularity of S,

In order to show that the sequence (S, )k is 1-regular, we first only consider simple loops made of edges in S,.
A simple loop g splits S, into two domains. By the Jordan curve theorem, one of these is homeomorphic to a disc.
We call it the inner domain of g. The other domain contains 95, in its closure, and we call it the outer domain of .

Lemma 20. A.s., for all € > 0, there exists 0 < n < & such that for all k sufficiently large, the inner domain of any
simple loop made of edges in Sy, with diameter less than 1 has diameter less than .

The proof of this Lemma is readily adaptable from the proof of [8], Lemma 22, which uses the method employed
by Miermont in [34]. The general idea is that a loop separates some part of the map from the base point. As a result,
the labels in one of the two domains are larger than the labels on the loop. In the forest, this corresponds to having a
part with labels larger than the labels on the “border.” In the continuous limit, this creates an increase point for both
Coo and £,. We recall now the main steps.

Proof of Lemma 20. We argue by contradiction and suppose that, with positive probability, there exists ¢ > 0 for
which, along some (random) subsequence of the sequence (ny)k>0, there exist simple loops g, made of edges in
S, with diameter tending to O (with respect to the rescaled metric 6(,)) and whose inner domains are of diameter
larger than . We reason on this event. We will show in the proof of Proposition 21 that S, tends, for the Gromov—
Hausdorff topology, toward 7~ (fl,,). Because fl, is not reduced to a singleton, we see by Lemma 14 that 7o (fl,,) is
not a singleton either, so that diam(mw (flo,)) > 0. To avoid trivialities, we moreover suppose that ¢ < diam(7x(fl,)).-
Because 0S5, is entirely contained in the outer domain of g,,, we obtain that, for n large enough, the outer domain of
9 1s also of diameter larger than ¢.

Let s; be an integer where £,, reaches its minimum, and w;, := f,(s;) the corresponding point in the forest. Let
us suppose for the moment that w; ¢ g,. We take x, as far as possible from ), in the connected component of the
complement of g, that does not contain w;, and we denote by y, the first vertex of the path [[x,, w;]] that belongs to
gn- Up to further extraction, we suppose that sy /(2n + 0, — 1) — s* := argmin £, x, — x, and y, — y. Because
of the way x, and y, were chosen, it is not hard to see that x # y.

Let us first suppose that y # w*® := Foo(s*). In particular, w; ¢ g, for n large, so that x,, and y, are well defined.
In this case, y € [[x, w*]] \ {x, w®}, so that the points in ﬂo_ol(y) are increase points of C. By Lemma 12, we
can find a subtree 7, not containing y, satisfying inf; £, < £oo(y) and rooted on [[x, y]]. We consider a discrete
approximation T, of this subtree, rooted on [[x,, y,]]. As the labels on g, differ by o(n!/*), when n is sufficiently
large, we thus have inf;, £, <inf,, £,.

As the labels of the forest represent the distances in ¢, to the base point (up to some additive constant), we see that
all the labels of the points in the same domain as x,, are larger than infy,, £,. As a consequence, 7, cannot be entirely
included in this domain, so that the set g, N 7, is not empty. We take z,, € g, N t,,, and, up to further extraction, we
suppose that z, — z. On the one hand, 8(,)(yn, z,) < diam(g;,), so that y ~, z. On the other hand, z € T and y ¢ 7,
so that y #£ z. Because y is not a leaf, this contradicts Theorem 13.

The case y = w* is treated with a slightly different argument. As the argument is exactly the same as in [8], we do
not treat it here. O

We now turn to general loops that are not necessarily made of edges. Here again, we use an argument similar to the
one used in [8,34], with some minor changes. We fix ¢ > 0, and we let 1 be as in Lemma 20. For k sufficiently large,
the conclusion of Lemma 20 holds, together with the inequality nyn}{/ 4 > 12.

We call pane of S, the projectionin S, of a [z;_1,z;] x [0,1] € X ¢, for some 1 < j < 20,, with the notation of
Section 5.2. We also call semi-edge the projection in S, of either {z;} x [0,1] € X, or [z;_1,2;] x {1} € X, for
some 1 < j <20,. These correspond to the edges of the prism X 7, that are not already edges in S,. Let us consider a
loop . drawn in S, with diameter less than 7/2. Consider the union of the closed internal faces® and panes visited
by . The boundary of this union consists in simple loops made of edges and semi-edges in S, . It should be clear
that one of these loops entirely contains . in the closure of its inner domain. Let us denote this loop by A.

Let A be the largest (in the sense of the inclusion of the inner domains) simple loop made of edges contained in
the closure of the inner domain of A (that is, the loop obtained by removing the semi-edges of the form {z;} x [0, 1]

5We call closed face the closure of a face.
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and changing the ones of the form [z;_1, z;] x {1} by [zj_1, z;] x {0}). Because every internal face and every pane
of S, has diameter less than 3/(ynk/ ), we see that diam(X) < diam(.%) + 6/(yn1/4) <. Then, by Lemma 20, the

diameter of the inner domain of A is less than &. As a result, the diameter of the inner domain of X is less than 2¢, so
that .Z is homotopic to 0 in its 2e-neighborhood.

5.4. Boundary of q2,

We use the observation following Proposition 16 to show that the boundary of qZ, is (the image in qZ, of) the floor
Moo of Fo, and then give a lower bound on its Hausdorff dimension. We postpone the proof of the upper bound to
Section 7.4, because we will need the notation of Section 7.

Proposition 21. The boundary of q%, is given by 0q%, = oo (fls)-

Proof. We define a pseudo-metric dgy on the set of triples (X, 8, A) where (X, 8) is a compact metric space and
A C X is a closed subset of X' by

don((X, 8, A), (X', 8", A")) := inf[s3(0(X), ¢' (X)) v s3(0(A), ¢’ (A)))},

where the infimum is taken over all isometric embeddings ¢: X — X" and ¢': X’ — X” of X and X’ into
the same metric space (X”,8”). By slightly adapting the proof of [13], Theorem 7.3.30, we can show that
dgu((X, 8, A), (X', 8, A)) = 0 if and only if there is an isometry from (X, 8) onto (X’,8") whose restriction to
A maps A onto A’

We proceed in three steps. First, note that the observation following Proposition 16 implies that

dGH((Snka 8(”]()’ aSnk) (qOO’ aqoo)) k—_> O (17)
Secondly, we show that

dan((Sn. 8y 8Sn). (V@) \ {3}, 0 fin \ {v7})) —— 0, (18)
where v, is the extra vertex of the floor added when performing the Bouttier—-Di Francesco—Guitter bijection. We
work here in S, and see V(q,) \ {v;} as one of its subsets. Because of the way S, is constructed, we see that
814(Sn, V(gn) \ {vg}) <3 Jyn'/*. Using the technique we used in the proof of Lemma 19 to approach the points
of 95, by points lying in fI, \ {v,}, and the fact that every point in fl, \ {v;} is at distance at most 1/(yn'/*) from
0S,,, we obtain that

3
H(aSn’.ﬂn \ {UZ}) =< W + wpy,, (M),

as soon as 7 > 1/2n2. As a result, lim supJGH((S,,, 8y, 08n), (V(qn) \ {v3}, 8¢n), 1, \ {vo})) < wp,, (1) forall n > 0,
and (18) follows by letting n — 0.
Finally, we see that

(V@0 (18, Do, 05, (6 ) 0. 19
Recall that (V(q,) \ {v}}, 8(n)) is isometric to the space (2Z,, d(,)) defined in Section 3.2. We slightly abuse notation
and view fl, \ {v]} as a subset of 2,. We set r, := dis(R,)/2, where R, is the correspondence between 2, and
q%, defined during Section 3.2, and we define the pseudo-metric A, on the disjoint union 2, U g%, by A,(x,y) :=
dpwy(x,y)ifx,y € Dy, Ay(x,y) :=d3(x,y) if x, y € q%,

An(x,y) =infldg) (x, x") +rn +d3 (¥, y): (¥, )) € Ra}

ifxe2,and yeql,and A,(x,y) = A,(y,x) if x € q%, and y € Z,. It is a simple exercise to verify that A, is
indeed a pseudo-metric and that 87;(Z, q%,) < r,. We showed in Section 3.2 that r,, — 0 as k — 0, so that it is
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sufficient to prove that 83, (fl,,, , Too (floo)) — O as well. Let us argue by contradiction and suppose that this is not the
case. There exists ¢ > 0 such that one of the following occurs:

(i) for infinitely many n’s, we can find a point t, in the set (2n 4 o, — 1)~'[0,2n + o, — 1] such that P (tn) €

ﬂn \ {U:}, and Al’l(p(ﬂ) (tl’l)a T[OO(ﬂoo)) 2 g,
(ii) for infinitely many n’s, there is s, € [0, 1] such that F.(s,) € floo, and A, (g, (sn). f, \ {v7}) > &.

In the first case, up to extraction, we may suppose that #, — ¢. The fact that p(,)(t,) € fl, \ {v,;} yields that C,)(t,) =
Cny(tn), so that Coo (f) = C, (¢) by continuity, and F . (¢) € fl,,. We then have

e< A, (p(n)(tn), noo(ﬂoo)) <A, (p(n)(tn)v qgo(t)) =< dgo(tm ) +r,—0

along some subsequence. This is a contradiction. In the second case, we may also suppose that s, — s, and we have
Foo(8) € floo. We set 1, :=inf{t: C(y)(t) = Q(n) (5)}, so that p(,)(t,) € fl, \ {v,,}. Up to further extraction, we have
that #, — ¢, and because Coo (1) = C(5) = Coo(s), We see that s ~~, t, which yields dg, (s, t) = 0. Finally,

<Ay (qgo(sn)’ﬂn \ {Uyol}) <A, (qgo(sn)a p(n)(tn)) <dZ (su,ty) +1, —> 0

along some subsequence. ~
Now, (17), (18), and (19) yield that dgu((q42,, dZ,, 99%,), (0%, d%,» To (flss))) = 0, so that there exists an isometry
@45 — q% such that 7o (flo) = (943,) = (¢ (q2,)) = 3q%. U

We are now able to bound from below the Hausdorff dimension of dqZ,. We start with a lemma.

Lemma 22. Fora, b €fl,,, we have

d3.(a,b) > L£x(a) — max( min £s, min Eoo).
[[a,b]] [[b,al]

Proof. Let a,, b, €1, be points converging to a and b, and let g, be a geodesic from a,, to b,. Reasoning as in the
beginning of the proof of Lemma 14, we see that g, either overflies [[a,, b,]] for infinitely many n’s, or it overflies
[[b,, a,]] for infinitely many n’s.

In the first case, let ¢ € [[a, b]], and let ¢, € [[a,, b,]] be a point converging toward c. For the values of n for which
gon overflies [[a,, b,]], we obtain by the remark of Section 4.3.2, and the triangle inequality, that

Lnlen) = Lylay) — dCIn (an, by).

Taking the limit after renormalization along these values of n, we obtain that £ (c) > £o0(a) —dZ, (a, b). Taking the
infimum for ¢ over [[a, b]], we find dZ (a, b) > L£oo(a) — min(j,, )] £co- In the second case, a similar reasoning yields
that dgo (a,b) > L£x(a) — min[[b,a]] Loo. O

Proof of Theorem 3 (Lower bound). Recall that, for x € [0, o], we defined T, :=inf{r > 0: Coo(r) =0 — x}. We
also set fl(x) := qZ,(Tx), so that 7w (flo,) = {fl(x),0 <x < o}.

To obtain the lower bound, we proceed as follows. We define the measure Aﬂ on qZ, supported by m(fl,) as the
image of the Lebesgue measure on [0, o] by the map y € [0, o] — fi(y). Let us fix x € [0, o]. Because the process
vy €[0,0] = Loo(Ty) = beo(y) has the law of a Brownian bridge (up to a factor V/3), the law of the iterated logarithm
ensures us that, a.s., for n > 0, and § small enough,

Loo(Ty) — min  £(Ty) >3 and Loo(Ty) — min Loo(Ty) > 6. 20)
yelx — 8271 x] yelx, x +8277]

Fora € qZ, and r > 0, we denote by B (a, r) € q2, the open ball centered at a with radius r for the metric d3,. Using
Lemma 22, we see that, whenever (20) holds,

Boo (fl(x), 8) Moo (flog) SA((x — 8277, x +8277)),
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so that Aﬂ(Boo(ﬂ(x), 8)) < 28271, Finally, we obtain that, a.s., for all a € o (fl,),

_ Ag(Be(a.9))
limsup ————— <
§—0 82_"

We then conclude that dimy; (q%,, d3,) > 2 — n for all n > 0 by standard density theorems for Hausdorff measures
([20], Theorem 2.10.19). ]

6. Singular cases
6.1. Case o =0

In the case o = 0, we could apply a reasoning similar to the one we used in Sections 3 through 5. We would obtain
for the law of (Cw, L) the law of a Brownian snake driven by a normalized Brownian excursion, and we would use
aresult of Whyburn [43], Corollary 5.21 and Theorem 6.3, treating the case where diam(dX,) — 0. Instead, we use a
more direct approach, roughly consisting in saying that a uniform quadrangulation with “small” boundary is close to a
uniform quadrangulation without boundary. A non-negligible advantage of this method is that it gives a more precise
statement, Theorem 4, and completely identifies the limiting space as the Brownian map.

Let us begin with a lemma giving an upper bound on the Gromov—Hausdorff distance between a quadrangulation
with a boundary and the quadrangulation obtained by applying Schaeffer’s bijection to one of the trees of the forest
that corresponds through the Bouttier—Di Francesco—Guitter bijection.

Lemma 23. Let (f, 1) € §& be a well-labeled forest, b € B, a bridge, t a tree of | rooted at p, and b € {—1, 0}.
Then (0,b) € %, and, up to a trivial transformation, (t,1y) may be seen as an element of &‘lt‘fl. We denote by
g5 € Qn,o (resp. q¢ € Q)—1,1) the quadrangulation corresponding to ((f, 1), b) [resp. to ((t, l;¢), (0, b))] through the
Bouttier—Di Francesco—Guitter bijection (we omit here the distinguished vertices). Then

dan((aj, dqy), (@e, dgy) < 2(mq)xi— min{+ 1),
XY

where t := t\ {p}, and
) =) +b(a@w) — 1), uef
is the labeling function of §, shifted tree by tree according to the bridge, as in Section 2.3.2.

Proof. Before we begin, let us introduce some useful notation. For arcs i ~ i3, ip ~i3,...,i,—1 ~ i, We Write

i~y e~y

the path obtained by concatenating them. Consistently with Section 2.3.1, let v*® be the extra vertex we add when
performing the Bouttier—Di Francesco—Guitter bijection and let v° := (o0 + 1) € § be the last vertex of f. We will
identify the sets tU {v*®} with V(q¢), as well as (f \ {v°}) U {v*} with V (q;). Then the set

R:={(a,a): actU{v*}}U{(a, p): aef\ (tU{v°})}

is a correspondence between g5 and q¢. Without loss of generality, we may suppose that t is the first tree of §. This
yields in particular that an integer i € [0, 2|t| — 2] codes the same vertex in t and in f, namely (i) = f(i). Because
we will apply the Bouttier—Di Francesco—Guitter bijection at the same time to both ((f, ), b) and ((t, [;¢), (0, b)), we
will write succ;(i) the successor of i € [0,2n + o — 1] in the forest f, and succ¢(i) the successor of i € [0, 2[t| — 2]

in the tree t, in order to avoid confusion. We also set /[, := max ?i and /{ := min \?i for more clarity. Using the

I f
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characterization (13) of the Gromov—Hausdorff distance via correspondences, we see that it suffices to show that, for
all (a,a’), (b, b)) € R, we have

|dg; (@, b) —dq (a',b)| <4 — 11 + D).

First case: a, b € §\ (’i U {v°}). In this case, either [a, b] or [b, a] entirely lies inside f \ t. Asa result, (3) gives

|dq; (@, b) — dq,(p., p)| <1(@) +1(b) —2minT+2 <2(2 — 1y + 1).
iy

Second case: a, b € tU {v°®}. We may suppose a # b. We proceed in two steps. We first claim that
dg(a,b) <dg;(a,b).

To see this, let o = (9 (0), o (1), ..., g (k)) be any path (not necessarily geodesic) between a and b in q;. We will
construct a shorter path from a to b in q¢, and our claim will immediately follow. Our construction is based on the
simple observation that, if an arc exists in g5 between two points of tU {v°}, then the same arc also exists in q¢. We
then only have to replace the portions of g that “exit” t U {v®} with shorter paths in q¢. Precisely, we can restrict
ourselves to the case where o (r) € f\ (tU {v®}) for 0 < r < k, with k > 2. We will also need to observe that a path
linking two vertices of label [ and I’ has length at least |/ — [I’|.

Let us denote by i the integer such that the arc (¢ (0), (1)) is either i ~ succ;(i) or i v succs(i). We will say
that (g (0), g (1)) is oriented fo the right in the first case, and fo the left in the second case. We also define j in a
similar way for the arc (g (k), ¢ (k — 1)). Four possibilities are then to be considered (see Fig. 9):

© Both (9 (0), 9 (1)) and (g (k), g (k — 1)) are oriented to the right. Without loss of generality, we may suppose
i < j. Properties of the Bouttier—Di Francesco—Guitter bijection then show that [(f(j)) > [(f(i)), and we have

k=14 |(i(5()) = 1) = (I(5)) — )| + 1 =1(()) — I(f@) +2.
The following path in q¢,

j ~succi(j) ~ e~ Succi(f(j))*[(f(i))ﬂ(j) ~i

=succy (i)

links a to b in q¢ and has length less than k. The equality in the last line is an easy consequence of the Bouttier—
Di Francesco—Guitter construction.

< Both ((0), (1)) and (g (k), g (k — 1)) are oriented to the left. Here again, we may suppose i < j. In this case,
[(F(j)) > I(f(i)), and

i(f(j))—i(f(i»(

t

succs(j) ~ suceg(succs(j)) ~ -+ ~ suce succs ()

=succ; (i)

fulfills our requirements.

Fig. 9. On this picture, t is the only part of f represented. The dashed (red) line represents the path g (in q5) and the (green) solid path is the path
in q¢. Both first cases are represented.
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o (9(0), (1)) is oriented to the right, and (¢ (k), g (k — 1)) is oriented to the left. Necessarily, we have succs(j) < i,
or succ(j) = oo. If [(f(i)) = 1(f()), then we take

i ~ SuCCt(i) P SuCCi(f([))_[(f(j))_'_l(i),

=succ(j)
otherwise, we take

:i(f(j))—i(f(i))

succs(j) ~ sucee (succs(j)) ~ -+ ~ suce (succs(j)) ~i.

=succy(i)

o (9 (0), (1)) is oriented to the left, and (g (k), o (k — 1)) is oriented to the right. By considering the path & :=
k), p(k—1),...,%€(0)) instead of g, we are back to the previous case.

We now show that
dqf(a, b) <dg(a,b)+2(L -1 +1).

Let us consider a path g of length & in q¢ from a to b. We are going to construct a path in g5 from a to b, with length
less than k + 2(l> — [y + 1). The only arcs present is q¢ but not in q; are of the form i ~ succ(i) with succ¢(i) <i or
succ¢(i) =o00,and [{ +1 < i(f(i )) <l + 1. For convenience, let us call pathological such arcs. For all pathological
arcs i ~succ¢(i) and j ~ succ¢(j) with i < j, we can construct the path

j ~ SuCCf(j) AN eee SuCC;(f(j))_[(f(l'))"rl (]) ~i (21)

=succ 7 (i)
linking f(i) to §(j) in gj, its length being i(f(j)) - i(f(i)) + 2. We can also construct the path

J A succi(j) ~ e A succ;(f(j))_l‘H(j) o~ sucey() (22)
S —

:succ;(f(j))il1 (succe(f))

linking §(j) to f(succe(j)) in gy, its length being Z(E(f(j)) —Nh)+1=<2(, — 11 + 1) + 1. Using these paths, we
construct our path in q; as follows. If o does not use any pathological arcs, then g can be seen as a path in gj. If p
uses exactly one pathological arc, we construct our new path by changing this arc into a path of the form (22). By
doing so, we obtain a path from a to b in q; with length smaller than k — 1 +2(l2 — 11 + 1) + 1. Now, if & uses more
than two pathological arcs, let i ~ succ¢(i) be the first one it uses, and j ~ succ¢(j) the last one. Let us denote by i;
and i, the indices at which g uses them: (p (i1), g (i1 + 1)) =i ~succ¢(i) or i v succe(i) and (g (i2), p (i + 1)) =
Jj nvsucee(f) or j vvsucce(f). Changing g into its reverse g if needed, we may suppose that (e (i1), o (i1 + 1)) =
i ~vsucce(i). If (o (i), o (ia + 1)) = j v succ(j), we change the portion (p (i1), o (i1 + 1), ..., e (i2 4+ 1)) into the
path (21), and obtain a new path shorter than g. Finally, if (¢ (i2), ¢ (i2 + 1)) = j ~ succ¢(j), we change the portion
(@), o1+ 1),..., 02+ 1)) into the path (21) concatenated with the path (22), and obtain a new path satisfying
our requirements.
Third case: a e tU {v®}, b e f\ (tU {v°}). We can write

|dqf(av b) - dq§(a’ 10)’ =< ‘dqf(av b) - de(a’ ,0)| + |dqf(as P) - dq§(a’ 10)|
S dqf(bv p) + |dqr(a3 )0) - dqt(a, 10)|
<4lb—-L+1D),

by applying the first case to (b, p) and the second case to (a, p). This ends the proof. O
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We may now proceed to the proof of Theorem 4. We use the same notation as in Section 3.1, and Corollary 8
remains true, if the process (Coo, £o0) has the law of a Brownian snake driven by a normalized Brownian excursion.
As we will not need the explicit law of the process (Coo, £0) in what follows, we do not prove this, and refer the reader
to [7], in particular to Proposition 15 for similar results. By Skorokhod’s representation theorem, we still assume that
this convergence holds almost surely.

Proof of Theorem 4. We define t, as the largest tree of f, (if there are more than one largest tree, we take t,, according
to some convention, for example the first one), and we consider a random variable b, uniformly distributed over
{—1, 0}, independent of q,,. We denote by g, the quadrangulation corresponding, as in the statement of Lemma 23, to
((tz, Lajt,)» (0, by)) through the Bouttier—Di Francesco—Guitter bijection. Then, conditionally given |t,| =k + 1, the
quadrangulation ,, is uniformly distributed over the set Oy 1.

From now on, we work on the set of full probability where the convergence C(,) — Cs holds. Let € € (0, 1/4),
and 2n :=mingg, 1 —¢] Coo > 0. As C(y,) tends to Cwo, for n large enough, we have minfg, 1—¢] C(ny = 1 and o(,) < 1. As
a result,

. 1 1
S :=1nf{r < E: C(r) =Q(n)(§>} <eg,

1 1
ty 1= sup{r > 5: Cw(r) =Q(n)<§)} >1-—e¢,

so that t,, is coded by [(2n 4+ o, — 1)s,, 2n + 0, — 1)t,,]. Note that, in particular, this implies that |t,| > n(1 — 2¢).
This fact will be used later. By Lemma 23,

tim supdn((V (@n), da, / (vn'"*)), (V@n). dg, / (vn'*)))

n—o0

1
<2limsup| sup L) — inf L)+ —)
n—>oop<[l_—fgj ™ T=e2 ™ ynl/4

:2( sup £ — inf 200)—>0.

T=e¢] T=es e=0

Let us set S(H,k) = da"/(ykl/“). We then have to see that (V(@n),g(n,n)) converges toward the Brownian map
(Moo, D). Let f:M — R be uniformly continuous and bounded. By the Portmanteau theorem [9], Theorem 2.1,
we only need to show that

E[f(V(@n), S(’l,"))] m E[f(mooy D*)]

Let ¢ > 0. If we delete from g, the only edge on the boundary that is not the root, we obtain a quadrangulation
without boundary, which, conditionally given |t,,| = k 4 1, is uniformly distributed over the set of planar quadran-
gulations with k faces. As this operation does not affect the underlying metric space, by [36], Theorem 1, or [29],
Theorem 1.1, we obtain that the distribution of (V (qy,), S(n, k)) conditioned on |t,| = k + 1 converges toward the dis-
tribution of (Mo, D*) as k — 00. As (Mo, D*) is a compact metric space, we can find large ng and M such that, for
all k > no/2 and n for which P(|t,| =k + 1) > 0,

]P’(diam(V(@n), S(n,k)) > M’|tn| =k+ 1) < (23)

€
2sup f’

and

|E[£(V @), 8¢u.0)|Itnl =k + 1] — E[ f (moo, D¥)]| <. (24)
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We then choose 1 € (0, 1/2) such that, for all (X, §), (X', 8),

MA-1-') = |F(x.8) - f((x.8)|<e. (25)

N =

dGH((X, 8), (X’, 8’)) <
For n > ng, we then have

IELf (V@) 8n.m)] — E[f (Moo, D¥)]|
<2sup fP(|t,| <n(1—n))

+ > P(ltal =k + D)[E[£ (V@) 800m)|lta] = k + 1] = E[ f (moo., D*)]|-
k=[n(1-m)]

By the observation we previously made, we see that the first term in the right-hand side tends to 0 as n — oo. To
conclude, it will be sufficient to show that the term between vertical bars in the sum is smaller than 3¢. Using (23),
(24), and the fact that n(1 — 1) > ng/2, we obtain that it is smaller than

2e + E[(f(v(@n)v g(n,n)) — f(V(@n), S(”’k)))ﬂ{diam(V(ﬁn),S(n,k))<M}||t”| =k+ ]]

By taking a trivial correspondence between (V (§y), g(n,n)) and (V(§y), S(n,k))’ it is not hard to see that the Gromov—
Hausdorff distance between these two spaces is smaller than

1 . oA

5 diam(V (@,), 8(n.1) (1 — (k/m)'/%).
We finally obtain the desired bound thanks to (25). O
6.2. Case o0 = o0

In this case, the scaling factor changes. We use the same formalism as in the beginning of Section 3.1, except that we
now suppose that the sequence (0,,),>1 satisfies 0, /+/2n — 00 as n — 0o. By [7], Lemma 10, the process

b, (0ns)
((20,1)1/2>055S | (26)

converges in distribution toward a standard Brownian bridge 5 = B[%j?. By Skorokhod’s representation theorem, we

will assume that this convergence holds almost surely. We define on [0, 1] the pseudo-metric

S (s, 1) 1= %(s)+%(t)—2max( min B(r), mﬂj%(r)), 0<s,1<1.

rels, r reft, s

By Vervaat’s transformation [42], Theorem 1, the metric space (J = [0, 1]/(553, =0}, %) is isometric to the CRT
(e, 8¢). We will show the convergence toward this space, by using correspondences.

Proof of Theorem 5. We denote by pas : [0, 1] — Zas the canonical projection, and we define the correspondence
R, between (V(qa) \ (v5), 20,)7/2dy,) and (Fs, 5) by

R = {(q:(), p(5)): i € [0,2n + 0, — 1], 5 €[0, 11,04, — C,,(i) = ous]}.

In terms of forests, this roughly consists in saying that all the vertices of a tree are in correspondence with a small
segment corresponding to the edge of the floor following the root of the tree. It is sufficient to show that the distortion
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of R, tends to 0 as n — oo. For any two points a and b € f,, we have the following bounds:

Lq(a)+ £,(b) — 2max<[{mbn L, [flrjuar}]S ) <dq,(a,b) < Ly(a)+ £,(D) — 2max<{mn£n, {mar}S ) + 2.

The second inequality is merely the bound (3), and the first one is easily obtained by a technique similar to the one
we used in the proof of Lemma 22 (see also [7], Lemma 20, or [17]). It is thus easy to see (recall the definition (7) of
£,) that, for i, j € [0,2n + o, — 1],

‘dqn (@0 (), 0 () — (hn(u) 4 b, (v) — 2max<min by, @E bn))( <3(supl, — infl,) + 2,

[u,v [v,u

where we wrote u := 0, — C, (i) and v := 0, — C,, (j). Using the convergence of the process (26) stated before, we
obtain
3(supl, —infl,;)

limsupdis(R,;) <limsup ———
n—>oop ( n)_ n—>oop (2011)1/2

It remains to show that the latter quantity is equal to O in probability. This is a consequence of Lemma 24, which
follows. O

We still denote by (C,,, L,) the contour pair of (f,, [,), but we now define the scaled versions of C,, and L, by

Cn(k L,k
C[n] = <M> and L[}’l] = <M) s
On 0<s<1 VOon  Jo<s<l

where we wrote k, :=2n + o;,.
Lemma 24. The pair (Cjy), L{n)) converges toward ((1 — $)o<s<1, (0)o<s<1) in distribution in the space (IC, dic)?.
Proof. The first step consists in showing the convergence of the first component

Cin) = (1 — 8)o<s<1-

At first, we will consider bridges instead of first-passage bridges.

Step 1. Let (S;)i>0 be a simple random walk started at 0, and, for all p € [0, 1], let (Sl.(p ) )i>0 be a random walk
started at O with steps having the distribution pd>(1—p) + (1 — p)d_2p. It is a simple computation to see that, for any
measurable function f and any k,

) (SP+k2p—1))/2

B[ £ (($0zi=k)] = E[@p(l ) ( v

p £ +iep- 1))051'5/)]'

(Note that (Sl.(p) +i(2p — 1))i>0 is a random walk whose steps have the distribution pé; + (1 — p)§—_1.) Let us fix
n € N and ¢ > 0. Applying the latter equality, we obtain that

IP’< sup
0=<i <k,

if we choose py, :=1/2 — 0, /2k,.
For m € Z, it should be clear that, under IP’(-lS,Ef n) — 2m), the path (Sl.(p "))Osi <k, 1 uniformly distributed among
the paths going from O to 2m and having steps with value 2(1 — p,,) or —2p,,. Then, changing uniformly a —2 p,,-step

> goy,

0,
S,~+ik—”

n

Sk, = —O’n) :IP’( sup |Sl.(p")

> g0y ‘S(f’" - ) 7
0<i<k,

into a 2(1 — p,)-step, we obtain a path with law }P’(-|S,£,117 n) — 2(m + 1)) that always lies above the previous one. This
observation shows the stochastic domination

P(|S = 2m) <P(|57 =20m + 1)),
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from which we obtain that

M2

]P’(S,Ef") > 0)]P’< sup Si(p”) > g0y, S,if”) :O) =

0<i<k,

P(S,Ef") = 2m)IF’( sup Si(p”) > 80,,|S,Ef”) = 0)

m=0 0<i<ky

M

kn n

P(s7 =2m)P( sup S > e[S =2m)
0 0<i <k,

3
I

< IP’( sup Sl.(p”) > eo,,).

0<i<kp

The term ]P’(S,Ef") > 0) is equal to P(B(k,, pn) > k,pn), where B(k,, p,) := S,Ef")/Z + k;, p, has a binomial distri-
bution with parameters k, and p,. By [23], Theorem 2, this quantity is larger than 1/2. Adding to this the fact that
(Si(p ")),-20 is a martingale, we obtain, by applying Doob’s inequality, that

E[(S(pn))Z] _ 8pn (1 — pn)ky < 2ky

kn g20}? ~ e2o}’

P( sup SFPH) > g0 S(pn) :0) ——
O<i<k, | d b 2oy

Using a similar argument to bound P(info<; <, Si(p ) < —eoy|S IE,,p n) — 0), we see that the quantity (27) is smaller than

dky /% 2.
Finally, the construction of discrete first-passage bridges from discrete bridges provided in [6], Theorem 1, yields

> so,,)
< IP’( sup

Sk, = —O‘,,)
0<i<k,

- 16k, 16 (2_11 n i) 0.

=2 2= 2\ 2
gtof e~ \of o) nooo

IP’( sup \C[,,](s) —(1 —s)| > 8) :]P’( sup
1

0<s< 0<i<ky,

. .On
C,(@i) — oy +zk—

n

o
S,'-I—lk—n

n

&
> —0oy,
2

Step 2. Now that we have the convergence of the first component, let us prove the convergence of the pair
(Crays Lny)- As explained in the proof of [7], Proposition 15, it is sufficient to show that, for every g > 2, there
exists a constant K, satisfying, for all n and all 0 < s <t < 1/2 for which k,s and k,? are integers,

E[ISk,r = Skus1?[Sk, = —ou] < Kqoi It — 517/,
Using the same method as above (with the same value of p,), we see that the left-hand side is equal to
El[sgr = Sine’ = ot = )| 15" =0].
We need to bound the quantity
§(pn) (pn)
Qieu1=0) St )}

(pn) (pn)
IE[|Sk,,t - Sk,,s QS(pn)(O)
k)l

Q|S]Efn) — 0] — E[’SIEPH) _ S]EPM) q

nt ns

(28)

where we used the notation sz (rm b) := IP’(S(EP ) b) and the Markov property at time k,¢. Using the simple fact’
that for a binomial variable B(m, p) with parameters m € N and p € [0, 1), we have

supP(B(m, p) =r) =P(B(m, p)=|(m+ Dp]),

r>0

7Observe that, when pe(0,1),P(B@m, p)=r)>P(B(m, p)=r—1)ifandonly if r < (m + 1)p.
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we see that the quotient in the right-hand side of (28) is smaller than

P(Bkn(1 — 1), pp) = [(ky (1 —1) + 1) pn ) 1
~ 2
P(B(ky, DPn) =knpn) n—00 /1 —t = f’

so that it is uniformly bounded in n by some finite constant K. Finally, we conclude thanks to Rosenthal’s Inequality
[37], Theorems 2.9 and 2.10, that there exists a constant (depending on q) K ; such that (28) is smaller than
(pn) (pn)
KE[ Sk,,t - Sk,,s

1< KBS\ Tk 21 — 51972 < (K = Doyl 1t = 51972,

with K, := KéZq sup,, (kn /0 2)?/2 + 1 < oo. This completes the proof. O

7. Proofs using the Brownian snake

In this section, we prove Lemmas 11, 12, 15, and complete the proof of Theorem 3. To this end, we will need some
notions about the Brownian snake. We refer the reader to [25] for a complete description of this object. Recall that
we denoted by K the space of continuous real-valued functions on R killed at some time, and that we wrote ¢ (w)
the lifetime of an element w € K. We also use the notation w := w(¢(w)) for the final value of a path w € K. From
now on, we will work on the space 2’ := C(Ry, K) of continuous functions from R into &, equipped with the
topology of uniform convergence on every compact subset of R,.. We write Wy := w(s) the canonical process on £2’,
and denote by ¢, := {(W;) its lifetime.

For w € IC, we denote the law of the Brownian snake started from w by P,,. This means that, under P,,, the process
(¢s)s>0 has the law of a reflected Brownian motion on R started from ¢ (w), and that the conditional distribution of

(Ws)s>0 knowing (&s)s>0, denoted by @5,, is characterized by

o Wo=w, @f; a.s.
¢ the process (W;)s>0 is time-inhomogeneous Markov under (»*)5, and, for0 <s </,
— Wy(r) = Wy(t) forall 0 <1 < ¢, O, as., where &, 1= infoefy ¢ s
— under @5,, the process (Wy (& + t))oggs/,;, is independent of W; and distributed as a real Brownian motion
started from W, (¢,) and stopped at time &y — &

We suppose here that ¢ (w) > 0. Let us set I, := inf{s: ¢; = a} and let us define the probability measure on £2’
P =P, (-|Ip=1).

This conditioning may be properly defined by saying that, under IPow, the law of (£s)o<s<1 is the law of a first-passage
Brownian bridge on [0, 1] from ¢ (w) to O, the law of ({;)s>1 is the law of a reflected Brownian motion on [1, +00)
started from 0, and the conditional distribution of (W;)>0 knowing (&s)s>0 is @5,.

We denote by 0, € K the function s € [0, 0] — 0. Under IPOU, the process (({s)o<s<1, (Ws)osssl) has the same
law as the process (FE)EO, Zo,17) defined during Section 3.1.1. If we denote by B the law on K of a Brownian bridge
on [0, o] from 0 to 0, multiplied by the factor /3, we then obtain that, under

/ B(dw)PY (dw),
K

the process ((¢s)o<s<1» (Ws)ofsgl) has the same law as (C, £0) (under the common probability measure P).
We denote by n(de) the Itd6 measure of positive Brownian excursions, whose normalization is given by the relation
n(supe > ¢) = 1/2¢, and we set

Ny := / n(de)®g
CR+.Ry)
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the excursion measure of the Brownian snake away from the path x : 0 — x. Under P,,, let us denote by («;, Bi),i € I,
the excursion intervals Qf s € [0, Ip] = &5 — L, that is, the connected components of the open set [0, Io]N{s: & > £}
Fori € I, we define W® ¢ C(R4, K) by setting, for s > 0,

WO (1) = Wiasynp Goy +1)0 0=t <80 = Cayr99n — Lo

One of the main ingredients to our proofs is the following lemma.

Lemma 25 ([25], Lemma V.5). The point measure

Z 8(5“1' WD) (dt dw)
iel

is under Py, a Poisson point measure on Ry x C(Ry, K) with intensity
Ny (dt dw) := Zﬂ[o,g(w)](l‘) dtNy, () (dw).

We will also need the explicit “law” of the minimum of the Brownian snake’s head under N,.

Lemma 26 ([32], Lemma 2.1). Forall x,y e Rwithy < x,

N 3
ey e <) =365
With this setting, we have two singular conditionings: one being Iy = 1, and the second one being the fact that w
is under B(dw) a bridge, instead of a Brownian motion. The first step in our proofs will generally be to dispose of the
first of these conditionings (and sometimes the second as well), making us work under P, instead of IP’SJ. This will
usually be done by a simple absolute continuity argument, at least for almost sure properties. Another difficulty will
arise from the factor +/3, and we will sometimes need to take extra care because of it.

7.1. Proof of Lemma 11

Thanks to Lemma 25, we will derive Lemma 11 from the following similar result under N, which is due to Le Gall
and Weill [32].

Proposition 27 ([32], Proposition 2.5). There exists Ny a.e. a unique instant where (WS) s>0 reaches its minimum.

Proof of Lemma 11. From a simple absolute continuity argument, it is sufficient to show that, for every a € [0, ¢ (w)],
the process (Ws)Ofsf 1, reaches its minimum only once P, a.s., for every w belonging to a subset of C of full B-
measure. Without any assumption on w, Lemmas 25 and 26 imply that, P, a.s., the process (V’VS)OSSS 1, does not
reach its minimum on two different intervals of the form [«;, 8;], i € I. Moreover, the probability that it reaches its
minimum more than once on some such interval is smaller than

IP’w(EIieI: do; <s <t <Bi: W;:VT’,: min Wv>

selai,Bil
¢(w) R R R
=1- exp<—2/ dtNy, (Els <t: Wy =W; =min WS)) =0,
0 s>0

by Proposition 27. R
We will now see that (Wy)o<s<z, does not reach its minimum on [0, /,] \ Uie,[ai, Bi], which will complete the
proof. It is at this time that we make extra assumptions on w. The so-called snake property shows that

{VAVS: s €0, Ial\Uwi,ﬁ»} ={w®n: a<r<cw)},

iel
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so that it will be enough to see that, P, a.s., ming<s<y, WS < mingg, ¢ (w)) w. Using Lemma 25 then Lemma 26, we
obtain

~ ¢(w) .
Pw( min Wy < min w) =1- exp<—2/ dtNy (min Wy < min w))
0<s<l, [a,¢(w)] a 5>0 [a,¢(w)]

¢ (w) ) -2
=1- exp<—3/a dt(w(t) - [aflglég)] w) )

An easy application of Lévy’s modulus of continuity (see for example [38], Theorem 1.2.7) shows that, B(dw) a.s.,
this quantity equals 1. (]

7.2. Proof of Lemma 12

For a continuous function f:[0, £] — R, we write IPjef(f) (resp. IPrignt(f)) the set of its left-increase points (resp.
right-increase points). Remember that s € (0, £] is a left-increase point of f if there exists ¢ € [0, s) satisfying f(r) >
f(s) for all t <r <s, and that a right-increase point is defined in a symmetrical way. We also denote by IP(f) =
IPlesc(f) U IPrigne(f) the set of all its increase points. Due to the fact that the points I, a € [0, £ (w)] are left-increase
points of ¢ and do not always lie in | ;. (i, Bi], we cannot directly apply the same strategy as in the previous section
and derive Lemma 12 from a similar statement under N,. Instead, we use a technique of covering intervals inspired
from [5] and a theorem of Shepp [41]. In [5], Bertoin is interested in a similar problem: he characterizes the Lévy
processes X for which the set IPrjgh¢ (X) N IPjef (—X) is almost surely empty. Our method gives, in particular, another
proof to [31], Lemma 3.2, which states that the set

IP((¢)0<s<¢) NIP((Wy)o<s=<¢)

is N, a.e. empty. (Recall that we write £ := sup{s > 0: {; > 0}.) This comes very roughly from the fact that, if ¢ and
W do not share any increase points on [0, Iy], in particular, they do not share any increase points on any (¢;, B;) either,
and, by Lemma 25, the process restricted to («;, 8;) is then “distributed” under N,.

For y e R, we set T, :=inf{s > 0: w(s) =y}, where w is the canonical process on K, and, for y < a and x > 0,

we denote by Pé;‘;goo) the law on K of a standard Brownian motion multiplied by «, started from a and stopped at time
Ty. For x > 0, we also denote by P;, the law of a standard Brownian motion multiplied by «, started from a and
stopped at time x. When we omit the value of «, it will be assumed to be 1.

Although quite long to properly write in full detail, our strategy is pretty simple. One of the main difficulty comes
from the two levels of randomness of the Brownian snake. In contrast to the previous proof where we worked under
P, for a fixed w € K, we will need here to work under IB%(dw)IP& (dw) and see w as random. As a consequence, we
will need to consider the timescale of £ and W, as well as the timescale of w. Juggling from one to the other may also
cause confusion.

In order to facilitate the reading of our proof, we outline it now. By absolute continuity arguments, we get rid of
the conditionings and work under Pg ﬁ(dw)IP’w (dw) instead of B(dw)Ing (dw). Using symmetry and time-reversal,

we mainly need to focus on right-increase points of W that are also left-increase points of ¢. It should not be too
hard to convince oneself® that it suffices to look at points s € [0, [o] such that {; = {;. If s is such a point and
also a right-increase point of W, we will first see that s is not the starting point of an excursion of ¢ — £, that is,
s ¢ {aj: i € I}. As a result, as moreover s is a right-increase point of W and £ is non-increasing, we obtain that
is a left-increase point of w. By an argument similar as before, we may restrict our attention to points s satisfying
¢ =, =inf{t: w(t) = w()}. See Fig. 10. R

Then, we will consider the excursions of w — w and look at the minimum of W on the intervals corresponding
in the timescale of W to these excursions. Using [41], we will see that, as close as we want before ¢, we can find
an excursion of w — w where the corresponding minimum of W is smaller than w (), prohibiting ¢, from being a
left-increase point of w.

We start with a lemma stating that the extremities of any excursion interval (¢;, §;) are not increase points of the
process W restricted to this interval (i, Bi).

8To be more accurate, if s does not satisfy this hypothesis, we apply the Markov property at some (rational) time a close enough before s so that
¢s = infj, 5 ¢. When doing so, we work under P(’)‘ (dw)Py (dw) instead of Pgﬁ(dw)IP’w (dw).
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w(CS) S IO

Fig. 10. Visual aid for the proof of Lemma 12. On this picture, the timescale of { and W is horizontal, whereas the timescale of w is vertical. The
point s satisfies &s = £, = inf{t: w(t) = w({s)}. We represented by (green) solid lines the seven longest excursions of w — w before time ¢, and
the (green) arrows represent the minimum of W on the intervals that correspond in the timescale of W to these excursions.

Lemma 28. Let w € K. Then, Py (dw) a.s., foralli € I,
a; ¢ IPright((Ws)Ofsflo) and B ¢ IPleft((Ws)()gsglo)-

Proof. It is enough to show that N, a.e. 0 ¢ IPright((Ws)()gsSE)- Indeed, this entails by Lemma 25 that

N ¢(w) R
Py (3i € I ; € Pright(Wy)o<s<1y)) =1 — exp(—z fo dtNy ) (0 € IPright((Wnossge))) =0.

Then, by the time-reversal property under N, (the process ({¢—s, Wy—s)o<s<¢ has under N, the same distribution as
(&5, Wy)o<s<e), we see that Ny a.e. £ ¢ IPjer:((Ws)o<s<e), and we conclude in the same way.
Let e be an excursion. By definition, under @; , the process

(W (supfs < £/2: e = }))

0<y=<e¢;2
has the law P;"*. The desired result follows since n(de) a.e. sup{s <¢€/2: e,=y}—0asy— 0. ]

The following lemma will only be used for k = 1 or k = +/3 in what follows, but the proof works for any x < /3,
so that we consider all these values.

Lemma 29. Let k < +/3 and x > 0. The sets

A= {s € Prign (Wy)osy<pp): & =&, =inf{r: w(®) =w(z,)}}
and

B = {5 € Pt (Ws)o<s<1): &s =L, = sup{t: w(t) =w(&)}}
are P§  (dw)P, (dw) a.s. empty.

Proof. For technical reasons, it will be easier to work with the measure Po(;y 100) (dw) instead of Pg‘ (dw). Lety > 0.

We are going to show that the set A is Pé;y %) (dw)Py, (dw) a.s. empty. This will entail in particular that the set

{5 € Pright (W) 1, =s=1): & = £ = inf{t: w(r) = w(&y)}}
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is P( y.00) (dw|T_y > x)Py, (dw) a.s. empty. By the Markov property of the Brownian snake at time /Iy, under the
latter measure the distribution of

((w(s))0§s§x’ (Cre+s)o<s<lo—1I.» (WIX—H)OSsSIo—IX)

is precisely P(;CK (dw|w, > —y)P, (dw). Letting y — oo yields that A is P(;‘K (dw)Py, (dw) a.s. empty.
Step 1. Let us denote by (1, v;), j € J, the excursion intervals of w — w, and

w(j)(s) = w((uj + A vj) —w(u;), jeJ.
We will need to find the distribution under PO(;y 00) (dw)Py, (dw) of the point measure

P = Z‘S(—w(u_,-),m(f)) where m) .= w(u;) — [Imiln ]W.
jeJ A

To this end, we adapt a computation of Miermont [36], Lemma 31. By Itd’s excursion theory, the point measure

D 3wty

jeJ

is under Pé’;y’oo) (dw) a Poisson point measure on Ry x K with intensity K‘lﬂlo,yl(t) dt2k.n(de), where kyn(de)
denotes the pushforward of n(de) by e — ke. Using Lemma 25, we may see the m/), j € J, as independent marks on
w), j € J,withlaw P, ;) (—min W e dz). The marking theorem of Poisson point measures [24], Marking Theorem,
shows that, under Pé;(y +00) (dw)Py, (dw), & is also a Poisson point measure on R4 x R with intensity

Kﬁljl[o,y](t)dt/ 2n(de)Pye(— min W e dz).
K

To compute explicitly this intensity, we use Lemmas 25 and 26, and then Bismut’s description of n [38], Theo-
rem XI1.4.7:

/Zn(de)IF’ (—minVT/>z)=/ 2n(de)<1—exp(—/e £>)
K “ B K o0 (kes+2)?
t 34 t 3ds
= | 2nd 2 exp(- | ——
//c n(de) o (ke +2)? exP( ' (Kes+z)2>
=6/-oo da E‘(‘O,oo)[exp<_/T0 3ds >i|
0 (ka+2)? 0 (kw(s)+2)?

o0 da (0,00) 3 /TZ/K ds
= 6 —_— E ’ —_— .
/0 (wa+ 22 otk [ TPATZ 0 (ws))?

Using the absolute continuity relations between Bessel processes with different indices, which is due to Yor [38],
Exercise XI.1.22, and the fact that reflected Brownian motion is a 1-dimensional Bessel process, we see that

oo A | 2 [ )
ati|FP\TE ) )2 NS w2

_ i ) [(wm/x At))—”‘”z}

oo atz/K a+z/k

z —v—1/2 (2+2
v
N <Ka —i—Z) a+Z/K ey < o0l

- N
- \ka+z ’
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where v := +/24 + k2 /2« and P,fz+2v> denotes the distribution of a Bessel process of dimension 2 + 2v. In the last
line, we used the fact that, for b > ¢, P}§2+2”> [T, <o0] = (c/b)zv (see [38], Chapter XI). Putting all this together and

differentiating with respect to z, we obtain that the intensity of &7 is

127!
_— > 1
V24 + Kk +k
Step 2. Let ) ik 8(,z) be a Poisson random measure with intensity dtxz~2dz. Then, by the restriction prop-

erty of Poisson random measures, for all € > 0, >, 8(;.2)L{z,<¢) is a Poisson random measure with intensity
dt)»z_zll{zsg} dz. By a theorem of Shepp [41], we obtain that the random set

Lj0,y1(2) dl 5dz,  where A :=

U (Y, te + 2k) (29)

kekK :zp<e

is a.s. equal to R. We used here the fact that A > 1, ensuring that R is covered with “small” intervals. See in particular
the remark on high frequency coverings in [41], Section 5. As a result, the set

U @u+w

7k <e,0<t <y

a.s. contains [, y]. Because the point measure ) ;g 8¢;.z)L{0<y, <y} has the same law as &7 under PO(;y’OO) (dw) x

P, (dw), we find that, PO(:(""OO) (dw)Py, (dw) a.s., for all rational ¢ > 0, the set [—y, —¢] is contained in

Cov, := U (w(u./) —mY, w(uj)).

jeJml)<e

Now, let us assume that .A is not empty, and let us take s € A. By Lemma 28, s ¢ {o;,i € I}. As a result, there
exists n > 0 such that W > W for all » € [, Ir;—y]. In particular, for all j € J such that [u;, v;] C [¢s — 1, &, we
have w(u;) — m) > W = w(¢s). As & = inf{r: w(t) = w()}, we can find a rational ¢ > 0 satisfying w(Zs) <
wlgs—n)—e<—e.

Let j € J be such that m) <e. If u; < & — n, then w(u;) —m¥) > w(g —n) — e > w(gy). If uj € [& —
1, {s], we already observed that w(u ;) — m) > w(¢y). Finally, if u; > g, then w(u ;) < w(Z). In all cases, w(¢s) ¢
(w(uj) — m), w(u;)). We found a point w(¢,) € [y, —¢] that does not belong to Cov,. This can only happen with
probability 0.

Similar arguments show that the set B is ?(()_,gv’oo) (dw)P,, (dw) a.s. empty, where we write F(_> 00) the pushforward

of P( %) under w > W 1= (w({(w) — 5))o<s<c(w)- This entails that B is also Po ([dw)Py, (dw) a.s. empty, and, by
time- reversal w — w(x) has under Py (dw) the same distribution as w, so that the result also holds P (dw)IP’ (dw)
a.s. We leave the details to the reader O

Note. We can see from this proof that the value /3 is critical. The theorem of Shepp actually entails that the set (29)
is a.s. equal to R if and only if A > 1, that is, k < /3. In the case k > /3, we can thus find an ¢ > 0 and a point zin
[—y, —¢] that does not belong to Cov,. It is then not very hard to see that Iinf(s-y ()=} iS a right-increase point of W.
As a result, the set IP((¢s)o<s<¢) N IP((Wé)oq <¢) is not empty.

We may now proceed to the proof of Lemma 12. We define
I(“) =inf{s > a: ¢ =b}.
Proof of Lemma 12. As above, we start by working under P&  ([dw)Py, (dw) with k < V3.

Step 1. The first step consists in treating the left-increase points of ¢. To do so, we will use the Markov property
of the Brownian snake and “insert” rational numbers in order to be able to apply the previous lemmas. Let b € [0, x].
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Because the process

((w(b +r) - w(b))ogrsx—b’ ((Wr(b + t))OStSCr—b)OSrSIb)

has under P&  ([dw)Py, (dw) the law P(i ;b(dw)]P’w (dw), we see by Lemma 29 that the set

AP = {s € IPrighI((Ws)OSSSIb): =8¢ = inf{t 2 b w@) = w(§S)}}

is P({ ([dw)Py, (dw) a.s. empty. Similarly, for b € [0, x], ¢ > b, and a, the Markov property shows that the process
(Wa® 1) = Wa®) gy (Wyeo, (0 + t))OstSé“,(a)+ *b)OSrsllﬁa)—lﬁ"))

has under P&K(dw)IPw (dwla < Iy, L, < b, c < ¢,) the law Pg‘*b(dw)IP’w (dw). (Beware that here the factor x does not
appear.) As a result, Lemmas 28 and 29 successively show that, on the event {a < Iy, {, < b, ¢ < ¢}, the sets

€2 = fs € Prgna (W) o o) O Prg (0): & = inf ¢
and
Abe = {s € IPﬂghl((VT@),@ﬂS,}E@): = [ianf]{ =inf{t > b: W, (1) = Wa(gs)}}

are P({ (dw)Py, (dw) a.s. empty. As a result, we obtain that P({  ([dw)Py, (dw) a.s., for all rational values of a, b, and
¢, these sets are empty.

Now, if the set IPies ((£5)o<s<1o) N IPrigh[((Wx)OSXS 1) 1s not empty, let s be a point lying in it. Let us first suppose
that ¢; = . By Lemma 28, we know that s ¢ {o;, i € I}. This implies that {; € IPjer(w). As local minimums of
Brownian motion are distinct, we can find a rational b € [0, Zs] such that g = inf{t > b: w(t) = w(¢)}, and s € Ap.
Otherwise, &5 > £,. As s € IPie(¢), we can find a rational a € [0, s) such that ¢, > ¢ and {; =inf|, 1 ¢. If 5 €
IPright(¢ ), we can find rationals b € (£, ¢s) and ¢ € (&5, {,) so that s € Cf,”c. If s ¢ IPignc(¢), then &y € IPier (W,). We
can then find rationals b and ¢ such that s € AZ’C.

Summing up, we obtain that IPjef ((£5)o<s<1,) N IPright((Ws)ofsgo) is P&K(dw)IP’w (dw) a.s. empty. By a similar
argument, we show that the set IPjef ((£5)o<s<z) N IPlef't((Wg)()sz Ip) is also P(i  ([dw)Py, (dw) a.s. empty.

Step 2. We now use a time-reversal argument under Ny, to treat the right-increase points of . By translation, the
quantity

A =Ny (Prege((Z5)o<s<e) N IP((Wy)o<s<¢) # 2)

does not depend on y. Using the Poissonian decomposition of the excursions of ¢ — £, we see that, Py (dw) a.s.,

0 =Py (IPrere((&5)0<s <1y ) NIP((Wy)o<s<py) # @) = 1 —e ™24,

so that A = 0. Note that a priori we only have an inequality, because some left-increase points of (¢s)o<s<z, may
well lie outside of the set Ui 1@, Bi]. Using time-reversal under Ny, we find that IPyign (({s)o<s<¢) N IP((WS)QSSSg)
is also Ny a.e. empty. As announced at the beginning of this section, we re-obtained here [31], Lemma 3.2. It is
then easier to deal with right-increase points of (¢s)o<s<1,, because they all lie in Ui crloi, Bi): using once again the
Poissonian decomposition of the excursions of ¢ — ¢, we find (for any w € K)

Py (IPright ((€5)0<s<1) NIP((Wy)o<s<py) # @) = 1 —e X WA =g,

Putting it all together, we showed that IP((¢s)o<s<1,) N IP((VVS)OSSIO) is Pé“ ([dw)Py (dw) a.s. empty. Us-
ing the fact that the distribution of (w(s))o<s<s—e under B is absolutely continuous with respect to the dis-
tribution of (w(s))o<s<o—e under Pg;%(dw), we obtain that, B(dw)P, (dw) a.s., for all rational ¢ € (0, o),
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IP((¢s) 1, <s<1p) N IP((W )1, _.<s<I,) = &. Standard properties of Brownian motion show that, P, a.s. 0 ¢ IP(¢)
and infge(0,0)nQ Io—s = 0, so that B(dw)P, (dw) as. IP((Zs)o<s<1p) N IP((W Jo<s<I,) = @. Using another absolute
continuity argument and the fact that 1 ¢ IP]eft(W) (because 0 ¢ IP(w)), we conclude that f KIB%(dw)IP’ (dw) a.s.
IP((¢s)o<s<1) N IP((W Jo<s<1) = <. This completes the proof. O

7.3. Proof of Lemma 15

As explained in the proof of [8], Lemma 11, Lemma 15 is a consequence of the following two lemmas, which we state
here directly in terms of the Brownian snake. We will use a strategy similar to that of Section 7.1 and derive these
lemmas from similar statements under N, namely [27], Lemma 5.3, and [28], Lemma 6.1. We denote the Lebesgue
measure on R by .Z.

Lemma 30. Let w € K. IP’?U a.s., for every n > 0, for all x € [0, 1] and all | < r such that,

¢ either 0 <l <r <x and § = ¢ =inf 1 €,
o orx<l<r<land =t =inf ¢,

the condition inf; , W < VT’I — n implies that
. ~ ~ ~ &
hml(r)lfg 2$<{s ell,rl: Wy < Wi —n+e;Vy €&, &l Waptr<si=y} > Wi —n + §}) > 0.
E—>

Lemma 31. Forevery p > 1 and every § € (0, 1], there exists a constant ¢ 5 < 00 such that, for every € > 0,

1 p

Proof of Lemma 30. By an absolute continuity argument, it is sufficient to show the result under P, (while replacing
1 with Iy). By [27], Lemma 5.3, and the preceding claim in [27], the result holds under Ny (while replacing 1 with £)
and the same result also holds if we replace the hypothesison/ and r by / =0 and r = £.

Now observe that, under P, if the numbers /, r, x, and 5 satisfy the hypothesis but not the conclusion of our
statement, then there exists an i € I such that, either (/,r) = («;, B;i), in which case 0, 8; — «;, and n also satisfy
the hypothesis but not the conclusion for the process (¢ @ W(i)), orl —a;, r —a;, x —;, and 7n also satisfy the
hypothesis but not the conclusion for the process (¢, W), It is then an easy application of Lemma 25 to show that
the probability that there exists such numbers is equal to 0. ]

Proof of Lemma 31. We fix p > 1and § € (0, 1].

Step 1. We use [28], Lemma 6.1, and Bismut’s description of n [38], Theorem XII.4.7, in order to derive a result
similar to the one we seek but without the conditionings.

Let 0 < x < y. Using Bismut’s description of n, we obtain that

l 14 p y
o [ artiezosn ([ 2 zmeninds) )= [ oo (30)
X

where

D, (a) :=/ Py (dw)
K

2 1k P
@)Y [ tprcnits)
k=1

m :=min W! A min VT/Z, 101 ;= inf{s: {(Wsl) =0} and 1? := inf{s: ;(Wsz) = 0}. We now give an expression for @, (a)
that involves only one Brownian snake instead of two. As the Lebesgue measure of Ul- erlai, Bilis Py, as. equal to
Iy, we see that

ot
Z/ Lk <myey ds = Z Z/ {Wf'(i>§m+e}ds’

k=1jerk

2'x 82
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where we use an obvious notation for quantities defined in terms of WX. Using the fact proven during the proof of
Lemma 11 that, under P, (Wy)o<s<J, reaches its minimum on | J; crlai, Bil, we see that

m =min{minX: Xe {Wl’(-/),j € Il} U {WZ’(j),j € 12}}.
Moreover, Lemma 25, together with a small computation, shows that the point process
> 81, iy (A do) + > 82, w2y (41 d)
iell ‘ iel2 i
under P, (dW P, (dW?) has the same distribution as
Y8, 2wy (dr doo)
iel

under Py (dW), where w:s € [0, 2 (w)] — w(s/2). As a result,

2 1(1)6 p Io P
[P CORTET) oy RIS R [ AT
28 = Jo 0

As W has under P (dw) the same distribution as w under Poz‘i / ﬁ(dw), we obtain that

Iy P
®s(a)=/ICP(i‘;/ﬁ(dw)Ew|:(/o 1{stmmm8}ds) } (31)

Using Eq. (30) and Holder’s inequality, we obtain that for any k > 2 and A > 0,

y ¢ kN 1/k ¢ pk/(k—D\ 1—1/k
/da‘pe(a)SNo«/o dﬂl{OsasA})) N0<<f0 ﬂ{m<minvv+s}d8> ) :
X

Noticing that the first term of the right-hand side is finite (this integral may actually easily be computed using [25],
Proposition II1.3) and bounding the second term using [28], Lemma 6.1, we see that there exists a finite constant
Ca,p,s such that, forany 0 <x <y < A,

Y 4p—§
/ da®g(a) <Cy pse’°.

X

Let us now dispose of the integration over a. A simple application of the snake’s Markov property shows that, for
anya € [—A/2, A/2], we have @, (A) < 2P (P, (A/2+a) + P.(A/2 — a)). Integrating over a and applying the latter
inequality shows that there exists a finite constant C', .8 such that

D (A) <C) 5770 (32)

Step 2. Combining (31) and (32) almost gives the desired result. There are still two problems we need to address.
First, the diffusion factor in (31) is 1/+/2 and it will be +/3 in the process we are interested in. We now turn to this
difficulty. Let us consider a sequence (X;);cs of i.i.d. random Bernoulli variables with mean 1/6, independent from
any other variables. Then, the marking theorem of Poisson point measures entails that the process ) ;; 8(6§a,- W)y

has, under f K Pg ﬁ(dw)Pw (dw), the same distribution as the process

Z‘S(:a,.,w“»]l{xt-:l}’ under /K ng/ 3 (dw)Py (dw).

iel
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As aresult, writing I’ := {i € I: X; = 1}, we obtain that

1() P
a ~ ~
/’CPO’ﬁ(dU))Ew[</O H{WsSWIO‘FS} dS) ]

Bi—ai p
=/’CP§ﬁ(dw)Ew[<Z/0 ]l{vT/S(")gmin{minW<f>,je1}+s}ds) :|

iel

= [ P% _(dw)E Z ﬁi_aiﬂA- ey ds ’
o 0.1/V2 w 0 (W <min{min W), jel’}+¢)

iel

Iy p

Step 3. Finally, it remains to treat the two conditionings. We notice that

1 Is)2 1
/0 1{WS5@1+8}dS :/0 H{stﬁ/l‘h‘?}ds—i_‘/l\ :H'{stﬁll‘i‘s}ds
a/2

Is)2 1
=< /0 1{WS5@10/2+5} ds + /10/2 ]l{WxSmiﬂlg/zgrgl W, +e) ds.

As both terms in the previous line have the same law under f K ]B(dw)[?%, (dw) (notice that, under B(dw), the processes
(w(t))o<r<os2 and (w(o /2 +1) — w(0/2))o<r<s/2 have the same law), we obtain

1 p Is)2 p
/ IEB(dw)EOw[</ ]l{vT/S5@+s}d5> i| < 2P+1/ B(dw)IEOw[</ I{Wssﬁ’, +e} ds) ]
K 0 IC 0 /2

A consequence of [7], Eq. (19), is that

lo2 p loy2 Pqi1-1,,(0/2)
ES / Lj<iw 4ods) |=E / Lip<@, 4ods) —2——1 ,
w[< 0 (Wesly, el S) ] w[( 0 (Wesly, ) : q1(0) o<1}

where

(x) L ex X
X)i=— —— ).
da Pl p 20

As a result, we obtain

0 Is)2 p Is)2 P
Eu} |:</() R{WV§@15/2+8} dS) ] < Ca]Ew [(A H{WVS@IG/2+S} dS) ]1

where

. qa(0/2)
Co i=SUp ———— < 00
a>0 QI(U)

We then dispose of the second conditioning. By using [7], Eq. (18), it is not hard to see that

Is)2 p

/KB(dw)EwK /O L <@, ,+e) ds) ]
<v2 | P2 (dw)E o ds) | =6vac 4p=?
= ]C O,ﬁ( W) w o {chﬂ/lo+8} S = 3(7/2,17,88 .

Setting ¢p 5 1= 2”+lc(,6«/§C§0/2 .8 concludes the proof. |
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7.4. Upper bound for the Hausdorff dimension of dq%,
We may now end the proof of Theorem 3.

Proof of Theorem 3 (Upper bound). Under P, we set T, := inf{r > 0: ¢ = ¢(w) — x}. For s € [0, Ip], we set
sT:=sup{r: £, =¢,}. Using the same kind of reasoning as in the previous sections, we see that it is enough to show
that, for any pseudo-metric d on [0, Ip] such that

d(s,t) <Ws+W, =2 min W,, 0<s<t<Ip,
relst,t]

we have
Py (dimy ({7, 0 <x <¢(w)},d) <2) =1, B(dw) as.

We fix n € (0, 1). We will cover {7y, 0 < x < ¢ (w)} by small open balls. Let us first bound the distance between two
points in {7y, 0 < x < ¢(w)}. Using [27], Lemma 5.1, and the fact that, B(dw) a.s., w is 1/(2 4 n)-Holder continuous,
it is not hard to see that there exists a (random) constant ¢ < oo such that, B(dw) a.s. P, a.s.,

Wy — Wil < e(de (s,0)®™ forall s, r €0, Io], (33)
where

dg(S,t) :=§¥+Ct_2 min é‘ra S,t€[0,10]~

rel[sat,svt]
Let0<x <y<¢(w),and m(x,y) € [Tx+, Ty] be such that Wm(x,y) = minSE[T;’m Ws. When (33) holds, we have
d(T, Ty) < Wr, + W, — 2Wxy)
< ((de (Tomx, ) /O™ + (de (T, m(x, ) /)
<2¢(y = x +2@mr,y) — ﬁm(x,y)))l/(zﬂ’). (34)

In order to control the term ($m(x,y) — & (x, y)) in the above inequality, we sort out the excursions going “too high.”
Namely, we fix ¢ > 0, and set

1© .= {i el:supl) > s}.

5s>0

By Lemma 25, the cardinality of /) is under IP,, a Poisson random variable with mean

): ¢ (w)

¢(w)
2/ dtNy,(r) (Sup g > 8) =2¢(w)n (sup eg > ¢
0 &

s>0 s>0

In particular, |1 (’3)| < 00, Py, a.s. We denote by B(s,r) C [0, Ip] the open ball of radius r centered at s, for the
pseudo-metric d, and, for i € I, we set x; :={(w) — &y, . If § := 2c(38)1/(2+”), we claim that the set

(BT 8).ie 1)U {B(Tkg,s),ogs @}

is a covering of {7y, 0 < x < ¢(w)}. To see this, let us take a point y € [0, {(w)], and let us consider x := max{s €
{0} U {x;,i € I®®}: s < y}. Observe that, by construction, all the excursions of £ — ¢ with support included in the
interval [TX+, Ty] have a height smaller than ¢. Because Tj‘ <m(x,y) <Ty, we see that {(x,y) — gm(x’y) < ¢&. Then,
ify—x <e,by (34), wehave Ty € B(T,,08).If y—x >¢,theny — |y/e|e <&, and | y/e|e > x, so that {(|y/e)e,y) —
Cmly/sjey) S €- This yields that Ty € B(T|y/¢)e, 8), by (34).
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The (2 + n)(1 + n)-value of this covering is less than

<|,(e)| L i 1>(25)(2+n)(1+n) - c’<|1<5>| ACON 1)81+n
g - € ’

for some constant ¢/, independent of ¢. By Chebyshev’s inequality, we see that with P, -probability at least 1 —& /¢ (w),

we have |1©)] < 2¢(w)/e. We conclude that, B(dw) a.s., the (2 + ) (1 + n)-Hausdorff content of {7, 0 < x < ¢(w)}

is P, a.s. equal to 0, so that dimy; ({7x, 0 < x < ¢(w)},d) < (24 n)(1 + 7). Finally, letting  — 0 yields the result. [

8. Developments and open questions
8.1. Quadrangulations with a simple boundary

We considered in this work quadrangulations with a boundary that is not necessarily simple. It is natural to ask
ourselves what happens if we require the boundary to be simple. This translates into a conditioning of the coding
forest from which some technical difficulties arise and our results may not straightforwardly be adapted to this case.
We expect, however, to find the same limit, up to some factor modifying the length of the boundary.

Very roughly, the intuition is that the O-regularity of the boundary implies that a large quadrangulation with a bound-
ary should typically consist in one large quadrangulation with a simple boundary on which small quadrangulations
with a boundary are grafted. As a result, if we remove these small components on the boundary, the first quadrangu-
lation should not be too far from a quadrangulation with a simple boundary having roughly the same number of faces
but a significantly smaller boundary.

We expect that such results may be rigorously derived from our analysis with a little more work.

8.2. Application to self-avoiding walks

We present here a model of self-avoiding walks on random quadrangulations, which is adapted from [10]. In the latter
reference, Borot, Bouttier and Guitter study a model of loops on quadrangulations. We can easily adapt their model
to the case of self-avoiding walks, and we see that it is directly related to quadrangulations with a boundary. We call
step tile a quadrangle in which two opposite half-edges incident to the quadrangle are distinguished, and half-step tile
a face of degree 2 in which one incident half-edge is distinguished. On the figures, we draw a (red) line linking the
two distinguished edges in the step tiles, as well as a line linking the distinguished edge to the center of the face in the
half-step tiles (see Fig. 11). These lines will constitute the self-avoiding walk of the model.

Let n > 0 and 0 > 1 be two integers. A map whose faces consist in two half-step tiles, o — 1 step tiles, and n
quadrangles is called an (n, 0')-configuration if it satisfies the following:

¢ the reverse of every distinguished half-edge is also a distinguished half-edge,
¢ there are no cyclic chains of step tiles,
¢ the root of the map is the half-edge that is not distinguished in one of the two half-step tiles.

R
(x1) (x(o —=1)) (x1) (xn) no cycles

Fig. 11. Borot, Bouttier and Guitter’s model of self-avoiding walks. The distinguished edges are the thin dashed (blue) lines, whereas the other
edges are the thicker black solid lines. The path is drawn in an even thicker solid (red) line. It starts in the root half-step tile and ends in the other
half-step tile. We added an arrowhead on it in the root half-step tile to symbolize this fact.
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Fig. 12. A quadrangulation with a boundary and the corresponding configuration. On this figure, o = 15.

We claim that the (n, o')-configurations are in one-to-one correspondence with the quadrangulations with a bound-
ary having n internal faces and 20 half-edges on the boundary. Indeed, let us take an (n, o)-configuration. It has
20 distinguished half-edges forming o different edges. When removing these o edges, we obtain a map having n
quadrangles and one other face of degree 1 +2(c — 1) + 1 = 20, this face being incident to the root. This is thus a
quadrangulation of Q,, . Conversely, let us consider a quadrangulation of Q, », and let ¢ = ¢y, e2, ..., ¢2» be the
half-edges incident to its external face, read in the clockwise order. We add extra edges (that do not cross each other)
linking ezr_i to el.tL | for 0 <i <o — 1. We thus create two faces of degree 2 (one incident to ¢, and one incident
to es+1) as well as o — 1 faces of degree 4. These faces are half-step tiles and step tiles when we distinguish the
half-edges composing the extra edges we added. It is then easy to see that this map is an (n, o')-configuration (see
Fig. 12). Moreover, the composition of the two operations we described here (in an order or the other) is clearly the
identity, so that our claim follows.

We believe that some results may be derived from our work and this bijection. For example, we think possible to
show that, when o, /+/2n — o € (0, 00), a uniform (n, oy)-configuration converges (up to extraction) toward a metric
space with a marked path in some sense. Moreover, the limiting space should be homeomorphic to the 2-dimensional
sphere and have dimension 4 a.s. The marked path should also have dimension 2.

Here again, however, some technical difficulties arise. The main problem is that the gluing operation tremendously
modifies the metric. We may easily define this gluing operation in the continuous setting by considering the quotient
of qZ, by the coarsest equivalence relation for which fi(x) ~ fllc — x), x € [0, o] (with the notation of the end of
Section 5), but some care is required when dealing with this quotient. In particular, it is not clear that the points
identified in this quotient are solely the one identified by the equivalence relation. Then, it also remains to show that
the convergence still holds after the gluing operation.

Understanding the scaling limit of quadrangulations with a simple boundary and this gluing operation could also
lead to some interesting results on random self-avoiding walks on random quadrangulations, as quadrangulations with
a marked self-avoiding walk are in one-to-one correspondence with quadrangulations with a simple boundary by a
bijection similar to the one described above.

We end this section by mentioning that the model we presented corresponds to the particular case Borot, Bouttier
and Guitter called rigid in [10]. We may also consider the more general case in which the two distinguished half-edges
of a step tile are not required to be opposite. In this model, we also expect to find the same limits.
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